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Introduction to 
Third Edition

The new material in this book was introduced because of new 
technical areas. (Examples are fine-pitch bonding, Cu wire 
bonding, as well as different pad metallurgies.) Also, many 

practical questions have been posed to the author by phone calls, 
plant visits, e-mails, and during many short courses taught for the 
University of Arizona, ISHM (IMAPS), SMI, IEEE, and other organi-
zations. Material has been included/updated to answer the most fre-
quently asked of these questions. 

In 1970, wire bonds caused a large proportion—sometimes as 
high as one-third of all semiconductor-device field-failures. However, 
the number of recognized failure mechanisms at that time was quite 
limited. Typically, they were cited as “purple plague,” underbonding, 
overbonding, and nonspecified contamination-induced corrosion. 
Currently (2009), dozens of chemical, metallurgical, and mechanical 
failure mechanisms have been identified. Part of these new 
mechanisms were discovered because of greatly improved analytical 
methods and equipment (e.g., Auger and SIMS analysis), part because 
of the many trillions of bonds made (and millions to billions failed), 
and part because of the changing technology (e.g., new metallurgies, 
plastic encapsulation). A study of recent Au and Al wire bond failure 
papers indicates that the discovery of new failure mechanisms has 
slowed, although the rediscovery of old ones, or variations of them, 
has continued. Thus, it was felt that it is appropriate to review the 
known failure modes and mechanisms of wire bonds, categorize 
them, and where possible, explain and/or give solutions to them. 
(New bond metallurgies are still fertile fields of investigation.)

Since failures are generally revealed by testing, the bond pull and 
shear tests are still described, but updated(!) such as for fine pitch, new 
mold compounds, etc. The book also discusses mechanical, metallurgical, 
chemical, and miscellaneous failure mechanisms. Some of these overlap 
and were placed in the most appropriate sections.

xv



This book is primarily concerned with understanding failures 
and yield problems originating from chip-to-package wire bonds, 
although other wire bonds, such as crossovers and PC board bonds, 
are included as appropriate. Flip chip, TAB, lead-frame bonding, etc., 
are discussed briefly in Chap. 2 and are included elsewhere when 
wire bond-type interfaces and failure mechanisms have been 
observed. Newer pad metallurgies, such as Ni based (Chap. 6B) 
are fully discussed, and the increasingly popular Cu wire bonding 
(Chap. 3 and throughout) is described. Discussions of chip cleaning, 
gold plating, and gold-aluminum intermetallics are still important. 
The wirebonders themselves are not discussed in detail since they are 
updated yearly and are usually proprietary, specialized autobonders, 
and the manufacturers offer courses on their setup and use.

This book has been written to serve as a text to accompany courses 
taught by the author and others, as well as a stand-alone book. The 
color CD was introduced, since increasingly, modern figures are 
difficult to understand without color. The book is written at a practical 
level and is also intended for use by production line engineers in 
solving, or avoiding, bonding problems. However, enough detail and 
many references are included for failure analysis personnel or others 
who are interested in doing design and research on the subject. Today 
most published references are available for quick downloading from the 
Internet (further explained in the Bibliography).

Areas where more research is needed are clearly indicated. It is 
hoped that workers will study and fill in these gaps in the near future 
rather than spend time adding extra decimal points to well-
characterized and understood problems. The author freely offers 
opinions, which the reader is, of course, free to ignore! 

This third edition has several invited authors who have contributed 
special appendixes and chapters. This brings more diverse knowledge, 
than the (main) author alone could contribute. These contribution-
authors are acknowledged, including their current (2009) addresses. 
These new contributions are greatly appreciated and should increase 
the areas of knowledge encompassed by this book!

It is assumed that all readers have a basic knowledge of wire 
bonding, single or multiple device packaging, and/or hybrid/SIP 
circuit assembly technology. Terms in general usage in these fields are 
not defined in the text, but many are in the Glossary. The book is 
divided into relatively independent chapters, and its Index can be 
used to look up specific problems. 

Manuscript organization. Each chapter of this book is self-contained 
with its own references and numbering system. In some cases, this 
results in the same reference appearing in two or more chapters. This 
was thought to be the most convenient for readers. The chapters are 
coupled together by referring in the text from one to another for 
greater detail or explanation, where appropriate.
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Manuscript style. The style is that of a technical paper, rather than 
the informal style used by the author in his presentations and courses 
on this subject. Chemical symbols are used rather than the full element 
name for compactness. In general, knowing that aluminum = Al, 
copper = Cu, and gold = Au, will take care of the majority of the 
usage. However, the Glossary translates most other symbols.

Units. The choice was again (reluctantly) made to use both SI and 
English units since parts of the American semiconductor assembly 
community still use the latter. However, many figures were 
reproduced directly from technical papers and their units may be in 
either system alone. Mixed units are still frequently used in English 
language publications. The units of force are probably the most 
confusing. Grams-force (gf) is most often used in this text. The reader 
can convert 1 gf = 9.8 mN (millinewtons). For any remaining 
unconverted length units, it should be noted that 1 mil = 0.001 in = 
25.4 µm. Some additional conversion factors are included in the text 
where appropriate.

Please note: Certain commercial equipment, instruments, or 
materials are identified in this book in order to adequately specify an 
experimental procedure. Such identification does not imply 
recommendation or endorsement by the author(s), nor does it imply 
that the materials or equipment identified are necessarily the best 
available for the purpose at any given time.
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Introduction to CD

The figures on the CD are in color, when available, and a few are 
animated. Many of the figures and captions are not entirely 
“stand-alone”, since it is assumed that these will be viewed 

along with the book. Some of the book captions had to be condensed 
or rewritten for space limitations, and several figures are not in the 
book but added to the CD to enhance understanding.

A number of the book figures should be seen in color to fully 
understand their meaning, which necessitated the color CD. In 
addition, all figures whether they have color or not, are included for 
convenience. These are in the order of their chapter and figure 
number, so that a reader can view them on a large computer screen 
when reading the book, or project them. The original JPG figures for 
the book were converted into power point slides, original figure 
captions from the book (or condensed)  are added and converted into 
PDF format, which can be searched by figure number or title and can 
be easily viewed. In several cases when animations were available, 
they will follow the associated color figure slide. These may have to 
be clicked or double-clicked to see the animation. Readers may also 
have to click a security warning before the first animation, and each 
time if read directly from the CD. 

In some cases more extensive explanation is added, or an additional 
figure from the author’s talks/papers may follow the referenced figure, 
to further clarify/explain. Some long captions had to be condensed to 
fit the space. (Only one table, requiring color, is included.) 

[Reference numbers] following the captions are those in the book, 
and with the same notation. Some source references and permissions 
are included in the captions (if not, they were made at NIST or by that 
section author). It is assumed that references in the printed-book 
captions are adequate and vice versa. It is also assumed that the 
figures (captions) will be viewed on a computer screen rather than 
projected, so the print can be small.

A title-bar color code is used to identify the different sections. 
Those by invited authors are GREEN. Normal chapters are RED. 
Animations are YELLOW with red borders. This allows the reader to 
find them quickly.
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Cited references and copyright notices in the figure captions refer 
to those at the end of the appropriate chapter in the book. In a few 
cases, full publication references are included in “slide notes” at the 
bottom of the figure or in an orange box in the upper left of the slide. 
A cursor touch or double clicking will open it up.
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CHAPTER 1
The Technical 

Introduction to the 
Third Edition 

Currently (2008), there are over 8 to 9 billion wires bonded per 
year on the planet. Most were used in the 160 billion ICs pro-
duced, but many more are in interconnect transistors, LEDs, 

etc. The number of wires (with two bonds on each wire) has increased 
every year, including recessions to the present, from two or three 
bonds in 1947 (see Fig. 1-1). The infrastructure is so extensive that no 
other chip-interconnection method can displace wire bonds in the 
foreseeable future, although other technologies, particularly flip chip 
and its variations, are growing at a faster rate. The industry is driving 
wire-bonding technology toward: (1) increased yields (< 25 ppm 
defects) (see Chap. 9), (2) decreased pitch (approaching 20 µm for 
both wedge and ball bonds), and (3) lowest possible and ever decreas-
ing cost. However, many new specific technical and material issues 
will be involved in achieving these goals. Some examples are new 
bond-pad metals (e.g., palladium, see Chap. 5; various Ni-based 
metallizations, see Chap. 6), higher-frequency ultrasonic energy 
(how high, how to optimize and for what materials, see Chap. 2), the 
lack of quantitative understanding of the ultrasonic bonding mecha-
nism, the reality of real-time bond monitoring, as well as continuing 
new failure modes resulting from wafer fabrication (e.g., bond pad 
lift-up), and reliability problems in new plastic molding compounds 
(e.g., “green” mold compounds), as well as increasing wire-sweep 
problems (potential solution Cu ball bonding?). The above issues 
result in an expanding, but technically challenging future for this 
method of chip interconnection.

Some of the history and references of early wire bonding develop-
ment are given in Sec. 2.5. Also, the bonding machine components, 
such as the transducer and bonding tools, are described in that 
section, along with a description of the ultrasonic-bonding mechanism. 

1
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A discussion of the differences between various bonding systems with 
a table comparing the advantages and disadvantages of each is given 
in Table 2-1, Chap. 2, to help choose the appropriate wire bonding, as 
well as alternative technologies. Tab, and Beam Leads, which were 
once considered leading edge technologies, have almost vanished.

1.1 The Wedge- and Ball-Bonding Machine Operations
Figure 1-2 is the simplified step-by-step procedure of the wedge-
bonding machine operation and Fig. 1-3 is the same for a ball bonder. 
The captions are self-explanatory. These procedures have not changed 
for more than 30 years, and new diagrams are unnecessary. Some Web 
sites give animations of the bonding process, http://www.kns.com/
_flash/cap_bonding_cycle.swf (see Bibliography). Autoball bonders 
are several times faster than autowedge bonders, since after making 
the ball bond, the wire can be moved, with the capillary, in any direc-
tion to make the second bond; whereas, for wedge bonds, either the 
device (or transducer) must be mechanically oriented in an approxi-
mately straight-line direction between the two bonds before the first 
bond is made. If not, the thinned heel of the first wedge bond may be 
bent sideways (stressed and weakened or cracked) as the wire moves 
toward an angled second-bond position. Currently, wire-looping meth-
ods can bend the wire in a smooth radius as it proceeds from the first 
to the second bond, and such wedge-bonding rates increase somewhat, 
but it seems to have achieved limited application.

The first
wire bond

World’s first wire bond!

Note the manually attached wire bonds

FIGURE 1-1 Replica of the fi rst transistor, Bell Labs, December 23, 1947, 
indicating the fi rst wire interconnection. (Courtesy Bell-Labs/Lucent, 1947.)

http://www.kns.com/_flash/cap_bonding_cycle.swf
http://www.kns.com/_flash/cap_bonding_cycle.swf
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Wedge
tool

Wire
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1

Pressure
and

ultrasonic
energy
to form

Pressure
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ultrasonic
energy
to bond

Chip

Package

Wire
break off

Wire
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FIGURE 1-2 Simplifi ed procedure for making an ultrasonic-wire bond between 
a chip-bond pad and the package with a typical wedge-type tool. (1) Wire is 
located between the bonding surface of the tool and the bond. When used 
on a manual bonding machine, the tool is lowered to its fi rst search position 
(75 to 125 m above the bonding surface). This height is chosen by the 
operator. Autobonders eliminate the search position entirely. (2) The tool is 
lowered and presses the wire against the bonding surface with a 
predetermined force. Ultrasonic energy is applied for a preset time to make 
the fi rst bond. (3) The tool is raised while the wire is paid out from the spool 
of wire (not shown). (4) The work holder moves the second bonding site 
under the tool (if an autobonder, usually the transducer and tool moves), the 
loop is formed and the tool is lowered to its second search position 
(similar to steps described in 1). (5) The tool is lowered to the bonding pad, 
and the second bond is made, as in 2. (6) After the second bond has been 
made, a wire clamp (behind the tool) closes and pulls back on the wire to 
break it at the heel of the bond. The tool is then raised, and the end of the 
wire is fed out underneath the tool until the end is located somewhat beyond 
the front of the tool (the tail length), as shown in 1. The bonder is then ready 
to repeat the cycle. Updated and redrawn from Ref. [1-2].
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FIGURE 1-3 Simplifi ed procedure for making a ball-stitch wire interconnection 
with a capillary tool. (1) Gold wire is fed through the capillary, and an EFO 
spark melts the wire. A gold ball forms at the end of the wire. (The ball 
typically consumes about a 300 µm length of a 25 µm dia. wire, but will be 
less for fi ne-pitch bonding.) (2) The wire is retracted so that the ball is 
positioned against the bottom of the capillary. (3) The tool is lowered to the 
bond pad, and the gold ball is pressed against it. The interface rises to the 
bonding temperature (from the heated workholder), US energy is applied, and 
the ball bond is formed. (4) The tool is raised, leaving the ball welded to the 
surface, and forming the wire loop as it moves toward the second bond 
position. (5) The bond pad is positioned beneath the bonding tool (or 
capillary). (6) The tool is lowered, as in step 3, to make a bond. This bond 
(and any subsequent bonds made before the wire is broken off) is called a 
stitch bond. Sometimes the fi nal bond is called the crescent bond because of 
its shape. (7) After the stitch bond is made, the capillary tool is raised, and a 
wire clamp above the capillary tool (not shown) pulls and breaks the wire free. 
The tool rises up, the clamp lowers the wire suffi ciently to allow another ball 
to be made, and the bonder is ready to repeat the bonding cycle.
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Figure 1-4 gives a close-up of the bonding tool and wire during 
the process of making an ultrasonic (US) wedge-wedge wire-bond. 
Arrows indicate the direction of the US energy tool motion. Figure 1-5 
is similar for a ball bond. In either case, if heat is added to assist the 
ultrasonic-bonding process, then it is called thermosonic (TS) bonding. 

Wedge

Wire

Bond pad

US

energy

FIGURE 1-4 A close-up of the bonding tool and wire for an ultrasonic (US) 
wedge bond. Arrows indicate the direction of the US energy. The tool is usually 
made of WC, but some are made of other hard materials such as TiC [1-3].

Load

Bond pad

Bonding
tool

Z

X-Y

FIGURE 1-5 A close-up of a ball-bonding capillary tip (cutaway) with the ball 
resting on the bond pad (before the bonding load is applied). Arrows indicate 
the direction of the bonding load (force). Capillaries are usually made of 
hardened, scintered Al2O3, but many other materials have been used [1-3].
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This heat usually comes from the machine workholder (the base to 
which the package is clamped), but in some cases, it can be a heated-
bonding tool or capillary. TS bonding usually takes place at greater 
than or equal to 150°C, but there are many cases where lower or 
higher temperatures are used. When the temperature approaches 
300°C, a gold wire bond can often be made without any ultrasonic 
energy. This is called thermocompression (TC) bonding. The bond-
ing sequence is the same as for TS bonding, Fig. 1-3, except that no 
US energy is applied, a longer bond time is required, and the stage 
temperature is higher (≥300°C). Thermocompression bonding is 
rarely used today because the high temperatures may harm plastic 
packaging materials, and also, the bonding process is more affected 
by contamination than is TS bonding (see Chap. 7), and the TS bond 
time (10–15 ms) is much shorter, a requirement of modern high-
speed autobonders. Animations of the tool motions are available 
from the Web sites of several autobonder companies and impart 
considerable understanding that still photographs cannot. See, Further 
readings.

1.2 How to Approach Bonding Problems?

1.2.1 Which Metals Can Be Ultrasonically Bonded?
There may be cases when an unusual metal pad must be US bonded, 
and it is not obvious whether this is possible. The Welding Handbook 
[1-3] gives a figure, reproduced as Fig. 1-6, that shows which metal-
lurgical combinations have been ultrasonically welded (bonded) with 
fine wire. The caveat is that there was no information on the reliability 
or potential bond yield of such welded couples. Gold wire can be TS 
bonded to Pd films (a recent high-volume process discussed in Chap. 5), 
and Cu is also TS (ball) bonded to Al in volume IC production. Large-
diameter Al wire is readily bonded to stainless steel and Ni, as well 
as directly to Si. Annealed Nb wire has also been bonded to Nb film 
[1-4] for use in superconducting devices. Creativity abounds in the 
area of US bonding with new materials.

Data in Table 1-1 is useful when approaching a new bonding situ-
ation such as often occurs in sensors, MEMS, high-temperature 
devices, superconductors, and the like. This figure, developed by the 
ASW, was not designed for microelectronics bonding, but rather US 
welding in general. Many of these metals require special preparation, 
such as in Ref. [1-4]. Some require temperatures above those accept-
able for microelectronics. In general, hard refractory metals cannot be 
used as wire in microelectronics. However, the table shows the wide 
range of materials that it is possible to bond. 
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Aluminum
Al Be Cu Ge Au Fe Mg Mo Ni Cb Pd Pt Re Si Ag Ta Sn Ti W U Zr Pb

Beryllium

Copper

Germanium

Gold

Iron

Magnesium

Molybdenum

Nickel

Columbium

Palladium

Platinum

Rhenium

Silicon

Silver

Tantalum

Tin
Titanium

Tungsten

Uranium

Zirconium

FIGURE 1-6 Metals which have been successfully joined together by ultrasonic 
welding or in which welding feasibility has been demonstrated. (Used with permission 
of the American Welding Society (AWS) Welding Handbook Committee, A. OBrien and 
C. Guzman, ed. 2007, Welding Handbook, 9th Edition, Volume 3).

Reaction Standard Reduction Potential (V)

Au+ + e ↔ Au 1.69

Au+++ + 2e ↔ Au+ 1.4

AuCl4
− + 3e ↔ Au + 4Cl− 1.0

Al+++ + 3e ↔ Al −1.66

Cu+ + e ↔ Cu 0.52

Ag+++ + 2e ↔ Ag+ 1.9

Ni++ + 2e ↔ Ni −0.26

Note: This table is only indicative.

TABLE 1-1 The electrochemical series: These values are measured with 
respect to the potential of a standard hydrogen electrode. However, for 
bond pads, there may be water, electrolytes, and especially voltages 
present, which can cause worst case reactions on chips. Therefore, this 
table is only indicative. Also see App. 5B for corrosion reactions.
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1.2.2  Assessing the Bondability and Reliability 
of Proposed New Bond Systems

There are times (particularly in the MCM, MEMS, and sensor indus-
tries), when a new metallization system or wire must be bonded 
together. The following is a list of steps to consider when approach-
ing such problems. Table 1-2 outlines the steps and these are described 
in detail below, with examples.

1. Can it be welded by ultrasonic, TS, and or possibly TC 
methods? As a first cut, see tables of ultrasonically bondable 
materials in the Welding Handbook, [1-3] Fig. 1-6. For device 
metallization, consider how any possible dopants (e.g., Cu 
and Si in Al) might affect bondability and cratering. Very 
frequently, someone has worked out the problems you face, 
and their publication will save time (and money). For exam-
ple, in order to bond a 50-µm diameter superconducting 
niobium wire to niobium thin films [1-4], it was necessary to 
anneal the wire at ~ 2200°C (by passing current through it in 
a vacuum), which softened (annealed) it from a Vickers 
hardness value of 180 down to 80 kgf/mm2. To prevent oxi-
dation of the thin-film pads before using, a thin coating 
(4 nm) of Pd was sputtered onto the wire. After those 

1) Is it known to be weldable by ultrasonic, TC, or TS method? (See Fig. 1-6.)

2) How can possible metal dopants affect bondability cratering or 
reliability? (Cu or Ti in metal?) (See Chaps. 8 and 9.)

3) Are there any potential bondability or handling problems that could occur 
for high-volume production (Cu oxidizes easily)?

4) Does the metal form a soft or hard oxide compared to itself ? (Hard is 
best for bonding!)

5) Is the new wire (or metallization) harder than Al or Au? There may be 
cratering or bondability problems. (See Chap. 8.)

6) Are there numerous intermetallic compounds that may form—if so are 
their melting points high or low?—look it up in phase diagrams. (High, 
>600°C is more stable.) (See Chap. 5.)

7) Are the individual materials easily corroded? Does the bond couple form 
a corrosion couple? Check the electrochemical series. (See Table 1-1.)

8) Is either metal easily attacked by halogens or sulfur compounds? (They 
are everywhere.) (See App. 5B, Chap. 5.)

TABLE 1-2 Assessing the Reliability of a Proposed New Bond-Metal-System
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treatments, bond parameters of 90 gf (880 mN), plus normal 
power and time produced good strong bonds. As in this 
example, a great deal of ingenuity may be called for, but in 
most cases, good bonds can be made.

 2. Are there any potential bondability or handling problems for 
high-volume production? Does the metallization form a soft 
oxide during long storage or normal chemical treatment? As 
an example, Ni and Cu are bondable by Al and Au, but each 
has a soft oxide (covering a hard metal) that reduces the 
bondability and must be removed or else special bond sched-
ules or techniques developed. Aluminum is soft, but has a 
hard-brittle oxide which easily shatters and is pushed aside 
into debris zones during bonding. (See Fig. 2-7 that pictori-
ally shows this process.) This type of oxide does not present a 
bonding problem. 

3. Is the new wire harder than Al or Au (e.g., Cu)? If so, when 
bonding to pads over Si, GaAs, or most other low-fracture 
toughness semiconductor chips, the cratering probability is 
increased and may require special bonding techniques, sched-
ules, or modification of the under-pad structure by adding 
hard barriers such as Ti, Ti-W, Ti-N, or Ta (see Sec. 5.1.5). 

 4. Are there numerous intermetallic compounds that may form 
and affect reliability? Look up the phase diagram. If such 
intermetallic compounds exist and have high melting points 
(e.g., >1000°C), then they are stable and should not signifi-
cantly affect reliability. If low (500°C), then they are less sta-
ble, and their constituents will continue to diffuse, and their 
reliability is in question. The activation energy of individual 
compounds can be approximated from the following empiri-
cal equation:

 
Activation energy

melting point (K) (kcal/
~

mmol)
A

  where A ≈ 35 for face-centered cubic metals but A ≈ 50 for 
Au-Al intermetallic compounds (Note: 1 eV ≈ 23 kcal/mol). 
There are many complications in using such a formula 
because the nucleation and other properties of different com-
pounds vary, but it is a beginning. As an example, Ni-Al 
compounds have a very high melting point. They are refrac-
tory and are stable at jet turbine blade temperatures: Ni-Al 
bonds do not fail from intermetallic problems.

  Even if there are no intermetallics in a bimetallic bond sys-
tem there may still be interdiffusion which could lead to 
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Kirkendall-type voids. As an example, Au bonds to Ag 
(as discussed in Sec. 2.3.5) and may or may not be a problem, 
depending upon the thermal environment of the device and 
the type of metallurgical defects present (thick-film silver is 
less reliable than electroplated silver for Au bonds). As another 
example, one might consider Au-ball bonds to platinum. This 
is a completely miscible metallurgical system, but because the 
activation energy for interdiffusion is high, platinum is not 
likely to diffuse into the Au. Data given by Hall (Chap. 6, 
Fig. 6-9) indicates that temperatures in the range of 400°C 
would be required for significant interdiffusion, whereas Ni 
can diffuse into Au by grain boundary diffusion in the 100 to 
200°C range (as discussed in Sec. 3.4.1).

5. Are the individual materials easily corroded? Does the bond 
couple have a high probability of making a corrosion couple 
with Cl? Halogens and sulfur compounds are omnipresent, 
so look up their effect on the bare metals. Look up the elec-
trochemical series potentials as in Fig. 1-6 (which is a simpli-
fied version) [1-5]. If the most common reduction reactions 
of the metals are widely separated, then corrosion is proba-
ble in the presence of halogens and moisture. As an example, 
Al is strongly negative, −1.66, and Au positive, +1.69, making 
a good battery that corrodes easily consuming the Al. Gold 
and Ag, however, are both strongly positive; thus, one would 
not expect corrosion on these bonds. Such corrosion has been 
discussed in several chapters of the book. On the other hand, 
most Ni reactions are negative except one, whose occurrence 
is less probable. Thus, the Ni-Al couple has not been observed 
to corrode. The electrochemical series must be used with 
caution since the measurements are made under very spe-
cific conditions. However, such information can be useful in 
prediction of possible problems in some new metallurgical 
combination.

1.2.3 Some Unusual Uses of Wire Bonds
Bonds can be used for many different purposes other than simply 
making electrical connection through wires. Figure 1-7 gives a cre-
ative application of ball bonding that forms an electrical connection 
between conductors in two different planes. Soldering was not prac-
tical in this case [1-6]. Ball bonds are also used as a fab-less way of 
bumping chips (frequently called stud bumps—see Chap. 9) for 
flip-chip bonding, and every manufacturer of autobonders makes 
specialized machines for that purpose, and even for whole wafer 
bumping (see Chap. 9).
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FIGURE 1-7 An unusual application of ball bonding that forms an electrical 
connection between conductors in two different planes. In this case, the 
ultrasonic energy (tool motion) is parallel to the length of the component. 
Both bonding surfaces were Au plated (over Ni/Cu). The ball (wire) is Au, 
1% Pd. Creative (oriented to angle the package) clamping was also 
necessary to hold the unit in place. (Reprinted with permission from 
Hutchinson Technology, Hutchinson, MN, USA.)
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CHAPTER 2
Ultrasonic Bonding 

Systems and 
Technologies, 

Including a 
Description of the 

Ultrasonic Wire 
Bonding Mechanism 

2.1 Introduction
Currently (2008), the interconnections to >90% of integrated circuit 
(IC) and other semiconductor chips are ultrasonically welded in some 
manner. The exception being the devices that have solder bumps, or 
other variations of flip chips (C4), as well as a few thermode-bonded 
TAB devices (see Fig. 2-20). Aluminum-to-aluminum cold ultrasonic 
(US) welds are usually made with Al, 1% Si wire (25–50 µm in diam-
eter) to various Al alloy (1% Si, 1–2% Cu, etc.) bonding pads on 
semiconductor chips, or often Ni-Au, Pd, etc. on the package. Larger 
diameter Al wire (up to ~0.75 mm, usually supplied in the fully 
annealed condition) is used to interconnect power devices that may 
require many amperes of current. Aluminum ribbon wire is gaining 
acceptance for very high-current interconnections, and major manu-
facturers of large wire bonders offer ribbon capabilities (see Sec. 2.7.1). 
However, Au-ball thermosonic bonding is used for the overwhelming 
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number of interconnections in microelectronics today. (Because of 
price and some mechanical/electrical properties, Cu wire is replacing 
Au in some applications, see Chap. 3.)

The ultrasonic transducer is the heart of all types of wire-bonding 
machines and, therefore, is described first in this section. The various 
wire-bonding technologies, as well as the competing interconnection 
technologies, are also described and compared.

2.2 Ultrasonic Transducer and Tool Vibration Modes
The ultrasonic transducer and bonding tool (inserted to the proper 
length) together form a mechanical resonant structure. The operating 
frequency is chosen so that both components can be made compatible 
with the size of the welding structures (i.e., generally, the higher 
the frequency, the smaller the components). Small, low-mass/inertia 
transducers speed up the mechanical movement. Most current 
autobonder systems operate over 100 kHz and typically from 120 to 
140 kHz. (Experiments have been carried out as high as 250 kHz.) An 
example of a traditional older (60 kHz) transducer used in microelec-
tronics bonding, including the capillary (or bonding tool), is given in 
Fig. 2-1. There are five main parts to the transducer. The first, (A), is 
the electrical-to-mechanical energy transducer. This is usually a 
piezoelectric element∗ and it converts the 60 kHz (or higher frequency) 
electrical energy (from the ultrasonic power supply) into mechanical 
vibrations that travel to the tool. The second, (B), is the clamp. It is 
located on a vibration node and is the part that is clamped or held by 
the bonding machine. If it happens to be located off the node, then 
part of the ultrasonic energy will be fed into the machine housing 
instead of the bonding tool. The third, (C), is often referred to as the 
horn, and it usually has a taper that magnifies the ultrasonic wave 
amplitude as an electrical transformer that can step up voltage. The 
fourth, (D), is the ultrasonic wave amplitude. The tool, or capillary, 
(E), is clamped perpendicular to the axis of the horn, so it is driven in 
a front-to-back vibration mode. The electrical energy from the ultra-
sonic power supply is stabilized by a phase-lock circuit to minimize 
drift and keep the ultrasonic system close to its resonance during 
bonding. Application of the energy to the transducer may be sharp or 
slowly ramped up, depending on the particular manufacturer and 
application. A modern 120 kHz autobonder transducer is shown in 
Fig. 2-2. It performs the same function as in Fig. 2-1, but because of 
design and higher frequency, is very small [~4 cm (~1.6 in) long] with 
low mass and thus low-mechanical inertia. Both features are essential 

∗These elements generally have a high impedance, and, in some cases, the vibration 
amplitude will decrease during the bonding load.
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for the ever-increasing speed of autobonder operation. Some other 
autobonder manufacturers’ transducers are shaped more like Fig. 2-1, 
but reduced to a size similar to Fig. 2-2.

The vibration modes of wedge-bonding tools were extensively 
studied around 1970, primarily by IBM [2-1 to 2-4], NIST (NBS) [2-9 to 
2-11, 2-14, 2-15], and Takeda [2-17]. Currently, most major autobonder 
manufacturers design their own transducers and use some form of 
measurement system to characterize them. Laser interferometers, 
nonlaser fiber optic probes, capacitor microphones, and magnetic 
pickups have all been used to study tool vibrations. The typical 
60 kHz tool vibration modes [2-8 to 2-12, 2-14, 2-15], both unloaded 

FIGURE 2-1 An example of a typical ultrasonic transducer used for manual 
microelectronics wire bonding (welding). The bonding tool (capillary) is shown near 
the tip. (A) is the transducer element; (B) is the mounting clamp, which is located 
on a vibration node and is clamped to the bonding machine; (C) is referred to as the 
horn (tapered to amplify the ultrasonic wave); (D) represents the ultrasonic wave 
amplitude; and (E) is the tool, or capillary, which is clamped perpendicular to the 
axis of the horn. This 60 kHz unit is about 12 cm (~5 in) long. 

A B

C
D

E

FIGURE 2-2 An example of a transducer from a high-speed autobonder. It is low 
mass and only about 4 cm (1.6 in) long (resulting in low inertia) to allow high-speed 
movements. The US drive is at ~120 kHz. (Courtesy of K&S.)

Ultrasonic driver

Tapered ultrasonic
amplifier Mounting ears
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and during bonding, are shown in Figs. 2-3 to 2-5, in curves 1 to 3. 
These absolute vibration amplitude measurements were made with a 
laser interferometer. The US power supply used to drive the trans-
ducer for these studies maintained a fixed frequency of ~60 kHz and 
constant amplitude during bonding.∗ In these figures, “T” indicates 
the end of the transducer.

The loaded vibration nodes are seldom as sharp (usually rounded) 
or as complete as the unloaded ones. The nodal position during bond-
ing is dependent upon the mechanical loading of the tool tip, which 
is primarily a function of the bond deformation (~1.6 wire diameters). 
A smaller deformation, such as 1.2, may result in a nodal rise of only 
0.50 to 0.64 mm (20–25 mils) from the unloaded position. This tool 
showed no significant change in tip amplitude during bonding, but 
such changes would be expected if the bonding force and/or the bond 

FIGURE 2-3 Wedge bonding–tool vibration modes for 60 kHz excitation. The 
vibration amplitude (peak to peak) was measured with a laser interferometer 
(as shown in Figs. 2-3 to 2-5). The dark portion with the T in it represents the 
position and the vibration amplitude of the transducer horn. The transducer 
frequency was 60 kHz. Modal patterns for a short, 30° (angle of wire 
entering the tool) WC too (1) shown unloaded and during the actual bonding 
of 25-µm Al, 1% Si wire. The bonding force was 25 g: curve 1, (×), unloaded; 
curve 3, (o), near end of an actual bonding cycle. The symmetry of the 
vibration is indicated by the dotted curves on the back side of the tool; these 
mirror-image amplitude curves are omitted for subsequent fi gures for clarity, 
showing only the front portion of the vibration. The large dark area (T)
represents the position and vibration amplitude of the transducer horn. 
(Note: 10 mil = 0.254 mm) [2-9 to 2-11].
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∗Modern U.S. power supplies are phase-locked and can change the frequency a few 
hundred hertz or so during bonding to keep the resonant system optimally tuned. 
This should not significantly alter the modal patterns or the tool-loading effects.
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deformation were increased. Each plotted point represents an average 
of three measurements. The measurement details, as well as the laser 
interferometer, were described in [2-11 to 2-15]. Recently, different 
laser techniques have been used to characterize bonding tool/capillary 
motion, and examples are given below.

Characteristics of a thin, 60° tungsten-carbide (WC) tool are shown 
in Fig. 2-4. This tool is intended to fit into small spaces and also to be 
used in reverse (package-to-die) bonding. Preliminary studies sug-
gested that this tool had rather unusual bonding characteristics, so the 
study of loading effects was more thorough than that undertaken for 
other tools, with data taken near both the beginning and the end of 
the bonding cycle.

As noted above, the node rises up the tool during bonding, and, 
for the 60° tool, the vibration amplitude of its thin tip decreases sig-
nificantly throughout the bonding period. This effect results from 
increased loading of the tool as the bond deforms. Such tool-loading 
effects were modeled [2-2]. These measured results suggest that the 
60° tool may have some ability to compensate for slight differences in 
the bond pad or the wire characteristics by loading down to a greater 
or lesser degree.

FIGURE 2-4 Modal patterns for a 60° tool shown unloaded and during actual 
bonding of 25 µm Al, 15% Si wire. The bonding force was 25 g. Modal 
patterns: curve 1, unloaded; curve 2, 7 ms after beginning of bonding cycle; 
curve 3, 5 ms before end of bonding, showing the tool vibration loading down 
near the end of bonding. Each point on the loaded curves (2 and 3) is an 
average obtained from three bonds. The tool is clamped into “T” with the 
indicated extension. The vertical axis is to the scale of the component 
dimensions; however, the horizontal axis is to a much smaller scale, since it 
represents the ultrasonic tool vibration amplitude as measured by the laser. 
The vibration envelopes are plotted as solid and dotted lines in front of the 
tool. These tool vibration measurements were published in [2-7 to 2-11]. 
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The modal patterns of a longer WC bonding tool shown unloaded 
and during bonding of 25 gm Al, 1% Si wire, are given in Fig. 2-5. 
Although the node moves up during bonding, it has little effect on 
the tip amplitude.

The vibration modes of tools made with different materials (or 
dimensions) can change the vibration patterns. For example, titanium 
carbide tools (sometimes used for Au wedge bonding) have a much 
lower density and are more flexible than WC. Such tools have their 
nodal position approximately 0.5 mm (20 mil) above that of a WC 
tool with the same geometry. As a result, the vibration amplitude of 
the unloaded tool tip is about 20% greater for the same transducer 
drive [2-15]. 

For comparison, the 60 and 80 kHz [2-16] free vibration modes of 
typical WC tools used for bonding large-diameter wire, 0.2 mm (8 mil),
are given in Fig. 2-6. The tool extensions for this wire are longer 
(5 vs. 1.9 cm) than the one in Fig. 2-5, and their diameter is also larger 
(0.32 vs. 0.16 cm) so it will have a similar vibration pattern at 60 kHz. 

FIGURE 2-5 The modal patterns of a long WC wedge bonding tool shown 
unloaded and during actual bonding of 25 µm Al, 1% Si wire. The bonding 
force was 25 g. Curve 1, (+), is for free vibration, and curve 3, (o), is made 
during the last 5 ms of a 50 ms bonding cycle.
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The US frequency of some large-diameter wire bonder transducers 
has been increased from the standard 60 kHz, up to ~80 kHz to 
improve bond quality. The equivalent tool vibrations at both frequen-
cies are given in Fig. 2-6. 

The equivalent vibration modes of ceramic ball-bonding capil-
laries were studied. These measurements were made with a capacitor 
microphone, which is described in Ref. [2-14]. The free (unloaded) 
tool vibration measurements are shown in Fig. 2-7. The position of 
the single node is given, and the increased amplitude near the tip is 
inferred by correcting the data. The microphone’s resolution (100 µm
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–10

0

10

20

30

40

50

60

–10

0

10

20

30

60 kHz
80 kHz

40

50

60
–4 –3 –2 –1 0 1 2

Amplitude

–2 –1 0 1 2 3 4

FIGURE 2-6 The unloaded (free) vibrations of two modern WC wedge-
bonding tools used for bonding 200 µm (8 mil) wire. The ver tical scale 
is in mm, and the horizontal is relative amplitude The mechanical taper 
at the bottom of the tools amplifies the vibration motion. The bottom tip 
of the 60 kHz tool happened to be moving left when the instantaneous 
inter ferometer measurement was made, and the 80 kHz one was moving 
to the right. The ver tical scale is in millimeters. Data were taken with a 
laser inter ferometer. The amplitude measurements are relative. The 
ultrasonic frequency is indicated on each figure [2-16]. (Courtesy of 
Orthodyne Electronics.) 
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on a flat surface) limited the accuracy near the capillary tip. Different 
capillaries used in different transducers have shown some displace-
ment of the node, usually upward rather than downward. Unusual 
capillaries, such as bottleneck designs, are more difficult to measure 
during bonding, but can be modeled using finite element analysis 
(FEA) software or analytical methods [2-2, 2-9]. Such capillaries 
would be expected to load down even more than the 60° tool during 
bonding.

An early study of transducer and tool vibration modes by Wilson 
was carried out using a laser holographic interferometer [2-4]. This 
method displayed the vibration maxima and minima along the horn, 
as well as showing the effect of nonuniform tool-bond loading on 
both the transducer and the tool. 

Currently, the complete amplitude vibration modes of bonding 
tools and transducers can be measured with available commercial 
equipment [2-7]. Capillary and transducer motion/velocity are dis-
played giving maximum details of amplitude, off-axis vibration and 
rotation. An example is given in Fig. 2-9. One such instrument, a 
laser vibrometer, also can plot the frequency versus vibration velocity 
of tools and transducers over a chosen frequency range, allowing 
optimization of transducer/system performance, as demonstrated 
in Figs. 2-8 and 2-9. 

FIGURE 2-7 The unloaded vibration pattern of a typical ceramic capillary 
used for ball bonding. Vertical scale is in mm and in (extension below 
transducer is 6.5 mm). Data were taken with a capacitor microphone, so the 
amplitude measurements are relative. The ultrasonic frequency was 
approximately 60 kHz.
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FIGURE 2-8 An output from a laser vibrometer monitoring a bonding capillary 
and transducer tip velocity. The section velocity (mm/s) is read from its color 
from the FFT fi gure (left), but for this grey-scale book picture, values were 
added in boxes. This color fi gure appears in the CD attached to the book and 
should be referred to for clearer understanding of these patterns. From the 
color it is noted that values often change horizontally across the tool and 
transducer. The US drive frequency was 250 kHz for this special transducer 
test. (Courtesy of K&S.)
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FIGURE 2-9 Example of a transducer frequency sweep (fast Fourier transform) from 
data obtained on the same measurement system as in a, but using a different 
experimental transducer peaked at about 125 kHz. Additional smaller resonance 
peaks are apparent. (Courtesy of K&S.)
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2.3  How Ultrasonic Bonds Are Made 
(Empirical Description)

Small-ultrasonic welds used in microelectronic interconnections are 
usually made with soft, face-centered cubic metal wires (e.g., Al, Cu, 
Au) of 25 to 33 µm diameter. There is no generally accepted mathe-
matical model of the ultrasonic welding process. It is a complex 
process, and the physics is not fully understood. However, many 
efforts have been made to study and/or explain the process [2-1, 2-9, 
2-10, 2-18 to 2-21] (and modeled in Chap. 11) so an empirical descrip-
tion of the observed bonding process follows. This treatment is mostly 
adapted from Harman [2-9] and Harman [2-10].

Ultrasonic Al (25 µm diameter) wedge-bond formation was stud-
ied by examining the bond foot prints left on normal Al bond pads by 
bonds that did not stick. These are called bond lift-off patterns and 
represent the best method of studying the early stages of bond forma-
tion. Such patterns are made by maintaining the clamping force and 
the ultrasonic power constant. The normal bond time is then progres-
sively decreased below the point that the wire will adhere, and it lifts 
off. The pattern in Fig. 2-10(A) results from pressing the wire against 

FIGURE 2-10 Wedge bond lift-off patterns. Patterns are made by maintaining 
the clamping force (25 g) and ultrasonic amplitude 0.88 µm (~35 µin) constant 
and progressively decreasing the weld time (optimized for 50 ms) below the 
point that the wire will adhere. (A) Zero weld time (no ultrasonic energy); 
(B) 4 ms weld time; (C) 7 ms weld time; and (D) 10 ms weld time.

Microwelds

0 ms

7 10

4

A B

C D



U l t r a s o n i c  B o n d i n g  S y s t e m s  a n d  T e c h n o l o g i e s  23

the pad with the normal clamping weight of 25 g, but with no ultra-
sonic energy applied. Figure 2-10(B) shows the lift-off pattern made 
by applying ultrasonic energy for a 4 ms period. The wire-to-pad 
microwelds have formed at points near the perimeter. The lift-off pat-
tern in Fig. 2-10(C) resulted from a 7 ms bonding time. The welded 
area has spread part of the way around the perimeter. Figure 2-10(D) 
shows the bond formation at 10 ms. The welding has increased con-
siderably, but is still primarily confined to the perimeter. At longer 
bond times, the wire could not be lifted up without tearing the pad or 
breaking the wire. Examination of many such patterns shows that 
weld formation begins around the perimeter, but that no two time-
equivalent patterns are exactly the same. The amount and location of 
the welding around the perimeter may show considerable variation. 
However, the examples given in Fig. 2-10 were chosen to be typical of 
those observed for each indicated bonding time and power setting. A 
further verification that ultrasonic wedge welding progresses around 
the perimeter is shown in Fig. 2-11. These are photographs taken 
of disrupted metallization, as seen through the back side of an Al-
metallized fused quartz substrate [2-11 in SP]. In each photograph, 
the bond parameters were held constant except for the power. Note 
that the third bond (c), made at the highest US power, has cracked the 
quartz. This is an example of cratering caused by excessive US energy 
(see Chap. 8 for a discussion on cratering). Studies of evolution of the 
bond interface on Au/Ni/Cu bond pads, obtained by etching the Al, 
1% Si wedge bonds off, have revealed growth patterns similar to 

FIGURE 2-11 “Through the underside of a bond pad.” The disruption of the 
bond pad observed from the underside of a thin (~0.2 µm) evaporated Al 
pad, which was deposited on a clear fused quartz substrate. These three 
patterns were made by increasing the ultrasonic power for each Al wedge 
bond, while holding force and time constant. Power-supply dial settings 
were, from left to right, (a) 4.5; (b) 5.5; (c) 9.5. The third bond, made at 
the highest US power, has cracked the quartz, an example of cratering 
discussed in Chap. 8 [2-11].
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Figs. 2-10 and 2-11 except that as the bonds mature the center also 
became welded [2-12].

The Au-Au crescent-wedge (after ball bond) weld formation pat-
terns were studied by Zhou [2-13] and found to be similar to US Al 
wedge growth (starting around the perimeter and generally growing 
inward with power/time). Thus most bonds start around the perim-
eter and mature inwardly, but there are many reported variations.

Although the initial welds on TC-ball bonds form around the 
perimeter, as with US wedge bonds, TS bonds appear to follow a more 
random pattern, as shown in Fig. 2-12 [2-22]. The microwelds may be 
elongated in the direction of the ultrasonic vibration motion. The weld-
ing time in this figure ranged from 2 to 16 ms at 100 kHz. No equivalent 
comparison has been made at 60 kHz bonding frequency. However a 
fully welded bond from a recent mfg’s bonder is shown for compari-
son in Fig 2-12(E), where the intermetallic appeared in swirl patterns, 
and these have been observed by others as well. Thus each bonder can 
develop welding in different patterns (as revealed by etching∗).

2.3.1.  Brief Phenomenological Explanation of the Ultrasonic 
and Thermosonic Bonding Process 

Ultrasonic welding is a type of deformation weld in which the metal 
is first softened by the ultrasonic energy. The clamping force deforms 
the softened wire or ball against the equivalently softened bonding 
pad, sweeping aside brittle surface oxides and contaminants, leaving 
clean surfaces in contact. A pictorial cartoon demonstrating this pro-
cess for a ball bond is given in Fig. 2-13, but it is also appropriate for 
a wedge bond as in Fig. 2-14. The modeling of the ultrasonic bonding 
process is detailed in Chap. 11.

Little deformation takes place in the center of the weld, so the 
oxides and contaminants mostly remain there, and this area is often 
observed to remain unwelded, as shown for wedge bonding in 
Fig. 2-14. Presumably, the same energy transfer mechanism that soft-
ens the metals without significant heat generation also supplies the 
required activation energy for metal-metal interdiffusion and, for 
Au-Al bonds, the formation of intermetallic compounds. This forms 
these metal-to-metal (atomic) bonds within a few milliseconds. Note 

∗The amount of Au-Al intermetallic formation is often used to demonstrate 
the extent of welding [2-25, 2-36, 2-52,] to ensure reproducibility. The amount 
of intermetallic in the bond interface is implied by observing the disruption 
(roughness) of the Au-ball bonded surface after etching the Al pad (from under 
the ball) with a 20% solution of KOH or other etchant that does not attack gold. 
In some cases, however, more sophisticated failure-analysis techniques are used 
to examine, identify and analyze the actual intermetallics that forms. Although 
these techniques give excellent visual evidence of the welded area, they are too 
slow and expensive to be used to execute a designed experiment or even to set up 
a bonder. The ball shear test is a quicker, more quantitative method to use for these 
purposes, and its results have been correlated with the amount of welded area in 
as-made bond interfaces [2-36, 2-52] to assure reproducibility.
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FIGURE 2-12 (a,b,c,d,e) Thermosonic ball-bond welding patterns at different 
welding times, revealed by etching the ball free from the Al bond pad. Bonds 
were welded with 46 gf (450 mN) force, 10 kHz ultrasonic energy, and a stage 
temperature of 250°C. For (a), the weld time was 2 ms; (b) 4 ms; (c) 6 ms; and 
(d) 16 ms. After the bond is mature, long weld times did not increase the welded 
area for this type of bond [2-22]. (Courtesy of ESEC.) The etch–removed bond 
[(e), lower] is a modern approximately fully welded bond on a 70 µm pitch, made 
at 120 kHz, showing swirl-shaped intermetallic patterns [2-23]. (Courtesy of 
K&S.) Some others have swirls, but with an unwelded center [2-20]. (Also see 
Chap. 5, App. 5A, Fig. 5A-1.)

after 16 msafter 6 ms

after 4 msafter 2 ms

(a) (b)

(c) (d)

(e)

that an equivalent wire deformation can be made with higher clamp-
ing force, but with no US energy or heat, it does not result in a weld, 
and the wire will easily lift off.

Ultrasonic softening and the subsequent deformation (under 
stress) has been studied by Langenecker [2-23] over the range of 
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FIGURE 2-13 The bonding force and US energy breaks through thin surface-
oxide-fi lms, pushes them aside, and US energy forms the weld.

Thin, brittle film
(Al2O3, SiO2, SiN, etc.)

Ball
(Au, Cu)

Metal deforms,
shattering thin brittle film

Deforming ball pushes
shattered film aside into
debris zones. Clean metals
plus ultrasonic energy form
a bond.

FIGURE 2-14 An ultrasonic wedge bond made with normal parameters for a 
manual wedge bonder using 25 µm diameter Al, 1% Si wire. The bond (on the 
left) has been partially lifted up so that the weld pattern may be seen. The 
center remained unwelded. On the right, is a bond pad with a similar bond 
completely removed.
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15 kHz to 1 MHz, with most of his work being done at 20 kHz. He has 
compared the similarity of the stress versus elongation in Al single 
crystals (with 20 kHz ultrasonic energy at constant temperature) to 
equivalent elongations resulting from heat. His results are repro-
duced in Fig. 2-15. It should be noted that Langenecker did not study 
or even consider ultrasonic bonding or welding, only the ultrasonic 
softening of metals, metal forming, and heating. However, the ultra-
sonic softening process that he described has been incorporated into 
several explanations of the bonding process [2-1, 2-9, 2-21]. The stress 
versus elongation is essentially equivalent to deformation under a 
compressive load, such as occurs in metal forming and ultrasonic 
welding. From this, it is clear that either ultrasound or heat can inde-
pendently cause equivalent deformations with a given stress. How-
ever, significant differences exist between the two types of excitation, 
the major one being that the ultrasonic energy density required to 
produce deformation in Al is about 10 million times less than is 
required for an equivalent deformation resulting from thermal energy 
alone, although some heating is a by-product of any such US process. 
After US softening and deformation of the weldments occur, and the 
US energy is removed, the metals are left work-hardened (acoustic 
hardening), whereas equivalent thermal deformations leave the metal 
permanently softer (annealed). Such work hardening in Al ultrasonic 
wedge bonds has been experimentally verified by Coucoulas [2-24] 
and on bonded Au balls by Pantaleon [2-25] and recently by Srikanth 

FIGURE 2-15 Stress versus elongation for Al single crystals. The left curve 
indicates strain (elongation) during irradiation at 20 kHz ultrasonic energy 
(dashed lines). The right-hand curves show comparable stress-strain behavior 
resulting from heating alone. The solid curves indicate no applied ultrasonic 
energy only the indicated temperature (from Langenecker [2-23]) (© IEEE ).
(The author notes that this work has not been duplicated with modern 
measurement equipment/techniques, and although believed to be correct, it 
should be verifi ed, a good university thesis subject.)
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for copper wire [2-26]. However, Krazanowski [2-19] observed that a 
wide range of structures can remain after bonding, depending on the 
metals involved, so this hardening may not be universal in all materials 
and/or produced by all bonding equipment. 

There is little experimental evidence that US bonding process 
occurs because of heat generated by the US energy. Various in-process 
bonding measurements have shown less than ~10 to 100°C maximum 
temperature rise [2-1]. More recently, Mayer [2-27] as well as Suman 
[2-28] measured only small changes in interface temperatures (~10°C)
using surrounding sensors. (M), or Al, topped under-the-pad sensors 
that allowed experiments to take place at bonding temperatures of 
~150°C for Au ball bonds.

However, one study inferred an interface temperature of 250°C
from observations of crystallographic defect microstructures in wedge-
bonded larger diameter Al wires [2-19]. Another study, bonding Au 
balls directly to sputtered type-K thin film thermocouples, obtained a 
rise from 240 to 320°C. Other bonding conditions were omitted [2-29]. 
The temperature rise was attributed to friction; however, it is unlikely 
that any welding (bonding) ever took place, considering the bond 
was to the thermocouple as the pad. These results cannot be com-
pared to actual bonding measurements where microwelds would 
presumably begin to minimize slippage/friction-generated heat after 
a few milliseconds.

In no case where bonding actually took place, did the interface 
temperature approach the melting point of either weldment or more 
than or equal to 300°C normally required for TC bonding. Also, US 
Al-Al wedge bonds have been made immersed in liquid N2 at a tem-
perature of 77 K [2-1, 2-9]. Since high heat is not necessary, the activa-
tion energy to form the metal-metal bond may possibly be transmit-
ted in the form of phonon-lattice interactions. Lower clamping forces 
have been shown to increase the interface temperature by ~25°C,
implying that there is increased interfacial scrubbing during some 
portion of the bonding cycle (note that similar low bonding forces 
have also been shown to result in cratering and poor bonding). Some 
papers have attributed the entire bonding process to the frictional 
rubbing and propose melting temperatures in the interface, [2-30] 
but there is little analytical evidence for such where actual welding 
occurred. 

When Langenecker’s softening mechanism is incorporated into 
the above observations, Al wedge bonding to a typical Al IC bond 
pad can be summarized as follows: Some wire-to-pad interfacial 
motion (scrubbing) certainly occurs upon first application of ultra-
sonic energy, resulting in some interfacial cleaning action and modest 
frictional temperature rise. A few milliseconds later, small microwelds 
form just inside the perimeter of the mated surfaces as in the lift-off 
patterns of Figs. 2-10 and 2-12, and, at this point, the wire-to-pad 
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interfacial motion ceases.∗ Ultrasonic energy is then absorbed into the 
entire weldment area (wire, interface, and bond pad). As a consequence 
of deformation cleaning, the center of the bond area is left relatively 
unwelded in wedge bonds. This may not occur if there are orbital or 
sideways tool vibration modes present during bonding causing some 
center welding to occur.

Extensive microstructural details of bond interfaces were obtained 
with a transmission electron microscope [2-19] as well as some using 
a SEM [2-1]. Those taken along the interface of monometallic US 
welds showed, variously, grain boundaries, no grain boundaries, 
debris zones of oxides, and contaminants, as well as numerous crys-
tallographic defects. However, in general, the monometallic bonding 
process results in interface formation that is similar to grain bound-
aries in polycrystalline materials, but continuous along the interface. 
Au-Al US welds, made at room temperature, show debris zones as 
well as clear metallic boundaries (similar to grain boundaries). There 
are also intermetallics along this boundary, which are a normal part 
of such Au-Al bond formation [2-31]. As a consequence of deforma-
tion cleaning, the center of the bond area is left unwelded (minimum 
mass motion occurs in the center of a compressed, deforming ball/
wire). This may not occur if there are orbital or sideways tool (capil-
lary) vibration modes present during bonding. Such modes can be 
easily revealed by modern laser vibrometer measurements as was 
shown in Fig 2-9.

Contaminants in the bond interface can inhibit weld formation by 
preventing the deforming metal surfaces from coming into intimate 
contact. A thin, hard oxide on a soft metal, such as 0.5 to 1 nm (50–100 A) 
of Al2O3 on Al, will break up and be thinly dispersed or pushed 
into “debris” zones with little effect on the average welded area. 
However, soft oxides on harder metals, such as NiO on Ni (which is 
used in large-wire power device packages), appear to serve as a lubri-
cant during initial weldment contact and deformation, remaining on 
the surface and preventing weld formation. This holds true for soft 
oxides (e.g., CuxOy) on soft metals (e.g., whereas Au does not have an 
oxide, diffused-to-the-surface Cu will oxidize and has been shown to 
significantly increase the activation energy required for Au-to-Au TC 
bonding [2-32]). Also, as little as 0.2 nm (20 A) of a carbonaceous con-
taminant has been shown to reduce bondability on any bonding sur-
face (see Chap. 7). Thus, it is important to understand the nature of a 

∗Joshi [2-1] used a laser interferometer and observed that the tool, the bond, the 
pad, and the laminated polymer substrate moved in unison during most of the 
bonding process. This substrate motion would not occur on hard, brittle substrates, 
such as silicon or ceramic. Here the final motion must be between the tool and 
the wire, as was found in [2-9]. Ultrasonic energy is then absorbed into the entire 
weldment volume (wire, interface, and bond pad).
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surface contaminant or oxide on a given bond-pad metal to under-
stand its effect on bondability and reliability.

2.4 Bonding with High(er) Frequency Ultrasonic Energy
The original reasons for choosing 60 kHz are obscure, but fine-wire 
bonding machines have used that frequency for bonding from the 
1960s to the present. This resonance frequency resulted in transducers 
and tools that were appropriate to microelectronic dimensions and 
were stable during the bonding load. However, other frequencies 
(e.g., 25 kHz) have been used for bonding large-diameter Al wires in 
power devices. The possibility of US welding over a wide frequency 
range has been known for some time. The Welding Handbook [2-33] 
cites ultrasonic welding frequencies as ranging from 0.1 up to 300 kHz. 
Also, the ultrasonic softening process was verified up to 1 MHz by 
Langenecker, so it is not surprising that higher frequencies would 
find use in microelectronics bonding if an advantage could be 
demonstrated. The present interest in using high frequency (HF) for 
microelectronics wire bonding was started by Ramsey and Alfaro 
[2-34]. They studied thermosonic Au ball bonding on IC pads using 
US energy in the range of 90 to 120 kHz and reported that such fre-
quencies produced better welding at lower temperatures and in 
shorter bonding times. This also resulted in more complete Au-Al 
intermetallic formation and thus, more complete weld formation. 
More recently, several papers have given additional advantages for 
using HF (>60 kHz) for both ball and wedge bonding [2-35], as dis-
cussed in the following paragraph.

There have been no large-scale (published) implementations and 
design of experiment (DOE) comparisons between different frequen-
cies, and for the many possible bonding problem situations (cratering, 
contamination, metallic oxides, soft substrates, etc.). Nevertheless, all 
small-diameter-wire autobonders since approximately the year 2000, 
have incorporated transducer frequencies between ~100 and 140 kHz 
drive for the transducers. The lower mass (inertia) of the small HF 
transducers allows bonding machines to run faster. The other advan-
tage is that strong HF wedge bonds can be made with low deforma-
tion and with shorter welding time [2-34]. All of these are desirable 
for high-speed and fine-pitch bonding. However, one study [2-36] 
compared Al wedge bonding at 60 and 120 kHz in a DOE study and 
found little low-deformation advantage. The authors did find that 
less metal splash occurred around the bond perimeter at 120 kHz, 
and higher yields were achieved in shorter bonding times. In other 
studies [2-37], a range of higher frequencies (100, 140, 250 kHz) were 
reported to produce good Au ball-bonds at low temperature (50°C)
compared to 60 kHz. The best shear strength and the shortest bond-
ing time were obtained at 250 kHz. However, the bonding window 
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was very narrow at such low temperatures, requiring much closer 
control over machine parameters, heat stage temperature, and mate-
rials. Such low temperature studies have not been implemented in 
production. Charles [2-38] has published the only carefully designed 
experiments comparing 60 and 100 kHz Au ball bonding. His studies 
concluded that 60 kHz had a larger bonding window than 100 kHz 
for Au ball bonds, but was not as effective in bonding pads that were 
difficult to bond, such as ones over soft substrates (e.g., PTFE). One 
hundred kHz bonded in a shorter time for both Au ball and Al wedge 
bonds. Outside of these studies it has been found that the Au crescent 
(second bond) of a ball bond has a very narrow bonding window at 
high frequencies, sometimes requiring a higher temperature for high 
yield. At least one company produced a dual frequency transducer 
(second harmonic used for the ball and the fundamental frequency 
for the crescent bond). 

Another paper reported wedge bonding with 100 µm diameter. 
Al wire to Cu plates using 60, 190, and 330 kHz bonding frequencies 
[2-39]. The authors reported that 330 kHz produced stronger bonds in 
a shorter time and with lower vibration amplitude. Other workers 
reported that 90 to 120 kHz US energy resulted in better ball bonds to 
pads on polyimide that were placed over active areas of IC chips 
[2-40]. There have also been statements (unpublished) that HF improves 
bonding to pads over soft polymers such as PTFE. If verified, it may 
imply that the polymer absorbs less energy at high frequencies, leav-
ing more for the bond interface. However, little is known about US 
energy absorption in polymers. Thus, a particular frequency could be 
either more or less effective than another when used for bonding over 
a particular polymer. Hundreds of DOE comparison studies will be 
required before all materials used as substrates are characterized and 
a general understanding is achieved. Since the use of such HF is rela-
tively new in 1996, one can expect that limitations as well as advan-
tages will appear in the future. This is a very dynamic area.

One explanation of the differences in wedge bonding at higher 
US frequencies has been proposed by Shirai [2-35] and incorporated 
in [2-21]. In this explanation, the HF tool-to-wire vibration produces 
a higher strain-rate and, therefore, a much higher stress in the Al wire. 
The wire becomes strain-rate hardened, deforms less, and more 
energy transmits to the weld interface. This results in a strong Al 
wedge bond with lower deformation. From Ramsey [2-34], the higher 
frequency increases the rate of metallic interdiffusion and makes a 
better metal weld. This explanation appears to be reasonable; how-
ever, there are many unanswered questions, and much more must be 
learned about the HF bonding mechanism. The explanation used by 
Shirai is based on a strain-rate model for single crystal LiF, Ge, and Si 
[2-41]. These are brittle ionic and covalent materials. Wire bonding is 
done with soft, polycrystalline, face-centered cubic metals (Au and Al) 
that respond to stress by deforming easily, although they would 
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have some (unknown) high-strain-rate-modified response. Compila-
tions of strain-rate hardening in Al [2-42] would not support the 
proposed mechanism. Furthermore, Langenecker has verified his US 
softening mechanism up to 1 MHz, implying that the strain-rate hard-
ening is not significant below that frequency. However, that paper 
omits many measurement details and itself leaves questions. Shirai’s 
proposed mechanism, which may be qualitatively correct, should be 
further studied. In particular, its theory should be rederived around 
the known properties of soft, polycrystalline, face-centered cubic 
metals. Most of our understanding of the US softening and welding 
mechanism is based on fundamental studies carried out in the early 
to mid-1960s. These experiments should be repeated with current 
measurement methods and high-speed computers for mathematical 
computation (verification) of models. Full understanding is the 
necessary basis for continued advancement of US bonding, as we 
push towards the limits of speed, fine pitch (~20 µm), and especially, 
high yield. Our present understanding is mostly empirical, and that 
knowledge has been pushed to its limits.

2.5 In-Process (Real-Time) Bond Monitoring
There has long been a desire for an electrical or a mechanical real-
time (in-process) quality control system to increase the bond yield. 
Efforts, which to date have been mostly empirical, include measuring 
an electrical parameter from the US power supply, the transducer’s 
impedance, the tool-drop (related to bond deformation) during bond-
ing, tool lift-up force after bonding, the amount of US energy trans-
mitted through the package, second and third harmonic output from 
sensors on the transducer. In some cases, the bonding time can be 
extended until the defined parameter is achieved or the power input 
altered. Modern high-speed computers (incorporated in advanced 
autobonders) make several of these possible and practical. Some of 
these methods have been published, others patented, and others have 
appeared only in internal company or military contract reports (see 
[2-43 to 2-51]). Many are slight variations of earlier publications or 
patents. The details of current systems are usually proprietary, and a 
thorough review of these and other bond-monitoring systems is 
beyond the scope and intent of this book. Bonder manufacturers will 
discuss their particular system with customers, and some have more 
detailed information on their Internet Web sites. 

Bond-monitoring systems are essentially empirical, since there is 
no accepted quantitative theory of ultrasonic/thermosonic bonding. 
The electrical-signal systems require defining or establishing some 
empirically determined bond quality window. (In general, a process 
control based solely on windowing will fail some good bonds and/or 
pass some weak ones.) Other systems measure and control the bond 
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deformation. In each case, the bond-monitoring systems can con-
tribute to improved quality control. However, a complete under-
standing of the US welding process is necessary before a true in-process 
bond monitor can be made, although the empirical ones do con-
tribute to improved quality control. There have been a number of 
ultrasonic bonding mechanism studies as discussed above, but there 
is no accepted and validated mathematical model to guide a designer 
of bond-monitoring equipment.

Currently, wire bonds can be produced at very high yields using 
the means described in Chaps. 4, 7, and 9, such as molecular cleaning 
and carefully optimizing bonding parameters with DOE. By follow-
ing these procedures, it is currently possible to bond with ≤25 ppm 
defectives [2-52] in medium-to-high-volume production. Under such 
conditions, it could be hard to justify an expensive system added onto 
each autobonder if it slowed the bonding process, or only reduced 
those defect numbers by a few parts per million. However, low-
volume hybrids, SIPSs, and other technologies that use multiple chips 
from different sources seldom achieve such high yields. For those 
and other cases in which the defects can range from several hundred 
to several thousand ppm, a currently available bond monitor could 
pay for itself. Low-production volumes make it difficult to establish 
that there is a real decrease in defectives into the <50 or 100 parts 
per million range. To prove such requires a better understanding of 
small-sample statistics, or by making 100,000 setup and test bonds 
(see Chap. 9). Thus, incorporating an expensive bond monitor in 
each autobonder might not be practical for all uses, but certainly can 
enhance many.

2.6 Wire-Bonding Technologies

2.6.1 Thermocompression Bonding
Thermocompression (TC) wedge and ball bonding for microelectron-
ics was developed by Bell Laboratories in 1957 [2-53]. This method 
was used until US wedge bonding largely replaced it in the mid-1960s. 
Although Au-Au TC welds can be made in high vacuum at room 
temperature, such welds require a high-force and a high-interface 
temperature to take place in a normal manufacturing environment. 
TC bonding is a type of solid-phase welding that combines heat and 
force to plastically deform the weldments, sweeping aside surface 
contaminants (air, carbonaceous impurities, oxides, etc.), resulting in 
intimate contact between cleaned surfaces. At this point, short-range 
interatomic forces with heat supplying the metal-metal activation 
energy result in a metallic welded bond. The primary process vari-
ables (time, temperature, and deformation) follow an Arrhenius 
relationship, and their activation energies have been studied [2-32]. 



34 C h a p t e r  T w o

This activation energy is supplied by the high-interface temperature, 
which for most TC bonding is around 300°C. The temperature is usu-
ally supplied by heating the entire device, that is, placing it in contact 
with the heated work holder (WH). However, variations that heat the 
bonding tool alone (≥400°C) or in combination with WH heating, have 
also been used. Ball-bonding technologies normally feed the wire 
through a capillary, and the tool can move in any direction after making 
the ball bond. This results in current autoball-bonding machines 
being several times faster than ones designed for wedge bonding. 

A majority of the TC bonding-mechanism studies were done at 
Bell Laboratories and Western Electric. [2-32, 2-54 to 2-56]. However, 
important work was also done by others [2-57, 2-58]. Thermocom-
pression bonding is more sensitive to surface contaminants than any 
other bonding method (see Sec. 7.2), the bonding time is much longer, 
and the interface temperature is higher. Because of these, this process 
is seldom used in microelec tronics today, having been replaced by 
thermosonic bonding.

2.6.2  Ultrasonic Wedge Bonding (Small- and 
Large-Diameter Wires)

Ultrasonic wedge bonding was introduced to the microelectronics 
industry in about 1960 and became dominant in device production, 
until gold-ball thermosonic autobonders took over. Ultrasonic wedge 
bonding is normally done at room temperature (if heated, it is also 
called thermosonic bonding). It is primarily used to bond Al wire to 
either Au or Al bond pads, although it can bond Au wire with special 
“gold bonding” tools (cross-grooved or roughened). Large-wire Al US 
bonding is the dominant method of interconnecting power devices. 
The US weld is formed by the application of ultrasonic energy through 
a resonating transducer-tool combination while applying a clamping 
force. An example of the transducer and bonding tool configuration 
and vibration modes were given in Figs. 2-1 and 2-2 and the bonding 
sequence in Chap. 1, Fig. 1-2. The wedge-bonding system (transducer-
tool combination) must be oriented in approximately a straight line 
from the first bond to the second, before the first bond is made. This 
is a disadvantage for autobonders, since it requires mechanically align-
ing the package or the transducer for each wire. This slows down the 
wire bonding process by more than 50%, requiring several times more 
autobonders (and their overhead costs) to bond the same number of 
devices as thermosonic ball bonders.

Large-diameter Al wire bonding is used primarily in power devices 
and hybrids that require more than several amperes per wire. Such 
wire bonding is addressed in various parts of this book in appropriate 
context, rather than in a separate section. Large-Al wires are bonded by 
cold ultrasonic welding methods, using 60 or 80 kHz US power sup-
plies, although in earlier times some used 25 kHz. Large wire is usually 
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considered to range from about 75 or 100 µm to over 0.5 mm in diam-
eter (3–30 mil). Figure 2-16 shows large-wire Al bonds. They typically 
use either 99.99% Al or Al, 1% Si wire. A discussion of large-wire metal-
lurgy and burnout characteristics is included in Chap. 3. The current 
large-wire technology includes both manual and autobonders. Earlier, 
such bonders used manual or electrically activated scissors or a blade 
to cut off the wire after the second bond. In some cases, that bond was 
made by tweezer welding (see Sec. 2.7.2). However, the development 
of a special bonding tool that both bonded and cut off the wire advanced 
the field significantly so that both bonds and the cut-off could be made 
ultrasonically. This increased the speed of the process and made auto-
bonders possible. Present-day bonding tools developed by Orthodyne 
confine the wire in a parallel inverted V-groove during bonding, which 
leaves the bond neck strong [2-59], see Fig. 2.9. This is quite different 
from the relatively flat bonding tools used for fine-wire wedge bonding. 
Even though large-diameter wires are usually fully annealed, they are 
very stiff and the bonding forces are far greater than those required for 
small-wire wedge bonding (up to ~1 kgf vs. 25–35 gf). The ultrasonic 
energy required is equivalently higher also, up to ~25 W versus <1 W 
for fine wire. Most power device packages are usually plated with Ni, 
and large-diameter Al wire bonds very well to that metallization, if it is 
free of oxides. Large-wire bonds can have the same reliability prob-
lems as small-diameter Al bonds; however, a well set-up process 

FIGURE 2-16 Modern large-wire aluminum bonds left is 250 µm (~10 mil); 
right ones are 150 µm (~6 mil), bonding frequency was 80 kHz. (Courtesy of 
Orthodyne Electronics.)
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experiences few such failures. Since such bonds have a high profile, 
they can be tested with both the pull test and the shear test (see Chap. 4).

2.6.3 Thermosonic Ball and Wedge Bonding
Coucoulas was the first to combine ultrasonic energy with heat to 
produce thermosonic bonding in 1970. As such, he is the father of 
thermosonic bonding. He called it “Hot Work Ultrasonic Bonding” 
[2-60]. Today, the vast majority of interconnections to integrated cir-
cuits are made with Au thermosonic (TS) ball bonding. It is also occa-
sionally used for Au wedge-wedge bonding. This bonding method 
is a combination of ultrasonic and thermocompression welding that 
optimizes the best qualities of each for microelectronic usage. TC weld-
ing usually requires interfacial temperatures in the order of 300°C. This 
temperature can damage some modern die-attach plastics, packaging 
materials, laminates, and some sensitive chips. However, in thermo-
sonic welding, the interface temperature can be much lower, typically 
between 125 and 220°C (but may vary over a wide range), which 
avoids such problems. Also the bonding time is much shorter than for 
TS bonding, often <10 ms versus >100 ms. The ultrasonic energy helps 
disperse contaminates during the early part of the bonding cycle and 
helps mature the weld in combination with the thermal energy. This 
combination also allows the US energy to be kept small enough to 
minimize cratering damage to the semiconductor chip (see Chap. 8). 
For ball bonding, the wire is threaded through a capillary-shaped tool, 
and a spark melts the end of the wire forming a ball at the bottom of 
the tool. The bond (weld) is formed when the tool under load presses 
(deforms) the ball against the heated bonding pad (~150°C) and ultra-
sonic energy is applied completing the process as in Fig. 2-13.

2.6.4 Choosing a New/Different Wire-Bonding Technology
There may be times when one must choose a wire-bonding technology 
for some new application or perhaps change an established technology 
used on a current product. The three wire bonding methods—
thermocompression, ultrasonic, and thermosonic have many advan-
tages and disadvantages. These are compared in Table 2-1, which can 
be used to help choose an appropriate bonding technology.

There are numerous options within the above bonding technolo-
gies. Some of these are to change the conventional bonding wire or 
bond pad metallurgy, such as using Cu or Pd ball bonding, perhaps 
Pd-plated pads, or possibly increasing the ultrasonic bonding fre-
quency (see above). Under some circumstances, round wire may be 
replaced with ribbon (Sec. 2.7.1). In general, a currently used, well-
understood, high-yield process should not be changed unless there is 
a compelling reason to do so. For example, if the device operates at 
very high frequency (multi-GHz range) or very close chip placement 
(tiling) is required, then a change from wire bonding to flip chip may 
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(A) Thermocompression (Gold) TC Ball Bonding (Rarely Used In 2008)

Advantages Disadvantages

Excellent reliable Au-Au bonds High interface temperature 
required (interface 300°C)

Simple 2+ parameter machine setup Very susceptible to contamination

All direction bonding from ball∗ Large-bonding pads required

Autobonders are faster than wedge Forms plague with Al-chip pads

Negligible cratering compared to US 
and TS

Lower yield than US wedge or TS

(B) Thermosonic (Gold and Copper Wire) TS Ball Bonding (Dominant 
Technology in 2008)

Medium interface temperature 
(~150°C)

Somewhat susceptible to 
contamination, >US but <TC

Lower ultrasonic energy (than US 
wedge)

Some cratering potential, >TC

All direction bonding from balla 4-Parameter machine setup

Autobonders are fast

Excellent, reliable Au-Au bonds

Lower cratering than US wedge Forms plague with Al-chip pads

(C) Ultrasonic Wedge (Aluminum and Gold Wire) US (~5% Usage in 2008)

Least susceptible to contamination Autowedge bonders slower (<1/2) 
than autoball bonders

Al bonds reliably at room temperature X-Y wire-pad orientation required, 
(slows bonding processes)

Fine pitch, <50 µm Larger cratering potential, >TC, TS

Excellent, reliable Al-Al bonds Special tools (wedges) needed 
for Au-Au, Cu, room temperature 
bonding

Highest yield potential, <20 ppm 3-Parameter machine setup

Large-wire Al bonding Al Wire unreliable on Ag

Lowest loops available, <75 µm Au-Wire bonds poorly without heat

aAfter the ball bond is made, the loop can be formed in any direction; thus this is a non-
directional bonding method which is ideal for fast autobonders.

TABLE 2-1 Comparison of Wire Bonding Technologies
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be justified. However, remember that any technology change (even 
within the three wire-bonding technologies) requires new equipment, 
operator training, long learning curve, and extensive (expensive) 
requalification of the existing product. Some non-wire-bond tech-
nology options are briefly described in Table 2-2.

2.7 Variations of Fine-Wire Bonding Technology
Although the vast majority of all wire bonding is done by TS, or cold 
US methods using round wire, there is a smaller amount of specialized 
bonding using US Al and thermosonically bonded Au ribbon wire. 
There is also some electrical-discharge parallel-gap (split-electrode) 
welding of wires of intermediate to large diameter, especially for Pt and 
other wires that do not bond readily by conventional ultrasonic means. 
Such wires have been bonded with focused lasers, but this usually 
involves melting and is not a part of solid-phase and US welding, as 
discussed in this book.

2.7.1 Ribbon Wire Bonding
Ribbon wire has been used in hybrid microcircuits, mostly as cross-
overs, for decades. It is also used in microwave circuits, since its 
larger, rectangular perimeter results in lower losses. Initially, all rib-
bon wire was Au and was bonded by thermocompression or parallel 
gap welding (see below). However, in 1969, Kessler [2-11, 2-61] and 
later others [2-62, 2-63] investigated both Al and Au US ribbon wedge 
bonding. Figure 2-17 is an SEM photograph of US wedge-bonded Al 

FIGURE 2-17 An SEM photograph of three US wedge-bonded Al, 1% Si ribbon 
wires, 12.5 × 38 µm (0.5 × 1.5 mil). Note the low bond deformation.
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ribbon wires. One advantage of ribbon over round wire is that its high-
frequency impedance is lower, depending on the width-to-thickness 
ratio which reduces both the inductance and the skin-effect losses. As 
such, it is often used in microwave devices and hybrids with w/t ratios 
of 5 to 10, or even higher. The inductance, L, in nH, of a straight ribbon 
wire is given by Eq. (2-1) [2-64].

L = 2 × 10−4 �(1n[2�/(t + w)] + 0.5 + 0.2235 × [t + w]/�) (2-1)

where t is the ribbon thickness, w is its width, and � is the length of 
the wire, all in micrometers.

The skin effect will decrease the inductance (in the range of 2–6%) 
at high frequencies but can increase the impedance considerably (see 
Chap. 9). The high-frequency losses of ribbons with large w/t ratios 
can be much lower than that of TAB leads (which are almost square) 
as well as round wire.

There are two correctable problems encountered when bonding 
ribbon wires. As the w/t ratio is increased (>5), the tool and substrate 
must be maintained extremely parallel (within less than one degree), 
or one side of the ribbon will be poorly welded. (To avoid this for 
very wide ribbons, bonding is often done with a small tool and using 
multiple welds across the width.) Also, there is seldom a very large 
deformation of the ribbon during bonding, so there is little surface 
cleaning of oxides and contaminants from the interface. Thus, to 
obtain good welding, the bond pads should be plasma or UV-ozone 
cleaned shortly before bonding (see Chap.7). The above reasons imply 
that it is extremely important to use good bondable metal on the pads 
and to carefully optimize the bonding-machine parameters. If ther-
mosonic bonding Au ribbon/wire, then using the highest practical 
interface tem perature is helpful. Currently, there are several suppliers 
of ribbon wires.

Recently, the use of large Al ribbon [e.g., 80 × 10 mils (2 × 0.25 mm)] 
for high power devices has increased and autobonders have been 
made to increase throughput. Also special textured bonding tool shapes 
have been developed that help deform the wire and clean the surfaces 
during bonding increasing the yield. Ribbon reduces the number of 
individual interconnections, reducing the wire bonding time required 
for high power chips and also facilitates spreading the current across 
a large die surface/metallization (see Fig. 2-18). These large ribbons 
need special techniques for pull-testing and otherwise evaluate their 
strength. See Ref. [2-65].

2.7.2 Parallel Gap and Tweezer Welding
Parallel-gap electrode welding (PGW) (sometimes called split elec-
trode welding) is often used for resistive and harder metal wires, both 
round and ribbon, as well as for special metallizations. As an example, 
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Pt wire work-hardens significantly during cold ultrasonic wedge bond-
ing. So, it is often bonded by parallel-gap (electrical discharge) welding 
[2-66 to 2-68], which is a form of thermocompression (TC) bonding (no 
melting takes place). Figure 2-19 shows a typical setup for parallel gap 
welding. Platinum has a high resistivity and low thermal conductivity, 
which are helpful properties for this welding method. The electrical 
discharge, between two closely spaced electrodes through the wire, 
heats it to appropriate TC bonding temperatures (several hundred 
degrees), while the clamping force presses it against the pad metalliza-
tion. This forms the thermocompression (deformation) bond.

PGW is typically used for larger diameter wires [e.g., ≥100 (4 mil)]. 
It is not adaptable for high-speed bonding and is usually performed 
manually, one wire at a time. This bonding method is frequently used 
in high-temperature electronics. Johnson and Fendrock [2-67, 2-68] 
describe the methods of setting the bonding parameters (i.e., force, 
electrical power, and time), as well as other welding setup informa-
tion. In one example, a 125 µm (5 mil) diameter Pt wire was welded 
to a 0.5 µm Pt bond pad on a sapphire substrate. For such situations, 
a heated stage (at ~200°C) was recommended.

FIGURE 2-18 Photograph of devices bonded with large Al ribbon [80 × 8 mil 
(2 × 0.2 mm)], using a waffl e pattern ultrasonic bonding tool. The upper 
picture is taken directly from the top and clearly reveals the patterned tool, 
and how such bonding can be oriented to connect die or pads that are displaced 
from a straight line. Lower fi gure is tipped to show the stress-relief looping 
between bonds. (Courtesy of Orthodyne Electronics.)
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Tweezer Welding
It is an old manual wire-bonding technique used for bonding large-
diameter Al wires to high posts on power-device packages. However, 
some power-device specialty companies may still be making such 
welds. An example of devices having tweezer welds was given in 
Chap. 4, Fig. 4-6. The package must have a tall, usually Au-plated, 
alloy 42 post that extends through a glass-metal seal for external elec-
trical connections. The chip bond is made by an ultrasonic weld 
(similar to modern large-wire ultrasonic bonding). The wire is either 
precut to length or cut after the first bond with special scissors. The 
unbonded end is then manually moved by the operator to the side of 
an Au-plated bonding post. An operator-positioned spring- tensioned 
“clip lead” (tweezer) clamps the wire tightly against the post. An 
electrical discharge is passed through the clip lead, heating the Al 
wire (below its melting point), and to an extent the post, forming an 
electrical discharge (TC) weld. Optical examination of the weld usu-
ally reveals significant Au-Al intermetallic compound formation 
around the perimeter. This is often used as indication of good bond-
ing. As with most TC bonds, the center is left unwelded. There have 
been a number of reliability problems resulting from tweezer welds, 
although when properly made they are quite reliable. These prob-
lems arise because the bonding process is completely operator-
dependent. The clamping force is dependent upon the spring tension 
in a modified clip-lead, as well as the proper placement by the operator. 
The bond strength (interface) is difficult to test. The best method is 
to cut the wire and do a 90° peel in the plane of the weld (sideways). 

FIGURE 2-19 Diagram of a parallel gap welder used for small-diameter wire 
welding showing the electrode-wire-pad arrangement [2-68]. (Used with kind 
permission of Springer Science and Business Media.) Wg is the parallel gap 
width and We is the individual electrode width (related to the impression it 
leaves in the wire). A capacitor discharge is passed between the two 
electrodes heating the wire and forming the thermocompression weld.
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In some cases, after bonding, the extending wire tail is peeled back as 
a NDPT. This author is not aware of any published pa pers on this 
method of bonding, and most of the equipment still in use is well 
over 20 years old. 

2.8  Major Chip Interconnection Alternatives 
to Wire Bonding (Flip Chip and TAB) 

As the off-chip speed increases and the bond pitch decreases, the 
inductance and crosstalk of wire bonds limits their use (see Sec. 10.6). 
Also, some high-silicon-density requirements cannot be met with 
wire-bond interconnections. As the chip-power increases along with 
lower operating voltage (down to one volt) and finer pitch, wire 
bonds will not be able to carry the required current. Some projections 
state that individual high-performance chips will draw over 100 A, 
requiring hundreds of 25 µm diameter wire bonds just to distribute 
the power. Also, as the I/O (input/output) pad-pitch decreases and 
the number of peripheral pads increases, at some point area-array 
pads will be required for interconnections. ITRS [2-69] projections 
predict the finest wire-bondable pitch that can be achieved (at high 
bond yields and adequate current carrying capacity), will be some-
where between 20 and 25 µm in single-row peripheral bond pads. 
(Multiple rows, called area array bonding, over 4 µm deep, are pos-
sible with modern autobonders, but crosstalk can limit performance.) 
At some point, a change to flip chip (C4, microballs, conductive poly-
mers, etc.) or some as yet undiscovered technology will be required 
to solve future I/O interconnection limitations.

The most obvious alternatives to wire bonding are some varia-
tion of flip-chip interconnections. A thorough discussion of these 
technologies and their many variations is beyond the scope of this 
wire-bonding book, but some brief comments and comparisons are 
described further in this chapter. 

2.8.1 Flip Chip

Solder Ball Flip Chip 
The most used, advanced interconnection alternative to wire bond-
ing is the flip chip (called C4, Controlled Collapse Chip Connection 
or just FC). See Ref. [2-70]. This technology was invented in the mid 
1960s at IBM. It has the lowest possible inductance per lead, ~0.05 to 
0.1 nH (compared to ~1 nH/m for 25 mm diameter wire) and thus 
the highest frequency response as well as the lowest crosstalk and 
simultaneous switching noise. Flip chips also offer the highest pack-
aged Si density. They can be “tiled” as close together as 125 µm (5 mils) 
on ceramic substrates in hermetic packages. For laminate substrates 
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that require epoxy underfills, flip chips are spaced ~0.5 mm (20 mil) 
apart. A reasonable amount of heat can be conducted out through the 
chip’s front surface by the solder bumps to the package below. 
However, very high heat (generated in the fastest devices) must be 
removed from the back of the die (which faces upward). This can 
involve elaborate heat-conducting fins/rods and expensive pack-
ages, although heat-sink attachment with silicone grease or polymer 
has become a cheaper alternative. The package and the I/O pads 
must be designed around the specific intended bumped die, and this 
implies very high volume or high costs. Recently, flip chips have 
been used on laminate (PCB) substrates with polymer under-filling 
to correct the CTE mismatch. These polymer substrates reduce the 
package cost, but may further limit the heat dissipation. Other efforts 
to reduce the process costs have led to bond-pad bumping with TS 
ball bonds (and removing the wire) to the existing peripheral Al 
bond pads. Also, conductive polymers or microballs have been used. 
To take full advantage of flip-chip technology, it is necessary to rede-
sign existing chips for area-array I/O FC pads, which cannot then be 
effectively wire bonded for use in normal packages (although area 
array autobonding is being developed). Such redesigning originally 
slowed the use of flip-chip technology, although there have long 
been programs to redistribute the peripheral bond pads into area-
array format [2-71]. This has poorer heat transfer (through the bumps) 
and more crosstalk than a chip originally designed for area-array I/Os, 
so it is only an interim step. However, the massive use of portable 
devices, such as cell phones, has overcome this problem because of 
small size and high frequency requirements. Currently, more high-
performance chips and higher Si density (tiling) are required for such 
use, and many more chips are currently designed in true area-array, 
flip-chip format. This interconnection method is growing at a faster 
rate than wire bonds and eventually (in many years) will presum-
ably overtake them as the preferred interconnection method for many 
applications.

Ball Bumped/Stud Bumped Flip Chip 
Recently, the use of ball bumped (stud-bumped) flip chip has become 
increasingly used. For instance, there are billions/year of SAW filters 
interconnected with them and hundreds of millions of ICs. It allows a 
ball bonder to attach Au (or Cu) flip-chip bumps to existing wafers or 
chips designed for normal wire bonding. The volume has become so 
high that almost every manufacturer of autobonders produces a ded-
icated ball bumping machine that can attach tens of thousands of ball 
bumps to entire wafers rapidly. These are dices and are ready for flip 
chipping (usually with conductive epoxy or other bonding method). 
Some of these techniques/applications are discussed and shown in 
other parts of the book. A publication describes the techniques for 
making these, as well as the economics [2-77]. 
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2.8.2 Tape-Automated Bonding 
Tape-automated bonding (TAB) was invented in the 1960s.∗ It consists 
of rectangular (or ribbon-like, tin-plated) Cu beams held in place by a 
thin polymer tape (usually polyimide), often in 35 mm film-type for-
mat. Typically, the beams are mass soldered (alloyed) to Au bumps 
plated over normal peripheral bond pads on chips. Neither TAB nor 
wire bonding is appropriate for area-array bonding as are flip chips. 
TAB leads can also be TS bonded [2-72] to the plated bumps or to ball-
bonded bumps [2-73]. They have even been directly bonded to the 
normal pads (bumpless TAB) using converted wire autobonders [2-74]. 
TAB leads have also been laser welded to bumps [2-75]. The rectan-
gular leads normally have slightly lower high-frequency impedance 
than round wires [see Eq. (2-1)], and until ~1990 could have finer pitch 
than wedge and ball bonds (see Sec. 2.9). Two-metal-layer TAB can 
have lower inductance and crosstalk (than wire bonds), but is very 
expensive. TAB usually requires at least as much space as wire bonds 
(no tiling possible), and similarly passes heat out the back of the die 
into the substrate, the exception being flip-TAB where the leads can be 
short and the inductance low. But heat must then be taken off through 
the exposed back side of the die, rather than through solder bumps, as 
for flip chips. This requires more expensive packages as with high-
powered flip chips. It is similar to standard flip-chip technology 
except that it uses gold bumps rather than solder bump interconnec-
tion. Photographs of older TAB tapes (35 and 12 mm) and a TAB chip 
soldered to a substrate are given in Fig. 2-20.

∗Generally thought of as originating at General Electric and referred to as the “GE 
minimod,” but the first patent was filed in 1966 by Francis Hugel (U.S. Patent 
3,440,027).

FIGURE 2-20 Two TAB tapes, 12 mm and 35 mm (left) and a TAB solder-bonded 
chip (right).



U l t r a s o n i c  B o n d i n g  S y s t e m s  a n d  T e c h n o l o g i e s  45

TAB offers the advantage of testability and burn-in of chips before 
committing them to expensive SIP or other multichip packages. 
This advantage has diminished as known-good-die or tested chip-
sized-packages became more available. In general, TAB tape is expen-
sive and inflexible, requiring new tape (and masks) for every small 
change in chip or package pad location. As with flip chips, to be eco-
nomical, TAB requires either very high-volume or very high-cost 
chips, where packaging costs are insignificant. An example of the latter 
could be in flat-panel displays. TAB is a niche technology and will con-
tinue to find such uses, but not in mainstream chip packaging.

2.9  Wire-Bonding Technology: A Comparison and 
Future Directions

Wire bonding is the most flexible of all IC interconnection technolo-
gies. If the die undergoes a downsizing or has other pad-dimensional 
changes, the autobonder can be reprogrammed (taught) in a short 
time. Once taught and recorded, the same die can be wire-bonded by 
the same machine simply by inserting the appropriate floppy disk. 
Short wire bonds have acceptable low inductance (~1 nH/mm), and, 
by surrounding signal leads with ground-power leads, they can 
approximate a transmission line in some cases. Nevertheless, induc-
tance and crosstalk at high frequencies are the main drawbacks for 
using wire bonds on high-performance chips. Wire bonds are cost-
effective for both low- and high-device volumes. Chips are bonded 
face up, so heat can be conducted out from the back through the die-
attach material into the substrate. There are many combinations of 
basic wire-bond technology with other interconnection methods as 
described above; for example, ball-bumped TAB and a variation used 
for applying Au or Cu FC bumps (generically called stud bumps), 
TAB leads bonded to chips with TS wire bonders, and wire bonds on 
top of cut-off TAB leads for package interconnections after TAB was 
used on the die for KGD testing. Thus, even if other interconnection 
technologies are used, the knowledge and equipment of wire bond-
ing are often required to make the interconnections. A comparison of 
the three technologies is given in Table 2-2.

The ITRS packaging roadmap (2007) predicts that ball bonds will 
have bond pad pitches ~20 µm by 2013 [2-76]. For wedge bonds, the 
pitch is expected to decrease to 20 µm by 2009. Over 1013 wire bonds are 
expected to be made in 2008. This number has increased by 12 to 14% 
per year in recent years. A huge materials and equipment infrastructure 
for wire bonds is in place worldwide, with many thousands of workers 
already trained. As a result, one should expect momentum to keep wire 
bonds the dominant interconnection method for many years.

Considering the above interconnection technologies (and the 
many possible variations of each), it is likely that both wire and flip-
chip technologies will be used, often side-by-side in the same facility 
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for many years to come. These may be in the same packages, as in 
SIPS, stacked chips, BGA’s, and so forth. High performance technolo-
gies, such as high-density interconnect (chips first), MCMs, etc. are 
niche categories, at least for the present. Other as-yet uninvented 
interconnection technologies may appear, perhaps applied at the wafer 
level (which are related to FC technology). Some older, discarded tech-
nologies, such as “beam leads,” may be reborn (e.g., for chip-sized 
packages). Manufacturers of the future will choose the interconnection 
technologies that are cheapest, and/or give the required performance, 
or otherwise optimized for a given application. There should be no 
preconceived constraints on this choice.
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CHAPTER 3
Bonding Wire 

Metallurgy and 
Characteristics 
That Can Affect 

Bonding, Reliability, 
or Testing

3.1 Introduction
Various parts of this book use materials science and metallurgical 
characteristics of bonding wire to explain different bonding pheno-
mena. This chapter includes the stress-strain characteristics, fatigue, 
wire hardness, and other properties that affect the results of bond 
tests, bondability, and reliability. This chapter also presents wire burn 
out, and aging characteristics, as well as a review of the various recent 
ASTM standards∗ appropriate to bonding wire in App. 3A. This 
chapter also gives actual data on wires and defines the necessary 
metallurgical terms in the context of wire bonding. It is recommended 
that a reader having no familiarity with metallurgy/materials science 
read an introductory text on that subject to better understand the 
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∗American Society for Testing Materials 100 Barr Harbor Drive, West 
Conshohocken, PA 19428.
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concepts.∗ Such understanding will be helpful in other parts of this 
book, as well.

Ribbon wire applications are discussed in Chap. 2 and will not 
be separately discussed here, with the exception of some fatigue data 
in Sec. 3.8. It is assumed to be similar in metallurgical properties to 
round wire of comparable size (99.99% Au—without dopants).

3.2 Stress-Strain Characteristics of Bonding Wires
Bonding wire is generally specified by its elongation and break-
ing load (sometimes incorrectly referred to as its tensile strength). 
Presumably there are other properties that influence the bonding 
process, but those are not understood and cannot be called out or 
practically measured. They may be related to uniformity, surface 
finish and hardness, crystal structure, heat treatment, etc. (e.g., a 
similar specified Al or Au wire from a different manufacturer 
often requires different bonding parameters to achieve equiva-
lent bonding).

The basic metallurgical stress-strain properties of typical bonding 
wires are shown in the curves of Fig. 3-1. Such data are obtained by 
following ASTM F 219 specifications (see App. 3A), and pulling 
(applying force to) a 25.4 cm (10 in) length of wire while continuously 
recording the elongation (stretching) and its actual breaking-load 
(force). The stress axis represents the applied force (usually in gms or 
mN), while the horizontal axis, the strain, represents the wire’s 
response to the pulling stress/force and appears as the wire elongation 
(stretching). Curves represent data from the same (large-diameter) 
Al bonding wire in two different states of anneal. However, the curves 
are generic for both large- and small-diameter wires made of either 
Al or Au. Specific wires may yield slightly different shapes (e.g., be 
flatter in region 3, etc.). Data for the stress ordinate are normalized 
since the stress-relieved curve could be two or three times higher 
(stronger) than the annealed one. Curve A is fully annealed and B is 
stress-relieved (slightly annealed). Region 3 denotes the plastic defor-
mation, where the wire permanently stretches. The breaking load of 
each wire is shown at point 4 and would be read from the vertical 
stress (applied force) axis. Note that gold wire for use in thermosonic 
and thermocompression bonding is annealed and would generally 
have stress-strain characteristics nearer to those of curve A in Fig. 3-1. 

∗See for instance, Understanding Materials Science: History, Properties, Applications 
(Hardcover), by Rolf E. Hummel Springer-Verlag; 2d ed. (May 1998). Also see, 
Fundamentals of Materials Science and Engineering: An Integrated Approach, 3d ed. 
William D. Callister, Jr. and David G. Rethwisch, December 2007. For data, formulas, 
etc. see CRC Materials Science and Engineering Handbook, by J. F. Shackelford and 
W. Alexander (eds), 3d ed., 2001.
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If the wire is nondestructively pulled (NDPT), the force must not 
exceed the elastic limit (point 2 in both curves). This produces irre-
versible metallurgical changes in the wire, which by definition can-
not be nondestructive (see Sec. 4.3).

3.3 The Shelf-Life Aging of Bonding Wires
High-volume manufacturers receive their wire on “just-in-time” 
delivery, and use wire within a week or month of receiving shipment, 
and they are not concerned about aging properties. However, small 
organizations and those that only occasionally use a particular type/
size of wire need to be concerned about the long-term storage (aging) 
properties of many types of bonding wire. Some discard wire after an 
arbitrary period, such as 3 or 6 months. They are not willing to risk a 
change in its metallurgical properties which could affect yield from 
an existing bonding machine setup. In the mid-1980s, ASTM (Com-
mittee F 1.07) had several wire manufacturers systematically study 
the actual aging properties of both Au and Al, 25 µm (1 mil) diameter 

3
4

2

2

1

0 5 10 15 0 2

1

BA

S
tr

es
s 

(a
rb

itr
ar

y 
un

its
)

Strain (% elongation)

3

4

FIGURE 3-1 Typical stress (pulling force) versus strain (elongation) curves for 
aluminum bonding wire in two states of hardness: wire (A) is annealed and is 
typical of large-diameter aluminum bonding wire, but also similar to those of Au 
used in TS bonding; (B) is stress-relieved (partially annealed). Its characteristics 
are similar to those used for small-diameter ultrasonic wedge bonding (either Al 
or Au wire). In order to display both curves on the same chart, the stress axis 
was made arbitrary [the breaking load of (A) was approximately one-half that 
of (B)]. On both curves (1) is the elastic region where the stress is proportional 
to the strain, (2) is the proportional or elastic limit, (3) is the region of inelastic 
or plastic deformation, and (4) is the breaking load of the wire. The elongation 
at the breaking point is 15% for (A) and 1.5% for (B).
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bonding wires. These were stored on 5 cm (2 in) spools at 22.8 ± 1.6°C
(73 ± 3 ΕF) for 2 years and tested periodically. In conjunction with 
updating the ASTM bonding wire standards, wire manufacturers 
were recently contacted and they agreed that the general aging char-
acteristics of current wires are expected to remain generally valid 
today. This should hold even with the major metallurgical changes 
that have been made in wires for gold ball bonding, as discussed 
extensively in the next paragraph.

The original data was published in ASTM standards, F 72 and F 487. 
In 2006, those documents were updated and reballotted, soliciting 
comments from four current wire manufacturers and other experts. 
Aluminum fine wire still primarily consists of Al, 1% Si and has 
approximately the same characteristics as shown in the original mea-
surements. The main difference being in more controlled/reproducible 
characteristics due to manufacturing improvements. Gold bonding 
wire for high-speed autobonders now contains differing and often 
much higher percentages (up to 1%) of stabilizing/intermetallic-inhib-
iting additives. Although no equivalent multicompany aging tests 
have been made, these new alloys are expected to be at least as stable 
over time as the wires of the mid-80s period.

In general, the breaking load of hard, as-drawn wire decreased 
rapidly (from 5 to 15%) within 6 weeks after manufacture (thus, hard-
wire is seldom recommended for volume production, where repro-
ducibility is required). It continued to decrease, but more slowly, over 
the 2-year period as it self-annealed at room temperature. All stress-
relieved and annealed wires of both gold and aluminum stayed within 
their breaking load specification for the entire 2-year test period. The 
elongation characteristics for Al, 1% Si wire were more ambiguous 
than the breaking load, changing upward or downward but within 
the specification extremes, and generally recovering to the median by 
the end of the test. The data were compiled and published in ASTM 
standards, F 487 (for Al, 1% Si) and in F 72 (for Au alloys, Be and Cu 
doped). The aging data for aluminum (1% Si) and gold (<10 ppm 
beryllium doped) are given in Figs. 3-2 and 3-3, respectively. Other
aging charts, Al, 1% Mg, and Au + Cu, are not reproduced here 
because these wires are seldom used today and have been dropped 
from the ASTM standards. However, they were included in the origi-
nal ASTM study (ASTM F 638 and F 72, respectively). The reader is 
directed to the ASTM standards for more detailed data on the specifi-
cations and properties of bonding wire (see App. 3A for a listing).

The conclusion drawn from the shelf-life study is that, in general, 
small-diameter annealed or stress-relieved wire (not hard, as drawn) 
can be used for up to 2 years with only minimal change in its break-
ing load, although Al wire elongation may vary over its entire speci-
fied range. The caveat is that the wire must be stored at approximately 
constant room temperature, and exposure to direct sunlight, drafts 
from an open door, or possible heat sources must be avoided.
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Even after the ASTM tests, some occasional users prefer to dis-
pose of wire within 6 months or so. One rationale is that the ambient 
as well as the general handling of the wire cannot always be assured 
over a 2-year period. Another is that the micrometallurgy of modern 
Au wire has changed since the ASTM data were taken and its aging 
characteristics have not been studied. We note small-diameter Au-
wire has improved considerably in that time (more stable, stronger, 
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wire in hard as-drawn, stress relieved, and annealed condition. 
[From ASTM F 487-revised in (2006). Copyright ASTM. Reprinted with permission.]
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better neck and looping characteristics, etc.). In contrast, Al wire pri-
marily still uses the same 1% Si alloy, and thus has changed little, 
improving primarily in uniformity and reproducibility. 

No equivalent aging studies have been conducted on larger-
diameter bonding wire, (~100 µm, 4 mil) diameter and larger. How-
ever, most large-diameter aluminum wires currently used for power 
devices are of 99.99% Al. These wires are generally used in the 
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[From ASTM F 72-revised in (2006). Copyright ASTM. Reprinted with 
permission.]
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annealed condition (>5% elongation). Based on the above aging tests 
for small-diameter wire, it can be assumed that the breaking load of 
such annealed wire is not apt to change over a 2-year period. An 
example of typical breaking loads and elongations for large-diameter 
wires is given in the annealing curves shown in Fig. 3-4. To make such 
curves the wire is annealed at various times. Points on the left side of 
the curve take shorter times and lower temperatures than on the right. 
For example, to produce a typical large-diameter bonding wire, it 
could be annealed at 250°C for 45 min (99.99% curve producing ~15% 
elongation).∗ The process is repeated with different times and tem-
peratures to complete the curve. Most large-diameter Al wire is used 
in the high-elongation (>5%), flat breaking-load region of the curve, 
and should remain very stable at normal handling temperatures.

The large-diameter wire, containing ~50 ppm Ni as a dopant is used 
to enhance corrosion resistance for plastic encapsula tion. We note, 
however, that a majority of all large-wire applications still use standard 
99.99% Al wire. This is also the primary large-diameter 
wire used in industry up to 500 µm (20 mil) diameter with elonga-
tions from 10 to 20%, in 2008.∗
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FIGURE 3-4 Typical annealing curves (heat-treatment) of modern 250-µm 
diameter aluminum bonding wires. The top curve contains 0.5% Mg. The 
lower banded-together curves represent the user/manufacturer specifi cation 
range of 99.99% Al and the 99.99% Al, plus 50 ppm of Ni dopant. The 
metallurgical characteristics of the two can overlap3. The user specifi cations 
(BL and elongation) will determine the position on the curve that the 
manufacturer anneals the wire to produce the desired characteristics. 
(Courtesy of Custom Chip Connection, 2008.)

∗Dr. Peter Douglas, Custom Chip Connection, Huntsville, AL, Private Communication.
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An annealing curve for Al, 1% Si, 25 µm (1 mil) diameter wire is 
given in Fig. 3-5 [3-1]. The small-diameter silicon-doped wire is quite 
different from the large wire. The exact shape of such curves for this 
type of wire will vary with annealing temperature, cooling time, and 
the individual manufacturer’s process. In some cases, the changes 
(swings) in elongation of the wire can be several times larger than 
shown in Fig. 3-5. The explanation for these elongation swings is 
related to crystallographic structural change of the wire’s fiber axis 
from <110>, as drawn, to <111>, during recrystallization (heat treat-
ment). Details of such crystallographic behavior is beyond the scope 
of this book,∗ and the reader is referred to other general metallurgy 
books [3-2] for a more complete understanding.

3.4 General Discussion of Gold Bonding Wire
Small-diameter gold bonding wires for ball bonding come in two 
distinctly different types. The first was originally used for manual 
wire bonders. Its breaking load is in the range of 6 to 8 g, annealed, 

∗See for instance, Understanding Materials Science: History, Properties, Applications 
(Hardcover), by Rolf E. Hummel Springer-Verlag; 2d ed. (May 1998). Also see, 
Fundamentals of Materials Science and Engineering: An Integrated Approach, 3d ed. 
William D. Callister, Jr. and David G. Rethwisch, December 2007. For data, formulas, 
etc. see CRC Materials Science and Engineering Handbook, by J. F. Shackelford and 
W. Alexander (eds), 3d ed., 2001.
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with an elongation of −4 to 7% (for 25 µm diameter). Such a wire is 
usually stabilized with copper and silver dopants, at less than 100 ppm 
by weight. High-speed autobonders require a much stronger wire 
with the (annealed) breaking loads in the 8 to 12 g range and elonga-
tions of 3 to 6%. This extra strength is necessary to prevent breakage 
or stretching when the wire is rapidly pulled through the bonding 
capillary, but especially to supply increased strength in the heat-
affected neck region (just above the ball), giving better loop forma-
tion and thermal cycle performance. The high strength also gives 
added wire-sweep resistance for plastic encapsulation (see Sec. 8.1.7).
Many different dopants can be used to stabilize these wires. Such 
original dopant was beryllium, introduced first in the general 10 to 
100 ppm range but more recently used in the 5 to 8 ppm range [3-3]). 
Later calcium (5–7 ppm) and then other dopants, usually in propri-
etary amounts, were added to improve the wire and neck character-
istics. As above, the total dopant concentration does not exceed 
100 ppm, and all wires are specified as 99.99% Au. Recently more 
impurities have been added to further strengthen the wire or the 
neck above the ball and also to reduce intermetallic compound fail-
ures in fine pitch applications. In some cases (in 2008), the purity has 
been lowered to 99.9% Au often with Pd or proprietary dopants). 
Discussions of the wire neck region (its length, hardness, grain struc-
ture changes, etc.) have been given by several investigators [3-4,
3-5, 3-6]. Although stronger wires were designed to meet the needs 
of high-speed autobonders, they can also be used quite well with 
manual bonders.

Gold wires for ball bonding are supplied in the annealed condi-
tion. If the wire were left hard (as drawn), the portion immediately 
above the ball would become annealed during wire melting and ball 
formation. This zone would thus be much weaker than the rest of the 
wire, bending sharply (like a hinge) above the ball and preventing 
smooth loop formation. (This phenomenon, which allows easy break-
off at the neck, is used for ball-bumped flip chip applications and also 
for uses requiring very low loops such as TSOPs, smart cards, and 
stacked-chips, see Chap. 9.) Even with special additives to improve 
the strength and minimize the length (38 to 100 µm, 1.5 to 4 mils) of 
the neck, this zone is still the weakest part of the wire bonding system 
[3-4]. It is called the HAZ (heat affected zone) and has a hardness 
about 20% lower than the rest of the wire. A sketch of the grain struc-
ture in this zone, after ball formation, is shown in Fig. 3-6a, and an 
actual wire section is in Fig. 3-6b. It should be noted that the HAZ has 
a larger grain structure than the rest of the wire, making it the weak-
est part of the bond system. It usually breaks there in a pull test. There 
is continuing research by the wire manufacturers to strengthen this 
region in order to improve looping, and increase its resistance to 
fatigue and wire sweep.
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Some of the metallurgical problems associated with gold ball 
bond formation and wire looping have long been studied [3-5]. Those 
problems are (1) clubbed ball formation (ball not centered on wire); 
(2) grain growth and weakness of wire above ball; (3) neckdown for-
mation and leadframe tie bar severance; and (4) wire scratching. 
These do not occur often in usual situations, and most autobonders 
are normally programmed to avoid them (3). Also, in some cases (2) 
and (3) wire metallurgy is being improved to limit the problems. Nor-
mal maintenance usually eliminates wire surface damage (4). Never-
theless such problems do occur enough to note and Table 3-1 can be 
used indicate some of the approaches for troubleshooting.

Specific troubleshooting information on wire and bond tool prob-
lems can often be obtained from the wire and bonding tool manufac-
turers. Several of these have extensive catalogues that devote part of 
the space to such problems as well as to general technical explana-
tions. Often they have very useful Web sites, some are listed in fur-
ther reading at the end of the book.
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FIGURE 3-6 (a) Sketch of the grain structure for a gold wire before and after ball 
formation, showing the heat-affected zone. (Courtesy of H. Chia, AFW, Inc.)
(b) An etched gold wire and ball revealing the actual grain structure. (Courtesy of 
K&S wire.)
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3.5 Aluminum Wire for Ultrasonic Wedge Bonding
Small-diameter Al wire for ultrasonic (US) wedge bonding normally 
has 1% Si added to increase its strength (pure Al is too soft to draw to 
small-wire dimensions). This alloy was adopted in the 1960s as having 
the right mechanical properties and has proved satisfactory ever since. 
It is not greatly changed today, although it is much more uniform and 
reproducible. Silicon is not in solid solution below 500°C and thus it 
appears in these wires as finely divided particles. These particles can 
grow with heat treatments, and large particles can serve as stress risers, 
initiating cracks and causing the wire to break during device thermal 
cycling (see Sec. 8.2). However, in practice Al, 1% Si wire has proven 
quite reliable in billions of devices. Its ASTM standard (F-487) was 
upgraded in 2006. Aluminum alloys, containing 1 or 0.5% Mg, are in 
uniform solid solution at room temperature. As such they might have 
been a better choice for the industry. However, it has dropped out of 
use for fine wire bonding, and that ASTM standard (F-638) was discon-
tinued in 2006. We note that at the 0.5% level, Mg is still in limited use 
for some large-diameter wire interconnections, up to 250 µm (10 mil) 
diameter. 

Small-diameter aluminum wire for ultrasonic wedge bonding 
has quite different mechanical properties from similar diameter gold 
wire for ball bonding. The former is generally supplied in the stress-
relieved condition, meaning that it is not fully annealed (only par-
tially so), see Fig. 3-2. Wire with breaking loads as high as 21 and as 
low as 12 g (for 25-µm diameter Al wires) have been used for US 
bonding. Fully annealed Al, 1% Si wire would be in the range of ~4 to 
7 g BL with the elongation about 10%. This is too soft to be (usefully) 
US wedge bonded to normal Al IC metallization. Typically, 25-µm
diameter Al wire is specified as having a breaking load of 14 to 16 g 
and an elongation in the range of ~0.5 to 2%, the same specification as 
used 25 years ago. The low elongation is needed to allow clamp-pull-
breakoff of the wire after the second bond. High-elongation wire 

Problems Possible Solutions

Clubbed ball Increase tail length, lower EFO position, 
avoid, capillary or machine sideways motion

Wire grain growth 
(weakness in HAZ)

Shorten EFO spark time, use improved 
(doped) wire

Neckdown above ball, tie 
bar severance

Use reverse looping

Wire scratching or marks Clean clamps, replace/clean capillary

TABLE 3-1 Gold Ball Bonding Problems/Solutions
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would stretch rather than break and stop the bonding operation, 
often loosing the threading of the wire. However, large-diameter wire 
having high elongation is cut off by a specially designed bonding tool 
and bonded with an inverted V-shaped, parallel-grooved tool that 
limits deformation. Examples of bonded large-wire are given in 
Chap. 2. Thus, large-Al wire can be fully annealed, have very high 
elongations, and still be bonded, as shown in Chap. 2, Fig. 2-16. Most 
large-diameter Al wire is either specified as 99.99% Al, or a few may 
contain 0.5% Mg. However, 99.99% wires have been offered with 
~50 ppm of Ni additive, which is intended to make them less subject 
to corrosion in plastic packages as discussed previously. These wires 
are reputed to withstand up to 700 h in a pressure cooker test (121°C,
100% RH). This wire alloy is not offered in small diameters. Any pos-
sible effect on Au-Al intermetallic compound formation has not been 
a problem since large wire is usually bonded to Ni on the package 
and Al pads on the device.

3.6 Wire and Metallization Hardness
The hardness values of wires and balls are often needed to assess the 
possibility of cratering and to match the hardness of metallization for 
best bonding.∗ Such data are scattered throughout the book and are 
collected together in the cratering section (Sec. 5.1) in Table 5-2 for con-
venience. These data are often in different units and may not be directly 
converted, since, necessary information is often not published. Values 
of typical metallization hardness are not included in that table because 
they depend on heat treatment and any alloying agents. For instance, 
Al metallizations containing Cu can increase in nanohardness (UMH, 
or ultramicrohardness, see glossary) by up to a factor of 4 (1 to 4 GPa) 
as the concentration of Cu increases from 0 to 10% [3-7]. Another UMH 
test [3-8] found that pure Al films ranged from ~0.45 to 0.6 GPa. The 
2 to 4% Cu range (sometimes used in IC metallization) is about 2 GPa. 
This alloy is noted for age hardening, so its actual hardness will depend 
on heat treatment and age. Hardness measurements made on thin 
(∼1 µm) metallization require special UMH testers using very low 
forces (~0.2 g load) and cannot be performed without special knowl-
edge and training. However, hardness measurements on wires and 
balls have been made with standard microhardness testers, typically 
using loads of ~1 to 4 g.

Two studies have measured the correlation between metalliza-
tion hardness and bondability. Nabatian [3-9] (thick films and wedge 
bonding) and Klein [3-10] (IC metallization and ball bonding) found 

∗There is also a hardness difference between as-made undeformed balls and 
bonded balls, with the latter being about 40% harder (Chap. 8, Table 8-3), but 
differences depend on the metal (e.g., Au, Cu).
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that bondability decreases as the metallization hardness increases, all 
other conditions being equal. (See Chap. 9 for an example of bond-
ability as a function of hardness.) In addition, others found that the 
best bondability occurs when both the wire and the metallization are 
about equal in hardness [3-11]. Typically pure bondable Au and Al 
wire and films range in hardness from ~50 to 90 HKn, (a metal hard-
ness scale, see glossary) but can increase in hardness rapidly with 
impurity and gas (oxygen) content.

3.7  The Effect of EFO Polarity on Gold Wire 
and Its Metallurgy

Around 1984, the industry began to change from using a positive 
electronic flame-off spark (EFO) to a negative EFO for gold ball for-
mation [3-12]. One reason for the change was that the negative EFO 
resulted in more uniform ball formation (important for today’s high 
yield and fine pitch bonding requirements). Another was that foreign 
(carbonaceous) particles were not attracted to the wire and the capil-
lary. Also, gold is not sputtered from the wire and deposited on the 
capillary. Thus, using the negative EFO stopped the deposits, and sig-
nificantly increased capillary life, minimizing capillary-related machine
down-time. In addition, extensive theoretical studies of ball forma-
tion at the University of Pennsylvania [3-13] showed that a negative 
EFO produced more effective and uniform heat transport from the 
spark to the wire. 

There were also some “claimed” benefits for the EFO polarity 
change. As an example, it was claimed that the ball was softer and, 
therefore, resulted in less cratering. However, limited studies of ball 
hardness resulting from positive and negative EFOs showed that 
the latter actually resulted in a slightly harder ball, probably because 
it produced smaller grain structure [3-14]. Values reported were 
(average) 39.3 HKn for −EFO and 37.3 HKn for +EFO. Thus, any 
EFO polarity effect on cratering, which was never documented, 
remains unexplained.

3.8 Metallurgical Fatigue of Bonding Wires 
Wire bond reliability problems resulting from temperature and power 
cycling are extensively discussed and explained in Figs. 8-17 to 8-19 
(Sec. 8.4). However, no metallurgical stress versus number of cycles 
failure data are given there. Metal fatigue is defined and some typical 
S-N failure curves are shown. Several authors have studied the wire 
fatigue problem in Au and Al wires, and some have given S-N curves 
in their publications [3-15 to 3-20]. The information presented below 
covers Au and Al wire alloys. Copper-alloy wire S-N experiments 
have also been described [3-19]. 
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When a metal (wire) is subjected to a repetitive stress, such as 
bending back and forth, it may eventually fail even though that stress 
is much lower than is required to fracture it in one single bend or pull. 
This is called fatigue. Data on material fatigue are usually given as 
stress versus the number of cycles (S-N) required to cause failure. 
Most wire (bond) fatigue data have been obtained in an accelerated 
manner by mechanically flexing short lengths of wire at some con-
stant operating temperature (usually room temperature). However, 
field failure conditions are seldom so simple. Power (on/off) and other 
temperature cycling involves various periods of heating, holding at 
temperature for various times, and cooling at various rates. In real 
devices, this thermal cycling flexes the wire, which introduces work 
damage. But, it may also partially anneal that damage during periods 
of continuous high-temperature operation.

There has been relatively little actual fatigue data published for 
bonding wires, and much of the data are calculated from other data 
or presented in different forms [3-16, 3-17]. Some use deflection, 
longitudinal strain, stress, etc., without enough information given 
to convert units and directly compare data. That which is available 
can only be assumed accurate for the specific (often unstated, and 
usually proprietary) wire metallurgy that was used in the study, 
typically comparing wire A, B, C. Often the manufacturing process 
(including dopant and annealing) may have changed since the data 
were published. Nevertheless, (very) approximate estimations of 
wire bond life due to fatigue can be made from such generic data. 
The following three S-N curves, Figs. 3-7 to 3-9, are thought to be 
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appropriate for both understanding and life estimates of bare wires. 
In addition, Uebbing [3-16] studied encapsulated Au wire fatigue, 
using the S-N curve from wrought gold, and the reader is referred 
to his paper for those data. Some wire manufacturers currently have 
fatigue data on their Web site, see Bibliography.

One direct comparison of the S-N lifetime of Au (ribbon wire, no 
purity data given, but usually 99.99%) between mechanical flexing 
(MF) and thermal cycling (T-Cy) were given [3-18]. It was found that 
for the same strain, the cycles-to-failure were ∼60% greater for T-Cy 
than for MF (at room temperature), as shown in Fig. 3-7. 

The broadest general study of wire fatigue was carried out by a group 
from Cornell University. They built a special apparatus that could study 
the cycles to failure at various temperatures (20°C, 75°C, and 125°C), and 
at three different strain amplitudes [3-20]. Both Al and Au wires, at 25 µm
diameter, were used. The Al was standard 1% Si and those results should 
be valid today, while the Au results should still be indicative. The two 
types of Au wire were unspecified, and currently can be quite different. 
The strain amplitudes were 0.7%, 5%, and 10%. Normally one would 
expect low-strain repetitive amplitudes in microelectronic systems. For 
this, the (0.7%) strain data, gave a cycles-to-failure range of 1000 to 10,000 
cycles, with a longer life at the lower temperatures. For the Au samples, 
one type had a higher and the other type, a lower, cycles to failure than Al. 
The data is too complex to combine and plot in one or two figures, and an 
interested reader should use the original reference (available for down-
load through IEEE Xplor. and libraries).
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During high-temperature exposure, Al, 1% Si wire may grow large 
silicon aggregates and develop a weak bamboo structure. The Si aggre-
gates can serve as stress risers (causing cracks) and shortening the 
fatigue life. Because of this, the T-Cy life of such Si-doped Al wire could 
be shorter than its expected life without such long high-temperature 
exposure. Thus, as with Au wire, an accurate value of wire fatigue life 
in a real device is difficult to estimate. A study of fatigue life of several 
specified Al wire alloys was made by Ravi [3-15]. His data are repro-
duced as Fig. 3-9 and indicate that Al, 1% Mg wire has the superior CF 
fatigue life. (Temperature cycle fatigue was not measured.) He also 
compares the deflection against the actual measured value from a 
working device. Aluminum wire alloys have changed minimally 
since his work, so the comparison should still be valid, but should be 
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compared to the above Cornell study, which used more precise equip-
ment. Considering all of these uncertainties discussed previously, 
wires do fail during thermal cycles, whether they are in open cavity 
or plastic packages. Therefore, this problem must be considered when 
designing interconnection systems subject to significant temperature 
variations, and the designer may be forced to make fatigue life esti-
mates based on limited data. Clearly more work is needed to better 
characterize the relative mechanical properties of bonding wires by 
using similar equipment [3-20]. The practical solution to wire fatigue 
in open cavity packages is to increase the loop-height to bond-length 
ratio. This minimizes the amount of flexing in a given ∆T situation 
(see Sec. 8.2), and as such affects both Au and Al wires. Other envi-
ronmental factors such as humidity have been shown to reduce the 
fatigue life of Al wires [3-17]. However, since most chips/wires are 
plastic encapsulated, where the strain must be estimated and can 
vary around a chip/package, the only practical method is to use tem-
perature cycling to establish a realistic life. This has become standard 
in all packaging development.

3.9 Copper Wire for Ball Bonding
Copper wire has been studied for over 20 years, but only recently has 
been incorporated in actual volume production (see Chap. 5). It is 
very different from Au wire. It oxidizes and thus requires an inert 
atmosphere during “EFO” ball formation, it is harder and more crater 
prone etc. However, the renewed interest has been driven primarily 
by the high cost of Au, Cu’s lower resistivity (for carrying more cur-
rent), as well as its resistance to wire sweep in plastic encapsulation. 
Its intermetallic reliability and increased hardness on Al pads have 
been well established and are discussed in Chap. 5 with appropriate 
references. In addition, thermosonic bonded Cu balls reveal a much 
higher hardness of 111 HVN than that of initial Cu balls (84 HVN). 
This can and does lead to cratering (see Chap. 8) [3-21]. Most Cu ball 
bond production is at 50 µm (2 mil) diameter and larger wire sizes 
used for small power devices. This author is not aware of high-volume 
production at 25 µm sizes or less. However, with Au approaching 
$1000 per troy ounce (2008), it surely will be when metallurgical prob-
lems, such as neck and stitch-fatigue in plastic encapsulation, have 
been solved. All bonding wire manufacturers make Cu wire, and 
autobonders designed for it are readily available. There are no ASTM 
or international standards for it, as yet, but many of those listed below 
for Au wire should be helpful.

Several comments from the packaging industry indicate that 
problems have occurred in plastic encapsulated Cu wire less than 
50 µm (generally <40 µm) diameter. Cu is sensitive to cold working 
or recrystallization. It has been observed that a higher incidence of 
heel cracks as well as ball neck cracks result from temperature cycling 
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and are frequently associated with 25 µm or less diameter wire that is 
plastic encapsulated. Cu wire can crack near the stitch heel and at the 
ball neck during temperature cycling.∗ Therefore, there are still stud-
ies going on to implement 25 µm or smaller diameter wire. Addi-
tional industry comments indicate that other problems may be 
equally important to metallurgical ones. Examples are that to opti-
mize for wire bonding, it is necessary to harden the bond pads, and 
this presents manufacturing problems for companies that have their 
chips bonded in foundries. Tools wear faster, and threading at finer 
pitch (≥40 µm) is slower. Complex metallurgy pad areas (i.e., Cu/Lo-k) 
are easily damaged. [Currently there is some production using fine 
(~25 mm) Cu wire in plastic encapsulation for low-end amusement devices, 
where only limited temp cycling is encountered.] Thus, even with all the 
listed problems Cu wires cost, advantages are so great over Au that, 
in time, the remaining problems should be solved.

A concise summary of Cu wire, advantages and problems, was 
given in a technical bulletin published by Gaiser Tools. It is repro-
duced in App. 3B.

Insulated Bonding Wire
The concept of insulating bonding wire to prevent shorts between 
adjacent wires has been around for many years [3-21, 3-23]. One such 
coating system was applied to Al wire by heavily anodizing it. This 
was effective for wedge bonding, but without the need for fine pitch, 
it offered few advantages. Other coatings were tried later, but there 
was little demand for such products in the course-pitch wire bonding 
era, and they were not implemented. There have been many patents 
for such technology. Recently, [3-24] developed a coating compatible 
with Au ball bonding. This is currently available from at least one 
wire supplier. As such, with very fine pitch (to 20 µm) advancing rap-
idly, it is possible that such will be used significantly in the future.

3.10 Conductor Burn Out (Fusing)

3.10.1 Bonding Wires
The current-carrying capacity of interconnection wires in semicon-
ductor devices is an important packaging design parameter, and 
many papers have been written on the subject [3-25 to 3-35]. Wire 
burn out (fusing) is a complex subject that is influenced by the metal-
lurgy and length of the wire, the ambient gas, or (if used) the plastic 
encapsulant, as well as the duty cycle of the current, the type of bonds 
(ball or wedge), and the degree of heat-sinking out through the bonds 
to the chip or package. Several other factors influencing wire burn 

∗Summarized from comments made by Cesar Chavez, private communication.
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out are the wire resistivity, thermal conductivity, temperature coeffi-
cient of resistance, and melting point. Other possible factors such as 
the deformation of the wedge bond and the quality of the bond (the 
percent of welded interface) can also affect the burn out of short 
wires. These latter have never been evaluated or even considered in 
the published literature. 

Heat conductivity from the wire to the chip or package, as well as 
the I2R heat generated by the given length of wire are important fac-
tors in changing the burnout current. Thus, in an open cavity package, 
assuming a minimally deformed perfectly welded bond interface, the 
longer the wire, the lower the burnout current (more I2R heating and 
less of it conducted out the ends), up to some length in which thermal 
conduction out the bonded ends is insignificant. As the wire is length-
ened, convection and radiation losses into the ambient, control the 
heat loss process more than thermal conduction out the bonded ends. 
However, this is very different for plastic encapsulated devices.

Aluminum wire responds differently in oxygen (or air) than in 
inert gasses or in vacuum. A rapid burn out (in a millisecond or less) 
in oxygen may result in distorted ball formation on each side of the 
wire. However, when heated slowly by a current ramp-up (longer 
than a few seconds), a thick aluminum oxide sheath is produced 
which changes the heat transfer into the ambient, protects the liquid 
metal from further oxidation, and holds it in place. Thus, the Al wire 
temperature can rise hundreds of degrees above its melting point, 
which results in an apparent artificially high burnout current. When 
the current is removed, the liquid metal cools and contracts. Some-
times an open circuit will result (if no continuous metal remains 
inside the Al2O3 sheath). At other times, the wire survives and, for 
practical purposes, has a higher burnout current than its temperature 
would predict. The first observation of this phenomenon was reported 
by Kessler [3-25] and later verified [3-29].

Gold wire, which does not oxidize, burns out neatly at its melting 
point, leaving gold balls on each open wire end. Assuming that the 
heat conducted out through each weld is the same, such wire will 
burn out approximately in the center of the span. Gold wire has both 
a higher melting point and a lower resistivity, and thus has a higher 
burnout current than Al.∗ Unfortunately, there is little experimental 

∗Al, 1% Si, 25 µm diameter, bonding wire has a resistivity of approximately 
3.1 mΩ-cm @ 20°C, which results in a resistance of about 60 Ω/m or 0.06 Ω/mm
(40 mil length). Its melting point is in the range of 600 to 655°C. The same diameter 
gold wire, 99.99% pure, has a resistivity of approximately 2.4 mΩ-cm @ 20°C, and a 
resistance of about 45 Ω/m or 0.045 Ω/mm. Its melting point is 1063°C. In practice, 
the exact resistivity varies somewhat with added impurity, especially when at the 
99.9% level. Also, the measured resistance is very dependant on the accuracy 
of the actual wire diameter. (Most specifications allow ∼5% variation.) Since the 
resistance varies as 1/r2, these specifications can result in about a 10% variation of 
burnout current for a 25-µm diameter wire, everything else being equal.
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data on varying bare-wire length in the short length region less 
than ~1 mm (where more heat is conducted out through the welds 
on the end). Also, the shorter the wire, the less total I2R heating is pro-
duced in that wire, as stated previously. 

A graph of experimental data for DC-ramped-current wire-burn 
out for both gold and aluminum wires having wedge bonds (or equiv-
alent) at each end is given in Fig. 3-9. Two short-wire-length data 
points are included in the figure for comparison. The bond-length ver-
sus current transition is actually a continuous one. The data that are 
available indicate that for 25-µm diameter bare gold wire, the burnout 
current decreases continuously as the wire is lengthened (from ~1.8 A 
at 1 mm length) and reaches approximate equilibrium for lengths 
more than or equal to 5 mm (at ~0.6 A). The long-wire minimum burn-
out current is similar to that reported in [3-25, 3-30, 3-33]. See Fig. 3-10 
for a calculated example of the burn-out current versus length for both 
Au and Al wires, showing clearly the decrease in burn-out current 
with increased length. Normally one may assume that wires contain-
ing the traditional <10 ppm impurities will have the same burn-out 
properties as pure Au (calculated in Fig. 3-10 (up to 1%) which 
increases the resistivity and can reduce the burn-out current for a 
given situation. Note also that burn-out current can be much greater 
when wires are plastic encapsulated.

Calculated burn-out current in air for gold and
aluminum wires of 25 µm diameter at 20°C
(lb of Au decreases ~ 2 × 10–4 A/°C for
range 20°–150°C)
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FIGURE 3-10 Wire burnout calculated for pure Au and Al, 25 µm wires 
using the resistivity of pure Al and Au. This compares adequately with data 
in Fig. 3-9, considering that both measured material were doped, and the 
diameters may vary by 3–5%, whereas the  curves use pure metal data and 
exactly 25 µm diameters.
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The bonding method, as well as bond quality, can also affect the 
burn-out current. Shorter lengths of gold ball-bonded wire will burn 
out at a higher current than an equivalent length of gold wedge-wedge 
bonded wire. This results from the wedge-bond neck constricting the 
wire and limiting the thermal flow, whereas the large ball serves as 
a heat spreader, making good thermal contact with the chip. As an 
example, everything else being equal, a 25-µm diameter gold wedge-
wedge bond burned out at 0.6 A DC, but a similar ball-wedge bond 
burned out at 1 A DC. The burn-out point would be displaced (from 
the center) toward the wedge bond since there is better heat conductiv-
ity out through the ball, cooling that side of the wire. If heat flow was 
symmetrical, then burn out would occur at the center of the wire.

Some wire manufacturers give tables of burnout data for their 
product, usually identified only by letters or other code, so it may not 
be applicable to an other manufacturer’s product. Nevertheless it can 
be useful and points out that different wire dopants can influence 
both the burn-out and resistivity. See Web sites in further reading. 

Plastic-encapsulated devices comprise over 95% of integrated cir-
cuits. Thus, it is surprising that there have been minimal studies of 
(gold) wire burn-out in such conditions. Some organizations have 
made limited studies for internal use, but not published them. One 
such study contracted to a university, is available as an unpublished 
report [3-33], and some of its conclusions are used in this section. 
Encapsulated wires will carry considerably more current than open-
air wires due to the increased thermal conductivity of the surround-
ing plastic compound (with respect to air). However, at some point, 
as the current increases, it heats the wire sufficiently to affect the 
thermal characteristics of the adjacent encapsulant (glass transi-
tions, melting, charring, volatilization, etc.). Ultimately this leaves 
an air gap between the wire and the plastic, or, the plastic otherwise 
become thermally insulating, and the wire burns out quickly. The 
report [3-33] finds that the voltage drop across the wire (an indica-
tion of temperature) increases erratically as if there were a series of 
plastic (thermal-characteristics) transitions. Some encapsulated 30-µm
(1.2-mil) diameter gold wires sustained currents of several amperes 
for over an hour before failure. As with bare wires, longer encapsu-
lated ones failed at lower current levels.

As stated above, gold wire burns out in air by forming neat balls 
on each side of the open wire. However, when encapsulated, interac-
tion with the plastic and the filler results in complex failures, gener-
ally of the type shown in Fig. 3-11 [3-34]. Here, no definable ball was 
formed (or else any ball fragments fell off during decapsulation) and 
particles of the inorganic filler adhere to the wire. The burn-out cur-
rent for the 25-µm diameter gold wire in this particular case was 1.1 
A (data obtained by slowly, manually, increasing the current) which 
was about twice as high as expected for a 25-µm diameter Au wire of 
equivalent length in air. Another difference between open cavity and 
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plastic encapsulation burn out is the response to transients and cur-
rent pulses. This is often modeled and well understood for open 
cavities [3-27 to 3-31], but the heat capacity and thermal conductivity 
of the plastic encapsulant can greatly increase the transient burn-out 
current. Because of these difficulties, it is not surprising that there 
are no modeling papers on the subject, whereas there are many of 
them for the more readily modeled (free-air) situation.

Considering the complexities of accurately determining the maxi-
mum current a wire can carry, it is not surprising that many designers 
simply derate the burn-out current, such as obtained from Fig. 3-11, by 
a factor of 2 or 3, increase the wire diameter, or use multiple wires (for 
power devices). Therefore, wire burn out is seldom encountered in 
devices that reach the field, and when it is, it usually results from a 
device or system failure such as a short or transient which might 
destroy the device anyway, even if the wire did not burn out. More 
experimental studies are needed to fully understand burn out in plas-
tic-encapsulated wires and also for various bond-related heat sinking 
(ball, wedge, poor welding, etc.) at the ends of open cavity wires.

3.10.2  The Maximum Allowable Current for PCB 
and MCM Conductors 

Although the maximum allowable current for PCBs is not directly 
related to bonding wire burn out, it is interesting to consider these 
familiar packaging situations that have different current limitations. 
In addition to PC boards, MCMs, SOPs, SIPs, etc., fall in this different 

FIGURE 3-11 SEM photograph of a burned-out 25-µm diameter Au wire that 
had been plastic encapsulated. The particles adhering to the wire are silica 
fi ller from the plastic molding compound [3-34].
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category. Whereas, the current carrying capacity of typical PC board 
conductors may be large (several amperes), MCM conductors over 
thin film dielectrics, may have small cross sections (8 to 25 µm widths 
by 4 to 10 µm thickness) and can be embedded in thermally insulating 
polyimide, BCB, etc. These can heat up rapidly as the current increases. 
However, long before conductor burn-out occurs, the adhesive that 
bonds the conductor to a PC board, or the polymer surrounding the 
device conductors, may be thermally damaged and cause future reli-
ability problems. Thus, specifications are usually given in terms of 
maximum permissible temperature rise rather than maximum current. 
The current capacity of vias and other constrictions must also be con-
sidered, as well as solder joints which could melt. Under worse condi-
tions, the PC board or SIP insulating material could burst into flames. 
There have been many studies of the safe current carrying capacities of 
PC boards. See, for example, Refs. [3-36 to 3-38].

A concise summary of Cu wire advantages and problems was 
given in a technical publication by Coors/Gaiser/Tool. It is included 
as App. 3B. Many studies are going on to implement 1.0 mil or less 
diameter wire.

Appendix 3A
A LISTING OF USEFUL ASTM∗ STANDARDS AND SPECIFICA-
TIONS ON BONDING WIRE AND BOND TESTING (All of these 
were updated in 2006 and reballoted.)

 (1) ASTM F 72-06, Standard Specification for Gold Wire for Semi-
conductor Lead Bonding. (Lists typical chemical dopants, 
breaking loads, elongation, dimensional tolerance, metal 
spool dimensions, permissible curling and twisting and in an 
appendix, lists the aging characteristics—discussed above. 
Note that many new Au wire dopants are proprietary and are 
not given in this specification and some may be added up to 
1% concentration by weight.)

 (2) ASTM F 205, Standard Test Method for Measuring Diameter 
of Fine Wire by Weighing. (Discusses calibration, precision 
and calculations for both Au and Au, as well as for other 
materials.)

 (3) ASTM F 219, Standard Test Methods of Testing Fine Round 
and Flat Wire for Electron Devices and Lamps. Describes meth-
ods of measuring the tensile strength and elongation, electrical 
resistivity, and out of roundness, using 25.4 cm (10 in) lengths.

∗American Society for Testing Materials 100 Barr Harbor Drive, West 
Conshohocken, PA 19428.
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 (4) ASTM F 487-06, Standard Specification for Fine Aluminum-
1% Silicon Wire for Semiconductor Lead Bonding. (Most of 
the same information as in F 72 above but for Al, 1% Si wire.)

 (5) ASTM F 584-06, Standard Practice for Visual Inspection of 
Semiconductor Lead-Bonding Wire. (This may be discontinued 
but is useful as it gives manual procedures and photographs 
of acceptable and unacceptably cleaned bonding wires.)

Appendix 3B
Copper Wire Bonding, a Low-Cost Solution to Gold Wire Bonding?

From Industry Newsletter & Technical Publication, Volume III, 
Issue 4, July 2005. (Used with Permission of COORS TEK/GAISER 
precision bonding tools.)

Introduction: Part one of this discussion covered aspects of the 
ball formation; the various ways to achieve size and shape consis-
tency. In this section, the material properties in particular the hard-
ness and the impact on ball bonding will be discussed. The copper 
bonding process is not simply about how to make a good free-air 
ball but how to achieve good product quality and reliability.

The Facts:

Copper is a good electrical and thermal conductor, better than 
gold (see Table 3B-1).
Copper wire is harder than gold (see Table 3B -1).
Copper as a raw material is cheaper and more abundant than gold 
(>$0.20/oz. vs. >$800/oz).
Copper oxidizes easily, gold does not.
Copper wire bonding uses a limited number of specially designed 
capillaries, gold wire does not.
Copper processing requires special hardware to prevent oxidation, 
gold does not.
Copper when bonded to Aluminum pads forms thin inter-
metallic layers, Gold forms thick intermetallic layers (see gold 
in Fig. 3B-1).

Typical Parameter Cu Au

Resistivity (×10−6 ohm/cm) 1.6 2.3

Wire Hardness (HK) >64 <60

Ball Hardness (HK) >50 <39

Looping Excellent Excellent

(HK) = Knoop Hardness

TABLE 3B-1 Characteristics of Cu and Au Wires
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Copper work hardens easily, gold does not (see copper in Fig. 3B-1).

Issues: Some of the most important ones are cratering, oxidation 
and long-term reliability.

The Bonding Process: The copper wire bonding process has to be 
tailored around the physical properties of the material, the hardness. 
The significant differences between copper and gold require much 
higher bonding parameters in order to achieve similar quality factors 
(pull and shear strength, ball size, and shape). The increase in bond-
ing parameters such as ultrasonic power and force signifies a signifi-
cant increase in capillary wear therefore reducing effective life of the 
tool. This is the reason Gaiser Tool Co. recommends special ceramic 
material for this application.

The capillary material acoustical and wear resistance are key to 
maximize life and reduce ultrasonic power requirements. 

The impact of the copper hardness is most significant during the 
ball bond process, when copper alloys with the aluminum pad. This 
can result in bond pad subsurface damage (cratering, chip outs). The 
most common solution to this problem is either increase bond pad 
thickness or use a protective under layer (TiW most common). Many 
times the solution is to implement both, metal thickness and a protec-
tive under layer. 

Copper oxidizes rapidly when exposed to oxygen, therefore spe-
cial care must be taken to protect it. The use of enclosed containers in 
the wire bonder are encourage to keep the wire spool free of oxidation 
as well as to the use of inert gases such as argon (Ar) or nitrogen (N).

Copper oxide is a layer that prevents the pure copper from alloy-
ing or diffusing or bonding with the surfaces in contact.

Long-term reliability, especially when devices are exposed to 
high-pressure high-humidity temperature cycling, has yielded mixed 
results. Some claim no problems while others reported multiple fail-
ures beyond 500 cycles. 

 One of the failure modes associated to copper’s work-hardening 
ability is neck breaks, commonly seen during temperature cycling 
test (see Fig. 3B-2).

FIGURE 3B-1 

 Copper Gold
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There are however manufacturing facilities that currently manu-
facture copper wire products but mostly limited to power devices 
where large diameter wire is used. 

Small-diameter wire (<33 µm) is still a challenge not because of 
bonding capability but because of reliability concerns as indicated 
above.

Conclusion
There is no question copper is a cheaper material but also one that 
brings new challenges to the bonding engineers. It may also be a cost-
effective process in the eyes of a product manager but when the extra 
care and attention is required, it is weighed against the existing gold 
process and then we should ask ourselves, are the net savings 
worth?
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CHAPTER 4
Wire Bond Testing

4.1 Introduction
The measurement methods, techniques, and equations used for 
evaluating wire bonds were developed many years ago and described 
in earlier editions of this book. Few modern papers present new 
approaches, except for the testing of fine pitch ball bonds. Therefore, 
this chapter has been brought up to date, by noting changes required 
by finer pitch (more fully described in Chap. 9), or by changing/adding 
appropriate figures and references when needed rather than com-
pletely rewriting for the sake of change. Only when a newer figure 
or reference is judged to be better or clearer, will it be added here. 
Several original figures have been redrawn/modified for more com-
plete or extended understanding and the Web-available EIA shear 
test specification is included and discussed. Many of the recent 
advances have resulted from improvements in the test equipments’ 
precision and convenience, rather than fundamental new measure-
ment methods or principles. The author has added judgments and 
comments thought to be helpful for those new to the field. The latest 
Mil-Std 883G/H criteria are discussed in this chapter, but it is real-
ized that today there is minimal military-driven production. Com-
mercial in-house specifications vary widely but are frequently based 
on the web-available military specifications and measurement meth-
ods which are used internationally. They are a good starting point, 
but often have lower quantitative (compromise) specifications than 
used by many organizations. 

Autobonders have extended their capability to make very long 
wire loops for small diameters, and techniques have been developed 
to make very low loops. Both of these affect wire bond testing, but the 
equations describing the bond-pull test are still valid in these extreme 
cases, with a few caveats to detail their use/limits. 

Although the major part of this book is concerned with the yield 
and reliability of wire bonds, the normal method for evaluating these 
problems involves some form of testing. The most common method 
for evaluating wire bonds is still the pull test, primarily destructive, 
but, to a much smaller extent, nondestructive. Details of these tests 
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are addressed below. While the pull test is valid for wedge bonds, it 
is necessary to use a shear test, or, in some cases, a thermal stress test 
to evaluate Au ball bonds (on Al pads) adequately. Therefore, the 
ball-shear test is extensively described. The theory and applications 
of these bond tests are fully understood, and the pull as well as the 
ball-shear tests have become standard ASTM [4-1] test methods (see 
the appropriate sections below for details). The pull tests and ther-
mal stress tests are currently described in U.S. military specifications 
(Std 883-G/H). The shear test is called out in that updated document 
later. It is based on the JEDEC commercial standard EIA/JESD22-
B116 [4-2] described in this chapter in Sec. 4.3.11. Various additional 
bond evaluation tests are described. There are numerous warnings 
about the differences or limitations of the various tests as they might 
be applied to fine pitch bond testing, although the main technical 
discussion of that subject is in Chap. 9 along with the details of fine 
pitch bonding technology.

The nondestructive bond-pull test is currently in use only for some 
very special purposes, mostly satellite and space probes, but also occa-
sionally for human-implanted devices. It is included in this edition as 
an appendix of the present chapter, rather than dropping it, since its 
data and statistics are otherwise unavailable. However, remember that  
this test is never used today in any high volume production process, 
but all such do use some form of statistical process control.

4.2 The Destructive Bond Pull Test
The wire-bond pull test is the most universally accepted method for con-
trolling the quality of the wire bonding operation. It was introduced to 
evaluate the strength of wire bonds to semiconductor devices in the 
1960s. Similar tests have been used for welded, soldered, and other wire 
connections for many years. The objective of this section is to examine 
the variables of the bond pull test, both theoretically and experimentally, 
and from them determine the most likely sources of problems and errors 
inherent in the test as it is typically performed. Where possible, sugges-
tions for better utilization of the test are included. 

4.2.1 Variables of the Bond Pull Test
Numerous papers have been written on the subject of the wire-bond 
pull test. Derivations of the equations, standard test methods, and, in 
one case, their validation in round-robin tests have been given [4-1, 4-3 
to 4-5]. To understand the intricacies of the pull test, it is necessary to 
consider the geometrical configuration as well as the several equations 
that define the resolution of forces. [Note that the introduction of the 
pull angle, ϕ, complicates the calculation, see below Eq. (4-3). When the 
hook is pulled straight up, it is better to simplify Eqs. (4-1) and (4-2) by 
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making ϕ = 0.] The force in each wire, (fwt) and (fwd) at wire break, with 
a specified pull force, F, at the hook is
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If the hook is applied as close as practical to one of the bonds, the 
vertical (peel) component of the pull force can approach the force of a 
90° pull test (described in MIL STD 883G/H, Method 2011 [4-7] and 
illustrated in Fig. 4-3).

When an over-the-ball position of the hook is chosen (to pull ball 
bonds vertically), it will break in the HAZ for course pitch. However, 
this position is preferred for testing fine pitch ball bonds (not wedges) 
to avoid pulling the metallization up (see Chap. 9, fine pitch discus-
sion). These equations can also be used when testing ribbon bonds.

If, from Fig. 4-1, both bonds are on the same level (H = 0), and the 
loop is pulled vertically (ϕ = 0), in the center (ε = 0), and (θt = θd), then 
the more familiar equation is obtained
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FIGURE 4-1 Geometric variables for wire-bond pull test in the plane of the bond loop, 
as used in Eqs. (4-1) to (4-4) [4-5]. Note that the angle ϕ is included here for cases 
when the substrate may be tipped or otherwise must be pulled at an angle.
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If both bonds are on the same level (H = 0), and the loop is pulled 
vertically (ϕ = 0), in the center (ε = 0), and (θt = θd), then the more 
familiar equation is obtained:

 
f F
wt

t t d

=
+sin cos tanθ θ θ  

(4-4)

where θt = θd = θ. Note that, in general, for bonds of a given strength, 
larger values of h/d will result in higher pull force, F, values. Equivalent 
equations using angles θt, θd, and F are:
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Note that all of the above equations are solved for the force or ten-
sion in the wire, fwt and fwd (usually at break). If a reader wants to calcu-
late the actual pull force, then the equations must be solved for F. A 
wire will break when either fwt or fwd first reaches its breaking strength. 
This entails assigning a breaking strength (value) to each side of the 
wire. Typically, this is about 60 to 75% of the manufacturer-specified 
breaking load of the wire for Al wedge bonds (due to heel deformation 
and metallurgical overworking), but is nearer 90% for Au bonds (either 
ball or crescent bond break). The wire normally breaks just above the ball 
in the heat-affected zone (see Chap. 3).

A plot of the calculated pull force (F) at wire rupture for wedge 
bonds is given for a typical two-level semiconductor device-bond 
configuration in Fig. 4-2, pulled straight up (ϕ = 0) at the center of the 
loop. With everything else being equal, it is apparent that the higher 
the loop height, the higher the bond pull force will be. For a given 
bond-to-bond spacing, d, lowering the loop will result in a force multi-
plier, increasing the values of fwt and fwd for a given force at the hook, F, 
and thus yielding a lower force at wire rupture.

The position of the hook (indicated as εd in Fig. 4-1) and the pull 
angle, 4, will significantly affect the distribution of forces at the bonds. 
One can choose a ε or ϕ value that will give equal forces on each bond, 
and it will result in a more equal test of both bonds. This is possible 
with some automated pull testers. However, manual pull-test opera-
tors would be significantly slowed by such a procedure. In addition, 
most specifications (such as ASTM F459-06 [4-1] and MIL-STD-883 
G/H, Method 2011) [4-7], and most in-house requirements specify 
that the hook be placed in the center between the bonds. So this is con-
sidered the standard hook-placement position for normal testing of 
wedge bonds, but not for fine pitch ball bonds which may peel the 
bond pad (see Chap. 9 and its references). We note that major accepted 
specifications must be changed to allow such hook placement for 
Cu/Lo-k devices and other fine pitch pull tests! (MIL-STD-883G/H 
now allows non-center hook placement.) Whenever the hook is moved 
close to a wedge bond, a higher proportion of the wire force is applied 
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in the vertical (or peel) direction. If bonds have a tendency to peel, then 
a significantly lower pull force will result, as demonstrated in Fig. 4-3. 
Details of this and other special pull-test pitfalls (e.g., pulling out of the 
plane of the bond, the effect of one weak and one strong bond, etc.) are 
given in [4-4, 4-5]. Note: this does not apply to ball bonds.

4.2.2  Peeling (Tweezer Pulling) for “Quality Tests” 
and Troubleshooting of Wedge Bonds 
and Crescent (Tail) Bonds

Simply moving the pull hook toward a wedge or crescent bond 
(Fig. 4-3) changes the distribution of forces from tensile breaks to 
peeling the bond, which can reveal weak welding. A simple “twee-
zer” peel can also reveal poorly welded wedge and crescent bonds in 
the as-made condition. For this, the loop is cut or tweezer-pull broken 
near the other (ball) with a manual tweezer (or electrical operated 
one). The wire is then pulled in the vertical direction and, if weak, 
will peel revealing a weak bond. Such is defined as a 90° pull. If the 
wire is advanced further over the weld nugget (bonded part) then it 
is called a 120º pull/peel, etc. It is seldom quantitatively measured 
but is a good qualitative test for gold (or copper) crescent bonds. Al 
wedge bonds usually break for greater than 90º pulls because of the 
brittle nature of the heel. Peeling completely, without breaking and 
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leaving a nugget, also leaves the footprint on the pad that can be 
examined with a microscope for details of welding (like the lift-off 
patterns in Chap. 2, Figs. 2-10 and 2-11) and is an excellent trouble-
shooting or studying procedure for setup purposes. For example, tail 
pulling has recently been used to study Cu-ball tail-bonding condi-
tions on both Au and Ag bond pads [4-6].

Pull hook for peel

Peel

Failure
Experiment

Theory

10

9

8

B
on

d 
pu

ll 
fo

rc
e 

(g
f)

7

6

5

4
0 0.25 0.5 0.75 1.0

Position of hook (�)

FIGURE 4-3 Figure included to emphasize both the effect of moving the pull 
hook from the fi rst to the second wedge bond, and the major weakening effect 
of peel failures on wedge bonds, as revealed by this pull test. This was a 
controlled experiment in which the hook is moved toward the less welded 
wedge bond. Note that potentially peelable wedge bonds may not result in 
weaker pull force if pulled from center position. Note also that error bars 
increase in the peel region. Measured and calculated pull force as a function 
of hook position for single-level, 25 µm (1 mil) diameter ultrasonic aluminum 
wedge bond pairs having fi rst and second bonds with equal breaking strengths, 
d = 1.5 mm (60 mils) and h = 0.35 mm (14 mils). First bond is located at
ε = 0 and second bond at ε = 1, peeling position ε = ~0.85. Experimental data 
is designated by an arrow with box. Each point is the mean of 25 to 30 bonds 
pulled at indicated hook position. Error bars represent ±1 standard deviation 
of mean. Failure occurred at bond indicated by arrows. Center position breaks 
(ε = 0.5, bond angle = 25°) were all tensile failures, 60% of which occurred at 
heel of fi rst bond. All second bonds lifted (peel failure) when pulled in position 
ε = 0.85 (second bond angle = 60°). Theoretical prediction =‘arrow with dot.’ 
Each point is calculated from Eqs. (4-1) and (4-2) assuming that both fi rst and 
second bonds are of equal strength and all failures are by tensile-mode 
breaks. Arrow points to position of bond that would break; center position 
breaks are evenly divided between two bonds [4-5]. The peeling problem 
versus hook placement position is illustrated in the center fi gure. Note that the 
peeling problem also exists for the crescent (wedge )bond of a ball bond, but 
will have little effect if the hook is placed over the ball bond—also discussed 
in Chap. 9.
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The peel test has been used for years and is completely described 
in MIL-STD-883G/H, Method 2011.7. This test method is short and 
reproduced here to further clarify the above discussion: 

“3.1.1: Test condition A—Bond peel. The lead or terminal and the device 
package shall be gripped or clamped in such a manner that a peeling 
stress is exerted with the specified angle between the lead or terminal 
and the board or substrate. Unless otherwise specified, an angle of 90 
degrees shall be used. When a failure occurs, the force causing the fail-
ure and the failure category shall be recorded. 3.1.2 Test condition C—
Wire pull (single bond). This test is normally employed for internal 
bonds at the die or substrate and the lead frame of microelectronic 
devices. The wire connecting the die or substrate shall be cut so as to 
provide two ends accessible for pull test. In the case of short wire runs, 
it may be necessary to cut the wire close to one termination in order to 
allow pull test at the opposite termination. The wire shall be gripped in 
a suitable (tweezer-like) device and simple pulling action applied to the 
wire or to the device (with the wire clamped) in such a manner that the 
force is applied approximately normal to the surface of the die or sub-
strate. When a failure occurs, the force causing the failure and the failure 
category shall be recorded.”

4.2.3  Failure Predictions That Are Based on 
Pull Test Data Must Have Confirmed Normality

Many organizations use the pull test average (x–) range (r), and stan-
dard deviation (σ) distribution charts for production control purposes. 
The data are plotted continuously giving a running chart for SPC. In 
addition, the operators usually record the bond failure modes. The 
latter are helpful when bonding problems are encountered. Modern 
pull testers can store the failure mode and pull force and can generate 
the statistics, which are often coupled directly into a PC or other 
larger computer. From these data, predictions are often made as to the 
number of pull test (force values below the specified control limit) 
failures to be expected each day. LTPD and confidence levels are also 
calculated.

One might assume that such predictions of pull-test failures could 
be calculated from the distribution curve as defined by the average 
and standard deviation of the test values. However, because there are 
usually several test failure modes [e.g., bond lift from either end, wire 
break in the span, heel break, neck break (above ball), cratering, and 
metallization failure], the distribution is often not normal. When this 
occurs, such predictions may be invalid. Before attempting to make 
such calculations, a test for normality, such as the Chi Square statis-
tic, should be used on the data. Frequently, when using non-normal 
data, the predicted number of test failures can appear higher (or lower)
than the number that actually occurs. For example, in one case, 
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assuming a normal distribution, the prediction was that 2.27% of the 
bonds should have pull forces in the range of less than or equal to 
34.3 mN (≤3.5 gf). However, experimental data revealed only 0.4% in 
that low range. The Chi Square statistic confirmed that normality was 
absent [4-8]. 

4.2.4  Effect of Metallurgy and Bonding Processes 
on the Bond Pull Force

In a production-line environment where speed is essential, pull-test 
operators seldom ascertain that the hook is at the exact center of the 
bond loop. Often, the hook will slip toward the highest point of the 
loop. This point is determined by the type of bonding machine or by 
the device package. If the package has one very high or low bond pad, 
then hook slippage∗ can lead to peel-mode failures as previously 
described. If both bonds are well made, however, the method of bond-
ing will generally dominate the results, as discussed below.

Gold ball bonds (thermosonic) are normally bonded with a capil-
lary-type tool. Assuming a normal loop, the wire rises straight up 
from the center of the ball to a peak near the ball, bends, and pro-
gresses linearly downward towards the second bond, which is the 
wedge or crescent bond (see Fig. 4-4). If the pulling hook rises to the 
peak, most of the force is applied directly to the ball, which, because 
of its large bonded area, is stronger than the wire. [Above the ball 
bond peeling or tearing does not occur with off-center hook placement 
as it does for wedge bonds (but it could if the bond pitch spacing is 
below ~50 µm—see Cu/Lo-k, Chap. 10).] Typically, the wire breaks in 
the recrystallized (heat-affected) zone immediately above the ball. 
The wedge or crescent bond is usually weaker than the ball bond. 
However, when the hook is located near the peak of the loop (nearer the 
ball), relatively little force is applied to the wedge bond, and it seldom 
breaks. Thus, only the heat-affected zone (neck) of the stronger bond 
(the ball) is tested (see Sec. 4.3 on shear testing of ball bonds). For 
single-level ultrasonic wedge bonds, Fig. 4-4, the case is reversed. The 
wire rises from the edge of the first bond (which is the weaker bond), 
peaks somewhat before the center of the relatively low loop, and then 
goes down continuously to the second, stronger bond. Thus, if the hook 
rises to the peak of the loop, more of the force is applied to the weaker 
bond, which breaks. In this case, the stronger bond remains untested. It 
is apparent that the combination of a high-bond loop as well as a force 
distribution that tests the stronger bond is one reason why Au ball 
bonds are specified to have, and do give, a higher pull force than Al 

∗Most modern pull testers have stiff hooks that eliminate slippage and pull 
vertically regardless of the shape of the loop. These are preferable but might lead to 
some other problems in dealing with complex loops generated by autobonders.
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wedge bonds. However, in both cases, a pull in the center of the loop for 
single-level bonding would provide a more reliable quality control for 
the total bonding process. 

Advanced autobonders are capable of making loops in almost 
any shape and extreme lengths (see App. 9A, Chap. 9 for a descrip-
tion of autobonder “Looping” by Lee Levine). There will be no spe-
cial discussion on pull testing such long, unusually shaped loops, 
except to note that during pulling the wire straightens and reaches a 
peak at the hook position. If one measures the final peak of the loop 
before break, (the loop parameters, H, ε, etc.) then the pull force can 
be calculated with Eqs. (4-1) to (4-3). However, some unusual loops 
have been designed to miss other chips or structures along their path. 
Straightening could cause the wire to contract, snag, etc., on those 
obstacles and give erroneous pull data. Thus observing the wire on a 
slowed pulling is important before committing to use the pull test on 
any particular unusually “shaped” loop.

Gold ball bonds generally yield a higher pull force than Al wedge 
bonds for the reasons cited. But ultrasonic Au wedge bonds made 
with wire having the equivalent breaking force and elongation of Al 
wire will yield approximately equivalent pull forces to Al wedge 
bonds when the bond deformation is in the low to medium range 
(∼1.5 wire diameters), as shown in Fig. 4-5. At higher deformations, 
however, Al ultrasonic wedge bonds become metallurgically over-
worked, which weakens the heel region and lowers the pull force 
dramatically, often by a factor of 2, as the bond deformation increases 
above 2 wire diameters. The different metallurgical characteristics of 
Au wire permit deformations up to about 2.5 wire diameters with 

Hook

Hook

Ultrasonic
wedge bond

Gold
ball bond

First
bond

Second
bond

FIGURE 4-4 Typical geometrical confi guration and position (for single level 
bonds) of the pulling hook for gold ball bond (top) and ultrasonic wedge bond 
(bottom). Pulling hook tends to slip toward the peak of the loop.
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little decrease in the pull force. Unfortunately, dependence of the 
pull force on bond deformation is not recognized in some specifica-
tions. MIL-STD-883G, Method 2017.8 [4-7], permits bond deforma-
tions of 3 wire diameters for both Au and Al ultrasonic wedge bonds 
and 5 wire diameters for the crescent (wedge) bond following an Au 
ball bond. This is not generally permitted by commercial (in-house) 
specifications.

4.2.5  Effect of Wire Elongation on Bond Pull Force 
(Primarily for Large-Diameter Al, but also 
for Au Wire Used in Ball Bonding)[4-9] 

As is evident from Eqs. (4-1) through (4-3), the bond pull force is 
strongly dependent on the ratio of the loop height to bond spacing. 
This loop height can increase during pulling if the wire elongates sig-
nificantly. Small-diameter wire made for ultrasonic wedge bonding, 
either Au or Al, normally has an elongation of less than 2%, and this 
has little effect on the measured pull force. However, small-diameter 
Au wire, for TS ball bonding, or Al wire that has been annealed can have 
elongations of approximately 5 to 10%, and large-diameter annealed 
Al bonding wire, up to approximately 30%. During bond pulling, 
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FIGURE 4-5 Bond pull force versus bond deformation for 25 µm (1 mil) 
diameter aluminum and gold wires, both having 13 gf breaking force. All 
bonds were made on the same bonding machine using the same bonding tool.
Other bonding parameters were optimized for each metal to produce the best 
overall pull force and the lowest standard deviation. All bonds were made on a 
single level. The loop heights were approximately 0.3 mm (12 mil) and the bond-
to-bond spacing was 1 mm (40 mil). The loop-height-to-bond-spacing ratio is 
much larger than that generally found in device production. Thus, a scaling 
down of the bond-pull force axis by a factor of about two would be more typical 
of values obtained from integrated circuits [4-9].
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the h/d ratio increases significantly, yielding a pull force higher than one 
would expect if only the breaking load of the wire and the initial bond 
geometry were considered. This effect will be even more significant if 
the initial value of h was low.

Figure 4-2 showed that loop height is an important factor in deter-
mining the bond pull force. Thus, it is apparent that significant wire 
elongation during bond pulling will change the loop height and affect 
the magnitude of the pull force. Figure 4-6 gives a pictorial example 
of the loop height change versus elongation for three bond-to-bond 
lengths, and Fig. 4-7, a calculation starting with the same initial loop 
height. The geometries were chosen to cover those often encountered 
in medium- to high-power transistors with large-diameter Al wires, 
but they can be linearly scaled down to appropriate microelectronic 
dimensions as long as the ratio of loop-height-to-bond spacing is kept 
constant.

Figure 4-8 shows the effect of this wire elongation (incorporating the 
resulting loop height increase) on the bond-pull force, assuming the 
same initial geometry as used in Fig. 4-7. In this calculation, all bonds 
break when the force in the wire reaches 500 gf. (See Chap. 3 for the 
properties of such wire.) For simplicity, the calculation was made for 
single-level bonds. From Fig. 4-8, it is apparent that the tendency of the 
bond-pull force to decrease with decreasing wire-breaking load can be 
partially offset by the increase in wire geometry when the wire has 

FIGURE 4-6 An actual example of wire elongation during pull testing of large 
diameter (tweezer welded) wire bonds, where the elongation is usually from 
15 to 30%. Ductile fractures are shown. These are older devices, but the 
same wire metallurgy is used today (Chap. 3). As-made, these wires went
in approximately a straight line from the chip to the post.
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increased elongation. Therefore, the pull force tends to be indepen-
dent of the specific wire-breaking load for many common device 
geometries. These results may be scaled down for integrated circuits, 
except that small 25 µm (1 mil) diameter annealed Al wire elongates less 
than approximately 10%, and then only after high-temperature exposure 
or significant annealing. Otherwise it’s typically ~2%.

There will be special cases where the effect of large wire elonga-
tions can change the bond-pull geometry and, hence, the measured 
pull force, even more than indicated in Figs. 4-7 and 4-8. This occurs 
when the pulling probe (the hook and arm) is misplaced, is flexible, or is 
free to pivot where it is joined to the force gauge or load cell.

The effect may occur even if the hook does not slip in the case where a 
high package bond pad (post) is involved. Here, the wire span will be 
considerably longer on the chip side of the hook than on the package 
side. The relatively greater increase in length (elongation) of the chip-
side span during the test will result in moving (swinging) the hook 
nearer the package pad and in pulling on the wire at some angle, ϕ, 
from the vertical. The effect will be enhanced if the pulling hook was 
initially placed nearer to the package bond than to the chip bond. 
These changes in the bond-pull geometry, which can result in lower 
measured values of pull force, must be taken into account in any pull-test 
calculations involving wires with high elongations.

Stress-strain type measurements have been made during pull 
testing on a number of large-diameter power-device wire bonds to 
determine any unique characteristics that could influence the pull test. 
Both the measurement and its interpretation are much more difficult for 
pulling a typical wire-bond loop than for measuring the stress-strain rela-
tionship of a long piece of wire. In pulling a standard 250 mm (10 in) 
length of wire, the elongation is normally read directly from a recorder 
(see Sec. 3.2, Fig. 3-1 for examples of stress-strain curves.). However, in 
pulling a large-diameter wire-bond loop, the total length of wire is gen-
erally less than 6.25 mm (0.25 in), and, in addition, the measurement 
indicated by the apparatus is in reality the increase in loop height (which 
is nonlinear with wire elongation) and is very small compared to the 
elongation of the standard length of wire. Thus, when determining wire-
bond-loop elongation, the sensitivity of the measurement apparatus 
must be increased to its maximum, and any system nonlinearities, such as 
a slight irregularity of the screw-thread pitch on the stress-strain machine 
or bending of the pulling hook, will have a greater effect and must be 
corrected for in each curve.

A typical, corrected force versus rise-in-pulling-hook curve for a 
200 µm (8 mil) diameter emitter wire bond from a power device is 
shown in Fig. 4-9. There are three distinct regions in this curve.

Region 1 is the triangular loop formation and elastic wire-
tensioning region. Although the curve increased linearly for this 
bond, other bonds often showed variations as the loop formed into a 
triangle, generally within the dotted curves. Point 2 denotes the elastic 
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limit of the wire, and point 3 is the region of inelastic (plastic) elonga-
tion, which, in this case, begins at approximately 60% of the bond 
pull force. At point X, the wire necks down rapidly and then breaks at 
point 4. The elongation of the wire in region 3 was determined to be 
10.5% by using data from Fig. 4-7 and the measured bond geometry. 
More explanation, as well as stress-strain curves of typical bonding 
wires, is given in Sec. 3.2.

4.3 Ball-Bond Shear Test

4.3.1 Introduction
The wire-bond pull test is universally used to assess the strength and 
to determine bonding machine setup parameters of wire bonds used 
in microelectronics (see Sec. 4.1). Often, technicians and engineers assume 
that pull test data, which are adequate to determine wedge-bonding 
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FIGURE 4-9 Bond-pulling force (related to stress) versus rise in pulling hook 
after wire contact (related to strain and elongation) for a 200 µm (8 mil) 
diameter aluminum wire bond on a power device. (1) is the triangular loop 
formation and elastic wire tensioning region—the dotted lines indicate the 
typical variations that are observed in this region; (2) is the wire elastic limit; 
(3) is the region of inelastic wire deformation; (X) is the region where the wire 
necks down rapidly and then breaks at (4). This curve was corrected for 
measuring apparatus nonlinearities.
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machine setup parameters, are also sufficient to set up the ball-bonding 
machine parameters. However, considering that most ball bonds can 
have interfacial welded areas in the order of 3 to 6 times the cross-section 
area of the wire (fine pitch ball bonds excepted), it is apparent that the 
wire will break in pull testing before even a poorly welded ball will 
lift∗ [4-11, 4-12]. In addition, the wire just above the neck of the ball 
bond is totally annealed, recrystallized (the heat affected zone), and 
generally becomes the weakest part of the ball-bond wire wedge-
bond system. In a pull test, the wire often breaks at this point, depend-
ing on the placement of the hook and the bond geometry (see Sec. 4.2). 
Thus, little information is gained on the breaking strength of the ball-to-
bonding-pad interface if the ball is welded over more than 10 to 20% 
of its interfacial area.

Considering the above, it is apparent that some type of push-off or 
shear test offers the best possibility of assessing the quality of a ball-
bond interface and, thus, properly setting up a ball-bonding machine.

The ball-shear test was independently introduced to the micro-
electronics industry in 1967 [4-13, 4-14]. However, it appears to have 
been ignored or forgotten for almost 10 years until Jellison [4-15, 4-16] 
and, later, Shimada [4-17] designed precision shear testers and used 
them in a series of laboratory experiments that clearly demonstrated 
the usefulness of the test. Since that time, there have been numerous 
studies of the ball-shear test. Today, it has been almost universally 
adopted for production control, and there is excellent equipment 
available, as well as several published standards (see Sec. 4.3.11).

4.3.2 Apparatus
The equipment used to perform the ball bond-shear test has ranged 
from tweezers and other hand-held probes [4-11, 4-18] to dedicated 
shear-test machines with strain-gage force sensors, automatic height 
positioning, and various electronic methods of data recording/
presentation. In principle, the ball-shear test is simple and consists of 
bringing some form of a shear tool up to the side of a bonded ball, 
applying a force sufficient to push it off, and recording that force. The 
test is illustrated in Fig. 4-10.

∗Consider a ball bond on a 25 µm (1 mil) diameter gold wire. The diameter of 
a well-bonded normal pitch ball is usually in the 65 to 90 µm (2.5 to 3.5 mil) 
diameter range, and the wire-to-bonded-area ratio in this case is from about 
4 to 10 in favor of the ball. (It would be lower for fine-pitch ball bonds, see 
Table 4-3.) Thus, in a wire-bond pull test, the wire will break even if the ball is 
weakly welded. Arguments similar to this were first pointed out by Gill [4-14], 
and variations of them have appeared in most of the later studies involving the 
ball-shear test. For instance, Stafford [4-12] calculated the force that the wire can 
apply on the ball-metallization interface in the pull test and verified the above 
conclusion quantitatively.
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Jellison [4-15] designed an early precision mechanical system 
with strain-gauge force readouts. The design details are appropriate 
for any dedicated ball-shear tester. A sketch of his apparatus is shown 
in Fig. 4-11. This tester employed a rigid, low-friction, linear bearing 
to transmit the load from the tool to the strain gauge. The sample was 
placed in the horizontal position and viewed from above with a 
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FIGURE 4-10 Schematic drawing of the ball-shear test. The bonded (welded) 
area is often less than the faying area (area of intimate contact). The typical 
outside diameter of a bonded ball from a 25 µm (1 mil) diameter Au wire is 
from about 50 to 100 µm (3.0 to 4.5 mil). The height of the ball above the 
bonding pad is usually less than 25 µm (1 mil) but << for fi ne pitch.
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FIGURE 4-11 Sketch of the fi rst precision ball-bond shear tester. (After
Jellison [4-15] ; © IEEE.)
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microscope. The shear tool extended downward from its clamp so that 
it could operate in a deep package. A motor drive moved the test sam-
ple work holder to perform the shear test at a fixed rate of 0.2 mm/s 
(8 mil/s). (This rate is not critical, since the rate of shear force applica-
tion does not affect the shear force value over the range of from 0.13 to 
3.3 mm/s (5 to 130 mil/s [4-19]).

Currently, there are several commercial ball-shear testers avail-
able. The most sophisticated of these∗ have automatic vertical position 
finders, record data and failure modes, and can be interfaced with 
computers and printers for final data analysis. The main mechanical 
difference between modern ones and that of Fig. 4-11 is that Jellison 
moved the stage and current ones move the shear tool. Of course, 
current testers have greater position accuracy and measurement pre-
cision, are semiautomated, and much easier to use.

4.3.3  A Manual Shear Probe As an Aid in Setting Up 
Ball Bonder (For Laboratory Use) 

It is always desirable to have a quantitative, precision shear tester. 
However, if such is not available, a simple substitute can be made 
that will give information, that, while not quantitative, will neverthe-
less allow one to quickly set up ball-bonding machine parameters 
and qualitatively evaluate bonds for laboratory or other nonproduc-
tion purposes.

The simplest and most readily available tool for manually push-
ing off large (non-fine pitch) ball bonds is the blunted end of one tine 
of a tweezer, and production personnel have used such for this pur-
pose for years [4-18]. However, tweezers are relatively awkward to 
use, particularly if the ball is strongly welded. A simple manual shear 
probe has been designed for this purpose [4-11]. Figure 4-12, detail A, 
is a drawing of a probe tip that is appropriate for use on balls made 
from wire of up to 33 µm (∼1.3 mil) in diameter and of course pitch. 
The tip can be made by a machinist or a precision tooling company. 
However, a reasonably satisfactory one can be made in a few minutes 
using the smallest blade from a standard jeweler’s screwdriver set. 
This blade, while still in the jeweler’s screwdriver set as a holder, can 
be manually narrowed and thinned on very fine emery paper to the 
approximate dimensions of Fig. 4-12, detail A. (Note the use of a manual 
shear probe is not practical for typical ball bonds on pads having pitches 
finer than ∼100 mm.)

In use, the sample is placed on a holder at a height such that the 
probe, when held like a pencil, will approach the surface at an angle 
of about 20 to 25°. This matches the angle on the tip of the tool. The ball 

∗Some manufactures are Dage Precision Industries Inc., UK, Aylesbury, 
Buckinghamshire, HP19 8RG, and Royce Instruments Inc., 500 Gateway Drive 
Napa CA 94558. Both have sales/service offices worldwide.
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bond is then contacted approximately perpendicular to its radius. A 
binocular microscope with no less than 30X magnification should be 
used. Practice should start with strong ball bonds. These will generally 
have a shear force greater than 50 gf. For comparison, some weak balls 
can be made by using the same bonding-machine settings as for the 
strong ones but locating half or more of the ball off the bonding pad. 
If the pads are on an IC, this will place part of the bond on passivation 
where it will not weld, reducing the shear force proportionately. An 
indication of the bond strength can often be obtained by observing 
the deformation or smearing of the ball (see Fig. 4-13). (Such tech-
niques are appropriate for a variety of experiments on bonding.)

See detail A
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ball shear probe

Sketch of manual shear
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FIGURE 4-12 Left is the detailed sketch of a manual ball shear probe and to the 
right is a sketch of the probe in use.

FIGURE 4-13 Ball bond on pad lower than polyimide or other passivation 
(hard to shear).
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A manual shear probe is never used to obtain quantitative data. It 
is primarily used to quickly set up a manual bonder on the machine, 
for bonding one-of-a-kind experimental systems/chips (done often 
in R&D laboratories, but never in production areas). Such manual 
probes cannot be used for fine-pitch ball bond evaluation.

4.3.4  Interferences to Making Accurate 
Ball-Shear Test Measurements

As with any test method, there may be problems in performing the 
ball-shear test that can produce incorrect or misleading data. The 
general ball-shear test failure modes are given in App. 4A [4-47].
Others are summarized below:

Summary of Interferences in Making Ball-Shear Tests

Shear tool drag (incorrect tool height) and recessed pads

Gold-gold friction rewelding

Metallization adhesion problems-thick film example, and 
bond pad below top surface passivation

Shear tool cleanliness (accumulation after many tests)

Substrate flatness (tipped nonlevel substrate)

Shear tool drag (and modern recessed pads): One of the most common 
problems is the improper vertical positioning of the tool. The tool 
should not drag on the substrate. It should approach normally 
deformed balls from ~2 to 5 µm (~0.1 to 0.2 mil) above the sub-
strate and for large, high balls, no higher than 13 µm (~0.5 mil). 
(The bottom of the tool must be kept clean to permit such position-
ing.) If the tool is positioned higher, it may ride over or smear over 
the top of the ball, depending on the height of the ball. If substrate 
dragging occurs on thin and especially thick fi lms, then the indi-
cated shear force can increase by 10 to 20 gf. Some chips are not 
attached horizontally, and additional care must be taken to prevent 
the shear tool from contacting the bond-pad metallization during 
the test. (See App. 4A, failure mode 2.)
  Shear tool drag becomes a more critical problem for finer pitch. 
For example, one 70 µm pitch ball bonding process (see Table 4-1) 
produces bonded balls that are only 6 µm high, and the bond pads 
were recessed below the 1+ µm of passivation, which overlapped 
the edges. If multilayer interconnects are used, the pad can be 
recessed even further, leading to great difficulty in performing 
the shear test as shown in Fig. 4-14. Also, at very fine pitch (<50 mm)
the shear test itself is difficult to perform and the pull test is used in 
industry (see Chap. 9, Sec. 9.1.10).
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Gold-to-gold friction rewelding: Shearing Au bonds on Au substrates 
can lead to an unusual interference. Gold is capable of friction weld-
ing to Au surfaces at room temperatures. An SEM photograph of a 
deformed Au ball and Au bonding pad showing the results of mul-
tiple friction rewelding is given in Fig. 4-13. Rewelding problems 
may be eliminated by using a shear tool design that is slightly 
ground-back from the forward edge. This will lift the ball, pre-
venting rewelding [4-20]. Friction rewelding seldom occurs while 
shearing bonds on Al metallized IC pads, where the small size 
of the pad, as well as the passivation surface fi lm adjacent to the 
pad, prevents it.
Interferences when shearing bonds on thick fi lms (and a method of 
determining weak metallization adhesion problems): Several potential 
interferences can occur when shearing ball bonds on thick-fi lm met-
allization. One would normally assume that balls of a given diam-
eter would yield shear forces somewhat lower when bonded to thick 
fi lms than when bonded to thin fi lms, since thick fi lms contain pits 
and voids, and, in some cases, glass or oxide occlusions on the sur-
face. There have been a number of shear test studies of ball bonds 
on thick-fi lm metallization in the literature [4-21, 4-22, 4-23].
  However, there was not enough information given on the 
welded ball size, or the actual welded area, to compare directly 
with the extensive laboratory data published on thin films. One 
might expect to use the same experimental procedure in shearing 
bonds made to thick films as for thin films. However, the thick films 
themselves are often higher than the recommended vertical posi-
tion of the tool above the substrate when set for shearing bonds on 

Friction rewelding

FIGURE 4-14 An example of a gold ball strongly bonded to gold metallization 
that underwent friction rewelding to the pad. Note also the gross deformation 
of the ball resulting from shear testing a strongly welded ball bond. This TS bond 
was made from 25 µm (1 mil) diameter wire. (After Weiner [4-35]; © IEEE.)
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thin films. Therefore, ball-shear tests made on thick-film circuits 
may present problems in vertical positioning of the tool. It is, there-
fore, possible that the tool will drag across the thick film during the 
shear process. This will result in a high-apparent value for the ball-
shear force and may explain why some reported values of ball-shear 
force from thick-film tests are higher than the shear force expected 
from thin film Au [4-21].
  Even if the vertical positioning of the shear tool is correct, shear 
tests made on bonds welded to thick films, as well as to thin films, 
can yield much lower shear values than expected if the metalliza-
tion adheres poorly to the substrate [4-11, 4-14]. An example of 
shearing a ball on a poorly adherent thick film is given in Fig. 4-15. 
In addition, when bonding to pads on semiconductor chips, it is 
possible to fracture (crater) the semiconductor. Application of the 
shear test to balls that damaged and cracked the silicon during bond-
ing may result in cratering and low-shear forces during the test. The 
shear test can, therefore, be used to evaluate bonding machine setup 
parameters, to minimize semiconductor damage (cratering) not 
detectable with the pull test, as well as to test metallization adher-
ence. Data from such tests is usually required for DOE evaluation 
and determining the optimal bonding machine setup (see Chap. 8, 
App. 8B by Lee Levine [4-36]).
Interferences when shearing compound bonds (ball on ball): In the past, 
rework occasionally required stacking ball bonds. This was done with 
manual bonders. There has been only one published work on a 

FIGURE 4-15 An example of a TC ball bond sheared from a poorly adherent 
gold thick fi lm. This ball sheared at 24 gf, whereas equivalent sized bonds
to adherent thin-fi lm gold sheared in the 70 to 80 gf range. The bond was made 
from 32 µm (1.3 mil) diameter gold wire, with bonding parameters typical of
120 µm pitch on a chip.
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shear test evaluation of compound-thermosonic bonds [4-24]. This 
work found that centering of the top ball bond on the bottom ball 
was very important. There was an increased tendency to crater 
in cases where the top ball bond was misaligned on the bottom 
one (as revealed by the ball-shear test). Some bonding machines 
resulted in more craters than others without apparent reason. 
Increased ultrasonic energy also signifi cantly increased crater-
ing, which is normally to be expected. However, when ball on ball 
cratering occurred, the energy could be minimized (also tempera-
ture increased) and essentially cure the cratering problem. When 
optimized, the bond shear force of the lower ball was statistically 
unchanged from that of a single ball bond. Therefore, the use of 
compound bonds on chips, made with manual bonders, should 
be minimized. Autobonders precisely center a ball on a ball, and 
craters from them have not been observed. Stacked ball bonds 
made by autobonders are used in making compound ball bonds for 
use as standoff bumps when converting devices with Al bond pads 
into fl ip chips (ball bumped fl ip chips). In most cases, only one ball 
bond is used, but there are examples of stacking several to obtain 
increased height [4-24]. This offers stress relief against fatigue fail-
ure in thermal cycling (see Fig. 4-16). These stacked bonds applied 
with autobonders would be well centered on one another. As such, 
they do not pose cratering problems. However, the correct procedure 
for shear test evaluation of the stacked bonds is not obvious. Most 
likely, the Au-Au bond interfaces will be strong and cause no reli-
ability problems (see Chap. 5), so testing the lower (Au-Al) interface 
alone should be suffi cient. 

(a) (b)

FIGURE 4-16 An example of stacked-ball bonds that could be used for stress relief 
in fl ip chips. (a) is a full triple “ball bumped” chip, and (b) is an example of a double 
“accu-bump/chopped-bump.” (Made by moving the tool sideways across the wire 
neck after the ball is welded. See animation in color Fig. 4-16a in the CD.)
(Courtesy of K&S.)
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Cleanliness and wear of shear tools: Since a shear tool should be posi-
tioned within ~2.5 to 5 µm (~ 0.1 to 0.2 mil) from the chip or sub-
strate (and even closer for fi ne-pitch situations), its bottom surface 
must be kept clean. Metallic smears, bits of Al, Au, glassivation, 
Si, etc., can stick to the bottom and prevent proper vertical posi-
tioning. This problem is most signifi cant when shearing very fl at 
(low-profi le) balls with tools that are several times wider than the 
diameter of those balls. A narrow tool (about 1-ball-diameter wide) 
tends to clean itself off as it shears through metal, but not if the 
entire ball pushes off.

Shear tools wear during long use and/or mishandling. The front 
and bottom surfaces must be smooth, polished, and rectangular in 
shape, with no chipouts permitted on the shearing edge. To obtain 
reproducible test results, shear tools must be monitored and replaced 
with the same urgency as bonding tools and capillaries. Tools used 
for finer-pitch balls require more frequent monitoring than tools for 
coarser pitch, but the test becomes increasingly impractical for pitches 
less than 50 µm.

4.3.5 Ball-Shear Force versus Bonded Area
Experimental shear force data versus actual bonded area for ball bonds 
have been published by two independent sources [4-16, 4-17] and 
verified [4-11]. The shear strength of both Cu- and Ag-doped (<10 ppm) 
Au wires was measured to be 90 MPa (13,100 psi). Beryllium-doped 
and recent proprietary Au alloy wires could be 10 to 20% higher. The 
ultimate shear strength for the hard and annealed 1% Si, Al wires, 
respectively, were 139 and 84 MPa (20,200 and 12,200 psi). Some shear 
strength values of the hard and annealed Al wires bracketed those of 
Au, indicating that a ball-bond weld can fail either on the Al or Au side 
depending on the particular characteristics of the Al pad. These data are 
plotted in Fig. 4-17 as shear force versus diameter of the bonded area.

The wires used in this experiment contained Cu and Ag impuri-
ties at the parts per million level. Gold wire used in automatic bond-
ing machines is usually stabilized with Be, Ca, and proprietary ele-
ments, which results in a 10 to 30% stronger wire in a stress-strain 
test. One might assume that such Au wire would produce higher 
gold-ball shear values, but this has not been experimentally observed.∗ 
Values obtained from Fig. 4-17 should be considered maximum theo-
retically obtainable values, rather than expected values, since all of 
the area under a ball is not welded. Thermosonic ball bonds on an Al 

∗Comparisons using 25 µm wire with breaking loads ranging from 8 to 13 gf 
showed no statistical difference in ball-shear values for the same size balls [4-26]. 
Apparently, the “burnout annealing” that occurs during EFO ball formation leaves 
the balls in a similar metallurgical condition.
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film are typically only welded over about 65% of the area of an aver-
age 75 g shear force (3 mil) diameter ball deformed 50% during 
bonding 11. [Some investigators have obtained welded areas over 
80%, as revealed by observing the KOH etch-revealed intermetallics 
in the bond interface (see Table 4-1).] Thus, the entire area under a 
bond will not be welded (although fine pitch ball bonds are usually 
very high). In addition, one may expect greater amounts of welded 
area for optimized bonds to clean metallization versus contaminated 
ones, as well as the method of bonding. For instance, when testing 
bonded balls of 75 to 90 µm (3.0 to 3.5 mil) diameter, it was found that 
shear-force values of well-made bonds to Au metallization were approx-
imately 40 gf (very near the value in Fig. 4-17) and to Al metallization 
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FIGURE 4-17 Shear force versus bonded area for evaluating the maximum 
expected values to be obtained from the ball-shear test. Only one curve is given for 
gold because the ball is fully annealed and less affected by any dopants. However, 
since the joint will fail in its weakest member, the shear-strength range of aluminum 
is given for guidance as to the possible strengths of aluminum metallization. For 
use, the diameter of the tool impression in the ball is measured with a microscope 
or if fi ne pitch, the entire diameter is used. Note that below ~50 µm diameter, the 
shear force drops rapidly below 20 gf and becomes increasingly harder to shear, 
requiring fi ner shear tools and greater skill in positioning. At some point the shear 
test becomes impractical and the pull test is used (see Chap. 9, Sec. 9.1.10).



Machine or Test Parameter
100 lm Avg.
of 5 Machinea

Observed Range, 
100 lm Processa

90 lm
Process 1 type 
of Machineb

80 lm
Process, 
1 type of 
Machinec

70 lm Process,
1 type of 
Machined

Free-Air Ball Dia. (µm) 50 45.4 to 56.3 _ 43.2 40.6

Bonded Ball Dia. (µm) 74 67.7 to 78.6 61.3 55.8 47

Bonded Ball Height (µm) 16.1 12 to 17.2 13.5 12.5 5.9

Shear Force (gf) 35.4 27.2 to 43 32.4 25.7 19.2

Shear Strength (gf/mil2)e 5.36 3.7 to 6.4 7.06 6.5 7.04

Intermetallics Under Ball
(% interface area)

65.6 79.6 to 47 _ 79.5 >80

aFive Different Mfg. Machines, (averaged) data obtained over 8 h runs [4-26].
bOne Type of Machine [4-26].
cESEC, Several Identical Machines [4-27].
dK&S and SEMATECH, Several Identical Machines (private communication) Also see [4-28].
eMilli-Newton (mN) units may be substituted for grams-force (gf), 1 gf = 9.8 mN. Also, 1 mil = 25.4 µm. (1 gf/mil2 = 0.0152 mN/µm2).
Note: Data in table (4-3) were summarized from a SEMATECH study. Since the test was extensive, the range of each parameter is given to alert the reader 

that different autobonders can be quite different. The machines and parameters were typical of a 100 µm bonding process at that time. Today, advanced 
bonders can produce much finer pitch and closer tolerances than indicated in this table.

TABLE 4-1 Averaged Autobonding Machine Parameters for Four Ball Bonding Processes Using 25 µM Diameter Gold Wire
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were ~30 gf (~70% of values in Fig. 4-17 and closer to other predic-
tions) [4-12].

Mixed units are used in the industry for shear strength (SS) 
because SI units (µm or mm) result in values so high or low that they 
are not intuitively comprehendible. The reader can use the conver-
sion factor above to convert data. Note: All machines, except one in 
the 100 µm process, bonded with 60 kHz US energy and on Al chip 
pads. Observation of numerous cross-sections of ball bonds at this 
laboratory (NIST) indicates that the outer boundary of the tool imprint 
on top of the ball corresponds closely to the perimeter of the actual 
bonded area. It is, therefore, recommended that the welded area 
should be estimated by measuring the outer diameter of the tool 
imprint in the ball, rather than the outside diameter of the (non-fine 
pitch∗) ball. This value should then be used to obtain the maximum 
expected shear force in Fig. 4-17, and it may be 15 to 20% lower than 
that obtained by using the outer diameter of the ball, as was used in 
Table 4-1. However, some fine pitch capillaries do not produce bonds 
with the traditional squashed-ball shape. They may be an inverted 
conical shape (see Fig. 4-18), or a minimally squashed classical shape. 
Fine pitch balls tend to be welded over a very high percentage of the 
interface, and the outside perimeter is typically used for calculations.

The curves of Fig. 4-18 can be used to establish the maximum shear 
force obtainable in as-made ball bonds. However, no minimum accept-
able value can be deduced from that curve, but it has been addressed 
by comparing wire pull and ball-shear data [4-19] and in one standard 
(Sec. 4.4.11). If the mean pull force is plotted against the mean shear 
force, a minimum shear force will be found in which no ball bond lifts 
occur during pull testing. Such a procedure requires thousands of 
bonds to obtain meaningful data. In this study with large diameter 
balls by today’s standards, the mean shear force of good bonds was 
approximately 80 gf, and the crossover shear force, where some ball-
lifts occurred during pull testing, was 40 gf shear force. Therefore, by 
this criterion, a minimum acceptable shear force appears to be approx-
imately one-half the indicated shear force value in Fig. 4-17. [However 
this does not consider the thermal stress reliability requirements of Au-
Al bonds, which require higher shears of about 5.5 g/mil2 (84 MPa). See 
Fig. 4-23 and its top curve along with its discussion.] Fine pitch appears 
to result in higher values, but is more subject to thermal degradation.

The microelectronics industry has been moving toward fine-pitch 
ball bonding (<50 µm pitch), as well as experimenting with high-
frequency ultrasonic energy. To compare the shear strength (amount 
of welding) from one ball size (or US frequency) to another, the industry 
has begun to use normalized shear-test values [4-25, 4-26, 4-27]. For this 

∗Capillary imprints on fine pitch balls often extend to the outer diameter of the 
ball, depending on the specific tip design. For these, the outer diameter should be 
used in calculations.
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case, the shear strength is calculated by dividing the measured shear 
force (SF) by the area of the ball (calculated from optical measurements 
of the outer bond diameter). As used in one study [4-26], two optical 
measurements of bonded-ball diameter are made at right angles in an 
“effort” to correct for noncircular balls. The equation is
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(4-6)

where dx= ball diameter in the x direction and dy = ball diameter in the 
y direction.

When the ball appears to be mostly round, the dx and dy can be 
replaced simply by a single diameter measurement, D.

 SS
SF= ×

×
4
2π D

 (4-6a)

Typical values of SS range from 5 gf/mil2 to greater than 7 gf/mil2. 
The intermetallic measurement (welded area) is usually obtained by 
etching the bond pad from under the ball with some etchant that does 
not attack the ball (e.g., 25% solution of KOH) and then observing the 
intermetallic (metal disruption) on the bottom of the ball. A high-power 
metallurgical or other microscope can be used for this purpose.

45 µm

28 µm

FIGURE 4-18 The minimal (conical) shape of some fi ne pitch ball bonds. 
(Courtesy of K&S.)
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Table 4-1 was summarized from extensive data from several 
sources to show the bond characteristics and values obtained by this 
method. Shear force, SS values, and intermetallic percentages are com-
pared for bonds intended for a range of fine-pitch processes. The cor-
relation between the amount of intermetallic, or metal disruption, on 
the ball and the shear strength has been established [4-26, 4-27], and, 
thus, the actual amount of intermetallic is only determined occasion-
ally (e.g., for a major change in metallization or Au wire dopant).

One would assume that a simple square-law equation (related to 
the bonded-ball area) using the data from Table 4-1 could be used to 
predict the expected shear force of fine pitch bonds, knowing the actual 
welded area (percentage of intermetallics). This could then be related 
back to Fig. 4-17. However, the actual curve-fitting equation using data 
from Table 4-1 turned out to be less than square law.∗ It is

 SF(welded area dia.) = 0.024 D1.78 (4-7)

where SF is the shear force in gf, and D is the equivalent diameter of the 
actual welded area in micrometers. The correlation coefficient is: r2 =
0.999. This equation can be used on fine-pitch bonds (≤100 µm) to deter-
mine the equivalent welded diameter (and from that the percent that are 
intermetallics) or the shear force if the percentage of intermetallics is 
known. Also, using the data from Table 4-1, one can project that, for a 
60-µm pitch process, the effective bonded-ball diameter would be 34 µm 
(for 80% welded area and represents an actual diameter of 38 µm) and 
the shear force would be 13.4 gf. From Fig. 4-17 it would be nearer 12 gf, 
not a bad approximation. (See Chap. 9 for further fine pitch details.)

Using the actual measured bonded-ball diameter (in micrometers), 
the equation becomes:

 SF(ball dia.) = 0.023 D1.75 (4-7a)

where r2 = 0.98. Equation (4-7a) assumes ∼80% welded area under the 
bonds, and the diameter is measured optically as the outer perimeter. 
This equation is easier to use than Eq. (4-7), since only the measured 
diameter of the bonded ball is required. However, since the welded 
area under production bonds normally varies, results on any experi-
ment may also vary. Still, this equation is an adequate approximation 
for most finer-pitch (≤70 µm) situations (see testing of fine pitch 
bonds, Chap. 9).

∗Since the actual bonded area was used, a square-law behavior related to the 
in creased cross-section should have been observed. The reasons for fine-pitch 
bonded balls producing a shear-force-to-bonded-area relationship different from 
larger diameter bonds are not understood, and more study is indicated. Very fine 
pitch bonds have been observed to have a larger percentage of welded area (shear 
strengths consistently >7 gf/mil2 than equivalent larger diameter balls).
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4.3.6  Effect of Gold-Aluminum Intermetallics 
on the Shear Force

When Au is thermosonically bonded to Al, intermetallic compounds 
form in the interface. In fact, it has become a normal procedure to 
evaluate the amount of weld formation by observing the amount 
and distribution of those compounds as described above. Consider-
ing this, one may wonder what effect intermetallics have on the 
shear test. In the as-made condition, these are thin and have no 
effect on the shear force [4-26, 4-27] except that they are essential for 
strong Au-Al welding. However, after thermal exposure (thermal 
stress test, high-temperature environment life, etc.) the compounds 
will grow. They may appear as spikes into the ball bond in poorly 
welded interfaces (see Sec. 4.3.7) and have some effect on the shear 
test.

There appears to be minimal data on either the tensile or the shear 
strength of intermetallic compounds. However, Philofsky [4-29] made 
estimates of the tensile strength as a result of tensile testing Kirkendall-
void-free Au-Al couples and concluded that all of the intermetallic com-
pounds are at least three times as strong as annealed Au or Al. (Also see 
Table 5-1, Chap. 5, for many properties of these intermetallics.)

Considerations of the binding energy of the compounds would 
suggest that these compounds could be 10 times as strong as either 
Au or Al, and this is generally verified by hardness measurements 
[4-30]. Even though such compounds are brittle, we conclude that 
they should not result in lowering the ball-bond shear force as long as 
the interface is void-free. As they spread laterally in the interface, they 
can actually increase the shear force (equivalent to more complete 
welding). Such an increase in strength (10% or more) during the early 
part of high-temperature tests has often been observed [4-17], and 
this explains why bonds made at relatively high temperature are 
reported to be initially the strongest.

The formation of intermetallic compounds under a ball bond can 
produce considerable stress on the silicon [4-31]. The added stress of 
a ball-shear test can then result in silicon damage (cratering). See Sec. 8.1 
for a discussion of this problem and App. 4A, Failure Mode 3, for an 
example.

4.3.7  Pluck Test, Pry Test, Flip Test, etc. 
(Failure Analysis Technique)

If an Au ball bond to Al is poorly welded and subsequently under-
goes thermal stress, then intermetallic spikes may form that will 
extend into the Au and Al [4-32]. Figure 4-19 is a drawing of such a 
bond. These spikes can add lateral strength to the bond when it under-
goes shear testing and yield a deceptively high shear force. A failure 
analysis procedure to examine such bonds can be used to reveal this. 
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A fine scalpel blade is used to pry or “flip” the bond up, leaving the 
intermetallic spikes on the pad and on the lifted ball for examina-
tion. This was called the “pluck test.” Weak, “as-made,” bonds 
could more easily have been revealed by a shear test during pro-
duction (before any spikes were thermally generated), and the 
problems of poor bonding machine setup or contamination could 
have been solved at that time. But when it does occur, failure anal-
ysis may be required. Thermal stress experiments on intentionally 
weak bonds (shear force <50% of optimum) made on clean pads 
by Harman (unpublished) indicate that, when the shear force has 
decreased to about half its original value (<25% of normal), the 
described mechanism becomes significant. In some cases, bonds 
with shear forces of 10 to 15 gf will lift in a pull test at 3 to 5 gf. 
This happened frequently enough to require application of the 
nondestructive pull test at various stages of the ball-shear, ther-
mal-stress experiments to remove bonds with this failure mecha-
nism. It should be noted that strongly welded Au ball bonds that 
are thermally stressed result in relatively uniform intermetallic 
formation and have not been observed to fail by this mechanism. 
An example of this phenomenon would be similar to that shown 
in Fig. 5A-1 in Chap. 5, App. 5A.

Such failure analysis methods have not been applied to fine pitch 
balls, because of the difficulty of inserting a probe under them. Almost 
as much information can be obtained from etching the Al pad out 
from the ball with 20% potassium hydroxide and examining the 
“turned over” ball. However since the pull test is often applied to 
these bonds, one occasionally sees spikes remaining in the pad after 
thermal stress test lift-offs.

Aluminum
bond pad

Blade

Shear
forceGold ball bond

Au-Al
intermetallic

Die

FIGURE 4-19 Schematic of a ball bond with isolated intermetallic growths. 
These growths can offer considerable resistance to a ball-shear probe, but can 
often be “pried” up with a scalpel or will lift with low force in a pull test [4-32].
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4.3.8  Comparison of the Ball-Shear and the Bond-Pull Tests
The most effective comparison between the ball-shear and the bond 
pull test was given by White [4-33]. Strong Au ball bonds were made 
to Al integrated circuit metallization, and they were put on tempera-
ture test at 200°C for 2688 h. The degradation of the Au-Al interface 
was studied by monitoring both the shear and pull test at various 
time intervals. White’s data are replotted in Fig. 4-20. The bond 
interface strength decreased by a factor of 2.6, presumably due to 
Au-Al intermetallic formation and possibly some Kirkendall void-
ing. However, these were not sufficient to impair the electrical oper-
ation of the devices (adding only a few milliohms). During this time, 
the pull force actually increased slightly, presumably due to changes 
in the Au wire metallurgy. Thus, the pull force is not a valid indica-
tor of a ball bond’s interface strength. It should be noted also that 
this severe thermal stress, which consumed all of the available Al 
(the flat portion of the ball-shear curve), did not result in device 
failure.

4.3.9 Applications of the Ball-Shear Test

Bonding Machine Setup Parameters, Thermocompression Bonding
Thermocompression (TC) bonding has fallen into disuse because of its 
high temperature requirements and long bonding times. A synopsis of 
the setup parameters is included for any occasional continuing usage of 
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FIGURE 4-20 Gold-ball bond-shear force-and-pull force versus time at 200°C. 
The ball bonds were made with 25 µm (1 mil) diameter gold wire, were 
approximately 100 µm in diameter. They were bonded to pure Al integrated-
circuit bonding pads. Note the change of scale from shear force (left) to pull 
force (right). Error bars were observed to narrow as the intermetallic growth 
stabilized. (Curve is a replot including private data from White [4-33]; © IEEE.)
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this technology. It was used for much early work that is still part of the 
basis of our understanding of bonding and was essential in developing 
the ball-shear test. Directly or indirectly, the majority of published work 
on the ball-shear test has resulted in improving the setup parameters of 
bonding machines. Generally, for TC bonding, the machine is set up for 
a bond interface temperature of 300°C, a bonding time of 0.2 s, and a 
bonding force of 100 to 125 gf to obtain strong thermocompression ball 
bonds from 25 µm (1 mil) diameter gold-wire on either Al or Au metal-
lizations. These parameters offer good shear strength, even in the pres-
ence of a moderate amount of organic contamination [4-14, 4-16]. Typi-
cally, the higher the temperature the greater the bond strength if some 
contamination is present, see Chap. 7. 

Bonding Machine Setup Parameters, Thermosonic Bonding
Jellison [4-21] studied thermosonic bonding characteristics of both 
thin and thick Al films and is further discussed in Cleaning, Chap. 7. 
In general, early workers found that the shear force improved sig-
nificantly with increased ultrasonic power and temperature. Weiner 
[4-35] studied TS bonding the effect of US power on ball bonding 
setup with both Al and Au metallizations, using manual bonders. His 
data is plotted in Fig. 4-21. It shows greater US power sensitivity of 
the shear force for Al metallization than for Au.
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FIGURE 4-21 The effect of ultrasonic power on ball-shear force. Bonds made 
with 25 µm (1 mil) diameter gold wire. The stage temperature for these 
measurements was 125°C, and the bonding force was 30 gf. This may be 
appropriate for one set of conditions/bonder and is given as an example. 
(After Weiner [4-35]; © IEEE.)
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Currently most organizations use design of experiment methods 
(DOE) obtained for ball-shear force encompassing machine variables 
are described in Chap. 8, App. 8B, DOE for modern autobonder setup 
by Lee Levine. There are significant differences between the older 
results on manual bonders and ones obtained using modern auto-
bonders. This is not resolved, but may result from autobonders using 
short bonding times (8 to 15 ms vs. 50 or so ms for manual ones, and 
the force may change) whereas current autobonders use high fre-
quency US energy. At any rate DOE setup (above) must be used for 
current autobonders! 

The order of priority of the bonding machine parameters

Power is the most important variable.

Bond force and impact are important on ball diameter, especially in 
ultrafine pitch, and maybe for reliability.

Temperature is important, especially for second bond (crescent) 
strength.

Time is a minor variable.

Although values are different, their relationship is approximately similar for 60 
and 120 kHz. One study, Charles, IMAPS 2002, found that for short thermal aging 
times, 100 kHz gave better shear strength than 60 kHz. Thus the effect of fre-
quency on reliability of Au-Al bonds must still be studied to find its limits.

Earlier investigators have described DOE methods for setting up 
TS bonders [4-37, 4-38, 4-39] and obtained differing coefficients. It is 
clear that, at the present time, each machine type may have enough 
variability to require its own DOE setup procedure. Currently trans-
ducers within a single manufacturer are very similar. However, dif-
ferent manufactures often run at different frequencies (90 to 135 kHz 
typical) with experimental transducers above 250 kHz. They may use 
shorter bonding times for higher speed/throughput, etc. 

For TC bonding, it was possible to assemble published data and 
give typical bonding parameters. This is not possible for TS bonding, 
partly because the published data or parameters do not overlap, and 
partly because of the reasons cited above and further development into 
fine pitch. Since there are no clearly defined universal parameters, it is 
extremely important to use DOE along with the ball-shear test to opti-
mize bonding machine setup which is done with modern software.

Evaluation of Production Bond Quality
The major use of the ball-shear test, as with the pull test, lies in the 
area of production quality control. This test was slow to gain accep-
tance after its introduction in the 1970s, due to the lack of commercial 
testing equipment and standards for its use. Both problems have long 
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been corrected (see Secs. 4.3.2 and 4.3.11), and currently (2008) all 
major semiconductor assembly and MCM/hybrid/SIP facilities are 
using the shear test to control their ball bond production.

Historically, the first published use of the ball-bond shear test 
(in 1967) was to monitor and control aspects of microelectronic (chip) 
production rather than to evaluate bonding. Gill [4-14] used it to 
monitor adhesion of the “then” new molybdenum-gold metallization 
system. Weak adhesion of Au to molybdenum was revealed by the 
Au peeling from the molybdenum during the bond-shear test. The 
shear test is still an excellent method to determine the quality of met-
allization adhesion (see 4-15) and has also been used to evaluate the 
tendency of different metal and bond systems to crater under plastic 
package generated shear and thermal stresses.

It is apparent that the high stresses applied to ball bonds in plastic-
encapsulated devices during molding and later during thermal cycling 
(and also the thermal shock during surface-mount soldering) make it 
essential to use the ball-shear test for production-bond quality control. 
When used as a continuing production test, the shear test will reveal the 
degrading effects of recently introduced contamination, as well as any 
variation in the metallization or glassivation removal process. This 
information can be obtained quickly enough to take corrective action 
before large amounts of a failed product are made. Several studies 
have shown a correlation between ball-shear test results and the reli-
ability of the devices [4-40 to 4-43].

The nondestructive ball-shear test was investigated only twice 
[4-19, 4-39], and it was found that balls can be stressed to 75% of their 
destructive shear force without significant final shear force degrada-
tion. In principle, this test could be used to assure production-bond 
quality as can be done with the nondestructive bond-pull test. How-
ever, great care is required in positioning the shear tool. As a result, 
the test is slow and, therefore, costly, which has prevented its further 
consideration. A worse problem, however, is probable damage to the 
top surface chip passivation, and in the case of fine pitch, it becomes 
impossible to use. Thus, although this was an interesting investiga-
tion historically, it cannot be recommended for production and abso-
lutely cannot be used on fine pitch bonds.

4.3.10 Shear Test for Wedge Bonds
The shear test is clearly useful for evaluating ball bonds, but is it also 
useful on small-diameter ultrasonic Al wedge bonds? A cooperative 
experiment between NIST and Sandia National Laboratories (reported 
in [4-44]) was designed to determine this. The test consisted of three 
groups of 25 µm diameter Al, 1% Si wire, [BL = 12 to 14 gf (× 9.8 for 
mN)] ultrasonic wedge bonds on a single wafer substrate made at 
NIST. Half of the bonds (randomly selected) were pulled to destruc-
tion, and then the wafer was sent to Sandia where the remaining 
bonds were shear tested. The data are shown in Fig. 4-22.
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These results may be understood if the metallurgical nature of the 
bond is considered. For Al ultrasonic wedge bonds, the bond heel 
becomes metallurgically overworked and weakens as the bond defor-
mation increases, but the amount of the welded area increases simulta-
neously. The pull test is particularly sensitive to the weakening of the 
bond heel. Therefore, the pull force decreases as the deformation 
increases. The shear test, on the other hand, is completely independent 
of the condition of the heel; it is sensitive only to the actual amount of 
welded area. A high-shear value could be obtained from a wedge bond 
with a cracked or completely broken neck (heel). From the above, it is 
apparent that the shear test is not very useful for evaluating Al wedge 
bonds made from small-diameter wire, particularly as the bond defor-
mation increases above two wire diameters. However, since current 
shear testers can be easily positioned within several micrometers, they 
are occasionally used to evaluate the welded interface on small Al wedge 
bonds when the problems described above are understood. The mini-
mum wedge bond deformation recommendation for high frequency 
bonds (made with ≥ 100 kHz) is approximately 1.25 × wire diameters. 
Thus, shearing such with modern equipment is generally feasible 
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FIGURE 4-22 Data from bond-pull tests and bond-shear tests on ultrasonic 
aluminum wedge bonds of 25 µm (1 mil) diameter wire on aluminum 
metallization. The error bars represent one standard deviation of the mean 
above and below the mean breaking strength ~20 bonds [4-9].
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unless the wire diameter is less than or equal to 25 µm. See Levine 

[4-45] for a concise discussion of fine pitch and ribbon testing.
The greatest use of the shear test on wedge-wedge bonds takes 

place on large-diameter Al wire wedge bonds, such as are used in 
power devices. These are usually made with parallel, V-grooved tools 
and stand relatively high. Such bonds can be successfully evaluated 
with a shear tester. For example, if a 250 µm (10 mil) diameter Al wire 
is deformed 20% (at the interface) and has a foot length of 750 µm
(30 mil), then the shear force will be approximately 1.6 kgf (3.5 lbf) if 
the interface was fully welded.∗ A well-bonded Al wedge bond from 
large wire [diameter ≥ 100 µm (≥4 mil)] on a power device should 
yield a shear force value on the order of 2 to 4 times the pull force 
value (depending on the length of the bond), thus greatly increasing 
the sensitivity for bonding machine setup purposes. A shear strength 
value [see Eqs. (4-6) and (4-6a) in Sec. 4.3.5] can be defined for large 
wedge bonds by substituting the wedge-pad contact area (bond 
length times width) in place of the ball area, as in Eq. (4-9). This will 
make it possible to compare bonding quality between different-sized 
wires, foot lengths, or possibly different metallurgies.

  
SS

SF
(wedge bond) =

×




L W

 (4-9)

where SF is in gf, W is the interface width, and L is the bond length. 
Both are normally in mils, but as in Eq. (4-6) could equally well be in SI 
units. In the example above, the SS = 4.4 gf/mil2 (0.07 mN/µm2). This 
is one random example but real experimental data should be higher.

An interesting testing change has occurred now that ball-bond 
pitch has decreased below 50 µm. First, the shear test is increasingly 
hard to apply due to interference with adjacent bonds. Second, the 
bonded area will be reduced to the point that a bond pull test will 
adequately evaluate the strength of a ball bond. A pull test criterion 
can be based on 75% welded area (percentage of intermetallics) of the 
ball. When this area becomes equivalent to the wire diameter, then 
the pull test will adequately evaluate the ball-bond strength, and 
that test can be substituted for the shear test. (We note here that 
the adhesion of the bond pad metallization to the substrate can fur-
ther lower the pull-failure force and may result in lifted metallization—
a condition that many current specifications reject. The need for such 
changed pull criteria/specifications will be discussed in Chap. 9.)

Ribbon bonds with a height of 12 µm (∼0.5 mil) or higher can also 
be successfully tested with a shear tester. Optimum shear test values 
for both ribbon and large-diameter wire can be obtained from the 
curves of Fig. 4-17 by correcting for the rectangular bonded area.

∗Based on 700 kg/cm2 (10,000 psi) shear force of annealed Al and a wire-breaking 
load of ~500 g (1.1 lb).
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Shear testing has been used for years to test the integrity of TAB 
bumps at the wafer level. It was also used to measure the strength of 
the bonding between the TAB lead and the bump as well as the lead 
buckling force [4-46]. Typically, such tests were performed with a wire-
bond ball-shear tester. The shear test is universally used to determine 
the strength of solder balls on chips for flip-chip attachment.

4.3.11 Ball-Shear Test Standardization
The ball-shear test is used in essentially all major semiconductor 
assembly facilities around the world to control ball-bond production 
for all but the finest pitch. There are two published standards on its 
usage, as well as many internal company manufacturing specifica-
tions. The first standard specification was published by ASTM in 1990. 
It is ASTM F 1269, and was updated in 2006. It is test methods for 
shear testing of ball bonds. This test was originally documented by a 
round robin involving six cooperating laboratories [4-47]. The EIA 
JEDEC committee JC-14.1 has issued a shear test standard which is 
available on the Internet as a JEDEC (commercial) standard (www.
jedec.org/download/search/22b116.pdf): Wire Bond Shear Test 
Method, EIA/JESD22-B116. This test contains recommended shear 
test values, see Fig. 4-23. It is now called out in MIL-STD. 883G/H. 
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Thus, adequate standards are available to implement the ball-
bond shear test. The recommended values (below) do need to be 
eventually modified in the future. The top curve in Fig. 4-23 [5.5 g/
mil2 (84 MPa)] should be chosen as the minimum individual shear 
reading for Au ball bonds on Al pads, when long-term reliability 
(1000 h at 175°C or equivalent) is required [4-48]. This is typically a 
required test for some important industries. 

4.4  Evaluating Both the Ball and the Wedge Bond 
on a Single Wire

The wedge (or crescent) bond of a ball-wedge bonded wire, as with a 
wedge-wedge bonded wire, is best evaluated with a pull test. One 
study found that there was only negligible degradation of the ball-
shear force after bond pulling and concluded that the pull test can 
therefore be done first [4-39]. Similar statements are made in ASTM F 
1269-06. Thus, the ball can be sheared after the loop is pull tested, 
allowing data to be obtained from both bonds of a single wire and 
minimizing the required sample size.

4.5 Thermal Stress Test for Au-Al Wire Bond Reliability
Gold bonds on Al pads (or the reverse) have long been observed to 
fail beyond some level of thermal stress (see Chap. 5, Intermetallics). 
However, Horsting [4-49] (see Chap. 6 for Al bonds on Au) found 
that, if the bond is well made and there are no impurities present in 
the bond interface, the bond will remain strong even after long times 
at high temperatures. If impurities are in the interface or the bond is 
poorly welded, then the bond-strength may degrade rapidly during 
such stress. To reveal potential problems in a new gold-plated pack-
age lot, Horsting applied a stress test that consisted of a 390°C bake 
for 1 h, followed by a pull test. If the bonds lifted (interface separa-
tion) in a pull test, the entire package lot was rejected. Ebel [4-50] 
introduced an entire bake schedule as a screening procedure to 
reveal similar potential bond failures for hybrids. Later, MIL-STD-
883, Method 5008 for hybrids, specified a similar, though less severe, 
test of 30°C for 1 h and a pull-test value specified as greater than or 
equal to 1.5 gf (14.7 mN)—post seal. Currently (2008), this is in MIL-
PRF-38534. The time, temperature, and other conditions of these 
various stress tests are given in Table 4-2. It should be emphasized 
that this stress test is only useful for bimetallic bonds that diffuse 
and react readily (e.g., Au-Au and noble metal bonds improve with 
temperature, and Al-Al bonds stay about the same—see Chap. 5, 
Sec. 5.3.7).
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4.6 Future Issues in Wire Bond Testing
Bond testing in the future will be influenced by the increasingly finer 
pitch of IC bond pads and the corresponding decreasing size of the 
bonds. For the pull test, as package sizes and loop heights decrease, it 
has become increasingly difficult to get the hook under the wire. The 
problems described above of pulling wires in multiple-tier packages 
applies to decreasing pitch and loop height as well. This further compli-
cates application of the destructive pull test. The normal procedure for 
multiple-tiered packages is to pull test each tier, from the top down, but 
some loops may be too low to insert a hook un derneath them. The NDPT 
becomes impossible to apply.

The ball-shear test will be applied to smaller diameter balls, as 
well as ones that are not as high. This requires flatter substrates, more 
precise shear-tool height adjustment, and narrower shear blades 
(which will wear out more rapidly). Modern shear testers have the 
capability of shearing with the required precision. However, in many 
cases similar test methods can be used, but with more care. One is 
substituting SPC as an alternative to extensive destructive pull test-
ing. SPC must be applied as the pitch decreases. High volume auto-
bonders make bonds very uniformly and in general require less test-
ing, as long as DOE (Chap. 8, App. 8B, by Lee Levine) is used for 
setting them up. 

An important testing change has occurred as ball-bond pitch has 
decreased below 50 µm and the shear test becomes impractical.∗ The 

TABLE 4-2 Various Thermal Stress Tests for Au-Al Bond Reliability Assessment

Time (h) T °C Pull Test Failure Criteria Reference

1 390° Weak or lifts@ [4-49]

1
4
24
200
3000

350
300
250
200
150

Less than one
half the minimum
acceptable post
seal pull force of
(MIL-STD 883, Method 2011)

[4-50]

1 300°C <1.5 gm for 1 mil 25 µm wire
<1 gm for smaller wire

MIL-PRF-38534F
App. C [4-7]

∗ITRS predictions are that both ball bonds and wedge bonds will decrease in size 
to 20 µm pitch.
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bonded area will be reduced to the point that a bond pull test will 
adequately evaluate the strength of a ball bond. A pull test criterion 
can be based on 75% welded area (percentage of intermetallics) of the 
ball. When this area becomes equivalent to the wire diameter, then 
the pull test will adequately evaluate the ball-bond strength, and then 
that test can be substituted for the ball-shear test. (We note here that 
low adhesion of the bond pad metallization to the substrate can fur-
ther lower the pull-failure force and may result in lifted metallization; 
a condition that many current specifications reject.) Such changed 
pull criteria for Cu/Lo-k and fine pitch chips will be discussed in 
detail in Chap. 9. 

Area array bonding has recently been introduced (see Chap. 9). 
Testing them is similar to testing multiple tiers of bonds in a package. 
The hook can only be inserted by pulling the top layer, then going to 
the next layer down. It can be further complicated by fine pitch. Usu-
ally the bond numbers are so great that it becomes impractical to pull 
or shear test them, except on test structures, and then bonded only on 
one layer. This method is also applicable ball shear testing of area 
array ball bonds.

Visual inspection, which in the past has been used for some high-
reliability and space devices, was often carried out along with 
mechanical testing. It is much more difficult or impossible to perform 
on fine-pitch bonds, and also the acceptance criteria are changed. 
Fine-pitch ball and wedge bonds may appear different from past 
accepted requirements for courser pitch. The former have smaller 
diameters and bond height, and they may be conical instead of 
squashed ball shape (Fig. 4-19). Wedge bonds made with high fre-
quency US can be narrower, but still strong. Both would be rejected 
under older course pitch visual inspection criteria (e.g., in MIL- STD-
883G/H and earlier editions). Such criteria has been recently (2008) 
revised, and any visual criteria can now be compatible with testing 
new fine pitch bonds, as well as many contemporary commercial 
specifications. (See Chap. 9 for pull testing of ball bonds on Cu/Lo-k 
and other fine pitch bonds.) 

Appendix 4A  Typical Failure Modes of the Ball-Shear 
Test (Failure Mode 2 Is the Normal 
Desired Test Result)
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Initial conditions Failure mode 1

Failure mode 2 Failure mode 3

Failure mode 4 Failure mode 5

Wire Shearing ram

Shearing ram

Shearing ram

Shearing ram
Wire

Tipped
substrate Ram

contacts pad
or substrate

Shearing ram

Gold left on pad

Shearing ram

Bond shoulder

Interfacial contact
ball bond weld area

Bonding pad

Ball separated
at bonding pad

Bonding
pad intact

Bonding
pad

Bonding
pad

Bonding pad lifts
taking portion of

underlying substrate
material with it

Ball sheared too high
(off line, etc.) only a
portion of shoulder
and ball top removed

Ball bond

Test specimen

Specimen Clamp

(a) Normal test configuration

(c) Ball shear — leaving gold on pad

(e) Wire shear

(d) Cratering

(f) Ram contacts substrate

(b) Ball lift

∆h

FIGURE 4A-1 Shear test failure modes. (After Charles [4-47] and ASTM F 1269-06, 
with modifi cations.) (© ASTM 2006)



120 C h a p t e r  F o u r

Appendix 4B The Nondestructive Bond Pull Test

 

FIGURE 4B-1 Of what value is a nondestructive pull test? It can reveal 
cosmetically perfect wedge (and ball) bonds that would lift, as above, in a 
low-force pull test (in this case ~0.2 gm).

4B.1 Introduction
In 2008, the nondestructive wire-bond pull test (NDPT) was only used in 
specialized circumstances, such as for planetary space missions, and a 
few in similar critical situations. It is expensive and cannot be used in 
some circumstances, such as for fine pitch bonds. This test is performed 
similar to the destructive pull test, but it is intended to reveal weak bonds 
while avoiding damage to acceptable bonds. Figure 4B-1 is an example 
of an NDPT on a weak, Al wedge bond. As with the destructive test, it is 
only useful on wedge bonds or the wedge bond of a ball-wedge bond 
(see ball-shear test in Sec. 4.3). For the NDPT, the maximum applied 
force to the bond loop is limited to some predetermined value that is 
below the normal destructive pull test value. The resolution of forces 
Eqs. (4-1) to (4-5) apply and are important for understanding when a 
weak bond does break. The test is usually applied on a 100% basis to all 
wires in a multichip module or IC, but in some cases it may be limited to 
areas or to specific pads of a chip found to have repeated bonding prob-
lems. From the late 1960s until about 1990, the NDPT was used for many 
hermetic, high-reliability (mostly military and space) electronic devices. 
The test was a requirement for all class-S/K (space) devices. Around the 
end of this period, high-lead-count fine-pitch multitiered pin grid array 
and similar packages came into common use. It was difficult, if not 
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impossible, to nondestructively pull the overlapping wires without the 
hook damaging some wires and/or causing shorts between wire layers. 
Thus, NASA and the U.S. military undertook an alternative statistical 
process control (SPC) method for wire bonding as a substitute for the 
NDPT. SPC was allowed for devices with packages having 84 or more 
external terminations and with nominal bonding wire pitch at the pack-
age post of less than or equal to 305 µm (12 mils). Early evaluation stud-
ies of the NDPT were carried out by a number of organizations, but often 
the information was obtained for in-house purposes and remains unpub-
lished. The several early published reports [4-51 to 4-54] indicate that the 
NDP test is valid under the specific conditions of each particular experi-
ment. Of these, only Polcari [4-51]recognized and discussed the impor-
tance of bond geometry. He also repeatedly stressed a number of bonds 
to their chosen NDP force and found that some did not fail during 100 
applications of this force, whereas others failed after only four or five 
trials. The average bond withstood about 50 successive applications of 
force before failure. However, the standard deviations of the destructive 
bond pull force for the bonds available to them were quite large. Many 
of the bonds would have been stressed beyond their elastic limits (see 
Sec. 4B.2). All of the bonds were stressed at forces higher than those rec-
ommended in the present work.

The nondestructive pull force is usually specified for a given wire 
diameter and metallurgy (see ASTM F 458-06, MIL–STD-883 G/H, 
Method 2023.5 [4-55] and MIL-PRF-38535). Typical values for 25 µm 
(1 mil) diameter wire are 2.0 gf for Al and 2.4 gf for Au. Various in-
house specifications have ranged from 0.8 to 3 gf for the same wire size. 
However, such specific values make no allowance for bonds having 
widely different geometries. The test will break a strongly welded wire 
bond when (because of package or other limitations) it has a very low 
loop. Likewise, fixed-pull values apply relatively less testing force to 
bonds with high loops.

A more scientific approach to deriving the NDP force is to consider 
the metallurgical characteristics of the specific wire (obtainable from the 
manufacturer) in addition to the bond geometry. Figure 3-1 in Chap. 3 
showed two differing elongations of wire used for bonding. Although 
those curves are for Al wire, equivalent data for Au wire would be sim-
ilar. Note that Au wire for use in thermosonic and thermocompression 
bonding is annealed and would generally have stress-strain character-
istics nearer to those of curve A in Fig. 3-1. To avoid metallurgical change 
or damage to wires during pulling, the wire must not be stressed beyond 
its elastic limits, region 1 of the stress-strain curves.

4B.2  Metallurgical and Statistical Interpretation 
of the NDP Test

The metallurgical and statistical interpretation of the NDPT was 
given by Harman [4-56] and the following treatment is taken from 
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that work. A normal distribution destructive bond-pull control limit 
of (x– − 3σ), often used in the electronics industry, assures that only 
one normal distribution bond out of 740 will have a pull force below 
that value (note that bond pull forces in a large population may not 
be normal, see Sec. 4.2.2). Reducing the NDP force 10% to 0.9(x– − 3σ), 
where σ ≤ 0.25 x, will assure that no bond within the normal (x– − 3σ) 
distribution is stressed past its elastic limit, whereas any freaks (bonds 
with low, non-normal, bimodal, etc., pull forces) will be weeded out. 
Only those bonds whose pull force lies in the range of (x– − 3σ) to 
0.9(x– − 3σ) may be stressed, to some degree, beyond their elastic lim-
its. All bonds with pull forces below that range will be broken, and all 
bonds with pull forces above it will only be stressed within their elastic 
limits. The actual percentage of bonds that lie within the inelastic stress 
range will depend on the relationship between x– and σ.

In cases where very low standard deviations are encountered (σ ≤ 
0.15 x–), as may happen in volume production using autobonders, the 
NDP force can be changed to 0.9(x– – 4σ). In this case, no more than 
one normal distribution bond out of ~30,000 would be stressed past 
its elastic limits. In a situation where x– = 6 gf and σ. = 0.15 x–, the NDP 
force would be approximately 2.1 gf, and only one normal-distribu-
tion bond in 45,000 would be stressed beyond its elastic limits. Table 
4B-1 gives the percentage of those bonds whose pull force will lie in 
the inelastic stress range for both the normal and the low criteria. For 
low elongation wire, the maximum safe NDP force is 0.9(x– – 3σ), 
where 0.25k > 0.15x–, and 0.9(x– – 4σ) when σ ≤ 0.15 x–. No NDP testing 

Standard Deviation 
as Percentage of 0

Percentage of Bonds with Pull Strengths Lying 
in the Range

(x̄ - 3r) to 0.9 (x̄ - 3r) (x̄ - 4r) to 0.9 (x̄ - 4r)

25 0.038 —

20 0.066 —

15 0.1 2.2 × 10−3

10 0.12 3.0 × 10−3

 5 0.13 3.2 × 10−3

aThis table is calculated on the assumption that the bond pull strengths (excluding freaks, 
which usually have very low pull strengths) fall approximately within a normal distri-
bution rather than, for example, a bimodal one. If more bonds than predicted have pull 
strengths falling below that of normal distribution, particularly in the range of 0-3 to 
0.9(x̄ − 3σ), then more bonds may be damaged than are indicated in the table, and con-
versely. Plots of bond data on normal probability paper can be used as a simple means 
of determining the normality of the distribution (see Sec. 4.2.3) or data entered into a 
statistical program.

TABLE 4B-1 Percentage of Bonds in the Inelastic Stress Rangea
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is recommended for cases where σ > 0.25 x–, since this indicates that 
some aspects of the bonding procedure are out of control and either a 
low, meaningless NDP force would have to be used or too many 
bonds would be stressed beyond their elastic limits and/or broken. 
Table 4B-1 gives a summary of the NDPT recommendations for wire 
with various elongations.

4B.3  Assessment of Any NDP Test-Induced 
Metallurgical Defects

During the NDP test, with the NDP force limits derived above, the 
wire is only subjected to approximately one metallurgical stress-fatigue 
cycle. Bulk Al and Au will normally withstand hundreds of thou-
sands of such cycles when the stress is kept below the elastic limit. The 
stress during the NDP test is primarily along the wire; thus, there are 
essentially no outer-fiber-strains (from bending) in the bond heel area 
to enhance the probability of unannealable crack formation.

Under these conditions, any stress-fatigue developed below the 
elastic limits of the bond-loop system during the NDP test should be 
small. Also, almost all devices whose reliability is critical enough to 
require NDP tests (usually space applications) will routinely undergo 
thermal screens, such as burn-in (~125°C for 168 h or equivalent), or 
such screens could be added if desired. These screens should anneal 
any threshold level of NDP-test-induced fatigue occurring below the 
elastic limits, and they can also anneal some, if not all, of the stress-
fatigue which might occur above the elastic limit, assuming no crack 
has formed. Thus, only a small fraction of the NDP-tested bonds, whose 
breaking strength is in the inelastic stress range of Table 4A-2.1, would 
retain a significant number of test-induced metallurgical defects after a 
typical burn-in or other annealing period. Even for a case where a 
small non-annealable crack remains in the bond heel, it would not 

Type of 
Production

WIRE
Composition
Elongation

Relation Between 
(x�) and r on the 
Bond Pull Test

NDP Force 
Recommendation

Normal Al <3% (0.25 ≤ σ > 0.15) x� 0.9 (x�) − 3σ)

High Rel. Al <3% σ ≤ 0.15 x� 0.9 (x�) − 3σ)

All Al 0.5 to 20% σ ≤ 0.25 x� [(x� − 3σ)]/2

All Al >20% σ ≤ 0.25 x� [(x� − 3σ)]/3

All Au  Use same elongation and σ rules as aluminum, except 
that the elastic limit is less predictable from one 
manufacturer to the next.

TABLE 4B-2 Summary of NDP Force Recommendations Relation
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normally be detrimental to the subsequent operating life of the device. 
A reliability problem would arise only if severe high-frequency vibra-
tions (such as ultrasonic cleaning) were encountered or if the bonds had 
low loops and were subject to temperature cycling (see Secs. 8.3 and 8.4).

Forty years after the invention of the nondestructive pull test at 
Autonetics (Rockwell), the idea of the nondestructive pull is still con-
troversial. Some people worry about possible metallurgical damage to 
the neck or heel of the bond, and others are concerned that the hook might 
hit and damage an adjacent wire as it is being positioned. (Note dis-
cussion of the substitution of SPC during bonding for the NDPT on 
high pincount packages at the beginning of this section and in Sec. 4B.1.)

At the time of this writing (2008) there have been hundreds of mil-
lions of nondestructive wire pull tests performed, [4-57], which have 
been a requirement for some military and space (K) devices. All of the 
evidence available indicates that the test is nondestructive. In addi-
tion, it has been shown that the NDP test does not lower the bond-
force distribution of devices that later undergo the usual military qualifi-
cation tests of temperature cycle, burn-in, shock, and vibration [4-58]. 
With regard to damage to adjacent wire bonds (on a single-tier pack-
age), a trained operator is less apt to damage a wire with the hook 
while positioning for a pull than an equivalently trained operator is 
to misplace or otherwise damage a wire while actually making a bond 
with a manual bonder. Automatic nondestructive pull testers have been 
made to specifically avoid touching adjacent wires. In such cases, the 
hook turns parallel to the wire for placement and then perpendicular 
to it for pulling. (However, even this is not adequate for fine pitch or 
packages with bonds in several tiers—where SPC must be used.) The 
NDPT is often used for automatically testing large diameter wedge 
bonds in high volume assembly.

The nature of immature and otherwise poorly bonded interfaces 
has been fully described in Chap. 2. They consist of a series of uncon-
nected microwelds. When an appropriate force is applied, the interface 
begins to separate, first breaking the microwelds nearest to the bond 
heel, resulting in a crack. This crack propagates rapidly along the 
microwelded interface with characteristics similar to those of a (modi-
fied) “Griffith crack” and completely breaks the interface within a few 
milliseconds. If the force is below a threshold value (too low to break 
the first few microwelds at the heel), then no break or damage occurs 
to the interface. Thus, the NDP test is largely a go, no-go test, and any 
possible marginal damage can be assessed by the statistical methods 
outlined above.

4B.4 Limitations of the NDP Test 
Regardless of all of the comments above, the user of NDP-tested 
devices must be aware of the limitations of this test. The test will only 
perform one function. It will remove weak, poorly made bonds with pull 
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forces below the chosen force level at the time the test is performed.
There is no assurance against later bond strength degradation due to
Au-Al intermetallic and subsequent void formation, ultrasonic-
cleaner-induced wire-bond vibration fatigue, or wire-bond flexure fatigue 
due to temperature or power cycling, etc. Such possible failure mecha-
nisms are described elsewhere in this book (see Chaps. 5, 7, and 8).

The effect of post-NDP-test screens and environments on bonds 
should be thoroughly understood by the device user. These are dis-
cussed elsewhere in this book. In some cases, the devices could be 
chosen or designed to minimize post-NDP-test degradation, such as 
using monometallic wire and bond-pad systems and using high bond 
loops. The NDP test, as well as the destructive pull test, is not appro-
priate for screening the quality of ball bonds. The welded area of a 
ball bond would have to be less than the cross section of the wire to 
fail during a standard NDP test [pulled at 3 gf for a 25 µm (1 mil) 
diameter wire]. This could only happen if the bonding process were 
completely out of control.

4B.5  The Current Status of the NDPT (2008) 
for Critical Space Applications

The NDPT is expensive and costs about as much as manually making 
the bonds in the first place—and much more if the bonds were made 
on an autobonder and NDP tested manually. Therefore, the NDPT is 
performed only on critical high-reliability military or class K for space 
(equivalent) and some implanted medical devices. Currently, there is 
pressure to reduce costs of all systems, military and commercial, and 
the NDPT is an area of concern. In addition, with the introduction of 
fine-pitch, costs and time as well as mechanical problems in imple-
menting the NDPT tend to reduce its use. The chosen approach for 
critical military and space applications (with limitations) is to use sta-
tistical process control for devices with more than 84 terminations and 
package-pad-pitch of ≤305 µm (12 mils) (see MIL-STD-883G/H, 
Method 2023.5, paragraph 3.2). This specification is adequate to serve 
as an alternative to the NDPT. There is no mention of multitiered 
packages, which are a primary NDPT problem, as well as the chip pad 
fine pitch. The entire procedure depends upon the bond pull test for 
both Al wedge and Au ball bonds; thus, there is no ball-shear test eval-
uation required for SPC of ball bonds. [Note, the JEDEC Shear test is 
now (2008) called out in MIL-STD-883G/H, [4-7] and hopefully, this 
will also be added to any SPC requirements.]

The difficulty of performing the NDPT under multitiered and/or 
fine-pitch (<150 µm on the package and ~60 µm on the chip) condi-
tions is real, and the above (Method 2023) is helpful. However, the 
problem with any SPC approach is that one must choose which param-
eters to control and how to measure them. There are few specific details 
given in this test method. Cleaning with UV-ozone, plasma, or with 
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unspecified solvents (see Chap. 7) is given as an option rather than a 
requirement. Normal distributions are assumed, but may not exist in 
many devices. In addition, many space parts are still made in small 
numbers on manual bonders, but need wirebond yield loss and failure 
rates to be in the low ppm (near 4.5 σ) range. Any statistical monitoring 
system will, of necessity, have to assume normal distributions, but most 
bond failures in a well-controlled high yield process are better described 
as “freaks” or “outliers” (see discussion in Sec. 9.4 on small-sample sta-
tistics). Assessment of process capability depends on the normality of 
the underlying failure mode distribution. If different simultaneous 
failure modes are present, then it is unlikely that the normality 
assumption will be fulfilled, and estimates of product quality based 
on the expected failure mode will not necessarily reflect the true 
defect levels in devices. Thus, it is not clear that the chosen SPC 
approach and variables will yield the bond quality essential for high 
reliability in the small quantities of individual devices or SIPs needed 
for typical satellite or other space applications. The most encouraging 
aspect of current bonding technology is that modern autobonders 
make very reproducible bonds in high volume production. Unless 
there is a metallization or cleaning problem, the bonds made will be 
more uniform and reliable than obtainable with manual bonders. If 
plasma or UV-ozone cleaning were added to the SPC preparation, 
then that condition would be adequate for high-reliance use.
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CHAPTER 5
Gold-Aluminum 

Intermetallic 
Compounds and 

Other Metallic 
Interface Reactions 

in Wire Bonding 

5.1  Gold-Aluminum Intermetallic Compound Formation 
and Classical Wire-Bond Failures

5.1.1 Introduction
Gold-aluminum intermetallic compound formation and associated 
Kirkendall voids have resulted in more documented wire-bond fail-
ures than any other problem over the years. There have been hun-
dreds of papers on this subject, and this chapter can only present an 
overview of them. Modern packaging and device environments do 
not (or need not) involve the high temperatures (≥ 300°C) that pro-
duced most of the classical failures. The compounds are typically 
referred to as “purple plague (the Al-rich phase).” This term comes 
from the characteristic color of the AuAl2 intermetallic compound 
that often occurs around the perimeter of an Au bond on an Al pad. 
(Such colored intermetallic compounds are quite commonly found in 
metallurgy, and, as an example, Au and In also form a purple-colored 
intermetallic compound.) Most present day Au-Al related failures are 
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more properly referred to as impurity-driven or corrosion reactions. 
These are discussed in Sec. 5.2, but an understanding of the classical 
failures is essential to comprehend the nature of present day ones.

The most definitive early work on Au-Al compounds, oriented 
toward microelectronic bonding was done by Philofsky [5-1, 5-2, 5-3], 
and those interested in more details are referred to his publications. 
The compounds will occur in the bonded interface between Au wire 
and Al metallization, and vice versa. Such compounds begin to form 
during the actual process of Au-Al thermosonic or ultrasonic bond-
ing. (It is considered to be a necessary part of the Au-Al bonding/
welding mechanism.) The compounds will continue growing during 
the cure of plastic molding compounds (typically at 175°C for 3 to
5 h) and grow during qualification screening (burn-in, stabilization 
bakes), or at any time when high temperatures are encountered dur-
ing the life of the device. A few monolayers of such compounds will 
even form at room temperature if clean metal surfaces are brought 
into intimate contact (such as evaporated films).

Even though Au-Al intermetallics have been associated with 
many bond failures, and many people are “frightened to death of them,” 
the fact is they are always present in Au-Al bonded interfaces. While 
they are considered to be the basis for Au-Al bonding, ultrasonic 
welding certainly does take place in monometallic Au-Au and Al-Al 
bonds. Ramsey [5-4] has studied this phenomenon in Au-Al wire 
bonding and first reported that the compounds appear during the 
actual bonding process. Approximately 95% of all IC devices have 
Au-Al bonding, are plastic encapsulated and, in the resin curing pro-
cess, are subjected to the above high temperatures. This curing can 
drive the initial intermetallics completely through some thin Al bond 
pads. Thus, the IC industry has learned to live with plague. Bond 
failures usually occur because of impurities in the bond interface (or 
in the plastic encapsulant), poor welding (which produces isolated 
micro-welds, see App. 5A), and/or extreme thermal exposure.

Wire bonds are made both to and with non-Au or Al metals. 
Depending on the possible metallic alloys, these also may develop 
various intermetallic compounds in the interface, and are discussed 
below (see Sec. 5.3). These include several noble metals, such as Pd, 
as well as Ni and Cu.

5.1.2  Intermetallic Compound Formation
in the Au-Al System

There are five Au-Al intermetallic compounds, as shown in the phase 
diagram of Fig. 5-1 [5-5]. These are Au5Al2, Au4Al, Au2Al, AuAl2, and 
AuAl. We note that recent interpretation of crystal structure has 
changed the designation of Au5Al2 used in the past, to Au8Al3 [5-6]. 
This chapter has retained the older designation since the early quoted 
works/figures use it, and using both in the same chapter would be 
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confusing. The small difference would not affect understanding of 
bonding problems, nor would the broadening of the intermetallic 
lines as shown in recent phase diagrams. We also retain the Au in first 
position, which is reversed in some modern metallurgy texts (Al first), 
for the same reasons.

These compounds, as with many other intermetallics, are colored, 
with AuAl2 being purple (purple-plague gets its name from this one) 
with the rest being tan or white, as indicated in Fig. 5-2. Since the 
phases are usually mixed in a bond interface, the observed color is 
often gray, brown, or black. The Al-rich AuAl2 compound has a high 
melting point and, therefore, is relatively stable (once formed). In gen-
eral, however, under continued thermal exposure, diffusion continues 
(especially through the low melting-point compounds) until all of the 
Au or the Al is reacted. (See App. 5B, Noolu, for some interdiffusion 
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and failure modes of such compounds related to cell volume changes 
as the compounds continue to diffuse.)

After this, there can be a rearrangement toward the excess metal-
rich compounds (Au-rich in the case of a ball bond on thin Al metal-
lization). But, in general, the reaction slows, as was demonstrated by 
the ball-shear test shown in Fig. 4-17 of Chap. 4.

Observations suggest that the initial growth rate of the interme-
tallic compounds usually follows a parabolic relationship

 x = K t1/2 (5-1) 

where x is the intermetallic layer thickness, t is the time, K is the rate 
constant, and

 K = C e−E/KT (5-2)

where C is a constant, E is the activation energy for layer growth (in 
electron volts), k is the Boltzmann constant, and T is the absolute 
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FIGURE 5-2  Layer thickness of the fi ve Au-Al intermetallic phases versus the 
square root of time at 400°C. Data were obtained on large butt-welded 
couples having unlimited and equal supplies of Au and Al. (After Philofsky
[5-1] ; © 1970, with permission from Elsevier.) Note that generally a 1 µm Au 
ball-bonded Al pad will completely convert into intermetallic in 24 h at 
175°C. See App. 5B for a table of conversion times and temperature versus 
Al thickness.



G o l d - A l u m i n u m  I n t e r m e t a l l i c  C o m p o u n d s  135

temperature (in Kelvins).∗ The value of K changes for each intermetal-
lic phase, and is also dependent upon the neighboring phases, which 
supply additional Au and Al for continued compound formation.

Because of this, Philofsky lists nine different rate constants for the 
five Au-Al compounds. Figure 5-2 shows the relative rates of inter-
metallic formation. From this, it is apparent that Au5Al2 grows much 
faster than the other phases. (Because of this, it is also the phase most 
often cited as resulting in Kirkendall voiding and bond failures.)

The mechanical properties of the five compounds differ among 
themselves and vary widely from those of the Au and Al. The crystal-
lographic lattice constants are larger (see Table 5-1), so they occupy a 
larger volume, and thus, plagued bonds often appear to be lifted up. 
The thermal expansion coefficients are considerably lower for the 
compounds than for either Au or Al, and some reliability implica-
tions for both of these differences are discussed in Noolu’s App. 5B 
of this chapter. Temperature cycling can be used to reveal potential 
failures† resulting from these property differences [5-7]. 

The compounds are also much harder (and more brittle), so, plagued 
bonds can crack during temperature cycling or other stresses. Some 
detailed properties of these Au-Al compounds are given in Table 5-1.

The rate of diffusion of one metal into the other (or into itself) is 
dependent on the number of defects in the crystal lattice. Defects can 
be vacancies, dislocations, and grain boundaries. During diffusion, 
one atom moves into an empty lattice position (vacancy), and another 
atom moves into the empty position of the first. Grain boundaries 
and surfaces, because the lattice has more open structures, have many 
vacancies and they increase the diffusion rate by orders of magnitude 
compared to diffusion in the bulk or a single crystal. Poorly welded 
bonds consist of numerous isolated microwelds which contain large 
surface area-to-volume ratios, as well as mechanical stresses that 
result in numerous lattice defects. Thick-film metallizations also con-
tain many grain boundaries, stresses, and impurities, all of which 
result in lattice defects. Thus, it is not surprising that poorly welded 
bonds or Al-wire bonds to thick films fail rapidly, see App. 5A for a 
discussion on this problem.

A generic activation energy, E (one that combines the effects of all 
five compounds and/or Kirkendall voids), for various bond failures 
is often measured by workers. As a result, the literature abounds with 
different values of (E) for various properties thought to be related to 

∗In chemical or metallurgical literature, one often sees the equation written as: 
K = C exp (−Q /RT), where Q is the activation energy in kilocalories/mole (1 eV ≈ 
23 K). Cal/mole), R is the gas constant (1.98), and T = temperature in Kelvins.
†lntermetallic problems were revealed in plastic encapsulated devices in several 
hundred temperature cycles from −40 to 140°C (1% cumulative failures occurred 
at 300 cycles, and 2% at 800). Four times as many cycles were required for 0 to 
125°C testing.
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Phase Structure

Lattice
Parameters
(Å)

Composition
at % Au

Vicker’s 
Hardness 
(5 Kg)

Specific 
Resistance 
(Ohm–cm)

Coefficient 
of Linear 
Expansion
(10–5)

Color
of the 
Phase

Heats of 
Formation 
at 400K (cal 
+/–500)

Au FCC a = 4.08 84–100 60–90 2.3 1.42 Gold

Au4Al Cubic a = 6.92 80–81.2 334 37.5 1.2 Tan

Au8Al3
Au5Al2

Rhombohedral a = 14.68,
α = 30.5

72.7 271 25.5 1.4 Tan

HCP a = 7.71
c = 41.9

Au2Al Orthorhombic A = 3.36
B = 8.84
C = 3.21

65–66.8 130 13.1 1.3 Tan –8300

AuAl Monoclinic A = 6.40
B = 3.33
C = 6.32
β = 92.99

50 249 12.4 1.2 White –9200

AuAl2 FCC A = 5.99  32.33
–33.92

263 7.9 0.94 Purple –10100

Al FCC A = 4.05 0–0.6 20–50 3.2 2.3 Lustrous

aSee Refs [5-102 to 5-104]
Note: This figure was assembled by N. Noolu, see App. 5B.

TABLE 5-1 Structure and Properties of Au-Al Intermetallic Compoundsa
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intermetallic-compound formation. A compilation of activation ener-
gies [5-8] reported for various types of Au-Al wire-bond failures is 
given in Table 5-2. It is not possible to explain the wide variation in 
values, except that the measurements were made by different methods 
and were not necessarily related to the same type or definition of fail-
ure. Different metallurgical couples were used (Al wire bonded to var-
ious Au films, Au wire to various IC metallizations) resulting in Al- or 
Au-rich couples (see reversing metallurgical interfaces, Sec. 5.1.4). Also, 
some activation energies reported for bond failures may have resulted 
from impurities in the interface or from poor welds as in App. 5A.

The diffusion coefficient has not been discussed above. However, 
it determines the actual rate of diffusion and varies considerably, 
depending on whether that diffusion proceeds via grain boundary or 
bulk (interdiffusion). It is also dependent on the number of defects 

References Specimen Observed Quantity
Activation
Energy

8 Au-Al-films Au-Al-growth rate 1 eV

9 Au-Al-films Sheet resistance 1 eV

10, 11 Au-Al-wire couples Au-Al-growth rate 0.78 eV

1 Au-Al-wire couples Au-Al-growth rate 0.69 eV

2 Au-Al-wire couples Mechanical degradation 1 eV

12 Au-wire, Al-film Au-Al-growth rate 0.88 eV

13 Au-wire, Al-film
(1.4 µm) on Ta

Contact resistance,
∆R = 50%

0.55 eV 

13 Au-wire, Al-film
< 0.3 µm
0.5, 1 µm

Contact resistance,
∆R = 1 Ω
Contact resistance,
∆R = 1 Ω
Pull strength (time to 
failure)

0.7 eV

0.9 eV

0.2 eV

16 Al wire, Au-film Resistance drift to
∆R = 15 mΩ

0.73 eV

8 Au-balls, Al-films
1 µm, Al-Si
1.3 µm, Al
2.5 µm, Al

Resistance (peripheral 
voiding)

  0.9 eV
≥ 0.8 eV
  0.6 eV

14, 15 Au-balls, Al-film Ball shear strength 0.4 to 0.56 eV

(After Gerling [5-8] with later additions; © IEEE.)

TABLE 5-2 Various Thermal Activation Energies Reported for Bond Failures and 
Growth of Au-Al Compounds
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available (the more defects, the faster diffusion proceeds). Aluminum 
and other metals diffuse very rapidly into Au by grain-boundary dif-
fusion. A discussion of this is given in Sec. 6A.4. It should be noted that 
the specific intermetallic compounds in a bond-interface area are 
related to the relative amounts of Au and Al present and can be differ-
ent if Al metallization contains Cu or Si in the 1 to 2% level. In addition, 
some compounds may be absent because of a low nucleation probabil-
ity (they do not get started) or they may grow very slowly and are not 
observed. 

Figure 5-3 gives the compounds observed to form in Au- and
Al-rich areas, and in areas with Au and Al in equal amounts [5-17]. 
One of the consequences of the change in specific compounds shown 
in Fig. 5-3 is the accompanying intermetallic cell volume change. Each 
compound occupies a different volume, and as the changes occur, 
stresses may lead to cracks and ultimately result in bond failure. 
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FIGURE 5-3 Schematic representation of compound formation in gold-aluminum 
thin-fi lm systems. The identity of the fi nal compounds is determined by the 
annealing temperature and by the proportions of the starting materials. The 
fi nal compounds result from the reaction being driven to completion (stability), 
with one component being completely consumed. This occurs only after long 
times at high temperatures. (After Majni [5-17]; © 1970, with permission 
from Elsevier.) Note that these compound changes are accompanied by volume 
changes that can cause stress and bond failure, see App. 5B.
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Noolu studied these volume transformations during Au-Al phase 
changes. The essence of his work on intermetallics is that there are 
major differences in the five intermetallic lattice sizes. During ther-
mal stress, a specific compound may transform into other compounds. 
In most cases the second compound is smaller or larger (by up to 
~20%) than the first, and leaves cracks or stress behind. Once formed, 
a crack can propagate during temperature cycling. Also excess Al or 
Au can be released (or absorbed) as the compounds change. See the 
Noolu’s App. 5B for a description of this phenomena.

 Silicon may form ternary compounds with Au and Al, but, as 
shown by Philofsky, these are no more detrimental to bond quality 
than the pure Au-Al compounds by themselves, and, in some cases, 
may be helpful.

These intermetallic compounds are not the normal cause of fail-
ure. They are mechanically strong (although brittle) and electrically 
conductive. Bond failures result from the formation of Kirkendall 
voids, as well as from the susceptibility of Au-Al couples to degrada-
tion by impurities or corrosion. The latter two causes are extensively 
discussed in following sections. Kirkendall voids form when either 
the Al or Au diffuses out of one region faster than it diffuses in from 
the other side of that region. Vacancies pile up and condenses to form 
voids, normally on the Au-rich side along the Au5Al2-to-Au interface. 
The rates of diffusion vary with temperature and with different 
phases and are dependent upon the adjacent phases, as well as the 
number of vacancies in the original metals.

Classical Kirkendall voids require bake times greater than an 
hour at temperatures greater than 300°C to occur on the Au-rich side 
(Au5Al2), and greater than 400°C on the Al-rich side (AuAl2), or much 
longer times at lower temperatures [5-2, 5-3]. Such temperatures and 
times are seldom reached during modern bonding or modern device 
and systems packaging. Thus, it is rare that well-made bonds on 
integrated circuits used in normal environments actually fail due to 
the formation of classical Kirkendall voids. However, the failures 
resulting from impurities (see Sec. 5.2), poor welding (see App. 5A), 
hydrogen, or other defects in plated Au layers (see Chap. 6) can 
appear to have resulted from classical Kirkendall voiding. Thus, it is 
essential to understand the classical failure modes. 

5.1.3 The Classical Au-Al Compound Failure Modes
An example of Au-Al compound formation is shown in Fig. 5-4. Here, a 
poorly formed ball-bond was subjected to high temperature, and the 
reaction generated considerable intermetallic compound. This particu-
lar bond was both electrically conductive and mechanically strong
(as later shown by a ball-shear test). Thus, the presence of these compounds 
will not necessarily cause bonds to fail. However, even if such bonds do 
not fail, the interface strength does degrade. The typical degradation of 
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the Au-Al ball bond interface during high-temperature storage has been 
studied [5-18]. Strong Au ball-bonds were made to Al integrated-circuit 
metallization and then put on temperature test at 200°C for 2688 h. The 
degradation of the interface was observed by monitoring the ball-shear 
force at various time intervals. These data were replotted in Fig. 4-17 in 
Chap. 4. The bond interface strength decreased by a factor of 2.5, pre-
sumably due to brittle Au-Al intermetallic formation and some Kirken-
dall voiding. However, the voiding was not sufficient to impair the 
electrical operation of the device for this period and temperature. This 
work demonstrates that when the available constituents are converted 
into the intermetallic compound, the process slows down. Thus, well-
made Au ball-bonds on thin-film Al pads, without impurities in their 
interfaces, can be reliable during short-to-medium-term exposure to 
high temperatures.

There are three classical bond-failure modes associated with the 
formation of Au-Al intermetallics. In the first, the bond may be 
mechanically strong, but can have a high-electrical resistance or may 
even be open-circuited. In this case, which typically occurs with Au 
wire-bonded to thin Al bond pad, Kirkendall voids form around the 
bond periphery restricting the available electrical conduction path. 
The voids are indicated by the arrows in Fig. 5-5 and, as another 
example, clearly around the perimeter in Fig. 5-6. The resistance 
change results in device failure when it increases enough to drive the 
circuit out of its electrical specification range. An example of this resis-
tance increase, as a function of time and temperature, is given in
Fig. 5-7. Initially, the resistance of the Au ball bonds to the Al pads was 
a few milliohms. However, the compounds have a higher resistivity 

FIGURE 5-4 An SEM photograph of Au-Al intermetallic compound formation 
(white and fl uffy) around the perimeter of the bond and under the grossly 
deformed ball. Even with its poor appearance, the bond was mechanically 
strong and electrically conductive.
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than either Au or Al; thus, as the compounds form under the bond 
(during the first hundred hours or so) the initial resistance increases 
by about 8 mΩ [5-15]. This initial resistance increase (< 1000 h) had an 
activation energy of 0.4 eV.∗ Such slight increases are not accompanied 

1µ

FIGURE 5-5 An SEM photograph of an Au wire wedge-bond to Al metallization, 
aged at 450°C for 10 min, illustrating the voids, indicated by arrows, which 
form around the periphery of the bond. (After Philofsky [5-1, 5-2]; © 1970,
with permission from Elsevier.)

∗This reported activation energy for initial resistance increase is lower than others 
reported in Table 5-12 but this author (GGH) considers the lower value, resulting from 
a well-designed experiment to specifically study this increase, to be more accurate.

FIGURE 5-6 A closeup of “ultimate” Kirkendall voids around the perimeter. 
The gold ball bond was in the center. It dewetted after thermal stress and fell 
off. (After Gerling [5-8].)
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by Kirkendall voids, pose no reliability hazards, and, in fact, are 
always present during TS bonding and increase after burn-in or any 
plastic encapsulation-curing process.

The second resistance increase occurs as the intermetallic com-
pound continues forming outside the actual bond area and around 
the perimeter. Later, as Kirkendall voids form (e.g., several thousand 
hours at 150°C), the resistance increases rapidly and device electrical 
failure occurs. Many studies made over the years and under various 
conditions have demonstrated similar increasing resistance patterns. 
Some are related to Al bonds on Au-plated surfaces and are discussed 
in Chap. 6.

In the second type of failure, the voids lie beneath the bond, as 
illustrated in the metallurgical cross-section of an Al wedge-bond 
over an Au plating, shown in Fig. 5-8. In this case, the bond can fail 
due to mechanical weakness, although its resistance will also increase. 
An equivalent section of an Au ball, bonded to Al IC metallization, is 
shown in Fig. 5-9.

Note that the intermetallic compounds, as well as the voids, rise 
up just inside the bond perimeter. (No welding takes place on the 
perimeter.) The diffusion rate inside the perimeter is enhanced due to 
the large number of defects left in this region during the stress and 
deformation of bonding. It is also the first Au area to be reached by 
in-diffusing Al from the outer bond pad. Void-free Au-Al intermetallic 
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FIGURE 5-7 The change in contact resistance of multiple Au ball bonds on 
1.3 µm Al pads as a function of time at 200°C. The initial bond resistance 
was a few milliohms. (After Gerling [5-8]; © IEEE.)
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compounds are stronger than the pure metals [5-1]; however, they are 
also more brittle [5-2]. Thus, if a wire-bond system contains interme-
tallics, that system is far more susceptible to brittle fracture during 
temperature-cycle-induced flexure than Au or Al wires alone. An 
example of a plagued, fatigued, Au crescent-stitch-bond to Al metal-
lization, which had been cycled only 20 times, is given in Fig. 5-10. In 
addition to brittleness, the growth of intermetallic compounds is 
enhanced by the stress of temperature cycles. Thus, it is important to 

Al wire
Line of voids

10 µ

Intermetallic

Au plating

FIGURE 5-8 Aluminum wedge bond on a plated Au fi lm. The unit was aged at 
460°C for 100 min. The arrow points to the continuous line of Kirkendall voids 
that would cause a weak or zero pull-strength bond. (After Philofsky [5-2];
© IEEE.)

Voids

FIGURE 5-9 An Au ball bond to Al metallization heated at 180°C for 98 h in 
an atmosphere containing Br. Note that the line of voids and the intermetallic 
compound both rise up just inside the perimeter of the bond. Welding begins 
just inside that perimeter.
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be aware of this problem in devices that are likely to be temperature-
cycled, such as under-the-hood automotive electronics.

Philofsky [5-2] published metallurgical design limits for avoiding 
bond failures due to the formation of intermetallic compounds. A 
condensed version of his diagnostic tables is given in Table 5-3.

Thinner metallization has been cited to limit Kirkendall voiding 
by restricting the availability of one of the intermetallic components 
[5-2, 5-10]. Similar observations have been made more for Al wire 
bonds on 1-µm plated Au films in which resistance drift failures 
occurred, but when the same composition films were thinner, 0.25 µm 
(10 µin), they were reliable [5-16].

5.1.4 Reversing the Au-Al Metallurgical Interfaces
Often, one may have reliability data for, say, a ball bond of one metal, 
bonded to a thin-film pad of the other; however, some new bonding 
situations may call for the reverse, in which the wire is of the former 
pad metallurgy and the pad, of the former wire. Intuitively, one might 
think that it would make no difference metallurgically in the bond-
ability or the reliability of the bond. Intuition is often wrong, and 
when one examines the metallurgical conditions that exist during 
and after bonding, it becomes apparent that significant differences 
may occur. Basically it is equivalent to changing the bottom two left 
and right hand blocks in Fig. 5-3, resulting in entirely different 

Temp-cycle
cracking of
bond heel

Kirkendall
voids

FIGURE 5-10 An SEM micrograph of TS Au crescent, wedge-stitch-bond to
1 µm of aluminum, then thermal stressed for 6 h at 155°C, and temp-cycled 
20 times between −65 and I55°C. This reveals two major intermetallic failure 
modes. Kirkendall voids are seen around the perimeter, and a brittle fracture 
crack formed at the thin heel as a result of the temp-cycling of intermetallic 
diffused up from the Al pad.
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intermetallic compounds under the bond. (AuAl2 + Al), goes to 
(Au5Al2 + Au), and an entirely different amount of stress remains 
there (see Noolu’s App. 5B).

Consider first the bonding method. The thermosonic ball bond-
ing of Au balls at relatively high temperature (~150 to 200°C) to Al 1% 
Si thin-film pads is quite different from room-temperature ultrasonic 
wedge bonding of Al 1% Si, wire to thin- (or thick-) film Au pads. The 
machine is different, the bonding tools are different, and the thermosonic 
ball-bond is formed differently (part ultrasonic and part thermocom-
pression). During such bonding, the package may be at high tempera-
ture for several minutes, and significant amounts of the initially 
formed-intermetallics will continue to grow in the interface, whereas 
for cold ultrasonic bonds only the amount generated during actual 
welding will be present. 

For Au ball bonding to Al pads on semiconductor chips, the Al 
metal is much thinner (≤ 1 µm) than the deformed Au ball (~3 to 10 µm 
for fine pitch, larger for course pitch). Thus, Au-rich intermetallics form 
during the plastic mold compound cure, burn-in, or lifetime environ-
ment, and at different rates from Al bonds on Au thin films. Also, Kirk-
endall voiding is often associated with specific intermetallics (e.g., Au-
rich, Au5Al2, and Au4Al, for an Au bond on Al metallization) [5-1, 5-2], 
and these may not be present in the reverse metallurgical combination. 
This can lead to lower reliability than for an Al wedge bond to a pure 

Symptom Cause Remedy

Open metallization 
around bonding pad (A)a

Zero pull strength
- bond peeled off pad 
- fracture surface 
purple, (B)b

Voiding in AuAl2 Keep circuit below 
400°C.

Zero pull strength
- bond peeled off pad
- fracture surface tan,
(A)a and (B)b

Voiding in Au5Al2.
Thermal cycling will 
aggravate.

Make metallization 
thinner or reduce 
time at temperature.

Zero pull strength 
- break at heel, fracture 
surface,

- tan (A)a

- Tan or purple, (B)b

Intermetallic formation 
in heel of bond fatigues 
during thermal cycling.

Make metallization 
thinner or use thicker 
wire or reduce time 
at temperature.

a(A) Au wire to Al metallization
b(B) Al wire to Au plating

TABLE 5-3 Failure Modes Associated with Intermetallic Formation (Condensed 
from Philofsky [5-2]).
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Au thin film. A detailed schematic and discussion of these metallurgi-
cal differences (Au-rich, Al-rich, and AuAl equal) are given in Fig. 5-3. 
Other cases that cannot be reversed may be related to the hardness of 
the metals. Soft Al wire can be US bonded to hard Ni films. However, 
the reverse will not result in a weld. The hard Ni wire will sink into the 
soft Al pad and push it aside. The US energy required to deform Ni is 
so great that it would crater and destroy any semiconductor under-
neath. A number of these nonreversible bonding or reliability situa-
tions are given in Table 5-4 (see also Sec. 5.1.2). Some metals simply do 
not bond well without heat (e.g., Al wire US wedge bonds easily to Au 
at 25°C, but not Au wire to Au—requires special grooved tools, and 
then for high yield, heat should be added).

5.1.5 The Effect of Diffusion Inhibitors and Barriers
Au-Al intermetallic growth was found to be inhibited by including 
H2 in an open-cavity hermetic device package [5-19]. It was postu-
lated that the H2 filled vacancies in the Al and prevented or slowed its 

TABLE 5-4 Reversing the Bonded Metallurgical Interface

1. The bonding method may be different for different wires, so complete 
welding may occur only with one wire choice or with one bonding 
technology.

 •  Thermosonic ball bonding vs. 25°C ultrasonic wedge-bonding. 
    (Melted balls are softer than its wire, so Au wedge bonds are harder 

than ball bonds and require more US energy.)
 •  Machine setup method may not be comparable. (TS has one more 

variable than US wedge-bonding, TC less.)
 •  Choice of bonding tool (grooved tool vs. flat tool vs. capillary).
2. Thickness of the metal in the bonded wire is >>than the metal on 

most pads, so:
 •  Different intermetallics form and at different rates.
 •  Kirkendall voiding is usually associated with specific intermetallics, 

which may not be present with one combination.
3. The wire may be harder or softer than the pad when the metallurgy is 

reversed.
 •  Al-wire bonds to Ni but Ni-wire is too hard to bond to Al.
4. Oxide and contamination on bond pads may be more prevalent and 

interfere with bonding more readily than when it is on the wire.
 •  Copper balls are formed in a neutral/reducing atmosphere and are 

oxide free. Copper pads usually have some oxide on their surface, 
which interferes with bondability.

 •  Hard oxides on soft metal (e.g., Al2O3 on Al) pads break up and are 
pushed aside during bonding, the reverse situation (Ni oxide on Ni) 
lowers bondability.
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diffusion into the Au. Since 95% of current devices are plastic encap-
sulated, such a procedure is not an option, and even for hermetic devices 
one would have to assure hermeticity or the H2 could leak out.

In the past, Al bonds to thick-film Au metallization were more 
subject to failure by Kirkendall voiding than Al bonds to thin films. 
Presumably this was because thick films contain more grain bound-
aries, vacancies, and impurities, all of which enhance diffusion. In 
the late 1970s, Pd was added to Au thick-films for use in Al ultra-
sonic bonding [5-20, 5-21]. This resulted in either a relatively stable 
Au-Al-Pd ternary compound or a concentration of Pd at the inter-
face∗ that slowed both the Au and Al diffusion and lengthened the 
life of Al wire bonds. Several applications requiring Al-wire bond-
ing currently employ such Pd-doped Au thick films. As an 
example, 1 and 2% Pd, Au wires have been used for the ball 
bumping of Al bond pads for flip-chip [5-22] and TAB [5-23] bond-
ing. Reliability and screening tests were run, and the long-term 
reliability was calculated to be 100,000 h at 85°C for the TAB devices. 
Thus, the Pd additive in Au ball bonds apparently serves as a dif-
fusion or reaction inhibiter, as it does in thick-film Au. Palladium 
has recently been added to Au bonding wire (at about 1%) to slow 
intermetallic growth in fine pitch wire bonds, as well as other 
(proprietary) dopants, see Chaps. 3 and 9.

Titanium-tungsten metallurgical barriers have long been used to 
prevent Au-bump diffusion into Al bond pads to protect the integrity 
of TAB bonds. For this purpose, the Ti-W is “pumped” (diffused) 
with nitrogen to improve its resistance to Au and Al-diffusion [5-24], 
Problems arise when the barrier is penetrated by defects or cracked 
during the TAB-bonding process. The Au and Al interdiffuse, swell-
ing the interface and further cracking the barrier [5-25, 5-26]. The 
reliability then becomes worse than that of a Au ball bond directly 
on the Al.

There have been cases when Ti, Ti-W, Ti-N, or Ta films are sand-
wiched between layers of Al metallization to inhibit electromigration 
or for other purposes [5-27]. If Au ball bonds are welded to such pads, 
then it is very important that care is taken during bonding-machine 
setup to prevent cracking of the barrier layer to prevent swelling as 
above. Also, there is a possibility that the top Al (when converted into 
intermetallic) can dewet from the barrier and result in a lifted-off 
bond. This is sometimes referred to as “pad lift,” but technically that 
term refers to a separation of the entire bond pad from the chip’s sur-
face. Aluminum is frequently deposited on Cu pads in Cu/Lo-k chips 
for easy wire bonding. To prevent interdiffusion of Al into the Cu, Ta, 
Ti, or other diffusion barrier is first deposited on the Cu pads, fol-
lowed by the Al bonding layer.

∗The literature is not clear on which occurs.
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5.2 Impurity-Accelerated Au-Al Bond Failures
The previous section (Sec. 5.1) described metallurgical diffusion, 
intermetallic compound formation, and Kirkendall voiding in pure 
bulk welds, as well as wire bonds made to uncontaminated pads. 
These can result in Au-Al weld failures, but usually only when sub-
jected to very high temperatures for long times. Horsting [5-28] was 
the first to discover that voiding-type wire-bond failures can be accel-
erated by impurities. He found that a number of impurities (e.g., Ni, 
Fe, Co, B) in Au-plated films may result in rapid Kirkendall-like-voiding 
and Al wire-bond failures. His model proposed that during a high-
temperature bake (for an impurity-free Au-Al bond interface), the 
intermetallic diffusion front moves through the Au plating down to 
the Ni underplating, and the bond remains strong. For impure Au, 
the impurities became concentrated ahead of the intermetallic growth. 
At some concentration, precipitation of these impurities occurs. These 
particles then act as sinks for vacancies produced by the diffusion 
reaction, resulting in Kirkendall-like voids and leading to weak or 
zero-strength bonds. He introduced a thermal-stress test (390°C for 1 h 
followed by a pull test) as a pragmatic means of detecting Au films 
containing impurities. Horsting’s failure model was derived from 
plated films and is treated more completely in Chap. 6A, see Fig. 6A-1. 
Comparisons of his and other thermal-stress tests for bond reliability 
are given in Table 4-4 in Chap. 4.

After Horsting’s work showed that contaminants can accelerate 
bond failure, a number of other contaminants in Au-plated films, as 
well as from plastics, ambient atmospheres, etc., have been shown to 
degrade bond reliability.

5.2.1 The Effect of Halogens on the Au-Al Bond System
Halogens are pervasive and are well known to corrode Al metalliza-
tion in integrated circuits [5-29] (see App. 5B). However, the first 
observation that halogen compounds could degrade the strength of 
previously made Au bonds on Al metallization was by Thomas [5-30]. 
He cured various epoxies in the caps of TO-18 headers and sealed 
them to the package base that contained wire-bonded devices. Groups 
of these sealed packages were then stored at 150, 180, and 200°C for up 
to 1000 h. Massive wire-bond failures occurred within 24 h at 200°C in 
devices with epoxies containing brominated flame retardants (tetra-
bromobispheonol-A). The Au-Al bonds failed after developing a weak 
lamellar microstructure as shown in Fig. 5-11. This structure is not 
characteristic of normal, intermetallic growth, but is more characteris-
tic of a single-phase alloy that has grown unstable and separated. 
Apparently, the outgassing products from the epoxy attacked the 
intermetallic compound, diffusing in from the sides or other areas 
where the compound was exposed. No corrosion of the Al-bond pad 



G o l d - A l u m i n u m  I n t e r m e t a l l i c  C o m p o u n d s  149

material outside the bond area was observed, implying that it only 
attacked the intermetallics. Controls containing no epoxy in the caps 
resulted in strong bonds having normal, intermetallic growth.

Analysis of the outgassed products from these epoxies showed the 
presence of methyl bromide and ethyl chloride. Additional experiments 
verified that each of these pure gasses produced identical lamellar-
structure bond failures. In addition, some Al metallization corrosion by 
the gasses was observed. Thus, Thomas observed this lamellar-structure 
bond failure mechanism occurring with both Cl− and Br− containing gas-
ses. The same structure was found in devices that were exposed to CF4/O2 
plasma treatment (100 W, 1 Torr, 5 to 30 min) [5-31]. These devices were 
die-bonded (both eutectic and epoxy), molded in plastic, and autoclaved 
[121°C, 10,545 kg/m2 (15 psi) steam]. Thus, fluorine will also produce the 
weak-lamellar structure at the Au-ball to Al-pad interface. In addition, 
the work also revealed more rapid synergistic failures when Cl (from 
contaminated die-attach epoxy) was in the bond interface.

Many other investigators have observed rapid Au-Al bond fail-
ures in the presence of brominated resins, elevated temperature, and 
usual humidity. Not all have reported finding the lamellar-intermetallic 

Lamellar
structure Epoxy A

FIGURE 5-11 A lamellar structure in the intermetallic region for 32 µm 
diameter Au wire ball-bonded to a 1 µm thick Al metallization. The chip was 
then hermetically sealed and aged at 200°C for 24 h in the presence of 
epoxy, which outgassed halogens. This metallurgical structure is typical of 
two-phase regions commonly observed for eutectic and eutectoid 
microstructures (i.e., Pearlite). (After Thomas [5-30]; © IEEE.)
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structure, however, gross void formation has been found, and it was 
postulated that such voids may result from Al removal in the form of 
volatile halides [5-32]. The activation energy for mechanical bond fail-
ure due to brominated epoxies was found to be 0.8 eV. Others [5-33], 
however, found much lower activation energies for resistive bond fail-
ure (as opposed to mechanical) ranging from 0.2 to 0.5 eV. Thomas 
applied the brominated resin directly to the bond areas. He also gave 
a chain of chemical reactions that can lead to the resistive bond fail-
ures. The conclusions were that most of the reaction occurred with 
free bromine ions and that if the resins were purified of them, then 
failures, while not eliminated, would be significantly reduced.

Still other studies of ball-bond degradation from outgassed prod-
ucts of die-attach epoxies in hermetic packages caused ball-bond 
failures [5-34]. An example of a failed bond in a hermetic package 
(presumed to contain about 10,000 ppm of moisture) is shown in 
Fig. 5-12. This appears to be typical of this type of failure. The author 
concluded that the early degradation process of Au-Al bonds is a 
catalytic corrosion process requiring humidity levels of ~10,000 ppm. 
Such levels may be present in hermetic packages that have leaks, had 
epoxy die attach, or in plastic packages in humid atmospheres.

Currently, many high-quality molding compounds contain tightly 
bound bromine and do not release it at normally encountered device 
temperatures, but may do so under HAST or high-temperature con-
ditions. However, it has also been found that small amounts of Sb2O3 
(often added to molding compounds) can combine with the remaining 

FIGURE 5-12 An example of a failed bond from outgassed products of die-
attach epoxies in an hermetic package (presumed to contain about 10,000 ppm 
of moisture). The Arrow indicates a magnifi cation of the intermetallic/corrosion 
area, revealing its complexity. (After Klein [5-34].)
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amounts of free Br and cause bond corrosion [5-35]. In addition to 
eliminating Sb2O3, recent compounds have included proprietary “ion 
scavengers” to eliminate background levels of free Br and Cl. Devices 
molded with such compounds were reported to withstand 1400 h of 
autoclave [207 kPa (30 psi) at 135°C] without bond failure.

There is still a lack of agreement in the literature in both observa-
tions and interpretation, for example, a corrosion mechanism producing 
Al(OH)3 [5-33], metallurgical phase separation) [5-30], oxidation of the 
Al in the intermetallic (Al2O3) [5-36], and volatile metal halide removal 
[5-32]. It is quite possible that all of these mechanisms occur under vari-
ous conditions that have not been clearly defined, or understood.

The role of H2O in the bond-degradation process is not clear, 
Klein [5-34] did the most conclusive work on this (≈ 10,000 ppm 
required) and suggested that H2O serves as a catalyst. However, it 
could also be an oxidant, resulting in Au-Al voiding or a lamellar 
structure to proceed at the lower temperatures of an autoclave. Even 
if no autoclave is used, the high-temperature (approximately 180 to 
200°C) begins the breakdown of epoxy encapsulants which release 
water [5-37]. Thus, Thomas’ [5-30] sealed-device experiment could 
have contained enough released H2O (from the epoxy) to affect the 
results. Other cases that introduced pure gasses were presumed to be 
dry, so this is not a complete explanation. A summary of bond failures 
resulting from halogens is given in Table 5-5. Fluorine, Cl, Br, and C 
were introduced onto bond pads before bonding (without subsequent 
plastic encapsulation), and only the normally expected interface deg-
radation after thermal stress tests was observed [5-46].

Very large contamination was required to cause failures, and gen-
erally these occurred when the contamination layer was thick enough 
to limit bond formation, rather than to chemically degrade a well-
made one. Most of the stress tests were run at high temperatures 
where no liquid H2O is possible. Most were baked near 300°C and in 
N2, with one run at 175°C. High-humidity environments encountered 
in plastic devices, HAST, or in hermetic enclosures containing H2O 
were not included. Nevertheless, by not finding halogen degradation 
under clearly stated conditions, this work is supportive of the require-
ment for significant H2O (or vapor) before halogen failures will occur. 
For a discussion of how Au-Al bond failures may occur when non-
halogen films are in the interface, see App. 5A.

Many experiments have been run in an effort to understand the 
complex Au-Al plastic-induced contamination interactions. No com-
plete understanding has emerged. Thus, more work is still needed.

5.2.2  Recommendations for Removing or Avoiding
Halogen Contamination

It has been well established that halogens in an Au-Al bond interface 
or even in the environment after bonding (as long as some moisture 



Source of Contamination Contributing Causes
Negative Effect 
on wire Bondsa Corrective Action

Silox etch (Fluoride) Static DI wash B,R Agitated DI wash

F or Cl residue on pads 
from RIE

May leave fluorocarbon polymer films, 
F or Cl

B,R>6 atomic %

R<6 atomic %

Possible argon sputtering

Photo resist stripper Dichlorobenzene residue B,R,C Complete removal

Wafer sawing in city water Cl in water B,R DI water with surfacant

Trichlorethane (TCA) Water contamination 

releases HCI

B,R,C Use different solvent or 
better--plasma clean

CF4/02 plasma clean Autoclave R,C Use O2 or Ar plasma

Cl from burn-in oven 
chloroprene gasket 

Copper-bonded gold thick film, 
surface Cu-->CuCI2 (Al wire bonds)

R Change gaskets to
non- halogen elastomer

Cl from plastic 85°C/85% RH, autoclave R Use plastic <IO ppm Cl

Br from encapsulation fire 
retardant

High temp (175–200°C) or 125°C
autoclave

R Avoid autoclave, high 
temperature, or free Br

aB = Reduces bondability; R = Reduces reliability; C = Corrosion failures.
See Refs. [5-39, 5-40, 5-41, 5-43; 5-44, 5-45, 5-46, 5-47]

TABLE 5-5 Problems from Halogens on Bond Pads
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is present) can degrade Au-Al bond strength. The quoted experi-
ments were run with halogen-free controls, and all controls survived 
much longer at any temperature and humidity than the contaminated 
devices. Halogens from wafer processing may become chemically 
bound to the Al and, depending on concentration, may cause a brown 
appearance [5-38] that is difficult to remove. The fluorine coloration 
was removed and bondability restored by Ar plasma cleaning [5-39]. 
However, radiation damage (see Chap. 7) destroyed the device’s elec-
trical characteristics. Most normal devices should survive such clean-
ing, see Chap. 7. A 30 s rinse in acetone has been used to remove
F-ions from silicon surfaces [5-47]. The effectiveness of this cleaning 
method has not been verified on bond-pad surfaces when the F has 
reacted and become chemically bound. Chlorine has been removed 
from bond pads, at the wafer level, by heating the wafers to 300°C in 
O2 for 30 min [5-40]. This method is not generally applicable at the 
packaging level, but could be used before die attach. Outgassed halo-
gens (mostly chlorine) from epoxy die attach are generally not chem-
ically bound to the bond pads and, if so, are readily removable by 
plasma or UV-ozone cleaning. If the halogens are reacted/chemically 
bound, then only plasma sputtering (with argon) will remove them. 

5.2.3 Nonhalogen Epoxy Outgassing Induced Bond Failures
There have been reports of Au-Al wire-bond failures resulting from 
nonhalogen epoxy die-attach outgassed products and other organic 
contamination [5-37, 5-38, 5-48, 5-50]. Problems resulting from these 
products were very elusive, because failures occurred only occasion-
ally, and made failure analysis as well as a full understanding very 
difficult. In one case [5-33], bond pads were directly exposed to the 
epoxy solvents and reactive dilutants. It was found that the reactive 
dilutants caused organic deposits on the bond pad, which sometimes 
polymerized, reinforcing the oxide layer and preventing optimum 
bonding. (These conclusions are supported by other work [5-46].) 
Such weak (as-made) bonding problems should be detected in pro-
duction by the use of a ball-shear test or prevented by plasma or UV-
ozone cleaning before bonding (see Chap. 7).

5.2.4 Green Mold Compound Problems
The most recent changes to mold compounds have been the result of 
the “Green” environmental movement and the many international 
laws mandating such changes. These resulted in removing elements 
thought to pollute the environment (i.e., halogens, heavy metals, etc.) 
when the devices were discarded, similar to the removal of Pb from 
solder. However, the first such “pure” mold compounds introduced 
new failure modes in Au-Al “fine pitch” wire bonds and resulted in 
several published studies [5-51, 5-52].
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These include SEMs of bond sections identifying the intermetallic 
compounds, and will be further discussed in Chap. 9. Regardless of 
the “green” pollution state, it must be remembered that all mold com-
pounds contain resin, hardeners, catalysts, fillers, some form of flame 
retardants, adhesion promoters, ion scavengers, etc. The green require-
ments cannot remove these functions. In new compounds there is 
always the possibility that some, or one of these, will attack or accelerate 
Au-Al intermetallic formation. Thus, as long as chips use these metallic 
interconnections, there is always the possibility of problems. In the 
future, new mold compounds must be a prime failure suspect when 
unexpected corrosion/metallurgical bond failures occur. It should be 
noted that some of the mold compound as well as other problems are 
increased by various “Green” requirements, such as using no-lead sol-
ders. These have increased many package-processing temperatures, 
which in turn can degrade the chemistry of mold compounds and 
accelerate intermetallic formation.

5.3 Nongold-Aluminum Bond Interfaces

5.3.1 Aluminum-Copper Wire-Bond System
In recent years, wires and metallizations other than pure Au or Al 
have been in production. Copper ball bonding to Al pads has long 
received attention [5-53 to 5-62]. Recently Cu wire bond usage has 
become important [5-64, 5-65] for reasons of economy with respect to 
Au (Au → $900/troy oz). Cu has higher electrical conductivity, higher 
resistance to wire sweep during plastic encapsulation, and minimal 
intermetallic problems. Copper is harder than Au; thus more care is 
required during bonding to avoid cratering (see Table 8-3 in Chap. 8) 
to compare the metallurgical properties of Au and Cu. The hardness 
results in a tendency to push the softer Al pad metal aside, requiring 
harder metallization such as that described in Refs. [5-54, 5-62]. Some 
bonding-machine parameters for Cu ball bonding are given in Fig. 8-4 in 
Chap. 8, and wire characteristics are discussed in Chap. 3, along with 
some ball neck and crescent problems in plastic encapsulation, in 
Chap. 3, and its App. 3B. 

Since Cu oxidizes readily, ball bonds must be formed in an inert 
atmosphere, requiring modification of the bonder. Therefore, many 
older studies of Cu ball bonding have been concerned with ball for-
mation, bondability, and cratering. These problems have been solved 
by the bonder manufacturers. and all offer dedicated Cu ball bond-
ers. The Al-Cu phase diagram shows the existence of five intermetal-
lic compounds favoring the Cu-rich side. Thus, there could be the 
possibility of various intermetallic failures similar to those of the 
more familiar Al-Au system, and there have been many comparisons 
between Au-Al and Cu-Al bonds, see for instance Refs. [5-64, 5-65]. 
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All showed less, generally negligible, intermetallic formation and 
strong bonding to Al pads. 

Olsen [5-61] studied the thermal aging effects of Al wedge bonds 
to OFHC∗ Cu metallization. He found completely different aging 
characteristics, depending on the ambient. 

When the bonds were thermally aged in air at 150°C for 1600 h, 
they remained strong. However, aging in vacuum resulted in a rapid 
decrease in bond strength in the time frame between 1200 and 1600 h 
with an activation energy of 0.45 eV. The study found that even 
though intermetallic compounds grew at the same rate as in vacuum, 
Cu oxide apparently prevented or inhibited the growth of void-like 
grooves under the bond, increasing bond reliability. One study of Al 
wedge bonds to Cu pads found that this bond interface is more vul-
nerable to corrosion and less reliable in thermal stress tests than Al 
bonds to Au pads. In this case, the bond resistance rose rapidly after 
baking for 1000 h at 135°C [5-62]. 

Intermetallic growth for Cu ball bonds to Al metallization was 
studied, and it was found that the growth rate was less than half that 
of Al-Au bonds [5-55, 5-57]. The latter study found only CuAl2 and 
CuAl compounds in bonds aged (apparently in air) at 150 to 200°C. 
The activation energy for this growth was 1.2 eV. Both found no Kirk-
endall voiding, but rather a weakening of the shear strength due to 
growth of the brittle CuAl2.

Copper ball-bond strength (to Al metallization), in the presence 
of Br flame retardant and Cl in plastics, was also studied [5-57]. The 
bonds were aged in proximity to epoxies, similar to the earlier studies 
of Thomas for Au-Al bonds [5-30]. The Cu-Al bonds were strong after 
1245 h at 200°C, whereas Au-Al bonds failed after 700 h. An extensive 
reliability study of Cu ball bonds to Al metallization (which involved 
all aspects of plastic IC production processing) found that Cu ball 
bonding was equal to or surpassed the reliability of Au ball bonds, 
both stressed in air [5-59].

Copper ball bonding to Al metallization in plastic packages 
appears to be adequately reliable, except in plastic encapsulation 
temperature cycling. The amount of oxygen in open-cavity packages 
should be limited so that oxidation of Cu wires [5-58] will not be a 
long-term reliability problem, but this is not a problem in plastic. Alu-
minum wedge bonding to Cu pads appears to be less robust than the 
reverse [5-61, 5-62]. This may be a case of the differences resulting 
from reversing the bonded interfaces (see Sec. 5.1.4). 

The bondability of Cu balls to Al pads has proven excellent, and 
the reliability of bonds to Al pads under high temperature is very 
good, see above. For thin soft Al metallizations (< 0.6 µm) the harder 
Cu ball may push the Al metallization aside, so the Al pad should be 

∗Oxygen-free high conductivity.
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made harder, or a TiW layer put under the pad. This will also reduce 
any cratering problem due to the Cu-ball hardness (compared to Au 
balls). Devices using Cu-Al bonds should be tested in various ambi-
ents (see App. 5C). Aluminum metallization containing Cu-Al interme-
tallics corrode with Cl and F contamination plus water (see Sec. 5.3.2). In 
production, such corrosion may become a factor in Cu-Al bonds, 
although such problems have not been observed in laboratory experi-
ments [5-57].

Even though Cu ball bonding has been thoroughly studied and 
used in production, it has failed to achieve significant fine-wire (< 38 µm, 
1.5 mil) IC production (2007). It is commonly used in small-power 
device production (usually ≥ 50 µm diameter). Many companies are 
working on the problem. (See Chap. 3 for a discussion of problems 
using fine Cu wire.)

5.3.2  Aluminum Bond Pads Containing Copper,
Causing Bonding Problems

Aluminum integrated-circuit bond pad metallization may contain 1 
to 2% percent Cu to inhibit electromigration or make the metalliza-
tion harder (see above). Isolated Cu-Al intermetallic aggregates can 
form if the sintering (heat treatment) is incorrect. These aggregates 
have different electrochemical potentials from pure Al, and also from 
other Cu-Al phases (~0.1 V difference) [5-63]. Corrosion is usually 
attributed to the theta phase (Al2Cu) aggregates. The combination of 
moisture and traces of a halogen (that is usually present) will result in 
corrosion on the bond pad, and can discolor the metal (see App. 5B). A 
detailed discussion of the microcorrosion of such Al-Cu and Al-Cu-Si 
was given by Weston [5-66]. These conditions are sometimes referred 
to as the “brown” or “black” metal problem [5-38, 5-66].

Figure 5-13 is an example of a pitted-bond pad that resulted in 
weak TS bonding. The problem can be eliminated during processing 
if a homogeneous distribution of Cu is obtained or by careful clean-
ing to remove halogens after such manufacturing steps as wafer saw-
ing and washing. If “brown metal” is observed during the assembly 
operation, such chips should not be used. When Cu is added to Al, 
depending on wafer processing, as much as 40 Å layers of Cu2O have 
been observed to form on the surface [5-68], seriously degrading 
bondability. High bondability can only be assured when that layer is 
< 5 Å. Thus, when Cu is added to Al bond pads, it has been observed 
to cause corrosion, make the bond pad harder (sometimes useful when 
ball bonding with Cu wire), and can result in Cu2O on the surface. All of 
these can present bondability problems, lower the reliability, and 
require more ultrasonic energy for bonding. The latter can increase 
the probability of cratering (see Chap. 8, Sec. 8.1). In general, some 
loss of bondability is experienced when the Cu content of Al metalli-
zation is increased over approximately 1.5%. The Cu content, as well 
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as the proper heat treatment of the IC metallization to minimize its 
effects, cannot be controlled at the assembly and packaging level. 
However, it is necessary for packaging personnel to understand the 
potential problems when dealing with chips containing Cu in the 
metallization, as well as to recognize its effects when failures are 
experienced.

5.3.3 Copper-Gold Wire Bond System
The possibility of using Au wires bonded to bare Cu IC bond pads 
and lead frames, as well as to Cu thick films, has led to interest in the 
reliability of this metallurgical system. (Note that this is also dis-
cussed in the Cu/Lo-k Chap. 10) The phase diagram shows three ductile 
intermetallic-like phases (Cu3Au, AuCu, Au3Cu) with overall activation 
energies of 0.8 to 1 eV. Kirkendall-like voiding has also been reported 
[5-69, 5-70, 5-71]. Temperature-time studies of thermocompression 
lead-frame bonds [5-72] in both air and vacuum show a significant 
decrease in strength as a result of void formation. Figure 5-14 (based on 
a 40% bond-strength decrease) predicts a life of about 5 years continu-
ously at 100°C. The lifetime would be longer if the failure criteria had 
been a 50 or 60% decrease in strength. In either case, the lifetime is 
adequate for most commercial devices. Others studied Au TS bonds to 
thick-film Cu and found little strength degradation at 150°C for up to 
3000 h, and no failures at 250°C over this period [5-73].

The reliability of fully welded Au bonds on Cu, based on auto-
clave for 1000 h, temperature cycling (− 65 to 150°C for 8000 cyc.), and 

12 µm

FIGURE 5-13 Scanning electron micrograph of pitted Al-1.5% Cu bonding-
pads following ball shearing showing the lack of bonding (i.e., no Au residue 
or any evidence of bonding) in the corrosion halo areas as compared with the 
normal areas. (After Thomas [5-68] 67; © IEEE.)



158 C h a p t e r  F i v e

temperature aging (150°C, 1000 h), has been adequately verified for 
commercial devices [5-75]. The bond strength of Au-Cu bonds is 
apparently influenced by the microstructure, weld quality, and impu-
rity content of the Cu. The greatest problem in bonding to Cu lead 
frames is assuring adequate cleaning (grease and copper-oxide 
removal) [5-74, 5-75] before and during bonding. This would entail a 
neutral or reducing atmosphere to prevent oxidation, which is expen-
sive for production. In addition, if a polymer die attach is used on 
lead frames, the polymer must be cured in an inert atmosphere to 
prevent Cu oxidation while still maintaining significant gas flow to 
carry off the plastic outgas products. If this is not done, then Cu pads 
on the chip and the lead frame will present serious bondability or reli-
ability problems. Such potential problems have supported the continu-
ing use of spot-plated Ag or possibly thin Pd films for bonding areas 
on lead frames. For Cu/Lo-k devices, the Cu pad has a diffusion bar-
rier with an Al bondable layer on top.

5.3.4  Palladium-Au and -Al Bonding System
(Used Primarily for Lead Frames)

Palladium-plated lead frames were introduced into the IC industry to 
replace spot-plated Ag for bond pads, to promote adhesion of the 
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plastic molding compounds, and to serve as a noble metal surface to 
enhance surface-mount soldering to the external leads [5-76]. The Pd 
film is plated over a 1.5 µm (60 µin) Ni film on the Cu lead frame. The 
Pd is so thin, 0.076 µm (3 µin), that it dissolves in solder without 
forming brittle Pd-Sn intermetallic compounds. Thermosonic Au 
wire bonding to these Pd films is similar to bonding to the usual Ag 
spot-plating, except that reoptimization of the bonding parameters is 
required (higher power, force, and/or time). Also, capillary life is 
shorter because the Pd-Ni surface is much harder than that of the 
spot-plated Ag. The reliability of this metallurgical bonding system 
for commercial grade product has been established in volume pro-
duction. Palladium and Au are completely miscible, and no intermetallic 
compounds exist. Both Au and Pd have strongly positive electrochemi-
cal potentials, so bond interface corrosion is unlikely. Palladium will 
slowly form a green oxide in air at about 400°C, which presumably 
would reduce bondability. Therefore, it would be safest to bond Pd at 
interface temperatures < 300°C or in a neutral atmosphere. Palladium 
is mildly subject to corrosion by halogens and sulfur, so lead frames 
should be protected from them. Also, exposure to HAST may oxidize 
Pd surfaces.

Palladium diffuses rapidly into Au by grain-boundary diffusion 
[5-77] and might be similar to an Au bond on thick-film Ag. (No data 
are available on Au diffusion into Pd.) Therefore, a potential problem 
might result if the device was in a long-term, high-temperature envi-
ronment, and the thin Pd layer was absorbed (diffused) into the Au of 
the wire bond. This could result in dewetting under the crescent bond 
at the Ni interface. Such has not been studied and probably will not 
occur in the thermal environment of typical commercial plastic-
encapsulated devices. Also, Pd absorbs ~900 times its volume of 
hydrogen; in the process it expands and becomes brittle and could 
separate from the Ni base. Any absorbed hydrogen would be liber-
ated with heat. If used in a sealed hermetic package, it could combine 
with any oxygen and form water vapor. If plasma cleaning is used 
before wire bonding, then the plasma cannot contain either O2 or H2 
(Ar is best), and UV-ozone cannot be used for the same reasons. (The 
Pd is applied so thin that it would not absorb much H2.)

The use of Pd-plated lead frames is in high volume, especially in 
packaging memory chips. However, there are several potential assembly 
problems that a user should consider. To avoid brittle Sn-Pd intermetal-
lics during soldering, the Pd must be plated so thin (about 0.075 µm,
3 µin) that it can be easily scratched, leading to solderability or bond-
ability problems. Thus, all lead-frame handling processes, such as 
trim-and-form, must be improved. Shipping containers and board 
loading equipment must also be designed to avoid scratching. The 
plating process is more expensive than spot plating of Ag, and thus, 
the entire cost of ownership must be considered to make the process 
pay off (e.g., no solder-dipping or spot-plating process is required).
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In addition to lead-frame coatings, Pd is being used as a surface 
(bondable) finish for use on PWBs for surface-mount soldering. It is 
logical to conclude that if successful for PWBs, then Pd-coated metal-
lization can also be used for COB die attach and wire bonding, and 
this should be satisfactory. However, if surface-mount soldering
Pd-plated device leads to equivalent Pd-plated PWB boards, there 
could be enough Pd in a thin solder joint to form PdSn4 (a brittle 
intermetallic), leading to failure in temperature cycling [5-78]. Thin 
Pd platings are currently (2008) an important protection and bond-
able surface for increasingly used Ni platings (to replace very expen-
sive Au), see Chap. 6.

Ball Bonding with Pd Wire
Two early studies [5-79, 5-80] have shown that Pd wire can be ball 
bonded to Al pads. Another study of the metallurgical diffusion of 
Pd-Al butt-welded couples suggested that the apparent activation 
energy for Pd-Al intermetallic compound formation is ≈1.25 eV
[5-81]. This is much higher than for any of those in the Au-Al system 
(see Table 5-2). Thus, compound formation and voiding would be 
expected to proceed very slowly. This study also thermosonically ball 
bonded Pd wire to Al metallization. In both cases, the same interme-
tallic compounds, PdAl3 and Pd2Al3, were found after thermal bak-
ing. Voiding occurred in the Pd2Al3 after 100 h at 400°C. The AlPd 
phase diagram is complex and has numerous intermetallic com-
pounds; however, none are on the Al-rich side, which contains a 
benign eutectic at 8 atm% Pd. We note that when Al wedge bonding 
to thin Pd films, the Al dominates the reaction.

Palladium is harder than Au (~200 vs. ~90 hKn, respectively), so 
cratering would be a problem when ball-bonding Pd to Al pads on 
Si chips. In addition, Pd has less than one-fourth the thermal and the 
electrical conductivity of Au (which is of no consequence for the thin 
lead-frame plating described above) and would require larger diameter 
wires to carry a given current. A limited study of Al ultrasonic-wedge-
bonding, as well as Au thermocompression ball-bonding to 1 µm thick 
electroplated Pd films found that bondability was similar to that of Au 
plating [5-82]. Also, no reliability problems were revealed during tem-
perature bakes at 200°C for 50 h. These are summarized in Table 5-6.

5.3.5 The Silver-Aluminum Wire Bond System
Silver is used as a bond-pad plating on lead frames [5-83, 5-84] and as 
metallization in commercial thick-film hybrids (usually in alloy form 
with Pt or Pd) [5-85]. Silver has also been tried as a substitute for Au 
wire for ball-bonding integrated circuits [5-86], but revealed many 
reliability problems.

The Ag-Al phase diagram is complex with numerous intermetal-
lic phases. However, only the intermediate mu- and zeta-phases have 
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been observed in Ag-Al wire-bond interfaces [5-84, 5-87]. The interme-
tallic phases had an activation energy for growth of 0.75 eV. Some Kirk-
endall voiding has been observed in this metal system [5-9, 5-88, 5-89], 
but generally at higher temperatures than experienced by microelec-
tronic circuits. Failure of Ag-Al electrical contacts due to interdiffu-
sion was first discovered by Hermansky [5-89]. However, the rapid 
humidity-induced degradation mechanism in wire bonds is the major 
reason that the Ag-Al metal combination is seldom used [5-87]. Chlorine 
was identified as the main driving element of the corrosion process.∗ 

TABLE 5-6 The Palladium, Aluminum, and Gold Wire Bond System 

Advantages

1. Thin Pd (0.076 µm, 3 µin) is plated over Ni platings on lead frames 
and as the top surface for protection and bondability on packages, PC 
boards, etc.

2. Au crescent and Al wedge-bonds to thin palladium films are reported 
to have no reliability problems. Al wire-bond reliability to 1 µm Pd films 
reported to have similar bondability to Au plating.

3. Gold crescent-bondability to thin Pd films different from silver-plated 
lead frames, but high yields achieved with higher power, etc.

4. No intermetallic compounds exist between Pd and Au (miscible system).
5. Pd has high-surface free-energy giving good adhesion of plastic-mold 

compounds and die-attach epoxies.
6. Good solderability (Very thin Pd dissolves in solder, so no intermetallics 

grow.) 

Potential Problems

1. Many intermetallic compounds exist between Pd and Al (but not on the 
Pd-rich or Al-rich side of the phase diagram). Thin Pd coatings result in 
harmless solid solutions rather than brittle intermetallic compounds.

2. Pd rapidly absorbs H2, expands and embrittles. Care must be taken to 
prevent exposure until all assembly is completed.

3. Pd oxidizes at ~ 400°C, which lowers bondability (~ 300°C is maximum 
safe).

4. Pd may oxidize if cleaned with UV-ozone or O2-plasma, lowering 
bondability. Argon plasma is best cleaning method.

5. Cost of Pd-plating > Ag spot-plating. Must use total packaging costs 
(COO) to justify.

6. Thin Pd scratches easily, so trim-and-form and handling processes 
must be improved. Also, capillaries wear out faster during crescent 
bonding.

7. Soldering Pd-plated lead frames to Pd-plated PC-boards requires DOE setup.

∗Presumably, other halogens would cause the same effect.



162 C h a p t e r  F i v e

When it was removed from the Ag surface in an NH4OH-H2O ultra-
sonic-cleaning bath, subsequently made Al-Ag bonds remained reli-
able below 100°C. The humidity-corrosion mechanism has been exten-
sively verified [5-83, 5-86, 5-90]. Wire-bond strength degradation of 
Al-Ag wire bonds is shown in Fig. 5-15. Failure analysis of the sample 
revealed Al(OH)3 in the failed-bond interface. This led to the proposed 
mechanism that failure occurred by the classical aluminum-chlorine 
corrosion, which regenerates the chlorine to continue the reaction 
(see App. 5C).

Sections of failed bonds revealed that the corrosion actually took 
place in the zeta intermetallic phase [5-86]. It is not clear why the Ag-Al 
bond system corrodes more readily than the Au-Al system, unless the 
Ag or its oxide acts as a catalyst or an intermediate reaction exists in 
addition to the galvanic reaction.∗ The activation energy for bond-
strength degradation due to this corrosion process was reported to be 
0.3 eV [5-90], and thus, it is not strongly temperature dependent. Two 
authors [5-83, 5-87] verified that there is no comparable corrosion reac-
tion under similar conditions for Al-Au bonds or for Au-Ag bonds.

An additional failure mechanism of the Ag-Al wire-bond system 
has also been described [5-90]. Aluminum wires bonded to Ag metal-
lization in CERDIPs failed catastrophically due to high electrical 
resistance (not because they were weak mechanically). This was 
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∗In the electrochemical series, Au+ is more positive than Ag+, and one would assume 
the Au-Al couple would corrode as readily as the Ag-Al couple. However, Ag++ is 
more positive than gold. No similar information was found for the conductive 
oxides of silver which may play a role.
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attributed to a selective oxidation of the Ag-Al intermetallic layer that 
resulted in an insulating-oxide barrier in the interface. The activation 
energy for this reaction was given as 1.4 eV, and the mechanism was 
active above 400°C. This type of reaction was also reported for Al 
bonds on thick-film Ag [5-91]. Here, the bonds were heated for 10,000 h 
at 85, 100, 150, and 200°C. A step increase in resistance occurred at 4800 
h at 200°C and 10,000 h at 150°C. These reactions would not be expected 
to affect devices processed and operated at normal temperatures, but 
could occur in some very long-term or worst-case situations.

Large-diameter Al wires have been bonded to Pd-Ag thick-film 
metallization in automotive hybrids [5-85]. However, preparation 
required washing with solvents, followed by careful resistivity-
monitored (ionagraph) cleaning in deionized water and a solvent. 
After that, the hybrids were covered with a silicone gel for further 
protection. It is not clear whether the Pd additive to the Ag thick-film, 
the careful cleaning, the silicone gel, or the combination prevents the 
Ag-Al bond-corrosion problems described above. Each is helpful, but 
until the corrosion mechanism is fully understood, the use of thick-
film Ag for Al bonding should be undertaken with caution, qualifying 
the devices in autoclave or 85°C/85% RH. However, most automotive 
companies stopped using the Ag-Al bonding metallurgy. The conclu-
sion of this section is that the Ag-Al interface is unreliable under any 
conditions. It should not be used without considerable reliability testing, 
as well as a compelling reason to use it.

5.3.6 Aluminum-Nickel Wire Bond System
When the price of Au (platings) increased dramatically during the 
1970s, Ni-coatings were substituted for Au on power devices. Large-
diameter Al wires were easily bonded to the Ni and were found to be 
reliable under the various environments. Such in-house work by 
device manufacturers apparently was not published in the open lit-
erature, so most information has been obtained informally or in a few 
high-temperature electronics studies. Large-diameter wire, ≥75 µm
(3 mil), Al wires bond well to Ni platings or inlays (assuming there is 
no Ni oxide present). This metallurgy has been used in high-volume 
production on power devices for over 25 years with no significant 
reliability problems reported. In most cases, the Ni is deposited from 
electroless boride or sulfamate solutions. Low-stress films electro-
plated from sulfamate baths also produce reliable bonds. However, 
phosphide electroless Ni solutions that codeposit more than 6 or 8%
of phosphorus can result in both reliability and bondability problems.

Aluminum-nickel bonds are much more reliable than Al-Au 
bonds. The Al-Ni phase diagram is complex with numerous intermetal-
lic phases and transitions. However, the system is generally refractory 
and is used in high-temperature applications, such as aircraft turbine 
blades. Apparently, the activation energy for the growth of these 
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(intermetallic) phases is high (> 1 eV, from melting point data), and 
Kirkendall voiding does not take place at temperatures and times 
encountered by power devices. Researchers [5-92, 5-93 and 5-94] 
observed no mechanical degradation of the Al-Ni bond in limited 
thermal stress tests at 300°C for 100 h. They found only about a 1% 
increase in bond-interface resistance during that test. The electro-
chemical series indicates that most Ni+ and Al+ reactions have negative 
potentials, and thus, galvanic corrosion is far less likely with Al-Ni 
bonds than with Al-Au ones.

The main difficulty encountered during Al wire bonding to Ni 
platings is bondability rather than reliability. Nickel surfaces will 
slowly oxidize, producing the same bondability problems that will be 
discussed in Chap. 6. Thus, packages should be bonded soon after 
they are Ni-plated, protected in an inert atmosphere, or chemically 
cleaned before bonding. (Often, thin Pd with an immersion Au coat-
ing is applied for protection and bondability.) Changing bonding 
machine schedules, such as impacting the tool-wire plating with the 
ultrasonic energy applied, has been reported to improve bondability 
to slightly oxidized Ni surfaces, but this is not desirable. Various sur-
face preparation techniques (such as sandblasting) are sometimes 
applied before or after Ni plating to increase bondability, but the
Ni-Pd-Au platings are best (Chap. 6).

5.3.7  Au-Au, Al-Al, Au-Ag, and Some Less-Used
Monometallic Bonding Systems

The Au-Au system is extremely reliable. It is not subject to interface 
corrosion, intermetallic formation, or other bond-degrading condi-
tions. A poorly welded Au-Au bond will improve in strength with 
time and temperature [5-95], as shown in Fig. 5-16. Gold-gold inter-
connections have been tested for 1000 h at 500°C and no interface 
degradation was found [5-92, 5-93]. Cold ultrasonic Au-Au wedge 
bonds can be made using cross-grooved, special-surfaced bonding 
tools, or possibly with HF ultrasonic generators (see Chap. 2). How-
ever, Au welds best and has the highest bond-yields when some heat 
is applied during bonding process. Thermosonic bondability is 
affected by surface contamination, and appropriate cleaning proce-
dures must be used before bonding (see Chap 7). Most Au ball bonding-
wire is stabilized with 5 to 7 ppm of Be, Ca, and other proprietary 
additives, such as Pd up to 0.1% total for fine pitch. It is annealed 
before it is sold. As such, it will show little metallurgical change with 
thermal aging. For the above reasons, the Au-Au bonding system is 
capable of reliable performance up to ~300°C or higher for long peri-
ods. Small-diameter wire (~25 µm diameter) as used in integrated 
circuits is effective but becoming more expensive, and Cu wire is 
being considered in some cases (see Chap. 3). Large Au wire (up to 
500 µm diameter and 1 cm long) used in the past to interconnect some 
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special power devices is expensive, costing > $2.00 per wire. With Au 
approaching $900 per troy ounce it is not used today in those applica-
tions. The small diameter Au-Au bonding system is a proven and 
preferred metallurgical system, and for reliability in all critical 
environments. It should be the metallurgy of choice.

The Al-Al bonding system is also very reliable. This metal junc-
tion is not subject to interface corrosion, and in a corrosive environ-
ment, the surrounding pad will often be digested, but the bond inter-
face will remain intact. While thermocompression Al-Al bonds can be 
made with high deformation, Al welds best ultrasonically at room 
temperature, and heat does not significantly improve the weld quality. 
Studies similar to that of Fig. 5-16 for Au-Au bonding have not been 
made to determine whether Al-Al bond interfaces improve with tem-
perature and time. However, Al-wire bonded to Al pads and aged at 
300°C for 1000 h showed negligible interface resistance change, even 
though the wire (decreased strength) annealed considerably [5-92, 
5-93, 5-94]. Also, such interfaces in high-volume production do not 
weaken, as evidenced by the reliability of billions of Al-Al bonds in 
high-reliability CERDIPs and other devices that were exposed to tem-
peratures as high as 400°C for 30 min during sealing. Electromigra-
tion in Al, 1% Si wires has been reported in 25 µm diameter wire 
under long operation. This required several hundred milliamperes of 
current for 5 to 6 years in open-cavity packages [5-96]. No failures 
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FIGURE 5-16 The improvement in shear force (with temperature and force) of 
TC Au ball bonds made to photoresist-contaminated Au metallization. This 
shows that the Au-Au interface strength can improve with temperature and 
time after the bonds have been made. (After Jellison [5-95]; © IEEE.)
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were found at the bond interfaces, but a bamboo structure appeared 
on the failed wires. Considering the above, the Al-Al wire bond sys-
tem is extremely reliable and can be used in any thermal environment 
that is expected for normal semiconductor devices

The Au-Ag system has been shown to be reliable by James [5-83] 
and it has been used on more than billions of lead frames. No interface cor-
rosion has been reported, and no intermetallic compounds form. 
Gold-wire bonds to Ag-plated lead frames have been successfully 
used in high-volume production for hundreds of billions of plastic-
encapsulated devices for many years. Bondability problems can result 
if the Ag-plating is heavily tarnished by sulfur compounds, but this 
tarnish can be easily prevented or removed. In high-volume produc-
tion, thermosonic bonding is often performed if the stage tempera-
tures in the order of 250°C, which dissociates thin silver-sulfide films 
and otherwise increases bondability. Although reliable for long-term 
use in plastic-encapsulated devices, there can be an interdiffusion 
problem for long-term use at higher temperatures. Silver was observed 
to diffuse rapidly into Au by grain-boundary diffusion∗ with an acti-
vation energy of about 0.6 eV. Silver depletion, or channeling, has 
been observed around the peripheries of Au wires bonded to thin 
films of Ag and then baked at 350°C for 500 h. Such Au wires bonded 
to the Ag films showed large Ag decorated-grain boundaries, extend-
ing well up the wire above the ball bond [5-83, 5-97]. If the Ag film is 
deposited over metal, as in the case of lead frames, then a longer life 
is expected since the peripheral channels must extend under the bond 
to cause mechanical or electrical failure. Temperature cycling, using 
low (−40°C) temperature extremes revealed poor Au-Ag bonds better 
than ones emphasizing high temperatures [5-98].

Small-diameter Au wires bonded to thick-film Ag (with Pd or Pt 
additives) often fail a stress test (300°C for 1 h followed by a pull test). 
Thick-film metallization generally contains more defects and vacancies, 
as well as impurities, than vacuum-deposited or plated films. Thus, 
interdiffusion will proceed faster, resulting in the observed failures. The 
development of better thick-film Ag alloys may inhibit such diffusion. 
Possible solutions might be to add a few percent of Au to the thick-
film Ag or Ag to the Au wire.

∗There are differences in the literature as to the activation energy and diffusion 
coefficients. James obtained 0.6 eV activation energy from experiments with real 
(polycrystalline) wire bonds and polycrystalline silver films. Mallard obtained
40 kcal/mol (1.75 eV) for Ag into Au, and 48.3 (2.1 eV) for Au diffusion in pure Ag 
in single crystal specimens. Diffusion usually proceeds orders of magnitude faster 
via grain boundary diffusion than bulk or single crystal diffusion, see Chap. 6. 
Thus, the present author would pick the work of James to be more relevant to wire 
bonding than other work, such as the paper by Mallard. (Mallard, W. C., Gardner, 
A. B., Bass, R. F., and Slifkin, L. M., “Self Diffusion in Silver-Gold Solid Solutions,” 
Phys. Rev., Vol. 129, 1963, pp. 617–625.) 
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The Pd-Pd and Pt-Pt bonding systems (and other noble metals as 
well) are very reliable metallurgical bonding systems. The potential prob-
lems that may affect reliability in the Pd system were discussed above 
(oxidation, hardness, and hydrogen absorption). Bonding with Pd wire 
can be done by ultrasonic or thermosonic methods, and Pd wire may also 
be used for bonding to Al pads on semiconductors (see Sec. 5.3.4).

Platinum wire is hard and also work hardens significantly during 
cold ultrasonic wedge bonding and may harm tools, so it is more easily 
bonded by parallel-gap (electrical discharge) welding (see Sec. 2.7.2), 
which is a form of thermocompression bonding (no melting takes place). 
This method is typically used for larger diameter wires (e.g., 100 µm). 
Fine wires can be ball bonded by thermocompression or thermosonic 
methods, but at relatively high temperatures and in the latter case, min-
imum ultrasonic energy should be used to minimize work-hardening 
during bonding. Platinum is much harder than Au and could damage 
(crater) a semiconductor beneath the bond pad. For this reason, Pt is 
usually bonded to Pt or other noble metal pads on ceramic, usually in 
larger wire diameters (e.g., 100 µm) rather than for integrated-circuit 
chip bonding. For best results high temperature (~300 C) is used in con-
junction with US energy. It has a low thermal conductivity and is only 
used for very special, usually space, applications. Platinum is more than 
twice the price of Au and is prohibitive for most systems.

Just as the same noble metals are reliable when bonded together, 
combinations of them are considered to be also reliable. For example, 
gold ribbon wire, parallel-gap welded to Pt-Au thick-film conductors 
showed no electrical degradation in 1000 h at 500°C [5-93]. This 
would presumably be the case for other noble-metal combinations. It 
is also assumed that the various noble-metal bond interface strengths 
will improve similar to the Au-Au interface of Fig. 5-16.

Table 5-7 shows the general relative reliability of the various 
metallurgical bond systems discussed above. (Also, see Chap. 3 for 
metallurgical comments on Cu bonds.)
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Appendix 5A  Rapid Bond Failure in Poorly
Welded Au-Al Wire Bonds

Bond failures, due to Au-Al intermetallic growth and void formation, 
were described earlier in this chapter. Such failures in plastic-
encapsulated devices are often assumed to result from the synergistic 
effect of ionic impurities (often halogens) in the plastic and moisture. 
However, halogen-free, but poorly welded bonds have been 
observed to fail much more rapidly than strongly welded bonds [5-21, 
5-49, 5-85, 5-99]. These failing bonds may have nonreactive impuri-
ties in the interface. In that case, diffusion cannot spread laterally 
and improve the bond strength (as some poorly welded bonds on 
cleaned surfaces appear to), but must spread vertically into the Au 
and Al, emphasizing the isolated-microweld nature such of bond-
ing. Such a failed bond is shown in Fig. 5A-1 [5-99].

To explain this problem, it is necessary to understand early 
(immature) bond formation. The initial welding of US wedge and 
ball bonds consists of isolated microwelds around the bond perime-
ter. Some examples of these were shown in Figs. 2-10 and 2-11 in 
Chap. 2 for the early stages of Al-Al US bonds and in Fig. 2-12 for TS 
ball bonds. Initial welding for US bonds takes place near the perimeter 
where the metal motion (deformation) is maximum. This deformation 

FIGURE 5A-1 SEM micrograph of the surfaces of a failed Au ball bond to Al 
metallization. Carbonaceous impurities are presumed to have inhibited uniform 
welding. Bonds were subjected to a 300°C bake for 1 h. (After Clarke [5-99]; 
© ISHM/IMAPS.)
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sweeps surface oxide and contaminants aside into debris zones, 
allowing intimate contact between the two metallic interfaces. As 
the weld matures, the perimeter microwelds grow, join together, 
and spread inward (this was shown pictorially in Figs. 2-10 to 2-12, 
Chap. 2). Thermosonic Au-ball bonds to Al are somewhat different and 
the microwelds have been observed to start and spread randomly. 
However, all immature welds consist of isolated microwelds,∗ and 
these can result either from poor bonding machine setup (underbond-
ing), or from some form of contaminant in the interface that prevents 
intimate contact between surfaces.

Wilson developed a two-dimensional finite-element model 
for Au-Al diffusion in structures with microweld dimensions [5-100] 
to explain why poorly welded bonds fail rapidly. Metallic diffusion 
takes place rapidly by way of defects. Surfaces and grain bound-
aries result in rapid diffusion for several reasons, one of which is 
that they contain large numbers of defects. The actual stress and 
excess defect level within these microwelds is unknown, so 
assumptions had to be made to create a model. Microwelds are 
generally too small to contain several grains, and, thus, internal 
grain boundaries. They are assumed to be one grain for modeling 
purposes. Thus, the model assumed that most vacancies were on 
the microweld surfaces. The welded interface was assumed to 
contain the vacancies that were on the original surfaces. The 
seven diffusion coefficients between the Au, Al, and five Au-Al 
compounds for layer growth were obtained from Philofsky [5-2, 
5-3]. Microweld shapes that were observed in actual failed bonds 
(Figs. 2-4 and 2-5) were modeled, as well as simple butt-junc-
tions. Results from equivalent time-temperature soaks of about 
20 min at 200°C were given.

Thus, according to this model, diffusion can be several times 
more rapid in most microweld geometries than it would be in large, 
completely welded couples, supporting some observations that 
poorly welded Au-Al bonds fail more rapidly than well-welded ones. 
As stated above, the model also explained bonds having nonreactive 
impurities in the interface that limited initial welding to a few iso-
lated microwelds.

Since this work was published, there have been no experiments 
run to directly verify it. Until this happens, the above approach 
remains one possible explanation for the observed rapid failure of 
some poorly welded Au-Al bonds, and refinements in the calcula-
tion as well as further experiments to verify (or disprove it) are still 
needed.

∗Isolated microwelds offer more surface area and lattice defects for rapid diffusion, 
as well as for attack by halogens, than do strong, uniformly welded bonds.
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Appendix 5B Thermal Degradation in Au-Al Ball Bonds
Naren Noolu,∗ Kevin Ely,† John Lippold,‡ and William Baeslack III§ (E-mail 
contact: narendra.j.noolu@intel.com)

Review of the available literature [5-102, 5-103] suggests that Kirk-
endall porosity formed due to the differential interdiffusion rates of 
Al and Au across the bond is the most widely accepted mechanism for 
the failure of Au-Al ball bonds. Formation of brittle intermetallic com-
pounds is one other broadly accepted mechanism for the degradation 
of Au-Al ball bonds. This appendix summarizes a detailed study of 
the phase transformations in Au-Al ball bonds that lead to their deg-
radation and failure at elevated temperatures [5-101 to 5-105]. 

Figure 5B-1 presents various stages of thermal degradation that 
lead to the failure of Au-Al ball bonds.

Stage 1: As-bonded interface typically consists of an alloyed zone 
(AZ) formed between the Au bump and the Al pad with a void line in 
it and these regions are shown in Fig. 5B-1a and b. Possible reasons 
for the formation of the void line are unbonded regions and impuri-
ties trapped between the Au bump and the Al pad. Formation of the 
void line is not very likely to be due to Kirkendall porosity as this 
void line was noted in bonds removed from the bonder heat stage in 
less than 3 sec (typically a chip is on the bonder heat stage for a few 
minutes to complete bonding of all the Al pads).

Stage 2: Growth of Au-Al phases becomes apparent during thermal 
exposure and Fig. 5B-1c shows all the five Au-Al phases formed in a 
Au-Al ball bond thermally exposed at 250°C for 15 min. Growth of these 
phases continues as long as the Al or the Al alloy below the Au bump is 
available and this growth is accompanied by volume changes. Based on 
a theoretical model, that explains growth and shrinkage of Au-Al phases 
with interdiffusion reactions taking place at the interphase boundaries, 
the calculated volumetric changes associated with each of the phase 
transformations are listed in Table 5B-1. It can be noted from Table 5B-1 
that the theoretical model predicts volumetric shrinkage with the 
growth of Au8Al3, Au2Al, and AuAl, but negligible change with that of 
Au4Al and volumetric expansion due to the growth of AuAl2. Fig. 5B-1 
1c shows that Au8Al3 and Au2Al are the predominant phases between 
an Au bump and an Al pad. This suggests that growth of Au-Al phases 
across a ball bond results in volumetric shrinkage.

Stage 3: Reverse transformation of the Au-Al phases across the 
bond initiates once the Al/Al alloy below the Au bump is completely 
consumed. The phase immediately next to the Ti diffusion barrier is 

∗Sr. Packaging Engr., Intel Corporation, Chandler, AZ 85224 E-mail: narendra.
j.noolu@intel.com
†Manager, Edison Welding Institute, Columbus, OH 43221
‡Professor, Edision Joining Technology Center, Columbus, OH 43221
§Dean of Engineering, The Ohio State University, Columbus, OH 43221
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the first to reverse transform. In reverse transformations, the highest 
Al containing compound is consumed giving rise to the growth of the 
next Al richest phase as per the Au-Al phase diagram. Reverse trans-
formation of all the Au-Al phases eventually leads to the growth of 
Au4Al across the entire reaction zone. Based on the theoretical model 
and calculated volume changes associated with reverse transforma-
tions presented in Table 5B-2, it is evident that all the reverse transfor-
mations result in volumetric shrinkage.

Stage 4: Growth of cavities at the void line becomes apparent only 
in high-resolution SEM imaging during initial periods of thermal 
exposure. Similar to the phase transformations that take place across 
the ball bond, growth and reverse transformation of Au-Al phases also 
occur lateral to the ball bond. These lateral phase transformations take 
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FIGURE 5B-1 SEM images of the Au-Al ball bond cross-sections showing various
stages of thermal degradation sequentially. (a) Ball bond in the as-bonded 
condition. (b) High magnifi cation image of the inter face between the Au bump and 
Al pad showing the various regions of the inter face in the as-bonded condition.
(c) Au-Al phases grown across a bond thermally exposed for 15 min at 250°C.
(d) Intermediate stage of a reverse transformation of Au8Al3 to Au4Al in a ball bond 
thermally exposed for 30 min at 250°C. (e) Initiation of cracks of crack at the edge 
of a ball bond thermally exposed for 2 h at 250°C. (f) Crack propagation well into a 
ball bond thermally exposed for 150 h. (g) Cavity growth, crack propagation well into 
a ball bond thermally exposed for 1000 h.
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TABLE 5B-1 Calculated Volume Changes Associated with the Growth of Phases 
Across Au-Al Ball Bonds. There is no Au-Au4Al Interphase Laterally and Hence no 
Interdiffusion Reactions.

Interphase
Boundary

Partial Reaction(s) at the 
Interphase Boundary

Product 
Phase

% Volume 
Change

Au-Au4Al 5 4 4Au Au Al Au Au Al⇒ + ( ) Au4Al + 19.1

Au4Al-Au8Al3 4 34 8 3 4Au Au Al Au Al Au Al( )+ ⇒ Au4Al + 0.25

3 44 8 3 8 3Au Al Au Al Au Au Al⇒ + ( ) Au8Al3 – 27.15

Au8Al3-Au2Al 2 38 3 2 8 3Au Au Al Au Al Au Al( )+ ⇒ Au8Al3 + 1.04

Au Al Au Al Au Au Al8 3 2 23 2⇒ + ( ) Au2Al – 19.49

Au2Al-AuAl Au Au Al AuAl Au Al( )2 2+ ⇒ Au2Al – 3.79

Au Al AuAl Au AuAl2 ⇒ + ( ) AuAl – 30.45

AuAl-AuAl2 Au AuAl AuAl AuAl( )+ ⇒2 2 AuAl – 18.1

2 2AuAl AuAl Au Al⇒ + ( ) AuAl2 – 2.8

AuAl2-Al Au Al Al AuAl( )+ ⇒2 2
AuAl2 + 30.4

AuAl Al Au Al2 2⇒ + ( ) Al – 23.9

Interphase
boundary

Partial Reaction(s) at The 
Interphase Boundary

Product 
Phase

% Volume 
Change

AuAl-AuAl2 Au AuAl AuAl AuAl( )+ ⇒2 2 AuAl – 18.1

Au2Al-AuAl Au Au Al AuAl Au Al( )2 2+ ⇒ Au2Al – 3.79

Au8Al3-Au2Al 2 38 3 2 8 3Au Au Al Au Al Au Al( )+ ⇒ Au8Al3 – 1.07

Au4Al-Au8Al3 3 44 8 3 8 3Au Al Au Al Au Au Al⇒ + ( ) Au8Al3 – 27.15

Au-Au4Al Au Al Au Al Au4 4⇒ + ( ) AuAl – 0.8

TABLE 5B-2 Volumetric Changes Associated with the Reverse Transformations 
Across Au-Al Ball Bonds. There is no Au-Au4Al Interphase Laterally and Hence No 
Interdiffusion Reactions
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place between the Au-Al phases formed across the ball bond and Al/
Al alloy from the bond pad, but around the ball bond. A theoretical 
model predicts that lateral phase transformations also result in volu-
metric shrinkage, which gives rise to stress concentration in voids at 
the edge of the ball bond/ void line. Aided by stresses generated by 
phase transformations across and lateral to the ball bond as well as 
thermal exposure, these voids grow by a creep mechanism.

Stage 5: Crack propagation and failure of Au-Al ball bonds occurs 
by the coalescence of sufficiently grown cavities along the void line. 
Due to the stress concentration at the crack tip, which is at the edge of 
the ball bond, the cavity growth is initially higher at the edge of the 
ball bond/void line. With the coalescence of cavities, the crack tip 
moves into the bond and hence the stress concentration eventually 
leading to the failure of the ball bonds.

Effect of Manufacturing & Service Conditions
Ball bonds are exposed to elevated temperatures during the manufac-
turing of the electronic packages and further during service. After 
wire bonding, the packages are molded and cured, followed by surface 
mounting. Mold temperature is typically about 175°C and the cure is 
at 175°C over several hours. Ball attach and surface mounting peak 
temperatures can be as high as 250°C, depending on the solder alloy 
and the ramp and cooling is typically over 10 min. Growth of the Au-Al 
phases typically occurs during the manufacturing of the package, but 
reverse transformations typically take place during the service life of 
a package. Based on the experimental observations at 175°C and 
250°C, it appears that the creep cavities grow significantly only after the 
completion of the reverse transformations. Hence the time for the 
completion of reverse transformations gains significance. 

Below summarizes the time required for the complete consumption 
of the Al/Al alloy below the bump for reverse transformations to initi-
ate. Assuming that Au8Al3 is the predominant phase formed across 
the ball bond, time required to consume Al below the ball bump is 
estimated at

t
X

K1

23 62
=

−

( . )Al

RZ A

where t1 is the time required to completely consume the Al below the 
ball bump or the time required to initiate reverse transformations
xAl is the thickness of Al below the ball bump
KRZ-A is the rate constant of the reaction zone across the ball bond
 = 3.20 × 10−7 exp (−17954/RT) m2/sec [1] and R = 1.98Kcal/mol

Figure 5B-2 shows the trends for the complete consumption of the 
metallization below the bump at various temperatures. It should be 
noted that these relations are developed assuming that the alloyed 
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zone consists of only Au8Al3 during the growth of Au-Al phases 
across the ball bond and may only provide general trends. If all inter-
metallics are included the time could be different, usually longer.

SEM images shown in Fig. 5B-1 are from ball bonds thermally 
exposed at 250°C for various periods of time and are presented to 
describe the entire degradation process. However, it should be noted 
that the rate of interdiffusion reactions at 250°C is much higher than 
that in typical service conditions.

Appendix 5C Various Bond-Related Corrosion Reactions

Halogen-Aluminum Corrosion Reactions
The general chlorine corrosion equations and explanations for alumi-
num metallization are given below from Paulson [5-29] and Iannuzzi 
[5-106]. (Similar equations have been given for chlorine [5-43] and for 
bromine [5-33].) Water is assumed to be present in the package in 
≥10,000 ppm range [5-34].

The corrosion mechanism consists of the adsorption of Cl− on the 
oxide-solution interface under the influence of an electric field (caused 
by the electric double layer at the oxide-solution interface and/or the 
galvanic couple of the bond) in competition with OH− or H2O mole-
cules for surface sites on the hydrated oxide surface. This is followed 
by the formation of a basic hydroxychloride aluminum salt with alu-
minum oxide cations on the hydrated oxide surface:

 Al(OH)3 + Cl− → Al(OH)2Cl + OH− (5C-1)
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FIGURE 5B-2 Plot shows the time required for the complete consumption of 
the metallization below the ball at various metallization thicknesses and 
temperatures. Note that some other data have shown slower growth but 
taken/measured under different circumstances or dopants.
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Once the surface oxide is dissolved, the underlying Al reacts with the 
Cl− by the equation

 Al + 4Cl− → Al(Cl)4
− + 3e− (5C-2)

The Al(Cl)4 will then react with the available water by the reaction

 2AlCl4
− + 6 H2O → 2Al(OH)3 + 6H + 8Cl− (5C-3)

This process liberates the Cl− ion, which is then available to continue the 
corrosion process via Eqs. (5C-1) and (5C-2). In addition, the gold ball 
bond on aluminum produces a galvanic couple which can accelerate 
corrosion by acting as the driving force for the aluminum oxidation reac-
tion. The region near the bond is an area of higher chloride ion concen-
tration (compared to the overall surface) because of the reduction 
reaction of CI2 by the gold electrode. Although bond-pad corrosion 
(outside the bond) is not generally considered as a bond failure, the elec-
trical resistance does increase, and the device becomes nonfunctional in 
a manner similar to that caused by Kirkendall voiding. However, many 
of the actual bond failures due to halogens are attributed to a corrosion 
mechanism similar to the above, but occurring to the aluminum under 
the bond, within the Au-Al intermetallic. The bond pad, away from the 
bond, is often corrosion-free because the concentration of free Cl¯ is high-
est at the bond, due to the galvanic reaction.

One possible reaction for high-temperature brominated epoxy 
degradation of bond strength was proposed by Khan [5-33] with the 
reaction products of Eq. (5C-3). A different proposed mechanism is 
given below in Eqs. (5C-4) to (5C-7) [5-36]. The possible reaction 
(unbalanced) might include the liberation of Br from CH3Br or HBr 
from the high-temperature breakdown products of the resin.

 HBrCH3Br → CH3
+ + Br− (5C-4)

and

 4HBr + 2O → 4Br− + 2H2O (5C-5)

Br− would react with the Al in Au4Al forming AlBr3 and Au. The 
Al once extracted in the corrosion cell as AlBr3 is easily oxidized. This 
oxidation reaction becomes the driving force until the Au4AI interme-
tallic phase is consumed as in the equations below

 Au4Al + 3Br− → 4Au + AlBr3 (5C-6)

 2AlBr3 + 3O → Al2O3 + 6Br− (5C-7)

Note that Eq. (5C-7) produces aluminum oxide, whereas the nor-
mal halogen corrosion, Eq. (5C-3), produces the hydroxide. With the 
reaction being autocatalytic, the Br− is freed to start the corrosion over 
again. These proposed reactions come closest to explaining the lamel-
lar structure found in Refs. [5-30, 5-31]. The equations are based on 
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Au4AI, which has a low occurrence, except as the final reaction prod-
uct in a gold-rich couple, see Figs. 5-1 and 5-3. Thus, the probability 
of this taking place may be low. The most important result of all of 
these reactions is that ionized halogen is liberated at the end. Thus, 
only a small amount of the halogen is required to completely corrode 
a bond pad or a bond interface.

Sulfur-Copper-Chlorine Corrosion Reactions
Copper (as used for ball bonding and lead frames) can be corroded 
readily (or tarnished) by sulfur and sulfur compounds. Some chemical 
reactions, including the increased synergistic corrosion by Cl and NO2,
are given in Table 5C-1 [5-107]. These are simple atmosphere reactions, 
not driven by galvanic couples such as may occur at a Cu-Al bond. 
Memis [5-108] has discussed copper corrosion by sulfur and that it led 
to failure in electronic packages. Sulfur and its gaseous compounds 
easily penetrate silicone materials, but, fortunately, some epoxy seals 
serve as an effective barrier and can prevent it from entering the pack-
age. Nevertheless, Al-Cu or Au-Cu bond studies should include the 
atmospheres from Table 5C-1 to establish the importance (or lack of 
it) of shielding the bonds from these omnipresent chemicals.

References
 5-1 Philofsky, E., “Intermetallic Formation in Gold-Aluminum Systems,” Solid

State Electronics, Vol. 13, 1970, pp. 1391–1399.
 5-2 Philofsky, E., “Design Limits When Using Gold-Aluminum Bonds,” Proc. 

IEEE Reliability Physics Symp., Las Vegas, Nevada, April 1971, pp. 11–16.

Environment

Approximate Compositions
in Percent

Cu2O CuO Cu2S

H2S-O-H2O 7-10 4-5 80-85

H2S-SO2-O2-H2O
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CHAPTER 6
Introduction to Plating,

Section A (Gold) and
Section B (Nickel-Based)

Bond Pad Technology
and Reliability

This chapter is divided into two independent sections. The 
first, A (bonding to Au) is updated/shortened from the sec-
ond edition’s chapter on gold plating. The second section 

includes information on newer bonding pad plating materials that 
are mostly nickel-based, which comprise an increasing number of 
present substrate pads. This change has occurred because the price 
of Au has reached astronomical heights and other bonding pad 
materials have been developed to replace it in many uses. Section B 
is coauthored by Luke England and Jamin Ling, and their credits 
appear under their names. Both sections have their own separate 
references.
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Section A Bond Failures Resulting from 
Gold-Plating Impurities and Conditions

6A.1 Gold Plating
Most of the impurities in Au platings that cause wire bond failures 
were discovered and explained in the approximate 1970s to 1980s 
time-frame. They are reviewed here because they and their underlying 
diffusion principles still result in many current bond failures. Much 
of the more recent work on such impurities is similar, and usually 
without fundamental explanations, since such were developed ear-
lier. These early references are usually available from search engines 
such as Google Scholar.

One of the earliest classes of documented bonding problems 
resulted from plating impurities in Au films. These impurities have 
resulted in reducing bondability (low yield), as well as causing prema-
ture bond failure during thermal stress tests or later, during the life of 
the device (reliability). Considerable literature exists on such bond fail-
ures; however, much of it is published in plating or thin-film journals 
that are seldom read by packaging and wire-bonding professionals. 
Also, much relevant research was published a decade or more ago and 
is generally unavailable or is ignored. The number of plating variables 
is so large that there is little quantitative agreement in the literature as 
to the influence of a particular variable on wire bonds. Also, few exper-
iments by different investigators are similar enough to verify previous 
results. Factorial statistical experiments should be run to determine the 
significance of each variable on bondability and reliability.

The first explanation of wedge-bond failures resulting from plat-
ing impurities was presented in a classic paper by Horsting [6A-1] 
titled, “Purple Plague and Gold Purity.” He observed that a number 
of plating impurities resulted in Kirkendall-like voids and early bond 
failure. He hypothesized that in pure Au films the intermetallic diffu-
sion front moved through the Au to the Ni underplating, forming the 
alloy phases as shown in Fig. 6A-1a, and the bond remains strong. 
However, for impure Au, the impurities are swept ahead of the inter-
metallic diffusion front, since most impurities in the Au have lower 
solubility in the intermetallic compound than in Au or Al as shown in 
Fig. 6A-1b. At some impurity concentration, precipitation occurs, and 
these particles act as sinks for vacancies produced during the diffu-
sion reaction. Voids develop and join together, leading to weak or 
zero-strength bonds.

The early impurity analysis methods available to Horsting at that 
time were limited to spectrographic and chemical analysis. He was 
unable to identify a specific impurity that caused the problem, but 
found that the impure Au films contained Ni, Fe, Co, B, and other 
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contaminants in lesser concentrations. He devised a pragmatic screen-
ing test that could detect such impure Au platings that affected bond-
ing. The plated films (on Kovar headers) were multiply bonded with 
Al wire. They were heated at 390°C for 1 h after which the wire bonds 
were pulled. If bonds lifted from the Au during the pull test, the entire 
header lot was rejected. He observed that well-made Al bonds on 
pure Au platings always broke in the wire or at the bond heel after 
this heat treatment. The bond interface remained strong. Horsting’s 
postulate of impurities concentrating ahead of the intermetallic diffu-
sion front was later verified on Au thick films by using SEM, EDAX, 
and Auger analysis methods [6A-2].

A variation of Horsting’s bake test (but at 300°C for 1 h, followed 
by a pull test) has been adopted as a qualification-test method for 
bonds in hybrid microcircuits for military usage [6A-3] and has been 
frequently used by the industry since the 1970s for quickly testing/
qualifying Al wire bonds on Au pads or in some cases Au on Al pads. 

(a)

Pure gold

Contaminated
gold

Aluminum

Purple phase
White phase

Nickel
Kovar

Nickel
Kovar

(b)

Aluminum

Purple phase

FIGURE 6A-1 (a) Schematic drawing of elevated temperature diffusion 
results for an aluminum wire bond to a pure gold plating. (b) Similar to a 
contaminated gold plating. (Note that the darkened intermetallic area under 
bonds is the purple phase.) (After Horsting [6A-1]; © IEEE.)
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6A.2 Specific Plating Impurities
Gold-plating baths, intended to deposit bonding films, normally con-
sist of potassium-gold-cyanide, plus buffers, citrates, lactates, phos-
phates, and carbonates in proprietary mixtures. Thallium, lead, or 
arsenic may be added to increase plating speed and to reduce grain size. 
Organic “brighteners” (not recommended for wire bonding) can also be 
added to the bath. Thus, the problems arising in plating films are very 
complex, and they are not limited to the bath solution purity alone. It 
has also been shown that with any given Au bath and impurity level, 
the plating deposit can vary in crystallographic structure, appearance, 
impurity level, hardness, hydrogen content, and density with changes 
in the plating waveform or current density. In addition, different plating 
baths, as well as bath temperatures, can produce different results at the 
same current density level. The film characteristics and appearance will 
also vary as the Au solution is depleted. Variations in these film charac-
teristics have all been shown to influence either the bondability or the 
reliability of wire bonds. It is therefore, not surprising that apparently 
the same platings obtained from different sources, or even from the 
same sources at different times, may cause wire-bond problems.

Thallium (TI) was the first identified and is still the most fre-
quently cited impurity causing Al wedge bonding problems in Au 
platings.∗ [6A-4 to 6A-11]. Thallium, Pb [6A-8 to  6A-10, 11], and 
arsenic [6A-8] are commonly added to Au-plating solutions as grain 
refiners and to permit more rapid plating as well as to change the 
surface morphology.

Thallium in Au-plated films was first identified as a source of 
wire-bond failures by the then new Auger electron spectrograph [6A-4 
to 6A-6]. It could not have been detected by wet chemical, normal 
spectrographic, or x-ray microprobe methods at those low concentra-
tions. In these studies, the surface concentration of TI was sufficient 
to degrade thermocompression bondability of Au wire to Au-plated 
lead frames. It has been found that TI can be transferred to the Au 
wire from contaminated Au-plated lead frames during the crescent 
(second) bond break-off [6A-8]. The proposed explanation was that it 
diffused rapidly during ball formation and concentrated in the grain 
boundaries above the neck of the ball, where it formed a low melting 
eutectic. The concentration would be extremely low. It is at least as 
probable that the EFO, the bonding capillary, the heat stage clamp, or 
some other bonder setup conditions were not optimized. Many bond-
ing problems often go away after almost any change in the processing 
schedule and the real reasons are generally not revealed, and the 

∗There are some inconsistencies in these data, but the overall comparison is 
considered valid. Several people have commented that modern Au-plating 
solutions may include Tl apparently without harm. However, such proof for Al 
wire bonds on Au platings has not been seen by this author in a bonding context. 
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problem often returns at a later date—a good argument to solve/
understand a problem once and for all!

Thallium, as well as high Pb content, in Au platings have also been 
shown to cause premature Al wire-bond failures during burn-in or 
other heat treatment, by accelerating cracks or Kirkendall-like void for-
mation under the bond [6A-10, 6A-11]. Such failures have been observed 
to occur at TI concentrations as low as 14 ppm in the Au plating.

Wakabayashi [6A-10] recommended that the total of all impurities 
in the film must be less than 50 ppm to maintain bond reliability.
Figure 6A-2 shows that increasing the plating-current density increased 
the codeposited impurity level exponentially. Thus, controlling the 
bath concentrations alone will not necessarily assure pure films. Endi-
cott [6A-8] studied the effect on bond strength of Tl, Pb, and arsenic at 
concentrations normally used as grain refiners and compared them to 
platings made with pure solutions. Adding Tl and Pb resulted in sig-
nificant bond-strength degradation for both “as bonded” as well as after 
a 150°C thermal bake for 24 h. However, in low-solution concentrations 
and low-plating-current density, adding arsenic resulted in improved 
bond strength under both conditions. Figure 6A-3 is a simplified combi-
nation of several figures showing these effects. This figure was chosen 
because it clearly compared the separate effects of all three additives.∗
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FIGURE 6A-2 Thallium and Pb content in gold deposits as a function of 
current density. Initial bath concentration was 3 ppm for Pb and 30 ppm
for TI. These are some impurities that are often intentionally added to the 
bath. (After Wakabayashi [6A-10].)

∗There are some inconsistencies in these data, but the overall comparison is 
considered valid. Several people have commented that modern Au-plating 
solutions may include Tl apparently without harm. However, such proof for Al 
wire bonds on Au platings has not been seen by this author in a bonding context. 
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Other workers have shown more decrease in bond strength (to zero), 
with higher temperature or longer bake times [6A-9, 6A-10]. It is also 
possible that there may be a cooperative effect between other plating 
impurities and hydrogen in the film that together may result in very 
rapid bond-strength degradation.

There have been reports that the best Au surface for bonding is 
the <111> crystallographic surface. Pure Au or Au with arsenic addi-
tives, gives primarily <111> surfaces (desirable), but TI and Pb addi-
tives result in increased areas of <311> surfaces [6A-10]. These effects 
are also complicated by the morphology effect of different plating 
current densities. There are no data to definitely correlate bond qual-
ity with morphology.

6A.3 Hydrogen Gas Entrapments in Plated Films
Although TI is the most frequently cited plating impurity to cause 
both bondability and Kirkendall-like voiding, other plating impuri-
ties or conditions have been shown to cause one or more similar 
problems. Bondability degradation of Au-coated Cu wire was also 
found to occur when hydrogen bubbles were present in Au films [6A-12, 
6A-13]. These bubbles can occur as a function of plating-current 
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density and bath-impurity level. Since this was a Au-Au interface, 
the bondability was addressed rather than the long-term reliability.∗
The lowest bondability for plated films occurred for plating currents 
in the 1.6 to 2.7 A/dm2 region, which corresponded with both the 
onset of rapid hydrogen evolution at the cathode and a dendritic-like 
(lenticular) surface morphology. Some plating conditions that can 
lead to increased hydrogen in the film are high current density, low 
agitation, and low gold concentration in the bath. In general, any con-
dition that reduces plating efficiency produces more gas at cathode 
and more entrapment. Any trapped gas can be driven out by heating 
and the time calculated by the equation time = 0.0033 exp (4062/T K). 
Hydrogen is typically annealed at ~350°C. Such H2 filled films are 
harder, and thermal annealing will remove the H2, resulting in the 
desirable hardness of ~70 HKN.†, ‡

6A.3.1  Failure Symptoms that Appear Similar
to Gas Entrapments: Resistance Drift

One reported failure mode that caused Al wedge bond resistance-drift 
during thermal excursions was found in platings that did not contain 
any of the known (measurable) impurities or gas entrapments [6A-14]. 
The authors concluded, after extensive analytical work, using SEM, 
STM, and AES, that their bad Au platings simply contained more vacan-
cies and other defects than normal, resulting in a more amorphous crys-
tal structure than was observed for reliable Au. Au-Al diffusion is driven 
by vacancies (Chap. 5) and other defects (increases the diffusion rate), 
which result in more rapid growth of intermetallic compounds and 
early failure. The same plating conditions that increased H2 entrapment 
(high plating current density, low bath agitation, etc.) were given as 
causes for the film-defect problem. In addition, the authors found that 
thinner Au (as described in Chap. 5) also minimized the resistance drift 
and intermetallic failures. A prebake (before bonding) at 160°C for 48 h 
eliminated the drift problem, presumably recrystallizing the amor-
phous-like Au. These conditions and cures, similar to ones found for H2
entrapment, were first reported by Huettner and verified [6A-12, 6A-13]. 
It is probable that these two film conditions are interrelated and can 
exist together or separately, complicating the diagnosis.

∗For strong gold-to-gold bonds, long-term reliability is seldom a factor—with or 
without H2.
†Special “nano-hardness testers” are required to make measurements on thin 
(typically ~1.3 µm, 50 µin) gold platings used for bonding in microelectronics. These 
require loads approximately 1 to 2 g or less. Sometimes platings are made much 
thicker on special test coupons so that more conventional hardness equipment can
be used.
‡Keep in mind that nickel, copper, chrome, or other non-noble undercoats may be 
thermally diffused to the surface and then oxidized, which can cause bondability and 
reliability problems resulting from any high temperature annealing to remove H2.
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6A.4  Failures from Metallic Impurities in or on Gold 
Films That Are Not an Intentional Part of Plating 
Baths

6A.4.1 Introduction
There are numerous metallic contaminants that can be incorporated 
into the bond interface and degrade either bondability or reliability. 
Some may be accidentally introduced into a plating bath, others may 
be diffused up from the substrate, and still others may occur as a result 
of some later chemical or “cleaning” step and remain on the Au sur-
face during bonding. These contaminants will be discussed along with 
any known cleaning techniques. One must be aware, however, that 
contaminants can be introduced from a source that is unanticipated 
and unknown at the time of this writing. Most metallic contaminants 
that affect bonds appear as surface films from 20 to 200 Å thick. If they 
consist of non-noble metals, they will generally be oxidized by various 
heat or chemical treatments before bonding, and the oxide may lower 
bondability (especially for TC bonding) and sometimes lower reliabil-
ity. Hard-brittle oxides that occur on soft metals (e.g., Al2O3 on Al) 
break up and are pushed into “debris zones” during bonding as the Al 
deforms and generally have little effect on the bonding process. Softer 
oxides (e.g., Cu and Ni oxides) are observed to decrease bondability 
(increase the activation energy required to form a bond), possibly by 
serving as a lubricant in the bond interface.

Often, failure analyses reported in the literature may reveal con-
taminants in the interface of a failed bond, without being able to 
determine the source or even which steps in the packaging process 
were responsible for their introduction. In other reported cases, it was 
not clear that any single indicated impurity actually caused the fail-
ure. A complete study may have shown that a poor bonding machine 
setup was as much a cause of the failure as the various contaminants 
revealed in the failure analysis.

Metals that are deposited under a bondable film (such as metal-
lurgical “glues” or adhesion layers, i.e., Ni, Ti, Cr, etc.) or impurities
in the Au film may rapidly diffuse to the surface by grain-boundary 
diffusion. Figure 6A-4 illustrates grain-boundary diffusion paths 
for Cr through Au [6A-15]. A diffusing metal moves rapidly along 
the grain boundaries (which contain many defects) to the surface 
of the Au film during some high-temperature processing step, die 
attachment, or other heat treatment. On top, it will rapidly spread 
horizontally over the Au surface by surface diffusion [6A-16, 6A-17], 
oxidize (if it is non-noble), and then render the surface less bond-
able. Palladium (which does not oxidize below ~400°C) can pose 
an oxide problem if the surface is O2-plasma or UV-ozone cleaned. 
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The diffusion characteristics of various metals through Au films (via 
grain boundary and bulk) are shown in Fig. 6A-5 [6A-17, 6A-18]. In 
most cases, grain-boundary diffusion is many orders of magnitude 
faster than bulk diffusion (i.e., single crystal or through the grain), as 
can be seen in Fig. 6A-5. If a metal appears on the upper right-hand 
side of the figure (either grain boundary or bulk diffusion) it will 
move rapidly through the Au film at temperatures in the 100 to 300°C 
range and in times of an hour or less. Note the single datum point, a 
circle at the upper right side of the figure, which shows the very rapid 
grain boundary diffusion of Al through Au at 100°C. This indicates 
that some Au-Al intermetallics can occur very rapidly and at low 
temperatures (~100°C) [6A-18]. The diffusion coefficient for Al 
through Au was determined to be (D = 5.8 × 10–14 cm2/s) at 100°C, 
with an activation energy of ~0.66 eV. If a diffusing metal reaches the 
surface and oxidizes, it can reduce the bondability. Palladium, a rapid 
diffuser through Au, does not significantly (thermally) oxidize below 
~400°C, but can do so if the film is O2-plasma or UV-ozone cleaned. 
Metals that appear on the lower left side of Fig. 6A-5 diffuse very 
slowly and should not reach the surface of the film without exposure 
to temperatures >300°C. If heated to a lower temperature, then very 
long times are required. Platinum is in the latter category, as is Ni by
bulk diffusion, but Ni diffuses so fast through grain boundaries (and 
oxidizes on the surface) that it poses serious, often major, bondability 
problems.

Lead frame thermocompression
bonded

Gold
30,000 Å

Cr 300 Å
Ta2N 500 Å

Al2O3

0.63 mm

Cr2O3

FIGURE 6A-4 Hybrid microcircuit geometry with Cr2O3 layer on the surface. 
The arrows indicate possible grain boundary diffusion paths. Bulk diffusion 
would be straight up, across the grains. Grain-boundary diffusion dominates 
at low temperatures, and bulk at high temperatures (typically higher than 
used in packaging operations). (After Nelson [6A-15]; © ASTM.)



192 C h a p t e r  S i x

6A.4.2 Nickel
After TI (which was extensively discussed in Sec. 6A.2), Ni (as an 
oxide) is the most frequently cited metal to degrade bond strength on 
the surface of Au-plated films [6A-1, 6A-16, 6A-17, 6A-19 to 6A-22]. It 
is generally considered to affect bondability (by raising the bonding 
activation energy) but is also cited in [6A-1] as affecting reliability. 
Nickel may be introduced into an Au-plating bath by some accident, 
such as a Kovar (Fe, Co, Ni-low expansion alloy) lead frame falling into 
the bath and slowly dissolving. Another mechanism for Ni to enter the 
Au film is by thermally diffusing upward through the Au (and oxidiz-
ing on the surface) from a thin strike or an adhesion layer as described 
above. The effect of Ni on TC bondability is shown in Fig. 6A-6. As with 
TI, Ni, and Cu, concentrations in the Au film are strongly dependent 
on the plating current density, as shown in Fig. 6A-7. 
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FIGURE 6A-5 An Arrhenius plot of diffusion coeffi cients for several metals 
through gold fi lms (gold was the top layer). The solid lines are by bulk 
diffusion, and the dashed ones are by grain-boundary diffusion. The single 
datum point near the upper right is the grain-boundary diffusion of aluminum 
through gold at 100°C. (After Hall [6A-17], kind premission of Elsevier; and
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6A.4.3 Copper
Copper from plating-bath contamination, lead frames, etc., can fol-
low the same diffusion route to the surface as Ni, and will oxidize and 
also decrease the bondability [6A-17, 6A-22 to 6A-26]. Various authors 
disagree which impurity, Cu [6A-20] or Ni [6A-22], has the most effect 
on bond-strength degradation, and this controversy may be related to 
the analysis method, the surface concentration, the impurity plating-
out (Fig. 6A-7), the solution concentration, etc. If measured as atomic 
percent on the Au surface, then Ni is worse [6A-22]. Both Cu and Ni 
impurities should be avoided since they readily oxidize, and the 
oxides degrade bondability. Both Cu and Ni are still used as lead 
frames or as package base/under platings and are often bonded 
directly with large Al wire. Ultrasonic, TC, or TS bonding can be done 
at a high yield and maintains reliability only if the surfaces are oxide 
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on sur face of gold plating. Thermocompression wedge bonds of 38 µm
(1.5 mil) gold wire. (Note that thermosonic/ultrasonic bonds are less 
sensitive to sur face impurities than TC bonding, also see Chap. 7,
Sec. 7.2.) (After Casey [6A-19].)
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free. Thus, for such bonding, an appropriate method of preventing 
oxide growth during storage or a chemical removal process is essen-
tial. It may be helpful in bonding directly to pure Cu or Ni to apply 
ultrasonic energy as the wire initially contacts the metal. This helps 
clear the oxide away before microwelds form and wire-to-substrate 
motion ceases.

6A.4.4 Chromium
Chromium, which has been used to promote adhesion between sub-
strates and vacuum-deposited Au films, can rapidly diffuse through 
grain boundaries to the surface and oxidize [6A-15, 6A-27 to 6A-29]. 
Figure 6A-4 illustrates grain-boundary diffusion for Cr through Au; 
however, other metals (e. g., Ni, Cu) will similarly diffuse. Heating 
chrome-locked (glued) Au films for 2 h at 250°C was observed to 
impair the thermocompression bondability of 3 µm thick Au films 
[6A-27]. Higher temperatures or thinner films will decrease the diffu-
sion time significantly. A special cleaning etch, cerric ammonium 
nitrate, was developed to remove the Cr oxide from Au surfaces and 
completely restore thermocompression bondability [6A-29].

6A.4.5 Titanium
Titanium, as with Cr, is used in various substrate-metallization sys-
tems [6A-30] and can diffuse up to the Au surface or be deposited on 
it during some part of the processing procedure [6A-31]. It will oxidize 
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and decrease bondability. A dilute 10:1 HF, HNO3 etch on the Au sur-
face restores bondability. Note, however, cleaning must be rigorous 
since any remaining traces of this etch could degrade the reliability of 
Al wire bonds later put on the surface, although initially strong Au 
bonds should remain unaffected.

6A.4.6 Tin
Tin has been identified in two studies as leading to bond failures. One 
found that Sn was deposited (possibly as the oxide, from the Auger 
analysis) on the Au substrate by a contaminated cleaning solution 
[6A-32]. Tin thickness in the range of 20 to 30 Å (presumably as an 
oxide) reduced bondability significantly. A potassium carbonate rinse 
was used to remove the tin from the substrates. This rinse left traces of 
potassium on the surface, which might later affect some active devices! 
Tin was also found to cause Au thermocompression-bond failures to Al 
pads [6A-33]. Apparently, Sn (as an oxide) prevented a strong bond 
from forming. This latter work was not clear as to the sources or the 
extent of the tin problem, since carbon that could have been a contrib-
uting factor was also found in the interface (as is typical of the prob-
lems we face in complex assembly). Nevertheless, upon aging, tin does 
form an oxide which is tenacious and impervious enough to reduce 
solderability in tin-plated lead frames, so it should also be considered 
a potential hazard for wire bonding. (Note: If you cannot solder to a 
surface using a nonactivated flux, you cannot wire bond to it either!)

6A.5 Gold Plating Standards
There are no generally accepted standards for platings used for wire 
bonding, and Horsting’s pragmatic screen [6A-1], or equivalent, is 
still in use and often necessary to qualify a gold plated lot! The 
accepted plating specifications for Au in electronics are MIL-G-45204 
and ASTM B 488-01 (2006). Selected portions of these specifications 
(listed in Table 6A-1) are minimal for assuring high-quality wire 
bonds, but are the best standards available and in wide usage.

MIL-G-45204

Type I 99.7 % gold min. (Grade A, B, or C)
Type III 99.9 % gold min. (Grade A only)
Grade A, Knoop 90 max.

ASTM B 488-01(2006)

Type 1 99.9 % gold min. (Grade A only)
Grade A, Knoop 90 max.

TABLE 6A-1 Specifications for Gold-Plated Films
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6A.5.1 Recommendations for Reliable Gold-Plated Films
Gold films with desirable characteristics (bondability, reliability, large 
bonding window) should, based upon the foregoing, contain no measur-
able Tl and less than 50 ppm total of Ni, Cu, and Pb impurities. Analysis 
should be made on a sample basis on the film itself if possible∗ since many 
variables can change the correlation between plating solution and film 
impurity level. Hydrogen and other gas occlusions should be at a mini-
mum. The film should be soft with a hardness of 60 to 80 HKN (note that 
these are lower than in both of the above standards) and nodular in appear-
ance. It should not be shiny (bright), nor have a lenticular surface struc-
ture. It is possible that a <111> dominant-surface structure is desirable, 
but this has not been proven. Unbondable or unreliable Au films that 
contain hydrogen can be hardness tested, annealed (if appropriate equip-
ment is available†), and, if softer, should be bondable, unless the Au film 
is thin and was plated over Ni, Cr, Ti, or Cu that has been heated and 
diffused to the surface. (Note: diffused up surface contaminants can usu-
ally be removed by Argon Plasma sputtering before bonding.)

During annealing, any of these metals may diffuse to the surface, 
oxidize, and render the Au unbondable. This oxide must then be 
chemically removed if the plating is to be bonded. Gold platings over 
combination adhesion-barrier coatings, such as titanium-palladium, 
limit diffusion and can generally be heat treated and used without 
further cleaning. Since plating conditions, such as waveform, bath 
temperature, and composition, can affect the film characteristics, 
there is no specific recommendation for a plating current density 
(except low) to achieve bondable, reliable films. The literature is con-
tradictory in this regard. If grain refiners or Ni, Cu, etc., are in the 
bath, then high plating rates will generally increase their incorpora-
tion in the films and produce bonding problems.

The wide spectrum of Al-wire to Au-plating bond failures is most 
perplexing. Such failures have been shown to result from numerous 
different impurities, H2 gas in the Au films, or simply a high level of 
crystallographic defects in an otherwise pure Au plating. Any given 
Au film could have some combination of these, and an Al bond fail-
ure would become impossible to accurately diagnose. The pragmatic 
test of Horsting for wedge bonds (bond, bake, and pull test) [6A-1] 
and the observation of a large bonding window appears to be the 
simplest approach for the user to adopt. The characteristics of reliable 
platings are summarized in Table 6A-2.

∗Frequent analysis of plating lots to 50 ppm would be prohibitively expensive. A 
pragmatic test, such as Horsting’s [6A-1] bake test, can be quickly applied to many 
plating lots and only the ones causing wire bonding failures analyzed further in 
more detail.
†Special “nano-hardness testers” are required to make measurements on thin (typically 
~1.3 µm, 50 µin) gold platings used for bonding in microelectronics. These require 
loads approximately 1 to 2 g or less. Sometimes platings are made much thicker on 
special test coupons so that more conventional hardness equipment can be used.
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6A.6 Electroless Autocatalytic Gold 
In addition to electroplated Au normally used for thicker (~1µm)
bonding pads, there are two published autocatalytic electroless Au 
deposition processes that might be used for such thicker deposits 
[6A-34, 6A-35]. (These are not the thin (≤0.2 µm) displacement/
immersion Au films which are in high volume production—and are 
usually deposited on Ni to enhance bondability.) The first autocata-
lytic Au has been extensively used for both Au and Al wire bonding 
on ceramic as well as on some chemically resistant plastic packages. It 
is plated from a high pH (13 to 14) solution, which may damage some 
organic substrates. The second has been used on PC boards and some 
experimental wire bonding applications. This is plated from a noncya-
nide solution with a neutral pH. It has been tested for wire bond reli-
ability. However, its solution shelf life is short, reducing its usability, 
especially for laboratory experiments. Both plating methods can 
deposit Au films in the range of 1 to 3 µm/h. Both offer the possibility 
of plating to conductor surfaces that are insulated from electrical con-
tact, on boards and ceramic packages. As such, they could be used for 
bonding applications. However, both take much longer for a compa-
rable thick deposit than electroplating, a disadvantage for production. 
Currently, thick Au is so costly that alternatives are preferred.

6A.7 Nongold Platings Used in Electronics Packaging 
There are several nongold metal platings used in packaging that may 
affect bonding. The most important are Ni and Pd. Nickel is used in both 
electroplated and electroless form with the latter dominating in micro-
electronics applications. There are a number of plating solutions available 
for each type of deposition, and these are discussed in detail in the second 
section of this chapter by Luke England and Jamin Ling. The complete 
physical properties, as well as the chemistry, of various electroless Ni 
compositions have long been published [6A-36, 6A-37]. Military specifi-
cations for electroless Ni are MIL-C-26074 E (for both phosphorus and 

Gold Films Bond Well and Are Reliable If They:
1. Are pure yellow in color.
2. Are uniform, matte, and lusterless in appearance.
3. Are smooth & free from pits, blisterrs, or other blemishes.
4. Are soft (~80 Knoop), ductile, and dense.
5. Have <50 ppm of total impurity content.
6. Have <1 ppm Tl and low H2 content.
7. Have a wide bonding parameter window!!

TABLE 6A-2 Characteristics of Plated Gold Films for Bonding
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boron containing), ASTM, and AMS specifications are maintained. The 
most used electroplated Ni for bonding (sulfamate) is MIL-P-27418. Typi-
cally, Ni is used as a base for other metals platings and, in particular, for 
Pd and Au. However, Ni is also used directly for bonding with some 
large-diameter Al wire in power devices. The Ni-Al wire bond interface 
reliability was discussed in Chap. 5, Sec. 5.3.6, and it is very reliable. Pal-
ladium has been used for lead frame and PC board coatings. Its bonding 
properties and other uses were discussed in Chap. 5, Sec. 5.3.4. 

Chapter 6A References
 6A-1 Horsting, C., “Purple Plague and Gold Purity,” 10th Annual Proc. IRPS,

Las Vegas, Nevada, April 5–7, 1972, pp. 155–158.
 6A-2 Newsome, J. L., Oswald, R. G., and Rodrigues de Miranda, W. R., “Metallurgical 

Aspects of Aluminum Wire Bonds to Gold Metallization,” 14th Annual Proc. 
Rel. Phys., Las Vegas, Nevada, April 20-22, 1976, pp. 63–74.

 6A-3 MIL Standard 883 G (2006), Test Methods and Procedures for Microelectronics,
and in MIL-PRF-38534F (2006), APPENDIX C.

 6A-4 McDonald, N. C. and Palmberg, P. W., “Application of Auger Electron 
Spectroscopy for Semiconductor Technology,” Intl. Electron Devices 
Meeting, Washington, D.C., October 11–13, 1971, pp. 42–43.

 6A-5 McDonald, N. C. and Riach, G. E., “Thin Film Analysis for Process 
Evaluation, Electronic Packaging and Production,” April 1973, pp. 50–56.

 6A-6 Czanderna, A. W., Ed., Methods of Surface Analysis VI, Chapter 5, Elsevier 
Scientific Publishing Co., New York, 1975, pp. 212–222.

 6A-7 James, H. K., “Resolution of the Gold Wire Grain Growth Failure 
Mechanism in Plastic Encapsulated Microelectronic Devices,” IEEE 
Trans. on Components, Hybrids, and Manufacturing Technology CHMT-3,
September 1980, pp. 370–374.

6A-8 Endicott, D. W., James, H. K., and Nobel, F., “Effects of Gold-Plating 
Additives on Semiconductor Wire Bonding,” Plating and Surface Finishing,
Vol. 68, November 1981, pp. 58–61.

 6A-9 Okumara, K., “Degradation of Bonding Strength (Al Wire—Au Film), by 
Kirkendall Voids,” J. Electrochem. Soc., Vol. 128, 1981, pp. 571–575.

6A-10 Wakabayashi, S., Murata, A., and Wakobauashi, N., “Effects of Grain 
Refiners in Gold Deposits on Aluminum Wire-Bond Reliability,” Plating 
and Surface Finishing, August 1982, pp. 63–68.

6A-11 Evans, K. L., Guthrie, T. T., and Hays, R. G., “Investigation of the Effect 
of Thallium on Gold/Aluminum Wire Bond Reliability,” Proc. ISTFA, Los 
Angeles, California, 1984, pp. 1–10.

6A-12 Huettner, D. J. and Sanwald, R. C., “The Effect of Cyanide Electrolysis 
Products on the Morphology and Ultrasonic Bondability of Gold,” Plating 
and Surface Finishing, Vol. 59:88, August 1972, pp. 750–755.

6A-13 Joshi, K. C., Sanwald, R. C., and Annealing, H., “Behavior of Electro-
deposited Gold Containing Entrapments,” J. Electronic Materials, Vol. 2, 
1973, pp. 533–551.

6A-14 Murcko, R. M., Susko, R. A., and Lauffer, J. M., “Resistance Drift in 
Aluminum to Gold Ultrasonic Wire Bonds,” IEEE Trans. CHMT, Vol. 14, 
December, 1991, pp. 843–847.

6A-15 Nelson, G. C. and Holloway, P. H., “Determination of the Low Temperature 
Diffusion of Chromium Through Gold Films by Ion Scattering Spectroscopy 
and Auger Electron Spectroscopy,” ASTM Special Technical Publication 596, 
Surface Analysis Techniques, 1976, pp. 68–77. 

6A-16 Loo, M. C. and Su, K., “Attach of Large Dice with Ag/Glass in Multilayer 
Packages,” Hybrid Circuits (UK) Number 11, September, 1986, pp. 8–11.



I n t r o d u c t i o n  t o  P l a t i n g ,  G o l d  a n d  N i c k e l - B a s e d  199

6A-17 Hall, P. M. and Morabito, J. M., “Diffusion Problems in Microelectronics 
Packaging,” Thin Solid Films, Vol. 53, 1978, pp. 175–182. 

6A-18 Bastl, Z., Zidu, J., and Rohacek, K., “Determination of the Diffusion Coefficient 
of Aluminum Along the Grain Boundaries of Gold Films by the Surface 
Accumulation Method,” Thin Solid Films, Vol. 213, 1992, pp. 103–108. 

6A-19 Casey, G. J. and Edicott, D. W., “Control of Surface Quality of Gold 
Electrodeposits Utilizing Auger Electron Spectroscopy,” Plating and 
Surface Finishing, Vol. 67, July 1980, pp. 39–42.

6A-20 McGuire, G. E., Jones, J. V., and Dowell, H. J., “Auger Analysis of 
Contaminants that Influence the Thermocompression Bonding of Gold,” 
Thin Solid Films, Vol. 45, 1977, pp. 59–68. 

6A-21 Endicott, D. W. and Casey, G. J., “High Speed Gold Plating from Dilute 
Electrolytes,” Proceedings American Electroplaters Soc., paper 1-d3, 1979.

6A-22 Dini, J. W. and Johnson, H. R., “Influence of Codeposited Impurities 
on Thermocompression Bonding of Electroplated Gold,” Proc. ISHM 
Symposium, Los Angeles, CA, October 1979, pp. 89–95.

6A-23 Panousis, N. T., “Thermocompression Bondability of Bare Copper 
Leads,” IEEE Trans. on Components, Hybrids, and Manufacturing Technology
CHMT-1, 1978, pp. 372–376.

6A-24 Panousis, N. T. and Hall, P. M., “Application of Grain Boundary Diffusion 
Studies to Soldering and Thermocompression Bonding,” Thin Solid Films,
Vol. 53, 1978, pp. 183–191.

6A-25 Dini, J. W. and Johnson, H. R., “Optimization of Gold Plating for Hybrid 
Microcircuits,” Plating and Surface Finishing, Vol. 67, Jan. 1980, pp. 53-57.

6A-26 Spencer, T. H., “Thermocompression Bond Kinetics—The Four Variables,” 
Intl. J. Hybrid Microelectronics, Vol. 5, 1982, pp. 404–408. 

6A-27 Panousis, N. T. and Bonham, H. B., “Bonding Degradation in Tantalum 
Nitride-Chromium Gold Metallization System,” 11th Annual Proc. 
Reliability Physics, Las Vegas, NV, April 3–5, 1973, pp. 21–25.

6A-28 Harman, G. G., “The Use of Acoustic Emission in a Test for Beam-Lead, 
TAB, and Hybrid Chip Capacitor Bond Integrity,” IEEE Trans. on Parts, 
Hybrids, and Packaging, Vol. 13, 1977, pp. 116–127. 

6A-29 Holloway, P. H. and Long, R. L., “On Chemical Cleaning for 
Thermocompression Bonding,” IEEE Trans. on Parts, Hybrids and Packaging,
Vol. 11, 1975, pp. 83–88.

6A-30 Donya, A., Watari, T., Tamura, T., and Murano, H., “GLO: A New 
Technology for Fabrication of Fine Lines on Multilayer Substrate,” Proc. 
IEEE Electronics Components Conference, Orlando, FL, 1983, pp. 304–313.

6A-31 Thompson, R. J., Cropper, D. R., and Whitaker, B. W., “Bondability 
Problems Associated with the Ti-Pt-Au Metallization of Hybrid Microwave 
Thin Film Circuits,” IEEE Trans. on CHMT, Vol. 4, 1981, pp. 439–445.

6A-32 Vaughan, J. G. and Raut, M. K., “Tin Contamination During Surface Cleaning 
for Thermocompression Bonding,” Proc. ISHM, 1984, pp. 424–427.

6A-33 Davis, L. E. and Joshi, A., “Analysis of Bond and Interfaces with Auger 
Electron Spectroscopy,” Proc. Advance Techniques in Failure Analysis, Los 
Angeles, California, October 1977, pp. 246–250.

6A-34 Gaudiello, J. G., “Autocatalytic Gold Plating Process for Electronic 
Packaging Applications,” IEEE Trans. on CPMT-Part A, Vol. 19, March 1996, 
pp. 41–44.

6A-35 Inoue, T., Ando, S., Okudaira, H., Ushio, J., Tomizawa, A., Takehara, H., 
Shimazaki, T., Yamamoto, H., and Yokono, H., “Stable Non-Cyanide 
Electroless Gold Plating Which is Applicable to Manufacturing of Fine 
Pattern Printed Wiring Boards,” Proc. 45th ECTC, Las Vegas, NM, May 21–24, 
1995, pp. 1059–1067.

6A-36 Gawrilov, G. G., Chemical (Electroless) Nickel-Plating, Portcullis Press Ltd, 
Redhill, Surry (GB), 1979.

6A-37 Watson, A. S., “Electroless Nickel Coatings,” Nickel Development Institute, 
NiDI Technical Series No. 10055, 1989 (note other Ni plating pubs. in the 
series with the same date are 10-047, -048, -049, -052, and -053). 



200 C h a p t e r  S i x

Section 6B Ni-Based Platings Used in 
Electronics Packaging*
There are several Ni-based metal plating structures used in packag-
ing that may affect bonding. The most important are Ni/Au, Ni/Pd, 
and Ni/Pd/Au. The plating processes are used in both electroplated 
and electroless/immersion forms, with the latter dominating in 
microelectronics applications. There are a number of plating solu-
tions available for each type of deposition, and these are beyond the 
scope of this book. Therefore, only the basic principles of electroless/
immersion plating will be discussed. More detail on this topic can be 
found in a number of books specializing in the subject. This section 
will focus on the process and reliability of wire bonding to these Ni-
based plated bond pads.

6B.1 Background
In recent years, CMOS technologies have been moving forward with 
ever shrinking geometries at a much faster rate than the external 
interconnect technologies. Die size is often limited by bond pad dimen-
sional constraints; therefore, valuable Si surface area may not be maxi-
mized for active circuitry areas. There are now strong demands to modify 
the device design rules to allow both wire bonding and probing on the 
same pad. Depending on the design of the device, a stronger bond pad 
structure may be necessary to prevent damage to any sensitive areas 
under the bond pad such as dielectric layers or actual circuitry in the case 
of bond pad over active areas [6B-1, 6B-2]. Options to prevent damage 
include enhanced mechanical properties of underlying dielectrics, rein-
forcement of layer-to-layer adhesion, and/or changing bond pad metal-
lization to have a stiffer bond pad that can better accept the dual forces 
of probing and wire bonding on the same location.

Another trend for many semiconductor manufacturing facilities 
is to use Cu interconnect metallization for their integrated circuit fab-
rication (see Chap. 10). This is because the Cu has a significantly 
higher conductivity than the Al used in traditional interconnect met-
allization structures, which is essential to achieve optimum perfor-
mance for high-speed applications. Traditional wire bond methods 
cannot be used consistently or reliably on the Cu metallization due to 
the tendency for tenacious oxide formation on bare Cu. Even with 
pre-bond oxide removal, the surface is virtually unbondable because 

∗By Luke England (Fairchild Semiconductor, luke.england@fairchildsemi.com) 
and Jamin Ling (Kulicke and Soffa, JLing@kns.com). Both authors contributed 
equally. Names are listed in alphabetical order.
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the Cu rapidly forms an oxide skin over the bond pad surface regard-
less of the time between cleaning and bonding. Furthermore, even if 
an oxide layer could be prevented between cleaning and bonding, the 
temperature increase imposed on the device during the wire bonding 
process would most certainly drive Cu oxide formation before reli-
able wire bonds could be made. One common technique for wire 
bonding to Cu interconnects is the addition of a sputtered Al layer 
over the bond pad area, which then becomes the wire bonding sur-
face [6B-3]. The cost of adding this Al layer, however, is usually quite 
high due to the use of expensive metal deposition and photolithogra-
phy processing techniques required to obtain the Al pad structure. 
However, it is compatible with traditional bonding technology and 
therefore in some cases preferable to alternatives.

With recent increases in the price of Au, Cu has regained its traction 
for wire bonding to potentially replace the very expensive Au wire 
[6B-4]. Due to the higher potential of Cu to work-harden during ball 
bonding, a harder and stiffer bonding surface can help prevent bond 
pad cratering and other damage that is easily induced during Cu ball 
bonding for both Cu and Al interconnect materials. Alternative bond 
pad structures have been proposed and adopted recently, which 
include the addition of a Ni layer directly over the bond pad intercon-
nect. Ni-based bond pads have been extensively used in semiconduc-
tor packaging as bond pads for both laminated substrates and metal 
lead frames. Since the introduction of bare Cu leadframes to replace the 
more expensive Kovar material, Ni-based bond pads have become 
prevalent for metal leadframe second bond (stitch bond) locations. 
Since Ni has a tendency to oxidize, an inert metal such as Pd and/or 
Au should be deposited on the Ni to prevent oxidation from occurring 
either before or during wire bonding. Typical bond pad structures 
include Ni/Au, Ni/Pd, or Ni/Pd/Au layer stacks. Recently, there have 
been increasing reports and studies using these bond pad structures on 
semiconductor devices for thermosonic ball bonding [6B-5 to 6B-9]. 
The Ni, Pd, and Au bond pad metals can be deposited onto either Al or 
Cu base metals using a plating process (either electrolytic or electroless), 
and the structures listed previously are now gaining traction in the 
industry for ball bonding to semiconductor devices.

Other than the obvious advantages of allowing for wire bonding 
to Cu interconnect structures, the superior mechanical properties of 
Ni can provide the protection to sensitive underlying pad structures. 
Ni has a much higher elastic modulus than either Cu or Al. Table 6B-1 
shows typical elastic modulus values for pure Ni, Cu, and Al for com-
parison. The high modulus of Ni leads to high stiffness and fracture 
toughness, which gives the Ni layer a high potential to resist deflec-
tion and absorb energy during the ultrasonic application and down-
ward force applied to the bond pad during the ball bonding process. 
This makes a Ni base metal an ideal choice for scenarios where prob-
ing and wire bonding may be required on the same bond pad.
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6B.2 Electroless Plating Processes
As mentioned previously, electroless and electrolytic plating meth-
ods can be used to deposit Ni, Pd, and Au onto interconnect pads of 
either Al or Cu composition. Electroless/immersion plating is a bet-
ter economic approach than electroplating because it does not require 
expensive photolithography and etch processes. There are challenges, 
however, with electroless/immersion plating for wire bond applica-
tions. Thicker metal layers are desired for good bondability, and these 
are more easily obtained using electrolytic methods. Plating selectiv-
ity can also be an issue. It is sometimes difficult for plating initiation 
to occur on very small features depending on processing conditions 
(i.e., bath composition, temperature, etc.), making good plating bath 
control imperative. Some possible plating issues/problems are shown 
in Fig. 6B-1. In spite of these potential issues, electroless/immersion 
plating remains a viable process for creating bondable surfaces on 
semiconductor devices.

Typically, the electroless plating process relies on the plating 
chemistry to react with a catalyst treated substrate in the plating bath 
to initiate a thin layer of deposit. The substrate is then submerged in 
another plating bath to further nucleate the element to be deposited. 
This depositing process continues until the target thickness is reached, 
which is theoretically unlimited. The plating only occurs on areas of 
the substrate where metal is exposed; therefore, no masking is needed 
to cover other areas. The immersion plating process, on the other 
hand, is a self-limiting chemical reaction. The element to be plated 
essentially replaces the base metal it is being deposited on. Once the 
base metal is fully covered with the plated element, the reaction 
ceases, and the plating process is complete. This section will discuss 
the electroless/immersion processes of Ni, Pd, and Au plating in 
detail. Table 6B-2 shows a typical plating process flow for Al and Cu 
base metals. 

Elastic Modulus Poisson’s Ratio

Ni 200 GPa 0.31

Cu 130 GPa 0.34

Al 70 GPa 0.35

Source: www.webelements.com

TABLE 6B-1 Elastic Modulus and Poisson’s Ratio 
Values for Al and Cu (Standard Interconnect Metals) 
and for Ni (Bond Cap Material)

www.webelements.com
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6B.2.1 Ni Plating
The electroless Ni plating process begins with an initial cleaning to 
prepare the exposed surface for the catalyst, which is typically a mild 
acid wash to remove any surface contaminants that may be present. 
This is followed by an acid rinse that removes any surface oxides 
present on the surface. For plating on an Al surface, a zincate process 
is used to etch away a very fine layer of Al from the pad and redeposit 
a layer of Zn on the pad. This Zn will act as a catalyst for the Ni plat-
ing to follow. It is common to perform a second zincate process, which 
helps to make the surface more uniform for the Ni plating that fol-
lows. For plating onto a Cu surface, a Pd activation process is typi-
cally used rather than the zincate process [6B-10, 6B-11]. 

(a) (b)

(c) (d)

FIGURE 6B-1 Possible defects that can occur during the electroless/immersion 
plating process. (a) Skip Plating—Plating doesn’t initiate onto some or all of the bond 
pads. (b) Step Plating—A plating layer doesn’t initiate on all areas of the pad. The 
result is a “step” from the top plated layer surface to the bottom surface. (c) Blister—
Immersion Au plating is thin in areas of the pad. The darker areas are typically caused 
by oxidation of Ni that is exposed on the surface from the thin Au plating.
(d) Shorting—Bond pads with a small pitch can plate together during the process.
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Note: The options shown include immersion Au and autocatalytic Au. It is also possible to use an electroless Pd layer 
between the Ni and immersion Au, although it is not shown here. Courtesy of Uyemura.

TABLE 6B-2 Typical Process Flow of an Electroless Plating Pond Pad Process for (a) an Al Base Metal and (b) a 
Cu Base Metal with Thick Au

(a) Al Base Metal

Process Temperature Time

Cleaner 50°C 3 min

Rinse

Nitric acid rinse 21°C 30 s

Rinse

1st zincate 21°C 10 s

Rinse

Nitric acid rinse 21°C 1 min

Rinse

2nd zincate 21°C 35 s

Rinse

Electroless Ni 80°C 25 min

Rinse

Immersion Au 75°C 10 min

Rinse

Autocatalytic Au 50°C 14 min

Rinse

(b) Cu Base Metal

Process Temperature Time

Cleaner 50°C 5 min

Rinse

Sulfuric acid copper etch 25°C 1 min

Rinse

Sulfuric acid pre-dip 25°C 1 min

Palladium catalyst 25°C 2 min

Rinse

Electroless Ni 80°C 25 min

Rinse

Immersion Au 75°C 10 min

Rinse

Autocatalytic Au 50°C 14 min

Rinse

204
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An electroless Ni plating bath is very complex as it contains many 
more chemicals than the Ni source alone (i.e., reducing agent, com-
plexant or chelating agent, stabilizer, etc.). These bath components 
perform specific functions in the chemical reaction. They are critical 
to obtain a good quality metal deposit and must be monitored care-
fully during processing. In order to get the ionized metal in the bath 
to lower its valence state and plate onto the pad surface, a reducing 
agent must be used. In the Ni bath, the reducing agent is typically 
hypophosphite. Equation (6B.1) shows the simplified chemical equa-
tion for the electroless Ni plating process.

Ni H PO H O Ni H PO 2H2
2 2 2 2 3

+ − − ++ +  → + + (6B.1)

During deposition of the Ni, P from the hypophosphite reducing 
agent is also deposited on the surface of the base metal. Depending 
on bath composition, the P levels in the plated Ni(P) layer can vary 
[6B-10, 6B-12, 6B-13]. For semiconductor applications, the P level is 
tyically targeted to be roughly 7 to 10%. These levels of P result in an 
amorphous Ni(P) layer, which is more suitable for a diffusion barrier 
since no grain boundaries exist. The amount of P that is deposited also 
helps to determine final mechanical properties of the film such as hard-
ness. As plated hardness for low-P deposits is in the 700 to 750 HK 
range, while hardness is only 500 HK for high-P deposits [6B-12].

The plating rate of Ni is also a controlable parameter duirng the 
process, which in turn affects the final surface roughness. Obviously 
a fast plating rate will increase throughput of the process, but fast 
plating rates can also result in a rougher Ni surface. Therefore, a care-
ful balance must be maintained between processing speed and sur-
face quality. If the Ni surface is too rough, the next successive metal 
layers to be plated on the Ni will follow the contours and also result 
in a rougher surface. As will be discussed in the following section, 
both surface hardness and roughness have a strong effect on final 
wire bondability and bond strength. Harder and rougher surfaces 
typically are less bondable.

6B.2.2 Pd Plating
Pd plating was first investigated as a replacement for Au plating to com-
bat the high cost of Au. Pd and PdNi alloys were initially developed for 
contact wear resistance in connector applications, but other technical 
advantages were identified as usage grew. Not only is the pure Pd layer 
extremely hard (450 to 600 HK) [6B-14], but the Pd deposit is extremely 
dense and acts as an excellent diffusion barrier coating [6B-5]. 

For wire bonding applications, pure Pd plating is typically used 
rather than PdNi alloys. As in electroless Ni deposition, Pd plating 
requires a catalyst pretreatment to prepare the surface for deposi-
tion. The metal source is typically a Pd-ammonia compound with a 
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hydrazine reducing agent for metal deposition. The major chemical 
reaction occurring during electroless Pd deposition is shown simpli-
fied in Eq. (6B.2).

2Pd(NH ) N H 4OH 2Pd 8NH N 4H O3 4
2

2 4 3 2 2
− −+ +  → + + + (6B.2)

6B.2.3 Au Plating
Au has long been a mature plating process for electronic applications. 
Two types of Au plating processes through chemical reactions exist—
immersion and autocatalytic. Immersion Au plating is a self-limiting 
galvanic displacement process, therefore, no reducing agent is neces-
sary. For microelectronic applications the base metal for immersion 
Au plating is typically Ni. Equation (6B.3) shows the simplified equa-
tion for immersion Au plating onto Ni.

Ni Ni e

2Au e Au

2 → +

+  →

+ −

+ −

2

2 2
(6B.3)

The deposited Au atoms physically replace Ni atoms that supply the 
electrons for the reaction. This reaction ceases when the Ni is completely 
covered by Au, with a typical final Au layer thickness of <0.05 µm. The 
immersion Au chemistry must be carefully controlled due to the nature 
of the process. If the plating is too aggressive, the result will be uncon-
trolled removal of the Ni layer. This can leave a nonuniform porous Ni 
surface, which is a poor surface for wire bonding. A secondary effect of 
uncontrolled Ni removal during plating is the entrapment of Ni atoms 
within the newly deposited Au layer. This “suspended” Ni is then free to 
oxidize when exposed to air, which can inhibit wire bondability.

When the base metal for electroless Ni immersion Au plating is 
Cu, the overall pad structure should be taken into account. Since the 
plating layers do not adhere to the dielectric sidewall of the bondpad 
opening, there is a path for the plating chemistries to come in contact 
with the Cu base metal. Immersion Au chemistries are particularly 
corrosive to the Cu base metal; therefore, any plating bath that comes 
into contact with the base metal can result in undesirable removal of 
the Cu metal. Figure 6B-2 shows a cross-section of a Ni/Au plated Cu 
bond pad with corrosion at the dielectric/Cu/Ni interface caused by 
interaction with the immersion Au chemistry. This may contribute to 
an overall degradation of long-term device reliability. The sketch in 
Fig. 6B-3 illustrates this concept. The best protection against this phe-
nomenon is to allow the electroless Ni layer to plate thicker than the 
dielectric layer so lateral plating of Ni occurs. This eliminates the 
direct path for immersion Au chemistry to penetrate the gap between 
Ni and dielectric layers. A good rule of thumb is to allow for 3 µm of 
lateral plating distance to minimize the effects. 
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FIGURE 6B-2 Cross-section image of an ENIG plated Cu bond pad. Notice the Cu 
corrosion at the point where the Ni plating sidewall begins. This is due to an aggressive 
immersion Au chemistry attacking the Cu base metal. The severity of Cu corrosion can 
be controlled by changes to the immersion Au bath (i.e., temperature, pH, chemistry). 
Figure 6B-3 discusses this in further detail.

Immersion Au
Immersion Au

3 µm

Dielectric
Dielectric NiNi

Cu base
metal

(a) (b)

FIGURE 6B-3 (a) Drawing that illustrates electroless Ni immersion Au plating on Cu 
base metal. Since the plated metals are deposited selectively on other metal only, 
they cannot adhere to the dielectric. This leaves a small gap, which can be on the 
atomic scale for width. The gap allows for immersion Au plating chemistry to 
penetrate the electroless Ni sidewall and corrode the Cu base metal. This could have 
the potential to cause long-term reliability issues, especially for electromigration, 
although no study to assess reliability issues with this problem has been published 
to the author’s knowledge. The gap is also a path for surface diffusion of Cu metal 
atoms throughout the product’s life, especially in instances of elevated temperature. 
(b) The recommendation to avoid Au chemistry corrosion of Cu base metal is to plate 
a thick layer of Ni where 3 µm of lateral plating has been achieved. The Au chemistry 
penetration is then kept mostly to the point where lateral plating begins (area circled 
in drawing). Note: Drawings not to scale.
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Following immersion Au plating with autocatalytic (electroless) 
Au plating is an excellent way to thicken the overall top layer of Au. 
Autocatalytic Au chemistries can be placed into two categories, cya-
nide and non-cyanide based, which refers to the Au source com-
pound. Cyanide based Au plating baths have been used successfully 
for many years to deposit hard Au films for contact wear resistance 
on connectors [6B-15]. They can also be used to deposit soft Au films 
that are desirable for wire bonding applications, but, due to two 
major shortcomings, non-cyanide based chemistries are typically 
used. In the cyanide based baths Au is bound with cyanide ions as the 
metal source, and as Au is broken from the compound and deposited 
on the base metal surface, free cyanide ions are released. These free 
cyanide ions are highly toxic. In addition, cyanide plating baths are 
often operated at a high pH, which is detrimental to many photore-
sist materials [6B-16]. Therefore, non-cyanide based Au plating baths 
are typically used for wire bonding applications. The most common 
type uses a sulfite based Au metal source. Deposition of the Au metal 
occurs through the simplified chemical reaction shown in Eq. (6B.4).

Au(SO ) Au 2SO3 2
3

3
2− + − → + (6B.4)

Since the autocatalytic Au reaction requires no external current 
source, the reaction can continue indefinitely. The result is a thick, 
nonporous, and highly uniform top Au layer that is well suited for 
wire bonding. Typical final Au thickness for high reliability wire 
bonding is >0.5 µm. Modern sulfite based autocatalytic Au baths typ-
ically are operated at neutral pH levels, making them more compati-
ble with photoresist materials that are common today.

6B.3  Wire Bond Process Window and Reliability 
on Plated Bond Pads

6B.3.1 Ni/Au
When using the common electroless Ni immersion Au (ENIG) pro-
cess for bond pad metal deposition, the result is a thin (<0.1 µm) Au 
layer on top of the Ni for the primary bonding surface. Although 
there is an inert Au layer covering the Ni, one must still be concerned 
about Ni oxidation. The presence of Ni oxide is a common cause of 
wire bond non-sticks when bonding to an ENIG bond pad structure. 
Since the immersion Au layer is very thin and usually very porous, 
Ni can diffuse out to the bonding surface via grain boundaries or 
partially plated areas, especially at elevated temperatures. The Ni can 
then oxidize and prevent successful ball bond formation. The immer-
sion plating process itself is also a source of Ni contamination. As the 
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Au is being deposited onto the Ni base metal, the Ni atoms removed 
during the replacement reaction can become trapped within the 
newly deposited Au layer. These Ni atoms “suspended” in the Au 
layer are then free to oxidize and cause wire bond no stick failures. 
This phenomenon is a result of poor plating process control that 
leaves a nonuniform Au layer over the Ni base metal.

Although there is a high potential for wire bond no sticks when 
using the ENIG process to obtain a wire bondable surface, it is a com-
mon semiconductor industry processing technique that is routinely 
used to obtain highly reliable ball bonds. Several studies have been 
published on the processing and reliability of wire bonding to Ni/Au 
bond pads deposited using the ENIG process [6B-9, 6B-17, 6B-18]. 

Chan [6B-17] characterized Au ball bonding to ENIG pads with a 
top Au layer thickness of approximately 0.1 µm. By varying the bond-
ing force and ultrasonic power he determined that the overall process 
window was quite large, which is illustrated in Fig. 6B-4. It was also 
shown that successful bonding could be done at temperatures as low 
as 60°C, although a much higher ultrasonic power is needed, and 
bonding at higher temperatures ultimately gave the largest process 
window. 

Strandjord [6B-9] also determined that the wire bonding process 
window to ENIG pads was large. He found no strong dependence of 
any wire bonding parameter on post-bond ball shear or wire pull val-
ues. Bonded samples were thermally aged and retested. The results 
show no significant change in ball shear or wire pull values. It was 
also shown that there is no Au-Ni intermetallic compound formed 
during the initial ball bonding process, which can be seen in the cross-
section shown in Fig. 6B-5. The post-thermal aging ball shear and 
wire pull tests also indicate that no detrimental intermetallic growth 
occurred, which indicates that the wire bonds are highly reliable if 
proper bonding is performed.

The bonding process window of Au wire on ENIG pads of FR4 
printed circuit boards was also studied by Ansorge [6B-19]. They 
found that thermal aging the boards at 75°C for 1000 h or 125°C for 
750 h resulted in the widening of the process window. It was deter-
mined that the longer aging time was more critical than aging tem-
perature, with the longer time effectively widening the process win-
dow greater than the higher temperature. This is most likely due to 
the annealing, or softening, of the Au with thermal aging. Lai and Liu 
[6B-18] also investigated bonding to ENIG pads on FR4 boards. The 
study looked at low temperature bonding at 105°C. Like Ansorge, 
they were able to correlate bondability to Au thickness and hardness, 
and it was determined that thicker and softer Au layers had greater 
bondability. Although these two studies were done on FR4 printed 
circuit board pads, they both show that softer bond pad surfaces per-
form best for Au ball bonding.
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FIGURE 6B-4 Diagram showing the experimentally determined process 
windows for low temperature (60°C) Au wire bonding to Ni/Au bond pads of 
various Au top layer thicknesses based on wire pull testing results. Both 
immersion and electrolytic methods were investigated. One mil wire diameter 
was used. Ultrasonic power was varied with bond forces (a) 20 gf and (b) 24 gf. 
Notice the larger process window for higher bonding force. It should also be 
noted that the process window for electrolytic plating is much higher than 
immersion plating, partly because of thickness limitations of the immersion 
plating process, but also due to the more uniform plating and lack of 
contaminants on the surface that can oxidize and prevent good bonding. 
Areas to the right of the process window were able to be bonded, but their 
pull strength was low due to excessive wire neck deformation from the high 
ultrasonic power application. (After Chan [6B-17]; With kind permission of 
Springer Science and Business Media.)
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In order to increase the process window of bonding to Ni/Au 
pads, the Au layer thickness can be increased. One way to do this is 
to follow the ENIG process with an autocatalytic Au plating process. 
Since the autocatalytic process is not self-limiting like the immersion 
Au process, the thickness of this layer can be significantly larger than 
the immersion Au layer (autocatalytic Au cannot be plated directly 
onto a Ni surface). A typical autocatalytic Au layer thickness is 0.5 µm,
which is 10 times the 0.05 µm immersion Au layer. The thicker auto-
catalytic Au layer will act to reduce the top layer hardness and also 
lower the risk of Ni contamination that can oxidize. The thicker Au 
layer increases the possible diffusion path for any Ni migration, and 
also covers up any exposed Ni that was “suspended” in the initial 
immersion Au layer. 

Another option to obtain a thicker Au layer is through electro-
plating. Chan [6B-17] characterized the wire bond process window 
for various thicknesses of electroplated Au ranging from 0.01 to 0.7 µm
over Ni thicknesses of 4  to 8 µm. It was shown that, as the Au thick-
ness increased, the overall surface roughness and hardness both 
decreased. Thinner Au layers follow the contours of the underlying 
Ni layer, but the contours become less visible and eventually disap-
pear as Au thickness increases. Surface roughness was shown to play 
a key role in bondability. Bond pads with higher Au roughness resulted 
in lower bondability and post-bond wire pull strength. It should be men-
tioned that a rather large drawback to using electrolytic Ni/Au bond 
pad structures for wire bonding is the high cost associated with the pro-
cessing due to the expensive metal sputter/etch and photolithography 

(a) (b)

FIGURE 6B-5 Cross-section of a Au ball bond onto a Ni/Au bond pad (a) low Mag
(b) high Mag. Plating process was electroless Ni immersion Au. Bond pad size was 
100 × 100 mm, with 1 mil Au wire. Cross section was taken immediately after 
bonding with no thermal aging present. Notice the lack of intermetallic compound 
formation during the bonding process due to the Au wire and Au pad surface. 
Thermal aging will not result in any detrimental intermetallic compound formation 
between the Ni and Au layers. (After Strandjord [6B-9]; © Elsevier.)
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processing techniques that are required. Regardless of the Ni/Au 
deposition method, a thicker Au layer will provide a softer and 
smoother bonding surface, which allows for easier ball bonding due 
to the reduction in energy required to form the metallic bonds. Figure 
6B-4 shows the process window for varying Au thickness, and it can 
be seen that the process window shrinks with decreasing Au thick-
ness (rougher and harder surface).

6B.3.2 Ni/Pd/Au
Although the thicker Au layers provided by electrolytic and 
immersion/autocatalytic methods have shown to be more desirable 
than the thinner immersion Au layers for ball bonding, the ENIG pro-
cess is the lowest cost option; hence, it is the most desirable process of 
the three options for low cost manufacturing even though it exhibits 
the highest possibility for wire bond no stick failures. Another option 
to obtain a highly reliable bond pad structure, and maintain low cost, 
is to apply a layer of Pd between the Ni and Au. This technology has 
been used extensively in recent years as a Cu leadframe finish for 
wire bonding and solder attach applications. Pd is an economic alter-
native to the thick Au because of its lower cost and noble characteris-
tics that it shares with Au. Figure 6B-6 shows a total precious metal 
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FIGURE 6B-6 Chart showing the comparative cost of various plating 
structures for wire bond pads. Electroless Ni Immersion Au is the baseline at 
100% cost. The Ni/Pd/Au structure is roughly 2.5× the cost of Ni/Au, but 
adding thick Au increases the processing cost by roughly 10×. Typical 
precious metal thickness values for each option are listed above, and these 
were used for the cost comparison. Cost is estimated based on the following 
precious metal prices: Au = $913/oz, Pd = $380/oz. (Note: these exact 
prices are volatile.)
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cost comparison for a Ni/Pd/Au pad structure and the Ni/Au pad 
structures with much thicker Au layers. Pd can also be electrolessly 
plated onto Ni very easily, which makes for seamless integration into 
an existing plating line (assuming enough tanks are available for the 
additional chemistry). Unlike the immersion replacement reaction 
required for Au deposition onto Ni, the Pd is deposited through an 
electroless reaction. Since no Ni atoms are being removed during the 
Pd deposition, there is no potential for Ni contamination to be “sus-
pended” in the Pd layer and become available for oxidation. The end 
result after the Pd deposition process is a highly dense and uniform 
layer that is very suitable for adding an immersion Au cap. The dense 
Pd structure will also act to inhibit Ni diffusion for long-term high 
temperature operation (if the particular device requires) [6B-5]. The 
additional Au layer on top of the Pd establishes a more robust, well-
understood bonding metallization for Au ball bonding.

Johal [6B-6] compared Au ball bonding with 1.2 mil wire to a Ni/
Pd/Au pad structure to that of an electrolytic Ni/Au pad structure. 
Ball shear and wire pull test results exceeded minimum acceptable 
manufacturing values for both bond pad structures, but the wire 
bonds on the Ni/Pd/Au bond pads performed better than those on 
the electrolytic Ni/Au bond pads. Although the mean wire pull val-
ues for both conditions were similar, the Ni/Pd/Au condition was 
much more consistent. Ball shear values for the Ni/Pd/Au condition 
were clearly higher, and they were also slightly more consistent. 
These results are summarized in Fig. 6B-7a and b.

Ng studied the wire bonding process window for Ni/Pd/Au 
pads [6B-7]. It was determined that the process window for Ni/Pd/
Au pads was much higher than that of standard Al pads, and the 
process windows for both bond pad conditions are shown in Fig. 6B-8. 
The wider process window allows for bonding with lower bond force, 
and ultrasonic power, therefore, shows that the Ni/Pd/Au pad struc-
ture could be advantageous when bonding over sensitive circuitry or 
other structures prone to wire bond damage. Ball shear and wire pull 
testing showed similar results to those of Johal [6B-6]. Values for both 
tests were higher for the Ni/Pd/Au pad condition than for the Al 
pad condition immediately after wire bonding. Ng encapsulated 
samples in a green molding compound and performed thermal aging 
on specimens from each sample condition. Samples were pulled at 
specified intervals through 4000 h of aging time and were decapsu-
lated by acid fuming to expose ball bonds for wire pull and ball shear 
testing. For the Ni/Pd/Au pad condition, it was found that wire pull 
values remained constant throughout the aging period, while the ball 
shear values actually improved slightly. This is most likely due to low 
level Pd grain-boundary diffusion into the Au. Any Pd atoms located 
on Au grain boundaries could act to impede slip plane movement 
during ball shear, which would result in an increase in shear strength 
of the Au. The graphs located in Fig. 6B-9 summarize these data. It 
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should be noted that throughout the aging process these samples 
were encapsulated in the green molding compound, which did not 
inhibit performance or cause any adverse effects throughout the ther-
mal aging process. For the Al pad condition, the values for both wire 
pull and ball shear tests decreased drastically throughout the aging 
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FIGURE 6B-7 Wire bond integrity test data Ni/Au and Ni/Pd/Au bond pad structures. 
(a) Wire pull—Values for both groups are similar, but notice the variation difference. 
The Ni/Pd/Au pad structure resulted in the most consistent wire pull values.
(b) Ball shear—The Ni/Pd/Au pad structure clearly resulted in the best performance 
for ball shear testing. The test variation was similar for both groups, but the Ni/Pd/
Au average values were roughly 6 g higher than the Ni/Au values. Wire was 4N purity 
with 1.2 mil diameter. Each test group consisted of 20 pulls/shears per group with 
the average value for each group being plotted. (After Johal  [6B-6].)
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process. This was due to extreme Al-Au intermetallic growth at the 
ball-to-pad interface, which can be seen in the micrograph shown in 
Fig. 6B-9c. The overall results of this study show that a large process 
window can be achieved with Ni/Pd/Au bond pads and that long-
term reliability can be achieved using the Ni/Pd/Au pad structure 
for applications where extended operation at elevated temperatures 
is required.

Hashimoto’s wire bond study [6B-5] on Ni/Pd/Au bond pads 
presents further evidence of the high bondability of the pad structure. 
They varied both Pd and Au thickness in their experimental setup, 
and all 16 thickness combinations produced excellent ball shear test 
results. In their comparison to Ni/Au (ENIG) bond pads, the reli-
ability as measured by ball shear testing was much more consistent 
throughout the range of Au thicknesses investigated. As the Au 
thickness increased the ball shear values increased, but for the Ni/
Pd/Au conditions the ball shear values remained relatively con-
stant for all Au thicknesses. There was no dependence of ball shear 
results on the Pd layer thickness. Following this study Hashimoto is 
recommending an optimum bond pad stack of 5 µm Ni + 0.06 µm
Pd + 0.02 µm Au. 
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FIGURE 6B-8 Comparison of wire bond process windows for varying bond 
force and ultrasonic power on standard Al pads and Ni/Pd/Au plated bond 
pads. It can be seen that the Ni/Pd/Au structure has a much larger bonding 
window. It should also be noted that the Ni/Pd/Au bond pads allowed for 
good bondability at lower force and ultrasonic power settings, which could be 
benefi cial when bonding over sensitive areas of a device. Wire was 4N Au with 
a 1 mil diameter. Plated bond pad structure was 3 µm Ni + 0.3 µm Pd + 0.05 µm
Au, while the Al pad composition was Al-1% Si-0.5% Cu. (After Ng [6B-7].)
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6B.3.3 Ni/Pd
Sasangka has recently demonstrated the feasibility and reliability of 
Au ball bonding directly to Ni/Pd pads [6B-8]. The bond pad stack 
was composed of 1  to 2 µm Ni + 0.3 µm Pd over Cu interconnects. 
Thermal aging was performed on encapsulated and unencapsulated 
samples in order to investigate any possible detrimental intermetallic 
growth and also to determine how mold compound impurities may 
affect long-term package reliability at high operating temperatures. 

(a)

(c)

IMC

Au
Au

Al

ENIG

(d)

12

8

6

4

10

2

0
3000 40002000

Aging time (h)

A
vg

. w
ire

 p
ul

l (
g)

10000

Ni/Pd/Au (150°C)

Ni/Pd/Au (200°C)

Al (150°C)

35

25

15

20

10

30

5

0

A
vg

. b
al

l s
he

ar
 (

g)
(b)

0 400030002000

Aging time (h)

1000

Ni/Pd/Au (200°C)

Ni/Pd/Au (150°C)

Al (150°C)

FIGURE 6B-9 Plots showing effects of high temperature storage on (a) Wire Pull and 
(b) Ball Shear test results for Al and Ni/Pd/Au pad structures. Initial results at t = 0 
for both tests are better for Ni/Pd/Au bond pads. A dramatic decrease in bond 
strength with aging time can be seen for devices with Al pads. For pull testing, the 
sole failure mode at t = 0 was wire neck breaking. After only 500 h of aging for Al 
pads, ball lifts began occurring. By 1000 h of aging, ball lifts were common. The 
wire pull mechanism for Ni/Pd/Au was a consistent neck break throughout the 
aging process, with the breaking force remaining relatively constant. The Ni/Pd/Au 
ball shear results show a slight, but clear trend of increasing shear strength with 
increasing aging time. One possible explanation for this is that low levels of Ni may 
be diffusing into the Au via grain boundaries, which could act as a strengthening 
agent. The cross sections of (c) Al pad and (d) Ni/Pd/Au pad samples clearly 
illustrate the lack of intermetallic growth with Ni/Pd/Au bond pads and the large 
presence of intermetallic growth with Al pads. In this case, the source of the images 
is referring to Ni/Pd/Au as ENIG. (After Ng [6B-7]; © IEEE.)
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Au ball shear and wire pull testing were performed on as bonded and 
thermally aged samples (testing was done at regular intervals through 
1008 h thermal aging time). Results show that there was no decrease 
in performance with thermal aging. Figure 6B-10 contains wire pull 
and ball shear test results. The consistency of wire pull and ball shear 
values throughout the aging period indicates a lack of intermetallic 
compound formation, which was later confirmed through cross-
sectional analysis of the ball/pad stack. No wire bond process study 
was disclosed, but manufacturing guidelines provided in an applica-
tions note by Micron [6B-20] indicate that there is little difference 
between wire bond machine parameters for Au ball bonding to Al 
pads and Ni/Pd pads. Bonding to Ni/Pd requires the USG pre-bleed 
machine parameter to be activated, which causes the ultrasonic 
energy to be transmitted prior to free air ball contact to the pad. The 
recommended bond parameters for bonding to Ni/Pd pads are 
shown in Table 6B-3. The applications note also shows a cross-
sectional comparison of Au ball bonds to Al and Ni/Pd pads that 
were aged at 150°C for 1008 h. It can be seen that there is no interme-
tallic compound formation with the Ni/Pd pad, but extensive inter-
metallic formation is present with the Al pad (see Fig. 6B-11). 

In addition to the positive data for Au ball bonding to Ni/Pd 
pads provided by Sasangka, possible pitfalls for using the process are 
also presented. Following high temperature aging of encapsulated 
samples it was found that the Ni/Pd structure provided much better 
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FIGURE 6B-10 (a) Results of ball shear testing of Au wire on Ni/Pd bond pads 
through 1008 h of high temperature aging at 175°C. The relatively constant results 
show that there is no impact of thermal aging to ball/pad interface conditions 
through intermetallic growth. (b) Results of wire pull testing of Au wire on Ni/Pd 
bond pads through 1008 h of high temperature aging at 150°C. The effect of green 
molding compound on wire bond integrity was investigated using two different 
molding compounds (with and without ion catcher additive). The results show that 
there is virtually no difference between mold compounds and, like what was shown 
for ball shear testing, no degradation of the ball/pad interface throughout the 
aging process. (After Sasangka [6B-8]; © IEEE.)
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(a) (b)
No intermetallic growth

Intermetallic growth
(c) (d)

FIGURE 6B-11 Comparison of Au ball bonds on Ni/Pd and Al bond pads after
1008 h of high temperature storage at 150°C to illustrate the stability of the Au-Pd 
metallic system. (a) Cross section on the Ni/Pd pad. (b) Top down image of the 
same ball bond. There is no intermetallic growth present after aging. (c) Cross 
section on the Al pad. (d) Top down image of the same ball bond. Notice the large 
amount of Au-Al intermetallic growth present after aging. (After Micron [6B-20].)

resistance to ionic mold compound impurities over Al pads. There 
was, however, some pit corrosion present in the surface of the exposed 
Pd of the bond pads that was most likely caused by ionic impurities 
reacting with the Pd. The corrosion was found in samples with both 
high and low amounts of ionic impurities, although it was slightly 
more severe with the high ionic impurity mold compound. The Pd 
pit corrosion appears to be minor for both high and low ionic impu-
rity cases (especially when compared to the Al pad cases) and will 
most likely have little effect on long-term reliability, although the 
observation may warrant further study. 
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Sasangka also showed that the Pd bond pad surface contained 
approximately 1% (atomic) Cu contamination as measured by XPS. 
The Pd surface composition was monitored through the thermal 
aging process, and the amount of Cu contamination increased steadily 
with aging time. The cause for contamination was attributed to grain-
boundary diffusion of Cu through the Ni and Pd layers to the bond 
pad surface. Since both the Ni and Pd plated layers are deposited into 
an amorphous film (no grain boundaries), grain-boundary diffusion 
is not likely to be the source of Cu contamination. A more likely source 
of Cu contamination is surface diffusion of Cu up the Ni and Pd pad 
sidewall. Since electroless Ni and Pd plating occurs through a chemi-
cal reaction with exposed metal only, there is no adherence of Ni or 
Pd to the dielectric layer sidewall that defines the original bond pad 
opening. The result is an open route for surface diffusion of the very 
active Cu metal that is the base interconnect metal. This was dis-
cussed in the plating section, and the sketch shown in Fig. 6B-3 illus-
trates the concept. The sidewall diffusion of the Cu base metal cannot 
be prevented due to the nature of the plating process. The overall risk 
of this phenomenon affecting wire bondability, however, is relatively 
low. Typically the only source of high temperature seen by the device 

Bond Pad Material Ni/Pd Al

Wire type 23 µm 4N Au

Platform bonder Ball bonder

Finished ball diameter 50–60 µm

Finished ball thickness 7–11 µm

Tip offset 127 µm

Constant velocity 0.3 (0.3–0.4) mil/s

Ultrasonic generator (USG) profile Ramp

USG current 110–140 mW

Force 18–25 g

Ramp-up time 10 ms

Time 7–10 cms 7 ms

USG pre-bleed 10–25% 0%

Note: It can be seen that there is little difference in the parameters other than a slightly 
longer bond time and the addition of a USG pre-bleed for Ni/Pd pads. The USG pre-
bleed essentially begins ultrasonic power transmission prior to the free air ball touching 
down to the pad surface

TABLE 6B-3 Wire Bond Process Parameters for Au Wire onto Ni/Pd Bond Pads as 
Compared to Al Bond Pads
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after bond pad plating and before wire bonding is at the die attach 
epoxy cure step, and this short-term thermal excursion is much less 
than the long-term thermal aging required to drive significant 
amounts of Cu diffusion. 

6B.4 Plasma Cleaning
The adverse effects of Ni surface contamination (or other metallic 
contaminant) have been discussed previously. Their effects can be 
reduced by the use of a plasma clean step immediately prior to wire 
bonding. Two types of plasma cleaning exist—direct and indirect 
methods. Indirect plasma cleaning methods involve the use of an 
active plasma species such as O2 to chemically combine and remove 
organic contamination present on bond pad surfaces. In no instance 
should an indirect O2-plasma process be used for a Ni-based plated 
bond pad. Any Ni or other metallic contaminant present on the pad 
will not be removed, but heavily oxidized, which will further reduce 
bondability. The preferred method for plasma cleaning Ni-based 
plated bond pads is direct plasma cleaning, or sputtering. This 
method uses a highly energetic plasma species such as Ar to physi-
cally bombard the metallic contaminants, which then causes them to 
dislodge from the bond pad surface. One drawback to this method is 
that the metallic contaminants have the potential to be redeposited if 
they are all not removed through the plasma systems exhaust. There-
fore, to prevent excessive metallic removal and redeposition, care 
should be taken not to use too long of a cleaning time. 

Furukawa [6B-21] has demonstrated the positive effects of direct 
Ar plasma cleaning on ENIG bond pads. Although there was no dis-
cussion of any plasma cleaning parameter optimization, it was clearly 
shown that Ar plasma treatment improved wire bonding perfor-
mance. Wire pull test results show low pull strengths for non-plasma 
treated samples, which indicates ball lift failures due to poor bond-
ing. Plasma treated samples showed consistently higher wire pull 
values, which indicates wire neck breaking (strong ball bonds). Sur-
face analysis characterization of before-and-after plasma clean sam-
ples also showed large decreases in Ni (as well as C) contamination 
after plasma cleaning.

Chan followed his initial wire bond parameter optimization study 
[6B-17] with further characterization following plasma cleaning [6B-22].
Direct Ar plasma cleaning was studied for electrolytic and electroless 
Ni/Au bond pads. Wire bonding process windows for both pad types 
were able to be increased dramatically following plasma treatment. 
Plasma power (100 and 400 W) and cleaning time (1 and 5 min) were 
varied in the characterization. It was determined that the low power/
low time combination produced the best results for wire bond pro-
cess window improvements. This is most likely because higher power 
and longer times resulted in over-cleaning as described previously. 
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The wire bond process window for electrolytic and electroless Ni/Au 
bondpads for both plasma and no plasma clean conditions is shown 
in Fig. 6B-12.

6B.5 Direct Cu Bonding
Other than bonding to Ni/Au, Ni/Pd, or Ni/Pd/Au bond pads, it 
should be mentioned that several studies have been done to demon-
strate feasibility of ball bonding directly to Cu bond pads. For suc-
cessful bonding to occur, oxidation of the Cu bond pad surface must 
be carefully controlled. One proposed method is to deposit a thin film 
of Ti over the Cu pad to prevent oxidation. Aoh [6B-23] demonstrated 
that a 3.7 nm thick layer of Ti was sufficient in preventing Cu oxida-
tion while allowing for good bondability using Au wire. Thicker Ti 
layers resulted in poor bondability and bond strength because the Ti 
(or its oxide) acted as a barrier between the ball and pad. Another 
method that has been proposed to prevent Cu oxidation is to apply a 
self-assembled monolayer (SAM) over the Cu pad surface. This prin-
ciple is similar to an organic solderability preservative (OSP) coating 
on a printed circuit board to prevent Cu pad oxidation for soldering. 
Banda and Whelan [6B-24, 6B-25] have shown that SAM thicknesses 
of less than 2 nm over Cu bond pads will allow for good bondability 
when using Cu wire. Cu wire bonded directly to Cu bond pads 
would allow for very high performance, especially for high frequency 
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applications. Although these pioneering methods have shown prom-
ise in lab applications, the techniques must be perfected before full 
scale manufacturing can be successful. It should be noted that Banda 
and Whelan’s SAM research was halted shortly after their publica-
tions and not continued since. 
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CHAPTER 7
Cleaning to Improve 

Bondability and 
Reliability

7.1 Introduction
Molecular cleaning methods have long been used to remove contam-
inants during various stages of wafer processing and are absolutely 
essential for high yield. Wire bonds (as with wafers) cannot be made 
at a high yield unless the bonding surfaces are also clean. Until about 
the 1990s, there was little consideration given to a cleaning step spe-
cifically designed to improve the yield and reliability of wire bonds. 
Modern ULSI devices can have hundreds or thousands of I/Os and 
wire bonds, and must meet packaging yield and reliability require-
ments unheard of only 10 years ago. Since there are so many I/Os per 
chip, wire bonds (and other interconnection methods) have become 
the largest packaging yield driver. Modern bond-pad metallizations, 
which may contain various additives, are often harder than in the 
past. In addition, reactive ion processing of the wafer can leave halo-
gens and carbon films on the surface. All of these factors can limit 
yield, inhibit bondability, and/or affect reliability.

Because of contamination resulting from extensive handling, 
obtaining chips from many sources, sometimes storing them for 
years, as well as the use of polymer/epoxy die attach, the high-
reliability MCM/SIP/hybrid industry was the first to adopt 
molecular cleaning methods before bonding. Such methods have 
expanded into other packaging areas and are occasionally used in 
high-volume IC packaging.

Note that essentially all of the fundamental work on microelec-
tronics cleaning was done in the past (1960s–1990s) when those, “then-
new,” cleaning processes were being developed. Many of the current 
published studies are repeats of the past, with perhaps more modern, 
easier to use equipment or oriented toward a specific device cleaning 
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problem. Thus, major parts of this chapter are relatively intact, but 
often rewritten for clarity. Newer work is added, when relevant. Many 
of the current literature publications are done by the equipment vend-
ers, or engineers qualifying some new product. They may be useful 
for solving specific problems, or to understand equipment improve-
ments but generally do not contain new cleaning technology.

Contaminants on bond pads have long been known to degrade 
both the bondability and/or the reliability of wire bonds. Table 7-1 
lists many of the contaminants that have been found to degrade 
bonds. The table is only indicative, since the effect on bonds may be 
concentration-dependent or may only act synergistically (i.e., with 
moisture or heat, or in Au-Al interfaces). Some contaminants primarily
affect bondability, while others reduce reliability. The many impor-
tant chemical and other contaminants that affect bond intermetallic 

Halogens from

• Plasma (RIE) etching (dry processing)—may leave halogens
• Epoxy outgassing—contaminates pads
• Silox etch—pads
• Solvents (TCA, TCE, chloro-fluro’s)—halogens on pads
• Photoresist stripper—deposits on pads

Contaminants from Plating

• Thallium
• Lead
• Chromium
• Nickel

• Brighteners
• Iron
• Copper
• Hydrogen

Sulfur from Sources—Cause Corrosion, Reduce Bondability

• Packing containers
• Cardboard and paper

• Ambient air
• Rubber bands

Miscellaneous Organic Contaminants That Inhibit Bondability

• Epoxy outgassing
• General ambient air (poor storage)
• Spittle—currently, rarely seen

• Photoresist

Others That Cause Corrosion or Inhibit Bonding

• Sodium
• Phosphorous
• Moisture
• Carbon
• Copper
• Titanium

• Chromium
• Bismuth, cadmium
• Glass, vapox, nitride
• Silver
• Tin
• Most soft oxides (e.g., Ni, Cu, Ti)

TABLE 7-1 Impurities That Can Lead to Weak Bonds
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reliability are discussed in this book, particularly in Chap. 5, Table 5-5 
and Fig. 5-13.

There are many human sources of contamination that are not listed 
in Table 7-1. These may contain bondability-inhibiting or degrading 
materials. Some of these may be small particles of skin, hair, sweat, spit-
tle, and mucus. Such may arrive at the device surface by the driving 
force of talking, coughing, sneezing, yawning, head shaking, scratching, 
etc. (Face masks and suits prevent most of these.) The various human 
sources of contamination have been compiled [7-1]. A person sitting 
motionless generates about 105 particles per minute of greater than
0.3 µm diameter, and up to 50 times more particles while moving. A fully 
suited person, walking in a class 100 clean room, will distribute up to 
50,000 particles in that same period of time [7-2]. Other sources of con-
tamination may enter the air from drinking water (CI and Br) or from 
dry-cleaned clothes (tetrachloroethylene) [7-3]. Currently, most assem-
bly and packaging facilities operate in clean rooms that are better (lower) 
than class 10,000, and a few are even near the class 100 level. Assembly 
equipment (die, wire bonders, etc.) is available for use in lower than class 
1000 clean rooms. However, it has not been demonstrated that particu-
late contamination in clean rooms lowers the wire bond yield.∗ Presum-
ably, airborne particles that land on bond pads are too small to seriously 
weaken a normal-sized bond interface, although a fiber from clean room 
clothing or masks could certainly do so. However, as ball bonds decrease 
in diameter to fit into fine pitch to ~20 µm pitch (or less) there is increased 
concern, (see ITRS 2007 tables). In addition, any human particle in a 
bond interface or on the chip surface could later cause a corrosion relia-
bility problem [7-1]. Perhaps the only way to verify the extent of the par-
ticle problem in wire bonding is to use the technique of seeding the device 
surface [7-4], and then actually performing a controlled experiment 
including HAST for reliability evaluation. However, modern high-volume 
IC production is much faster, cleaner, fewer humans are involved in the 
process, and clean-room/packaging contamination (still near class 
10,000) is presumed to be rare.

Considering the large number of possible bond-degrading con-
taminants, a variety of methods could be required to clean surfaces 
containing several different ones. Some of these contaminants (e.g., 
halogens) can become chemically bound to bonding pads and require 
treatments that can only be performed at the wafer level, such as 
heating in oxygen for 30 min at 350°C [7-5]. Others, such as glass, nitride, 
and some metal oxide on pads, cannot be easily removed at the packag-
ing level. Organics, however, may be easily removed before bonding 
and after die attach. Oxygen, Ar, H

2, and other plasma cleaning gases, 

∗Such particles can be deliquescent, or oily, and decrease adhesion of plastic mold 
compound, leading to separation and popcorn effect. Both plasma and UV-ozone 
cleaning have been used to reduce this problem. On very rare occasions, a particle 
has actually been found sticking out from the edge of a wire bond.



228 C h a p t e r  S e v e n

as well as UV-ozone, can effectively remove carbonaceous contami-
nants, which cause the majority of bondability problems.

This section will present evidence that contamination can reduce both 
bondability and reliability and that both UV-ozone and various plasma 
processes can remove such contamination. These two molecular cleaning 
methods will be primarily discussed. Various solvent techniques [7-6 to 
7-8] (solution, vapor-phase fluorocarbons, ionographic, and DI water) will 
be discussed only as they compare with the gaseous methods.

7.1.1  Molecular Cleaning Methods to
Enhance Bondability and Reliability

Both plasma and UV-ozone cleaning methods have been known for 
many years [7-8 to 7-16]. Sowell [7-9] gave the clearest comparison 
between UV (with little or no ozone), argon plasma, and ultra high-
vacuum bake-out methods for cleaning gold surfaces. These data are 
reproduced in Fig. 7-1. The coefficient of adhesion (related to the coef-
ficient of friction) for gold in vacuum is used as the measure of a clean 
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FIGURE 7-1 (a) Cleaning of a gold surface by UHV 200°C bake-out, argon 
sputtering, and UV-irradiation at 10−4 Torr O2 (lower scale). Recontamination rate 
in normal laboratory air is also shown. Arrows point to the appropriate time scale. 
(After Sowel © JVS, 1974 [7-9].) (b) A similar measurement technique using 
modern technology and including recontamination from machine shop (or other 
dirty conditions) as well as clean-room environments. (Reprinted with permission 
from the SVC Education Guides to Vacuum Coating Processing, by Donald M. 
Mattox, 2007.)
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surface. Recontamination by hydrocarbons in laboratory air is indi-
cated by the center curve (or in 7-1b, by machine shop air). These data 
correlated to data measured for glass surfaces, where the water-drop 
contact-angle method of evaluation was used. Much of the classical 
work in cleaning and contamination control was collected and pub-
lished in a book [7-10] and should be referred to for more detailed 
fundamental information. The remainder of this section describes 
work directly applied to the bondability and reliability of wire bonds. 

7.1.2 Ultraviolet-Ozone Cleaning
Ultraviolet-ozone cleaners generally consist of a chamber containing 
banks of quartz-envelope, low-pressure, mercury vapor lamps. These 
are designed to emit significant amounts of radiation of 1849 and 2537 Å 
wavelengths. Devices to be cleaned are placed in the chamber as close 
as practical to the lamps. Since ozone gas is considered dangerous, the 
units are usually operated in a fume hood or at least in an area where 
some means of removing the gas exist. Government regulations may 
apply to the safe use of ozone (USA-OSHA) European Union, or other.

The removal of organic contaminants with UV-ozone takes place as 
follows. The 1849 Å UV energy breaks up the O2 molecule into atomic 
oxygen (O + O), which combines with other O2 molecules to form 
ozone, O3. Ozone has a strong absorption for 2537 Å UV and may break up 
again into O2 + O. Any water present may also be broken into the 
HO free radical. All of these (HO, O3, and O) can react with hydro-
carbons to form CO2 + H2O, which leave the device surface as a gas. 
The strong 2537 Å UV may additionally break the chemical bonds of 
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the hydrocarbon, accelerating the oxidation process. A simplified sche-
matic of the UV-ozone cleaning process is given in Fig. 7-2 [7-13]. Early 
work [7-11] showed that UV (2537 Å) alone could clean gold metalliza-
tion of carbonaceous films and increase thermocompression ball-bond 
shear strength. However, several hours of 2537 Å cleaning could be 
required, so modern practice combines both wavelengths.

Figure 7-3 shows an example of such cleaning to increase bond-
ability. Even a few angstroms-thick film of carbon∗ was found to impair 

Organic
contaminant + UV1

molecules

2537 Å

1849 Å

Ions
free radicals
excited molecules
neutral molecules

Volatile molecules
(CO2, H2O, N2, etc.)

O2 + UV2 O, O3

FIGURE 7-2 A simplifi ed schematic of the UV-ozone cleaning process is shown 
using two dominant UV wavelengths of mercury-vapor lamps. (After Vig [7-13]; 
© IEEE .)
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FIGURE 7-3 Effect of surface contamination on the thermocompression 
bonding of gold, pulsed bonding. (After Jellison [7-11]; © IEEE .)

∗The total thickness of an organic film is usually 3 to 4 times the measured carbon-
equivalent thickness in Auger electron spectroscopy.
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bondability, whereas a cleaned gold film (<1 Å carbon) can be strongly 
TC bonded at 150°C, which is a low temperature to use in thermosonic 
bonding. Similar cleaning results were found with ozone alone (the UV 
creating it was shielded from the samples) [7-12], which is similar to an 
O2 plasma downstream process. However, it was found that UV and 
ozone (2537 Å + 1849 Å + ozone) together cleaned much faster than UV 
or ozone alone, up to 100 times faster, depending on the specific impuri-
ties [7-13]. Therefore, present cleaners employ the combination, and 
with high-intensity lamps may take <10 min to clean typical packages.

The bondability of gold thick-films that were cleaned by vapor 
degreasing and boiling trichlorethylene were compared to those 
cleaned with UV-ozone [7-11]. These films were contaminated with 
beeswax, petrolatum, and halocarbon wax. The results indicated that 
vapor degreasing was a poor cleaning procedure for removing beeswax 
(see Fig. 7-4), but quite effective for petrolatum and halocarbon wax. 
Ultraviolet-ozone, however, effectively removed all of the contami-
nants. This points out the major problem of solvent cleaning. No one 
solvent is apt to remove all contaminants that may be on a bond pad, 
emphasizing the importance of molecular cleaning methods.

Some general aspects of UV-ozone cleaning have been reviewed 
by the equipment manufacturers. One described applications to 
ceramic circuit board circuit cleaning, including such components as 
surface acoustic-wave (SAW) devices [7-15], and another described 
its application to the cleaning of silicon wafers [7-16].

Devices on laminate and polyimide substrates (including BGAs, 
SIPs, SOPs, MCMs, etc.) can be safely cleaned with UV-ozone. One 
study found that the water drop contact angle on a BGA laminate 
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decreased and the plastic adhesion increased to an optimum value in 
1 to 5 min of UV/ozone exposure at 150°C. Longer exposure was less 
reliable in 85°C/85 RH exposure [7-17]. Also, Al bond pad corrosion 
was eliminated for 240 h pressure cooker testing. Another study 
found that a 2 min exposure of polyimide to UV-ozone (room tem-
perature) produced optimum cleaning [7-18]. In all cases, too long an 
exposure can alter the surface of a polymer and possibly lead to reli-
ability problems of one kind or another.

7.1.3 Plasma Cleaning
Plasma-cleaning equipment is generally larger, more costly, and more 
complicated than UV-ozone equipment. It requires a vacuum pump, a 
several hundred watt RF-power generator, and pure gases (usually 
oxygen and argon, or in some cases, hydrogen). By its nature, it is a 
batch-cleaning method, whereas UV-ozone can be a belt-driven in-line 
system. In use, devices are placed in a chamber, which is evacuated, the 
appropriate gas is introduced (typically in the range of 0.1 to 0.5 Torr), 
and RF power is switched on for about 1 to 15 min to effect the cleaning 
process. 

A simplified and inexpensive type of plasma cleaning  system has 
been introduced in recent years. It is essentially a microwave oven.
The plasma and sample to be cleaned are placed in a glass chamber 
within the microwave oven enclosure. A very high frequency (~2.5 gHz)
induced plasma is generated when the magnetron is turned on. This 
is a commercial product, and is currently used in general laboratory 
cleaning. However, apparently there have not been independently 
published comparisons between its cleaning effectiveness for wire 
bonding with more conventional plasma cleaners, or demonstration 
of damage-free cleaning of sensitive chips.

The earliest use of plasma cleaning in microelectronics was to 
remove photoresist contamination from wafers [7-19]. However, more 
recently, there have been numerous studies applying plasma (O2 and/
or Ar and H2) to the removal of contaminants. This has been effective 
on IC bond-pads, hybrid substrates [7-20 to 7-28], from Au bond pads 
[7-29], chip scale packages [7-30], plastic QFPs, SIPs, SOPs, and lead 
frames before epoxy molding (to prevent the popcorn effect) [7-29].

Oxygen and Ar plasma have been used for many years to clean 
ICs, microcircuits, [7-21] to improve bondability and to increase the 
bonding process window size. (See Fig. 6B-12 for a recent study of this 
window improvement on modern platings.) Such cleaning was shown 
to improve the bondability and reliability of gold-wire bonds to alumi-
num pads on epoxy die-attached devices. An example of the increased 
reliability after such cleaning is shown in Fig. 7-5. Similar improve-
ments in bondability were obtained for gold ball bonding to gold-
plated surfaces [7-22]. In this case, oxygen plasma was used to remove 
die-attach epoxy “bleed” from bond pads on substrate metallization 
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near the chip. The plasma cleaning had no negative effect on the
die-shear strength. These results were verified by others [7-25, 7-26].

Graves [7-23] evaluated various plasma processes for improving 
the bondability of hybrids. He found that the bondability of the par-
ticular thick-film gold (Dupont 4290, reaction-bonded) used in their 
production was not improved by oxygen plasma, possibly because of 
oxidation of the reaction-bonding elements, such as Cu. His studies 
showed that the best results were obtained with oxygen-free argon 
plasma (0.25 Torr, 300 W, 60 min).∗ This study was also interesting 
because the author found that optimum results depended not only 
upon the gas and RF power, but also upon the fixturing, as well as the 
specific material being cleaned. Presumably, fixturing can shield or 
otherwise change the concentration of ionized plasma in a local region. 
In another case, oxygen plasma did not remove fluorine contamination 
from semiconductor bond pads [7-24]. Presumably, the fluorine had 
chemically reacted with the aluminum under the surface oxide. Other 
plasma-cleaning problems have been reported in which bondability 
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FIGURE 7-5 Infl uence of O2 plasma cleaning on reliability of gold bonds
on aluminum metallizations after a thermal stress of 300°C for 4 h. 
(After Bonham and Plunkett [7-21]; © Plenum Press.)

∗Note that this cleaning time and power are on the very high side of typical 
plasma-cleaning parameters and could not be used on sensitive devices or on 
polymer substrates.
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was also degraded rather than improved, as is usually the case. Such 
problems are often complex synergistic interactions between 
unlikely coincidences. In one such case, Ar plasma attacked poly-
tetrafluoroethylene (Teflon) bushings in the plasma reaction cham-
ber [7-32]. This liberated F which attacked the Cu as well as the Au in 
the reaction-bonded thick-film Au. Traces of Cl were also found. The 
result left copper hydroxyl fluoride on the surface, which degraded 
Au crescent bondability. It is clear that the interaction of materials and 
processes must be understood to avoid these and similar problems.

Plastic packages (e.g., BGAs) with epoxy-glass substrates (FR-4, 
BT, etc.) or polyamide may also be plasma cleaned in O2/Ar for short 
times (1 to 5 min) at 300 W [7-18, 7-29, 7-33 to 7-35]. Longer times may 
heat the substrate or attack the plastic. Some workers use argon for 
such cleaning to minimize plastic degradation.

Hydrogen and Ar can be used for dc (rather than RF) plasma clean-
ing [7-36]. When used with about 5% H2, the plasma breakdown volt-
age is so low that the authors report no radiation-type damage to sensi-
tive IC devices (see App. 7A for an explanation of such damage). 
Organic contaminants are converted into hydrocarbon gases. Some 
inorganic contaminants such as S, P, and N compounds are also volatil-
ized. The authors reported increased bond strength in all cases, but 
especially higher pull forces from Ag-plated lead frames. The H2 should 
reduce any existing silver oxide as well as oxides on Cu lead frames. 

Thin gold diffusion problem: With the recent increased price of 
Au, many companies are using displacement/immersion Au (<0.2 µm 
thick) directly over Ni platings for wire bonding (see Chap. 6). If there 
is a thermal treatment before wire bonding, the Ni will diffuse to the 
Au surface, oxidize, and reduce bondability. An argon plasma clean 
will “sputter” the NiOx off and restore bondability, solderability, as 
well as increase the strength of mold compound adhesion [7-36]. This 
procedure is frequently used today.

Since plasma cleaning (O2, Ar, H2) has been shown to improve 
bonding, several “in-line” high-volume plasma cleaners have been 
introduced for cleaning lead frames before bonding [7-36, 7-38]. These 
are basically batch cleaners, but they automatically load, clean, and 
then unload the die-attached lead-frame strips, injecting them back 
into the assembly process. As such, they do not slow the device flow 
into the wire bonders.

As with UV-ozone, plasma cleaning can be safely used to clean 
metallization and devices on laminate and polyimide substrates 
(PBGAs, SIPs, SOPs, MCMs, etc.). In general, plasma is capable of dam-
aging these substrates more than UV-ozone; however, with care, only 
minimal damage for a depth of about 100 Å may occur on polyimide
[7-18] and less on PBGAs, and similar substrates. Often, only a minute 
or two is adequate for cleaning, and this is harmless to the device and 
polymer substrate.



C l e a n i n g  t o  I m p r o v e  B o n d a b i l i t y  a n d  R e l i a b i l i t y  235

7.1.4 Plasma Cleaning Mechanism
The mechanism of oxygen-plasma cleaning is similar to that of UV-
ozone. Some of the O2 can become ionized and other O2 breaks apart 
into atomic oxygen, O + O. These react with the hydrocarbons to form 
H2O and CO2 [7-39]. There is also energetic bombardment by the 
excited oxygen atoms, which assists in breaking up the hydrocarbon 
molecules, as well as in sputtering off the contaminants. Ionized 
argon is not known to form stable compounds, although it may form 
brief metastable compounds with carbon or other contaminants, 
removing them and then decomposing, and releasing them to be 
pumped out of the gaseous plasma. Argon has more than twice the 
atomic weight of oxygen and it can knock off various forms of con-
tamination by impact (sputtering). In general, it takes over twice as 
long to remove organic contaminants with Ar gas alone as with O2
plus Ar. Frequently, mixtures of both oxygen and argon are used for 
plasma cleaning. Table 7-2 compares the various plasma-cleaning 
system parameters, as well as their reported effect on wire bonds. 
From these data, it is apparent that a wide range of parameters pro-
duces satisfactory cleaning. Parameters, such as an RF power of 100 
to 200 W, a gas pressure of 0.5 Torr for either argon, oxygen, or mix-
tures, with about 10 min of cleaning time have been shown to increase 
both the bondability and the reliability of wire bonds on ceramic sub-
strates. For removing thick layers of epoxy bleed or other contami-
nants, more time or power may be required. If the device is easily 
damaged (see App. 7A), using O2 plasma with 75 W of RF power for 
3 or 4 min may be adequate. Cleaning optimization procedures and 
schedules have been worked out for bonding [7-21, 7-22]. RF power 
above 300 W can be detrimental because of excessive heating of the 
samples and/or by sputtering off the metallization, and can possibly 
change the electrical characteristics of the devices.

Studies with oxygen plasma (as with UV-ozone) have separated 
the atomic oxygen, O, and ionized O2 from the RF plasma (downstream
cleaning [7-40]), resulting in effective cleaning of such materials as 
photoresist.

Procedures as simple as putting the devices inside screen enclo-
sures (Faraday shield) within the RF plasma will shield sensitive 
devices from electric fields and prevent radiation damage, as discussed
in App. 7A. Various specifically designed RF and microwave down-
stream cleaners are available, and most existing plasma cleaners can 
be easily modified for that purpose. Unfortunately, no bonding exper-
iments have been performed using this method. Considering that 
there is no sputtering and many of the activated atoms will decay 
along the extended diffusion path, it may be presumed that the 
cleaning time would be increased considerably over normal O2/Ar
plasma. No downstream cleaning would take place with argon gas. 
Since plasma cleaning can cause problems in some sensitive devices 



TABLE 7-2 Various Reported Plasma Cleaning Parameters

Power (W) Gas
Pressure 
(Torr) Flow Ratea Time Effect on Bonds References

300 O2 — 300 cm3/min 10 min Reduced corrosion [7-6]

100 O2 0.5 — 10 min Increased shear strength [7-8]

50 O2, Ar 0.5 — 30 min Cleaned ceramic [7-20]

50–150 O2, Ar — 130 cm3/min
(various)

2–10 min O2 Increased reliability
Ar removed Ag black

[7-21]

50–300 O2 1–2 — 10 min Increased bond reliability [7-22]

<300 O2, N2, Ar 0.25 — 300 W, 60 min 
for Ar

Increased bondability See text [7-23]

100 O2 — — 3–5 min Increased bondability, reliability [7-25]

75–100 Ar 0.2 113 1/min 5, 10 min Increased bondability [7-26]

220 O2 1 600 cm3/min 10–15 min Increased bondability [7-28]

200 Ar — — 2 min Bonding on laminates [7-33]

dc 25–30 V Ar, 5% H2 — ~70 cm3/min 5–10 min Increased bondability [7-36]

aFlow rate to achieve a given pressure is dependent upon the volume and other characterstics of the plasma cleaner.

236
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and downstream cleaning may not be as effective, then the substitu-
tion of UV-ozone can be considered a proven alternative for removing 
organic contamination (see Sec. 7.1.3). In some cases, gas deposition of 
thin hydrophilic masks may be used to prevent epoxy bleed buildup, 
thus eliminating the need for plasma cleaning and its possible damage 
to sensitive chips [7-41].

7.1.5  Discussion and Evaluation of Molecular
and Solvent Cleaning Methods

Both UV-ozone and plasma-cleaning methods improve the bondabil-
ity as well as the reliability of wire bonds. For ultrasonic and ther-
mosonic bonding, they allow one to use less ultrasonic power and 
still make a strong weld. This, in turn, will reduce the incidence of 
another failure due to cratering (see Chap. 8). In addition, strong Au-
Al welds have consistently been shown to be more reliable than weak 
ones. There have been far more published studies using plasma than 
UV-ozone cleaning for bond-quality improvement, although both 
methods are routinely used in production and often merely men-
tioned in publications without any details. 

The first major usage of molecular cleaning methods for bond 
improvement was in hybrid microcircuit production. Here, atmos-
phere impurities resulting from the long storage of chips combined 
with a great deal of handling and processing (e.g., from epoxy die-
attach outgassing) led to high wire-bond and corrosion failure rates 
that made cleaning a necessity. These cleaning methods are also cur-
rently used for relatively lower-volume expensive Cu/Lo-k and other 
IC packaging where high reliability is a requirement. Advanced chips 
are plasma processed and may have colorless fluorocarbon films on 
their bond pads, which can lead to bondability, as well as plague-like 
reliability problems. If they are not cleaned, they can require higher 
ultrasonic energy for strong bonding, which can lead to cratering or 
Cu/Lo-k materials stack damage.

Direct comparisons between UV-ozone, plasma, and solvent 
cleaning are rare. Sowell [7-9] did compare UV-ozone, argon sputter-
ing, and high-vacuum bake-out. From his data, Fig. 7-1a, the first two 
appear equivalent in the ability to clean a surface of airborne-organic 
contaminants. But, in some cases, he could not effectively clean 
unknown contamination from “as-received” glass slides with UV-
ozone, implying that the contamination was inorganic. However, 
argon plasma cleaning was effective and after that, UV-ozone 
removed airborne organics. Only one bondability study directly com-
pared UV-ozone, O2 plasma, acid, and complex solvent cleaning 
methods [7-8]. Both gold and aluminum bond-pads were intention-
ally contaminated with photoresist and also the outgas products from 
two different epoxies. Although some differences were found between 
the cleaning methods in removing particular contaminants, they were 
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all essentially equal except for the solvent cleaning. In that case, the 
bond strength remained as low as for the uncleaned samples. Note 
also that chlorinated solvents [e.g., trichloroethane (TCA)] can leave 
free chlorine residues on bond pads [7-28] and result in a serious reli-
ability problem. Oxygen plasma was independently compared with 
solvents for cleaning incoming die and for epoxy-bleed removal
[7-25]. This verified the conclusion that plasma cleaning is effective 
and that solvent cleaning is not useful in removing general organic 
contaminants. Iannuzzi [7-6] compared various solvent, plasma, and 
water-cleaning combinations, using biased aluminum triple-track 
corrosion in an 85°C/85% RH as the indication of aluminum con-
tamination. It concluded that a freon TMS cleaning step, followed by 
oxygen plasma followed by cold-deionized water, was the most effec-
tive cleaning combination available. This removed both organic and 
ionic contamination so effectively that open package, biased alumi-
num triple-tracks withstood 12,000 h of 85°C/85% RH without fail-
ure. Uncleaned samples all failed within the first hour. Thus, if heavy 
organic and/or ionic contaminants are suspected, then the combina-
tion of freon TMS, oxygen plasma, and cold DI-water cleaning is rec-
ommended. (Note that many freons are currently banned from use by 
environmental concerns, and their cleaning replacements may offer 
reliability problems as yet undetermined.)

It should be noted that many solvents, including freons and chlo-
rinated products may affect the environment and/or health, and a 
facility should verify the safety of all such products before using or 
disposing them. For instance, ozone (which quickly dissipates in open 
air) should not be breathed in concentrations more than a few parts per 
million, and UV-ozone cleaners are required to be vented outside.

7.1.6  Problems Encountered in Using
Molecular Cleaning Methods

Both UV-ozone and plasma have been shown to be effective in remov-
ing organic contamination from bonding pads, although the degree 
of effectiveness of each method may vary somewhat, depending on 
the specific contaminant. Therefore, some evaluation must be made 
to determine the best choice for a specific application. Detailed stud-
ies of the removal effectiveness for a wide range of known contami-
nants have not been made. It should be noted that some contaminants, 
such as Cl and F, can become chemically bound and may not be 
removed by any of these cleaning methods, except sputtering the 
surface.

UV-ozone can activate electronic “color centers” in white Al2O3
ceramic substrates, resulting in a darkening or yellowing of the sur-
face. This coloration may disappear in a few days or weeks, but gener-
ally it stays indefinitely. The coloration is completely harmless, but 
customers of white ceramic packages/substrates may be concerned 
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about its appearance. If the device can withstand baking over 200°C for 
8 to 16 h, the coloration will be removed. Similar coloration may result 
from plasma cleaning, but it is less noticeable and may decay 
rapidly. Commercial pin-grid arrays, ceramic multichip packages, 
SIPS, etc., are usually dark purple or brown and are not further 
colored by UV-ozone exposure. Oxygen-plasma cleaning will 
blacken (oxidize) silver metallization and may reduce bondability. 
However, changing the oxygen to argon near the end of the cleaning 
process restored the silver to its original color and regained any 
bondability loss [7-21].

It is well known in plasma processing of reactive-ion etching that 
the walls of the etching chamber can become contaminated with sta-
ble polymers after long usage. These polymers may be redeposited 
on pads during subsequent operations. Plasma cleaners are subject to 
the same problems. It is essential, therefore, to occasionally clean the 
plasma-reaction chamber walls.

There have been reports that some special CMOS devices may 
display increased threshold voltages after plasma cleaning. A heat 
treatment of 200 to 300°C for 20 to 30 min will usually restore the 
threshold voltage (but such temperatures might harm the device or 
package). Degradations of bipolar devices have also been reported. 
A similar heat treatment would restore those device characteristics 
as well. These problems can be reduced and possibly avoided by 
minimizing the RF power and time. Since oxygen plasma takes less 
than half the cleaning time of argon, its use should be encouraged. 
Problems on both CMOS and bipolar devices are presumed to be the 
result of the energetic gaseous ions impacting on the device insula-
tors (oxides and nitrides). This can generate electron-hole pairs. The 
holes may diffuse to active areas, degrading device performance. 
This phenomenon is called radiation damage. Modern dielectrically 
isolated bipolar devices that are not radiation hard are especially 
affected by such charges. See App. 7A for a more complete explana-
tion of this effect.

Once a device has been cleaned, it will become recontaminated 
during storage. Figure 7-1 showed that recontamination of gold sur-
faces begins within minutes. The recontamination time of several 
materials by the contact-angle method is shown in Fig. 7-6. It is 
apparent that different surfaces have different affinities for carbona-
ceous contaminants from the atmosphere. Of particular interest for 
bonding is the rapid recontamination of aluminum surfaces. For 
practical purposes, a period of up to 2-h storage, after cleaning, is 
acceptable for wire bonding [7-8]. If stored for longer periods (say, 
overnight), the device should be recleaned. Storing in nitrogen-filled 
plastic cabinets may help, but this has not been demonstrated to pro-
long the clean-surface period. The cabinet itself, as well as waffle 
packs and other plastics inside the enclosure, may outgas organics 
onto the devices.



240 C h a p t e r  S e v e n

7.1.7 Burnishing
Although not generally thought of as a cleaning step, various meth-
ods of abrading and scraping surfaces have been used for years to 
improve the bondability of classical thick-film hybrid metallizations. 
Thick films may have forms of surface contamination (e.g., glass, 
metal oxides), as well as pits and voids that are not removed by 
molecular cleaning methods. These contaminants or surface defects 
can reduce both the bondability and the reliability of a bond. Although 
there is no substitute for a good cleaning step (such as UV-ozone or 
oxygen/Ar plasma) before bonding, burnishing, scouring, and coin-
ing thick films to increase bondability have been performed since 
thick-film technology was developed. Burnishing instruments, such 
as fiberglass brushes, electric erasers (used by draftsmen many years 
ago) [7-25], various hard scouring tools, as well as prebonding with-
out wire in the tool (coining) [7-44], have been used for this purpose. 
They remove the top surface layer leaving a clean surface for bond-
ing. These are controversial procedures. Experiments have been pub-
lished that support [7-42 to 7-44] or criticize [7-45]) such procedures. 
The controversy over these burnishing methods may result from the 
exact amount of surface roughness resulting from each operation, as 
well as how each investigator applied that manual procedure. Surface 
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roughness (range of ~0.001–0.01 mm) versus bond-pull force was 
studied for 32 µm (1.25 mil) diameter Al wedge-bonds on Au-Ni-Cu 
laminate (PCB) metallization. It was found that the rougher the sur-
face, the more likely the bonds will be weak. Failures were revealed 
with several hundred to a thousand thermal cycles (0–125°C) [7-46]. 
This appears to be the only study specifically designed to determine 
the effect of bond strength of Al wedge bonds on surface roughness.

Surface roughness of thick films (not a specific cleaning issue) is 
considered by all authors to be part of the bondability problem. Coin-
ing and electric erasers effectively smooth the thick-film surface, but 
might leave contaminants. Scouring is effective for smoothing, and it 
removes all surface contaminants as well, see Fig. 7-7.

The use of various erasers or fiberglass brushes on thick films 
offer the hazard that particles may be left on the surface or imbed-
ded in the metal film and not be removed by other cleaning steps. 
These then pose a bondability problem on their own. Erasers, in 
addition to unspecified abrasive particles, can leave rubber parti-
cles containing sulfur that may pose a reliability problem if not 
removed. One would like to think that the use of various erasers 
and brushes would have been eliminated. However, these proce-
dures are still found (or thought) to be necessary for bonding to 
some thick films (We note that thick films are still in use for many 
applications in 2008.) If thick films present bondability problems 
related to surface irregularities or oxide and glass contaminants, 
then scouring (Fig. 7-7) or coining by a bonder, with ultrasonic 
power turned on, are the best procedures.

FIGURE 7-7 A SEM photograph of a 25 µm (1 mil) gold ball bond on a thick 
fi lm that has been scoured to increase bondability.
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7.2  The Sensitivity of Different Bonding Technologies to 
Surface Contamination

The previous section discussed cleaning methods to improve both 
bondability and reliability. Many of those bondability studies were 
made with thermocompression bonds, which have great sensitivity 
to surface contaminants. Most bonding personnel would agree that 
ultrasonic aluminum bonding is less sensitive to surface contamina-
tion than is thermocompression bonding. However, direct compari-
sons between bonding methods are rare and the experiments difficult 
to design. The present section compares the bondability of several 
methods of bonding through various measured thicknesses of a spe-
cific contaminant, photoresist. Significant differences between the 
bonding methods are revealed, and these should be considered when 
selecting a bonding technology. This is particularly important for 
complex devices that undergo considerable handling, such as hybrid 
microcircuits.

The only formal study comparing the susceptibility of different 
bonding methods to contamination was done at Sandia [7-47]. The 
substrates used in this experiment were alumina substrates with a 
chrome adhesion layer and 3 µm of vapor-deposited gold. These sub-
strates were contaminated with spun-on Shipley 1350H photoresist 
diluted with acetone to various concentrations to produce specific 
thicknesses ranging from 50 to 180 Å (effective carbon equivalent 
thickness of 20 to 60 Å, respectively). The control substrates were UV-
ozone cleaned (<5 Å carbon). All bonding parameters (for each bond-
ing technology) were individually optimized on the control substrates 
and then maintained constant for the various contamination experi-
ments. Thermocompression and thermosonic gold ball bonds (at 
60 kHz) were compared as well as ultrasonic-aluminum wedge bonds 
in Fig. 7-8. 

Data for each contamination level and bonding method consisted 
of 20 to 40 bonds. Selected results from the study are summarized in 
Fig. 7-8, which was drawn from Bushmire’s data. The top of each bar 
indicates the contamination level required to produce the first lifted 
wire bond in a pull test. Ultrasonic aluminum wire bonding clearly 
has superior bondability for this organic film contamination. No pull-
test lifts were observed up to the maximum 180 Å of contamination. 
Limited reliability tests of Al wires bonded to the Au substrates with 
~70 Å of photoresist (50 wires at 100°C for 1000 h) showed no pull 
strength degradation as compared to as-made bonds. 

While the results should be valid in the modern electronic-device 
environment, it would be desirable to repeat the experiment using 
autobonding machines and a variety of metallizations (i.e., alumi-
num containing both Si and Cu and various current thick films) and 
with various organic contaminants and surface films, such as glass 
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and silicon nitride. There is evidence that during bonding brittle films 
break up and are swept into “debris” zones, allowing ultrasonic and 
thermosonic bonds to be made satisfactorily through relatively thick 
coatings. The bondability through 250 Å of CVD oxide unchanged 
compared with bonding to uncontaminated pads [7-48]. Similar 
results in Au ball bonding to O2 plasma-thickened Al2O3 (up to 200 Å) 
on aluminum bonding pads were found [7-49]. Neither these nor 
Bushmire’s study subjected the bonds to HAST or other high-humidity 
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reliability testing, which might have revealed other types of prob-
lems, as discussed in Chap. 5, Sec. 5.2.1. These experiments should be 
continued, possibly at universities.

The above studies were primarily concerned with bondability. 
Although strong bonds are more reliable than weak ones, certain con-
taminants may affect the reliability of Au-Al bonds later during life 
(see Chap. 5 and Table 7-1).

Appendix 7A  Circuit Damage Caused by Plasma 
Cleaning During Packaging

Contributed by Peter Roitman, National Institute of Standards and Technology

Integrated circuits can be electrically damaged by relatively benign 
plasma processing which is a normal part of wafer processing and 
for some packaging operations. This damage can be and is annealed 
out during the wafer processing sequence by thermal activation. 
In particular, a near final step in the process is typically ~350°C 
anneal to sinter the aluminum metallization. This is sufficient to 
remove the plasma damage. However, such temperatures are not 
compatible with modern packaging materials. Thus, a plasma-clean-
ing step at that time could be harmful and the damage permanent.

Radiation damage in semiconductors is usually associated with 
high-energy particles or photons that penetrate to sensitive junctions 
and interfaces in the interior of the device. Such high-energy particles 
or photons can displace atoms in the silicon lattice, resulting in the 
formation of defects which act as traps or generation centers. If these 
occur in the base region of a bipolar transistor, the lifetime is reduced, 
and the generation current is increased. This results in failure of bipo-
lar devices. In oxides, the major effect of high-energy particles is to 
create electron-hole pairs. Holes that drift to the silicon interface are 
trapped, resulting in an interface charge. If the oxide is in the gate of 
an MOS transistor, the operating point of the transistor is shifted, 
resulting in failure [7-50].

Plasma damage is more indirect. The threshold for ionization of 
an electron-hole pair in silicon dioxide is 9 eV. Thus, any ion, electron, 
or ultraviolet photon that has energy greater than 9 eV and collides 
with an oxide surface can create an electron-hole pair in that oxide. 
Depending on plasma and surface conditions (secondary emission 
from the oxide and trapping near the oxide surface region), the oxide 
surface can charge either positively or negatively. In either case, elec-
trons and/or holes will drift in the field down to the oxide-silicon 
interfaces. The mobility of electrons is reasonable in silicon dioxide; 
the mobility of holes is quite low. However, the hole lifetimes are long 
enough that these carriers can drift a few microns. The holes are 



C l e a n i n g  t o  I m p r o v e  B o n d a b i l i t y  a n d  R e l i a b i l i t y  245

trapped at the silicon interface creating a positive charge, which can 
invert the silicon under the oxide. Drift from the top surface of the 
chip will not normally result in charge under the gate (the classic mode 
for penetrating radiation damage), but rather in charge under the field 
oxide. In MOS circuits, inversion of the surface can result in loss of isola-
tion between adjacent transistors, resulting in circuit failure. In modern 
bipolar circuits, the vertical transistors are oxide-isolated. Thus, charge 
in the field oxide can short the emitter to the collector. (It is curious how 
close this mechanism is to that observed by Peck in 1963 [7-51 to 7-53].) 
The holes at the oxide silicon interface can be annealed at 300°C. Below 
that temperature, they are stable for very long periods [7-54].

There are a number of other damage modes associated with plas-
mas, such as interface state formation, neutral trap formation, surface 
damage due to sputtering, etc. These effects can usually be minimized 
by the choice of plasma conditions or are of minor concern in the field 
oxide regions [7-55]. Most of the above problems would not have 
occurred if H2 plasma cleaning were used [7-36, 7-37].
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CHAPTER 8
Mechanical 
Problems in

Wire Bonding

8.1 Cratering

8.1.1 Introduction 
Many current studies of cratering are described in modeling papers 
in order to understand the material stresses that cause that failure 
mode. Such modeling is addressed in Chap. 11 by Yong Liu, Fairchild 
Semiconductor Corp., “Wire Bonding Process Modeling and Simula-
tion.” The subject is also occasionally discussed in the context of work 
on other subjects, such as wire bonding with Cu wire (i.e., described 
in Chap. 3). Such specialized work is discussed in that context or in 
other appropriate chapters. 

An overview of the causes of and solutions to cratering problems, 
such as materials, properties, and bonding conditions are summa-
rized in Table 8-1. One type of bonding failure that is commonly attrib-
uted to “overbonding”∗ appears as damage to the semiconductor, the 
glass, or to any Lo-k dielectric layers under the bonding pad (see 
Chap. 10 for Cu/Lo-k cratering). This is often referred to as cratering, 
because in severe cases a hole is left in the substrate, and a divot is 
attached to the wire (see Fig. 8-1). However, far more frequently the 
defects are less severe. They may produce no visible damage, but can 
degrade the device characteristics. The device failure may then be 
incorrectly classed as an electrical rather than a wire bonding problem. 
This entire range of damage is referred to as cratering.

249

∗Overbonding is a term applied to bonding machine parameter setups in which 
one or more of the bonding parameters (force, time, ultrasonic power, and/or 
temperature) are significantly greater than is required to produce a normal bond. 
Usually, this results in the bond being overdeformed (flattened).
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1. Materials (Metallurgy)
   The harder the wire, the more likely cratering. 
   Bond-pad thickness: the thinner the pad, the more likely cratering.
    Bond-pad hardness: ambiguous, but hard-pad interfacial layers (Ti, W) help.
    Stress due to Au-Al intermetallics: occurs after thermal treatment (post-

mold curing).
    Bond-pad Si precipitates: cracking the under-pad layers.

2. Materials (Substrate-Device)
    GaAs craters easily—yield strength and fracture toughness a factor of 

2 lower than Si bonding to pads over polysilicon: can separate from 
underlayer.

3. Bonder and Its Set-up Characteristics
    Shape or characteristics of ultrasonic generator pulse; slow rise time is best.
    Ultrasonic energy: too high is harmful, contaminated bond pads require 

more US energy.
    Bonding temperature: low and high are harmful—ambiguous. 
    Tool-wire pad impact force: high may be good for ball bonding, but not 

on GaAs.
    Static-bonding force: too high and too low are harmful for wedge 

bonding.
    Negative electronic flame-off for ball bonding, better than positive flame-off.

4. Failure Symptoms
    Marginal cratering (can cause leakage between under layers or in active 

devices).
    Gross cratering (divot comes out at bonding, pull, or shear testing).
    Thermal cycling often reveals damage [8-19].

5. Wafer Processes Affecting Cratering
    Bond-pad thickness.
    Bond pad and interface metal-hardness.
    Bond-pad silicon or Cu-, Al-, Si-intermetallic precipitates.
    Bond pads over polysilicon.
    Time, temperature, and cooling rates of heat treatments
    Fracture properties of underlayers. (Thermal oxide better, >Young’s 

Modulus than CVD oxide).

TABLE 8-1 The Causes of Cratering

Although this failure mechanism is often attributed to “over-
bonding,” there are many materials and equipment problems that 
can enhance the frequency of its occurrence. A study of each case often 
reveals a synergistic relationship between the materials, the bonder 
setup, and/or later stresses such as plastic encapsulation cure or 
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surface-mount thermal shock. [This problem has been increased since 
the switch to “green” (no-lead) solders that have higher melting 
points.] To troubleshoot this problem, one must understand the frac-
ture and deformation of the semiconductor material and possible met-
allurgical interactions, as well as the wire and bonder characteristics.

There have been two published papers exclusively devoted to 
studying the causes of cratering during Al ultrasonic (US) bonding 
and others concerning thermosonic (TS) ball bonding. However, there 
are many papers that have discussed cratering in some other context, 
such as developing bonding machine setup schedules or using bond-
ing wires of unconventional or harder materials (e.g., Cu). A compila-
tion of factors that contribute to cratering is shown in Table 8-1. These 
factors occur in ultrasonic Al- or Au-wedge bonding as well as in Au, 
Cu, and Ag ball bonding. Cratering usually occurs in only a small 
percent of the bonds even though the bonds are made at the same 
time and with the same bond parameters. This small percentage com-
plicates studying the problem and requires experiments with large 
numbers of bonds and statistical treatments of the data in order to 
gain an understanding of the process. 

Calculations involving cratering often begin with a circle (cylin-
der or sphere) being pressed against the bonding pad [8-1, 8-2]. The 
radius of curvature establishes the contact area, and one can easily 
show (using the Hertz theory of contact pressure) that the initial 
force creates stresses many times the yield strength and/or the frac-
ture strength of the pad and the semiconductor. It is implied that this 

FIGURE 8-1 An SEM photomicrograph of a bond pad cratering area with the 
divot still attached to the ball bond. This crater was revealed during ball 
shear testing.
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stress is applied directly to the underlying semiconductor, thus initi-
ating a crater. Actually, the metal yields (deforms) far below the yield 
stress of the semiconductor, deforming the wire (ball) and the bond-
pad metal. The wire (ball) flattens, and the stress drops rapidly as 
the metal-yields. (Ref. [8-2] did calculate the actual stress the Au ball 
applies to the bond pad, incorporating its yielding.) Ultrasonic 
energy, with possible stage heater contribution, softens the metal, 
which further lowers its yield strength, and deformation continues 
until the bond is mature [8-3]. (Examples and discussion of this are 
given in Chap. 2.) A major problem with the initial (point) contact-
area stress interpretation of cratering is that, according to the Hertz 
model, the cratering should be initiated at the center of the bonded 
area. Observations of etch pits due to marginal cratering (under the 
bond) show that the worst damage occurs along the perimeter of the 
bond; the marginal damage, (in Fig. 8-2a and b) was revealed by 
etching (see Table 8-2). This damage was clearly demonstrated in 
steam-oxidation studies that revealed ultrasonic bonding-induced 
stacking faults in Si, as shown in Fig. 8-2a and by revealing damage 
etch-pits in Fig. 8-2b [8-4]. Work with peeled or lifted-up bonds [8-3] 
has shown that the perimeter is also the area where initial welding 

FIGURE 8-2  (a) Stacking faults in <100> Si typically form at the bond periphery 
from forces in the ultrasonic pulsing direction. Steam oxidation was used to reveal 
those stacking faults. A 50-µm diameter Al wire had been ultrasonically bonded 
directly to the Si. (b) A chemical-etch-revealed marginal cratering defect pattern on 
Si. The bond was chemically removed and the Si lightly etched. The bond was made 
similar to that of Fig. 8-2a. (After Winchell [8-4]; © IEEE .)

Pulse direction

22 µ

(a) (b)
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takes place (see Fig. 8-4 below for additional evidence of this). Also, 
force and temperature, without ultrasonic energy, does not cause 
the form of cratering resulting from Si nodules in the metallization 
(see Sec. 8.1.7) [8-5]. Thus, the bonding stress that causes stacking 
faults and other material damage is primarily related to the ultra-
sonic energy and therefore cannot be modeled by the normal Hertz 
contact pressure model.∗ That model, furthermore, is inappropri-
ate because it assumes elastic material properties, whereas bonding 
results in major plastic deformation of the metals. The fracture 
toughness, Kc , of the semiconductor (see App. 8A) is a material prop-
erty closely related to cratering. But it is not obvious how ultrasonic 
energy initiates cracks or lowers Kc in a single-crystal, defect-free 
semiconductor, unless this energy is capable of creating defects as 
it does in polycrystalline metals. If the stress of an electrical probe 
or other mechanical damage has produced a microcrack in the posi-
tion of the bond perimeter, that crack can easily propagate during 
the ultrasonic welding process. Thermocompression (TC) bonding 
seldom produces cratering and therefore is preferable for use on 
GaAs devices that are weaker mechanically than Si. If ultrasonic 
energy is used on GaAs, the bonding process must be carefully opti-
mized and controlled [8-6] with DOE bonder setup (see App. 8B, by 
Lee Levine). 

There can also be a range of hidden damage, such as cracks initi-
ating under ball or wedge bonds that are best revealed by failure 

∗This does not rule out the possibility that significant tool bounce on initial contact 
cannot be a contributing process. Bounce-type impact forces can far exceed steady-
state ones and can occur before the metal has time to deform. Yield strength and 
fracture propagation are strong functions of the loading or strain rate. However 
all modern autobonders have programmed descent and impact, or, if manual-
bonders, will have adjustable dash-pots or electronic controls to slow the tool 
descent rate.

1. a. Chemically remove metal (bond and pad) and observe with optical 
microscope.

    b. Lightly etch semiconductor (or SiO2) surface and use optical 
microscope with vertical illumination to look for etch pits around 
bond perimeter (they sparkle).

2. Bond to pads over active device areas and compare reverse bias 
leakage (before and after), easiest since no chemicals required.

3. a. Ball-shear test often results in divoting or gross craters if marginal 
craters are present.

    b. Pull test on wedge-wedge bonds (with high loops and small to medium 
deformation) may reveal marginal craters.

TABLE 8-2 Detecting Marginal Craters
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analysis sectioning-techniques. An example is given in Fig. 8-3. In 
this case, again, the damage initiated around the perimeter of that 
bond. Apparently, a slight increase in US power (or possibly a shear 
test—but not a pull test) would have connected the crack(s) together 
and opened up a full crater, similar to that shown in Fig. 8-1.

8.1.2  Bonding Machine Characteristics
and Setup Parameters

Excessive Ultrasonic Energy
The most common cause of cratering results from improper bonding-
machine parameters, and essentially all papers on the subject cite this 
as a contributing cause. Excessive ultrasonic energy has been cited 
more often than any other bonding parameter as the cause of craters. 
This is even more apparent when it is considered that cratering is 
seldom encountered with TC bonding and that this bonding method 
is the safest process to use on crater-prone materials like GaAs 
(assuming the high temperature poses no device or packaging prob-
lems). In studying the ultrasonic wedge-bonding process, Winchell 
found that even though metal mass flow is equal in all directions, 
stacking faults in Si occur perpendicular to the direction of the ultra-
sonic bonding tool motion (pulse direction) [8-4]. This verified that 

FIGURE 8-3 A section through a ball bond/silicon revealing hidden Si cracks 
(cratering). Note that such cratering in ball bonds starts along the bond 
perimeter, as with wedge bonds. It may or may not have been revealed by 
an etch-removal process comparable to the one in Fig. 8-2b. (After 
McKenna [8-10]; © IEEE .)
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ultrasonic energy is a major cause of the problem and that it is capa-
ble of directly introducing defects into single-crystal Si, although the 
mechanism is not understood. Figure 8-4 illustrates the cratering 
(looking up from the bottom of a transparent substrate) as power was 
increased. Power was the sole variable that changed!

Modern high-speed automated bonders that can bond up to 
15 wires/s (30 welds/s) could pose an additional cratering hazard. 
The time available for ultrasonic energy application to each weld has 
decreased from an average of 50 ms (for older manual bonders) to 
less than 10 ms. The ultrasonic energy, bond force, and/or stage tem-
perature must be increased to compensate. This results in a narrower 
bond-parameter window. If the bond time is decreased below 10 ms, 
increasing ultrasonic energy is required to produce a reliable weld 
(at 60 kHz), and the probability of cratering can increase. However, 
the use of high-frequency US energy (> 60 kHz) could complicate any 
general conclusions from above, and in many cases it bonds with less 
power and also shortens the bonding time. See Sec. 2.4, Chap. 2.

It should be known that contaminated bond pads require higher 
ultrasonic energy and/or temperature for making strong bonds. 
Since modern processing and packaging may leave polymer or ionic 

FIGURE 8-4 Through the underside of a bond pad. The disruption of the bond 
pad metal observed from the underside of a thin (~0.2 µm) evaporated Al pad, 
which was deposited on a clear fused quartz substrate. These three patterns were 
made by bonds on the other side of the substrate. Bonding parameters were 
constant, except for the ultrasonic power, which was increased for each successive 
Al wedge bond. Power-supply dial settings were, from left to right, (a) 4.5;
(b) 5.5; (c) 9.5. The third bond, made at the highest US power, has cracked 
(cratered) the quart substrate. This example was also discussed in a 
different context in Chap. 2. 

Crater

(a) (b) (c)
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residues on pads, a molecular cleaning method is recommended, 
especially where a cratering problem is encountered. (See Chap. 7.)

Modern bonding machines use high-frequency ultrasonic energy 
for bonding (see Sec. 2.4), and many bondability advantages have 
been published. However, few studies have made direct comparisons 
between potential failure modes resulting from different frequencies. 
Heinen [8-7], has done so in the area of cratering. This work compared 
cratering over active device areas using approximately 100 kHz 
energy and concluded, in that case, that such bonding was less crater-
prone than if done at 60 kHz. This is encouraging, but more studies 
are needed for verification for all packaging materials situations. It is 
noted that cratering while using HF does occur and has been a major 
problem with Cu/Lo-k bond pads (see Chap. 11).

8.1.3 Bonding Force
Often, for wedge bonds, too high or too low a static-bonding force has 
been observed to contribute to cratering. This is shown in Fig. 8-5 [8-1]. 
The conventional explanation for cratering in wedge bonding with low 
force is that the bonding tool is not held tight enough against the pad, 
and it chatters across the top of the wire producing high-force spikes to 
the pad/silicon. This explanation has never been proven. It is generally 
assumed that the optimum clamping force as in Fig. 8-5 results in more 
efficient ultrasonic energy transfer, thus lowering the total energy 
requirements for bond formation. Analysis of data from various sources 
[8-8, 8-9] indicates that there is a less precise (static) bonding-force effect 

FIGURE 8-5 The incidence of cratering versus bond force for the ultrasonic 
bonding of 25-µm diameter Al, 1% Si wire of 15 to 16 gf breaking load. The 
data were obtained from bonding to various Si devices with 60 kHz power. 
(After Kale [8-1] ; © ISHM .)
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for cratering during thermosonic (TS) ball bonding. An example of a 
two-dimensional parameter plot (a bonding window) for Cu ball 
bonding showing the areas of nonsticking through cratering and over-
deformation is given in Fig. 8-6 [8-8]. (Note that two different bonding 
windows are given in Chap. 6B, Fig. 6B-4. They were set up for a different 
purpose but show the versatility of using such windows to understand 
the limits or to optimize a particular bonding situation.)

It is difficult to establish clear comparisons between all variables, 
since other bonding parameters must be varied to optimize bonding 
for each experiment [8-4]. If the bond deformation is held constant to 
make equivalent deformation bonds, then, when the force is reduced, 
the power, time, and/or temperature would normally have to be 
increased. Most studies do not give enough data to determine the 
actual parameters causing the damage. Factorial experiments specifi-
cally designed to encompass the entire range of cratering from crystal-
lographic defects to divoting should lead to a better understanding of 
the cratering problem. Experiments should cover the range from pure 
thermocompression through pure (no heated stage) ultrasonic ball 
bonding. Failure analysis of the experiments should be carried out on 
Si by etching, possibly by steam oxidation and detailed (optical or elec-
tron) microscopic observation. On a more fundamental level, it would 
be desirable to study the mechanism by which ultrasonic energy, dur-
ing welding, can generate defects (and cracks) in single-crystal semi-
conductors, using this to study the effect of high-frequency bonding.

FIGURE 8-6 The preferred ranges of ultrasonic power and bonding force for 
copper ball bonding to 1.3 µm of Al, 1% Si, over SiO2. The wire diameter was 
25 µm, the wire was 6-9s purity, and the initial ball diameter was 62 µm. 
(Redrawn from Mori [8-8] ; © IEEE .)
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8.1.4 Tool Wire-Pad Impact Force
Intuitively, one might think that a zero-impact force on the pad would 
minimize cratering. Low impact is generally used for wedge bond-
ing, especially for GaAs chips, although documentation for this use 
to minimize cratering has not been published. However, high-impact 
bonding has been suggested as a means of reducing cratering during 
thermosonic ball bonding [8-10]. In this case, the capillary (and ball) 
rapidly descended to the pad, within 30 ms of ball formation (which 
required very special bonding-machine modifications, but is possible 
with some advanced autobonders). This left the ball hot and, there-
fore, softer at touchdown, and with high-impact force, it deformed 
essentially to its mature bond deformation on that impact. Ultrasonic 
energy, applied during and after touchdown, matured the bond inter-
face. As with wedge-bonding, it was found that too low a static 
bonding force increases cratering significantly. Since the original 
publication, there has only been only one study on higher force-
impact bonding presented at the Third VSLI Packaging Workshop of 
Japan, Dec. 1996 (unpublished). Thus this technique has not been 
adopted by the industry. In addition, with the advent of Cu/Lo-k 
chips (see Chap. 10), having complex bonding stacks susceptible to 
mechanical damage, it could pose reliability/yield problems.

8.1.5 Causes of Cratering—Materials

Bond Pad Thickness
In addition to being a bonding surface, the bond pad also serves as a 
cushion to protect the underlying material (SiO2, Si, polysilicon, GaAs, 
etc.) from damage due to the stresses of bonding. Winchell [8-4] used 
an extremely sensitive technique (steam oxidation of the Si surface) to 
reveal marginal cratering on Si due to Al wedge bonding. He found 
that the tendency to crater was most prevalent for the thin metalliza-
tions, and this has also been found by others. The 0.6 µm metalliza-
tion thickness represents the transition range in which surface 
damage to the Si was still observed. For 1.0 to 3.0 µm metallization 
thicknesses, the surface damage becomes undetectable when using 
acceptable bonding-machine parameters. An increase of the total met-
allization thickness from 0.8 to 1.2 µm significantly decreased cratering 
in GaAs devices [8-6]. Thus, a metallization thickness of 1 µm or greater 
is desirable to help minimize most cratering damage in GaAs as well as 
in Si. Unfortunately, modern chip Al metallization is often thin (< 1 µm) 
to facilitate etching of narrow line widths, and this increases the proba-
bility of cratering unless there are hard underlayers (see below).

Bond-Pad Hardness
There is no clear evidence that the bond-pad hardness affects the inci-
dence of cratering. One might assume that a softer bonding pad metal 
would inhibit cratering by absorbing US energy and deforming easily 
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and that a hard pad should more readily transmit the bonding forces 
to the substrate. However, the best bonds with the lowest machine-
bonding parameters are made when the hardness of the wire and the 
pad are reasonably matched [8-11, 8-12]. In fact, the combination of a 
normal Al layer for bonding over a hard interfacial layer (Ti, W, etc.) 
appears to be less subject to cratering in both Si and GaAs. Hard Cu-
doped metallization can be more crater-prone because Cu oxide or 
Cu-Al corrosion products on the surface require more ultrasonic 
energy to bond (rather than hardness of the film). The most significant 
factor may be that the conditions that allow best bond formation also 
minimize cratering. Generally the pad should be about the same hard-
ness as the ball. In some cases the pad may have ppm-level impurities 
added to better match the ball hardness to obtain the best welding.

Wire Hardness
It has long been known, but not clearly documented, that harder wire 
can cause Si craters during Al ultrasonic bonding. Several investiga-
tors who have run cratering experiments listed wire hardness as a 
cratering contributor [8-1, 8-4]. Recently, Cu wire has been used in pro-
duction for ball bonding as a less expensive replacement for Au. Since 
Cu balls are significantly harder than Au balls and result in more fre-
quent craters, investigators have studied the relationship between 
wire/ball hardness and cratering [8-8, 8-11]. See Fig. 8-6 as one possi-
ble example of bonding-machine setup for Cu ball bonding. Srikanth 
has studied the hardness of both Cu and Au bonded balls [8-13, 8-14], 
and some of his data are listed in Table 8-3. He found that Cu work-
hardened significantly during ultrasonic bonding, which suggests the 
reason the cratering problem persists. See the color CD (after Fig. 3A-2) 
for a comparison of Cu-ball microhardness before and after bonding.

Investigators have adopted procedures, such as minimizing ultra-
sonic energy and increasing temperature of the substrate and the tool 
to help prevent or minimize the problem. Silicon nodule-induced cra-
tering (see Secs. 8.1.7 and 8.1.4) was found to be reduced if the time 
for ball formation (EFO spark) to pad touchdown was reduced to less 
than 30 ms ([8-2, 8-11] and Sec. 8.1.4). This left the ball hot (and there-
fore softer) at touchdown. Such a rapid capillary descent would result 
in significant impact deformation of the ball, would require less ultra-
sonic energy for normal deformation during welding, and would 
presumably decrease cratering.

Table 8-3 compares several hardness measurements made on var-
ious bonding wires and metallizations. Some measurements are made 
directly on the ball. It is very difficult to interpolate between the 
results of different hardness tester indenters and loads, so the most 
meaningful information is obtained from data comparisons made by 
the same investigator and instrument as for the Srikanth data. 

The actual role of wire hardness in cratering is not understood, as 
pointed out by Winchell, because of the synergistic effect of other 
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variables. Harder wires require more ultrasonic energy to bond,∗ and 
this energy increase could be the reason for cratering. Papers on the 
subject do not give enough information to determine the actual cause. 
Further work is necessary to fully understand the mechanism.

8.1.6 Intermetallic Effects on Cratering
Gold-aluminum intermetallic effects have been studied by using the 
ball-shear test as a measurement tool [8-15]. It was found that the 

Metal
Hardness value 
(Material) Load Reference

Shear
Modulus

Gold 40 (HV) (ball)
58–60 (HK) (wire)
37–39 (HK) (free-air ball)
66–68 (HV) (wire)
60–90 (HV) (bulk)
71 (HV) (bonded ball)

1 g

5 g
—
—
—

8-8

8-32
8–13a

8-13
8-31

26 GPa

Silver 61 (HK) (bulk) 15 g 8–30 30 GPa (bulk)

Aluminum 35–60 (HK) (bond pad)
20–50 (HV) (bulk)

0.5 g
—

8-11
8-31

26 GPa (bulk)

Copper 47–53 (HV) (free-air ball)
55 (HV) (ball)
77 (HV) (wire)
47–50 (HK) (free-air ball)
64–68 (HK) (wire)
99 (HK) (bulk)
89 (HV) (wire)
84 (HV) (free-air ball)
111 (HV) (bonded ball)

1 g

0.5 g

5 g
15 g
—
—
—

8-8

8-11

8-32
8-30
8-14
8-14
8-14

48 GPa (bulk)

aMicrohardness measurements made by different investigators and equipment are diffi-
cult to directly compare. Different scales (HV, HK) use different indenters and can use 
different loads/indentation depths, which are seldom given. References 8-13, and 8-14, 
by Srikanth, represent unique measurements of both Cu and Au wires  and bonded ball 
hardness, since they were made by the same investigator. 

TABLE 8-3 Hardness and Shear Modulus of Wire Bonding Materials 

∗The ultrasonic energy, E, required for bonding is empirically related to the metal 
hardness by: E=K(HT)3/2 where K is a constant, H is the hardness in Vickers, and T is 
metal thickness. See, for instance, American Welding Society Handbook, Vol. 3, part 2, 
2007. This specific relationship has not been verified for samples with microelectronic 
dimensions, but a similar relationship is assumed to be valid. 
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probability of cratering, as observed in shear testing, increased up to 
about 4 h during a 250°C bake, and approximately 20% of the ball 
bonds cratered the Si during that test. However, continued heat 
treatment resulted in decreased cratering to a level of 4% at 35 h, as 
shown in Fig. 8-7. The observed Au2AI could result in a large-volume 
increase over that of the original Al metallization; up to 30% (see 
Noolu, Intermetallics App. 5B, Tables 5B-1 and 5B-2) resulted in high 
stress under the bond, in the order of 90 gf for a typical ball bond. 
When subjected to the additional stress for balls of this diameter, a 
shear test (40 to 60 gf), the combination of stresses could result in 
cratering. The above authors explained the decrease in cratering after 
a longer time at the baking temperature as an annealing process 
that resulted in recrystallization, which reduced the stress, also see 
Ref. [8-16]. (An alternate possibility could be explained by the Noolu 
App. 5B, in which the different evolving intermetallics cell volumes 
continue to change with further diffusion and decrease the stress.) 
This intermetallic volume-induced stress will be referred to as the 
Clatterbaugh-Noolu (C-N) effect. The results of finite-element model-
ing of the ball-shear test with the pad converted to intermetallic, were 
consistent with earlier observations. The shear test can apply approx-
imately 3500 to 7000 kg/cm2 (50 to 100 K psi). Low-profile balls result 
in the lower force, while tall ball bonds may exceed the higher-force 
number. (These values may be reduced somewhat by metal yielding.) 
This force could easily propagate existing microcracks in Si causing 
a crater.
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FIGURE 8-7 Percentage of cratering and shear strength for thermally aged 
(250°C) gold-ball bonds on bonding pads of 1 µm of pure Al over Si. (After
Clatterbaugh [8-15] ; © IEEE .)
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Some interesting consequences of this Au-Al stress mechanism 
have not been explored. For instance, plastic-encapsulated devices 
require a postmold bake of 3 to 6 h at 175°C, and a calculation indi-
cates that approximately 13 h will completely convert 1 µm of Al to 
intermetallic compounds.∗ However, for various reasons, the equiva-
lent time-at-temperature during assembly may be much longer.
A midrange of this time at temperature is roughly equivalent to the 
10% cratering time temperature† of Clatterbaugh. Thus, most bond 
pads in plastic-encapsulated devices are at least partially converted 
to Au2Al, leaving the underlying structure highly stressed. In some 
cases, various overcoatings may be applied after bonding and may be 
cured at various high temperatures. Any anomaly in bonding (and 
intermetallic is always formed during that process), in the metalliza-
tion, or in the plastic molding process could increase cratering. These 
various contributing sources of stress applied in different steps would 
be easy to overlook.

Cratering under Au-Al bonds, after thermal exposure, has not been 
directly verified by others. However, the fact that similar cratering has 
been observed in surface mount thermal shocks during plastic pack-
age soldering (illustrated in Fig. 8-8) stands as indirect confirmation.

∗Modern ULSI metallization is becoming thinner, and the time at temperature 
for complete intermetallic formation (with a Au ball bond on the Al) is therefore, 
decreasing.
†Using the Arrhenius equation t1/2 = 5.2 × 10−4 exp (−15,900/kT), t = time, T = 
temperature. Note this is the average diffusion of all phases. Others have measured 
much shorter times (i.e., ~2 h) for one or another intermetallic phase to diffuse 
1 µm into aluminum at comparable temperatures.

FIGURE 8-8 An example of an Al, 1% Si bond pad containing large Si 
participates, as seen through the rear of the chip by an infrared microscope. 
The larger particles have dimensions of approximately 1 µm. The shadow is 
the IR image of the ball bond on top of the pad. (After Footner [8-18].)
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There are other examples of the cooperative effect of different 
stresses in producing cratering. Excess stress from improperly depos-
ited bumps or metal diffusion barriers (i.e., nickel) in the case of TAB 
(tape automated bonding) has long been known to result in cratering 
when the TAB bumps are sheared. Stress from Sn-Cu intermetallics 
under solder bumps in controlled collapse flip-chip devices have led 
to underlying SiO2 glass fracture. 

More work is needed to clarify the C-N effect. Some investigators 
have not observed (or at least reported) this effect, but the recent 
work on intermetallic induced strains by Noolu (see App. 5B) offers a 
reasonable explanation. Variables such as the Al film and/or the SiO2 
thickness, dopants including Si and Cu, and different temperature 
bakes (which result in different intermetallics, different diffusion-rate 
constants, and possibly different strain-reduction characteristics) 
apparently all affect the process. For completeness, the work should 
also include different bonding wires, such as Cu, and the effect of 
bonding-machine variables, such as ultrasonic energy, temperature, 
and time. Identification of the specific intermetallic(s) causing the 
problem would be necessary for a complete understanding and to 
couple the phenomena to Noolu’s work.

8.1.7 Silicon Nodule-Induced Cratering
One percent Si is often added to Al metallization to prevent back-
diffusion of Si from shallow junctions into that metal. Such back-
diffusion could damage the electrical properties of the device. As a 
result, micrometer-sized Si nodules have been found in Al bond pads, 
and these can act as stress raisers and crack the underlying glass dur-
ing thermosonic Au ball bonding [8-17]. Reliability testing revealed 
electrical leakage between the pad and the underlying Si. Various 
aspects of the plastic-molding process were shown to add stress to 
the bond pad. Corrective action to minimize cratering included bond-
ing at higher temperature (250°C), lower ultrasonic power, reducing 
molding stress, and removing a fracture-prone phosphorus glass 
layer from under the pad. An example of a bond pad containing such 
Si participates, as seen by an infrared microscope, is shown in Fig. 8-9 
[8-18]. Several others have generally confirmed the Si nodule bond-
cratering effect [8-2, 8-5]. One organization solved the problem by 
changing the structure under the pad (using a 0.3 µm thick layer of 
hard Ti-W under the Al pad), by modifying the bonding schedules, or 
by using rapid (hot) ball touchdown. These published experiments 
apparently did not include plastic encapsulation or application of 
any other shear forces. However, Si nodule cratering during surface-
mount soldering of plastic-encapsulated devices has been observed 
[8-5]. In this case, ultrasonic energy, rather than force and temperature 
alone, was found necessary to form the original microcracks that later 
lead to cratering. (TC bonding did not produce such microcracks.)
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Cratering was enhanced if the plastic package had absorbed 
water. The thermally expanding “wet” plastic applied larger shear 
forces to the ball bonds during the rapid heating, resulting in cratering. 
These bond pads would have also included intermetallic stresses 
from the C-N effect.

Discovery of the Si nodule-cratering mechanism raises questions 
as to why Si nodules as large as the bond-pad thickness should exist. 
Bonding-wire manufacturers have long controlled the grain size of 
nodules in similar 1% Si-doped Al wire by proper heat treatment (rapid 
cooling from 350 to 100°C). It appears that the metallurgy of Al, 1% Si 
may occasionally be overlooked by integrated circuit manufacturers. 
After metal deposition and patterning, the films are annealed (sintered) 
at temperatures approximately 400°C for up to 30 min. They are cooled 
without consideration of the Si grain size. Various other processes may 
require high-temperature wafer heating, such as curing polyimide 
multilayers. Again, there is no effort to assure a rapid cooling rate to 
prevent large Si particles from growing. Many processing documents 
prescribe slow cooling after such heat steps to prevent strains that may 
lead to wafer bowing. Some compromises must be made to minimize 
Si nodule growth. In addition, other aspects of device reliability may be 
improved by this compromise. Large Si nodules will eventually repre-
sent most of the Si that was originally added to the Al to prevent 
back-diffusion from narrow junctions. After nodule formation, such 
back-diffusion could then take place and damage the device.

When studying cratering after temperature exposure, investi-
gators should be aware that Au-Al intermetallic stresses on the bond 
pad might result from thermal processing, such as curing various 
plastic encapsulants, stabilization bakes, etc. Then, the resulting 
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corner ball-bond location due to thermal cycling of a plastic molded device. 
Such stresses have resulted in cratering during surface-mount soldering. 
(After Dunn [8-19] ; © IEEE .)
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thermal stresses combined with other stresses (e.g., plastic package 
shear forces from surface mounting, Si nodules, probe damage, and 
microdefects marginal cratering due to poor bonding-machine setup) 
can result in cratering where no single effect alone would cause a 
problem. The use of several percent of Cu in Al can be expected to 
form hard Cu-Si-Al intermetallics under various circumstances, and 
these may be an additional source of crater-forming nodules.

As larger chips have been plastic encapsulated, and surface-mount 
assembly has increased, another source of potential cratering stress on 
bonds has been observed. This is a subset of the “popcorn effect,” and it 
might be called “marginal popcorn effect,” since it can occur under sur-
face-mounting/reflow-soldering conditions that do not actually rup-
ture (pop) the package. Figure 8-8 is an example of the high stress that 
can be applied to the corner ball-bond location due to rapid thermal 
expansion of the mold compound [8-19]. In such cases, cratering can be 
a result of the synergistic combination of intermetallic stresses (from 
plastic cure), bonding damage resulting from silicon nodules in the pad, 
and the large thermal expansion stress resulting from surface-mount sol-
dering of the plastic-encapsulated device. A compilation of such stresses 
that can synergistically result in cratering is given in Table 8-4.∗

The Ultimate Synergistic Problem

 1. Metal deposition Al, 1% Si (~2+% Cu)
 2. Metal sintering (400°C+, 30 min)
 3. If >3% Cu then massive Au-Si-Cu alloy nodules form
 4. Multilayer insulator (polyimide, oxide, Lo-k)
 5. If polyimide coating, cure in steps-up to 350°C+
 6. More metal deposition and sintering
 7. More polyimide (or glass? up to 350°C)
 8. Die attach (epoxy cure)
 9. Wire bonding (~150°C) if 2% Cu and Si in Al increased US energy, 

microcracks occur
10. Plastic encapsulation cure (175°C, 3 to 5 h)
11. Storage in various ambients
12. PC-board soldering (surface mount/reflow soldering, etc.)
13. Cratering!

NOTE: All above steps can lead to increased Si nodules (and from 9 on) to Au-Al 
compound growth, which increases cratering possibility.

TABLE 8-4 Cratering Stresses Resulting from Silicon Nodule and Au-Al 
Compounds

∗In general, most marginal cratering in this chapter can be revealed in plastic 
encapsulated devices by several hundred temperature cycles from –65 to 150°C
(1% cumulative failures occurred at 200 cycles, and 7% at 1000). Seven times as 
many cycles are required for 0 to 125°C testing [8-19].
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8.1.8 Cratering Over Polysilicon
A high susceptibility for bond cratering under Al pads located over 
polysilicon has been privately reported numerous times and published 
at least once [8-9]. The cause of this problem is not clear. Obviously, 
poor polysilicon adhesion to the underlayer, because of processing 
problems, is possible. Polysilicon also contains more stacking faults, 
dislocations, and other defects than single crystals, and it is possible 
that the ultrasonic energy will interact with them and weaken the 
structure similar to the manner in which it weakens metals [8-3].

There is an additional possible cause of the problem based on 
studies of Al metallization effects on polysilicon [8-20, 8-21]. When 
Al, 1% Si metallization is heated (e.g., sintered at 400°C and for up to 
30 min) in contact with polysilicon, the metal can absorb Si from the 
grain boundaries and can result in relocation and weakening of the 
polysilicon. In extreme cases, this results in large isolated polysilicon 
grains that may have lower adhesion to the single-crystal substrate or 
to the bond pad. Many advanced devices today have a hard barrier 
layer of Ti or Ti/W, etc., under the Al conductors. If these films are 
extended under the Al bond pads, which also lowers cratering prob-
ability, then the above mechanism would not occur, and cratering 
would be diminished over polysilicon.

8.1.9 Gallium Arsenide Cratering
Gallium arsenide (along with some other low fracture-toughness 
compound semiconductors) has long been known to be more suscep-
tible to bond cratering [8-6] and to mechanically induced electrically 
active defects [8-22] than Si. A number of its material characteristics 
have been studied [8-23 to 8-27]. Studies of the mechanical properties 
(where they are linear) indicate that GaAs has approximately a factor 
of two less strength than Si. The two major characteristics that are the 
most relevant to cratering, hardness, and fracture toughness of Si and 
GaAs, are compared in Table 8-5. Hardness is a measure of the resis-
tance of a material to deformation. Fracture toughness is a measure of 
the stress or energy required to propagate a small existing crack. It is 
defined in App. 8A.

The properties in Table 8-5 were determined by a number of 
researchers who, in general, were not concerned with the bond-
cratering problem, but rather in studying the general mechanical and 
fracture properties of the materials. GaAs is so much weaker than Si 
that it is likely to crater in situations that will not affect Si. It is easy to 
calculate that the static compressive force on a deformed ball bond 
[pad contact of 75 g diameter, applied during bonding by a 50 gf (490 mN) 
thermocompression bonding load] is approximately 1100 kg/cm2. This 
is well over half of the compressive force required to create electrical 
defects in GaAs and is approaching its brittle fracture stress. Only a 
small variation in bonding parameters or the application of sufficient 
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ultrasonic energy can damage the material. Since both the mechanical 
and fracture properties are weak, craters could originate from either 
cause. Studies of the crater surfaces are needed to understand the 
actual cause of the problem. The GaAs strain-rate dependence of crater-
ing may be different from Si and should be determined.

The “conventional wisdom” (on cratering) from GaAs chip man-
ufacturers, bonder manufacturers, from private communications as 
well as one publication [8-28], is that thermocompression bonding is 
the safest to use (if the device/packaging can survive the high tem-
perature). If thermosonic bonding is used, then use a stage heat
≤ 300°C and minimum ultrasonic energy. As with a number of GaAs 
cratering studies, there have been contradictory recommendations. 
One study of Au wedge bonding with a grooved tool found that 
cratering increased for stage temperatures, more than 120°C [8-29].

The use of a negative electronic-flame-off for ball formation in 
thermosonic-ball bonding is considered helpful to minimize crater-
ing, and currently all ball bonders use it, although the reasons for this 
are not clear (there are many other reasons to use such, however). 
Ultrasonic-wedge bonding is the least desirable and has a very 

Property GaAs - I
Si - II (Same Refs 
and Units as I)

Hardnessa (Vickers HV, 
175-g load)

6.9 ± 0.6 GPa [8-26] 11.7 ± 1.5

Hardnessa (Knoop HK, 100-g 
load)

590 [8-26] 1015

Young’s modulus E 84.8 GPa [8-25] 131

Fracture toughness (energy) 
[indentation]b

0.87 j/m2 [8-22] 2.1

Fracture energy [DCB]c 1.0 j/m2 [8-24] 2.1

Compressive force for 
electrical defects

~ 2000 kg/cm2 at 
380°C [8-22]

—

Thermal conductivity (300 K) 0.48 W/cm/°C 1.57

Expansion coefficient 5.7 × 10−6 [8-25] 2.3 

aAverage approx. 20 impressions perpendicular and parallel to the cleavage axes. Taken 
on same equipment, same operator (John Smith, NIST, private communication).

bObtained by indentation after initiation of crack (typical of cratering after probe mark or 
US damage). Data from various orientations on the <100> of GaAs and <111> surface
on Si.

cObtained by double cantilever beam method.

TABLE 8-5 GaAs Properties Compared to Silicon
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minimal safe bonding window; however, both Au and Al wedge 
bonding are being successfully used by a number of organizations. In 
all cases, great care is indicated in bonder setup and monitoring. The 
ultrasonic energy has been monitored with a capacitor microphone 
[8-6]. It was found that a slow rise and decay time∗ for the overall 
ultrasonic system was helpful. Also, using a thicker metallization 
with a hard multilayer understructure was found necessary (e.g., 
either 0.1-µm Ti, 0.08-µm Cr, 0.2-µm Pt, and 0.8-µm of Au on top for 
bonding, or 0.3 µm of Ti/W under the pad) resulted in essentially 
crater-free device production. Figure 8-10 is an example of such an 
early cratering failure before the above improvements were made. 
(Note that for some multilayer metallization systems, such as Cu/Lo-k 
devices, special complex support structures are used, see Chap. 10.) 

FIGURE 8-10 An example of GaAs cratering during an Ultrasonic Al wedge 
bond on a bond pad over a gate. (Courtesy of Lysette [8-6] ; © IMAPS.)

∗Modern autobonders can slow application and removal of ultrasonic power and 
can be programmed after experimentally determining the optimum ramp shape. 
However, it has not been proven what the desirable ramp is, so it remains 
empirical. High-speed autobonders having ≤ 10 ms per bond leaves little time for 
a ramp-up/down, and such would slow the autobonder throughput appreciably.
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Fast rise-time ultrasonic systems have long been blamed for cratering 
problems due to bonding tool “kick or jumping.” However, measure-
ments made by this author, with wide band-pass capacitor micro-
phones, monitoring the tool-tip motion during bonding, have never 
observed such a kick. Therefore, the explanation for power-supply-
induced cratering has not been supported by experiment. 

Although GaAs is far more susceptible to cratering than Si, the 
same general procedures that are successful in minimizing cratering 
on Si are also applicable to GaAs. The use of minimum ultrasonic 
energy, minimum bonding tool bounce (much more important on 
GaAs than on Si), and a thick multilayer bond pad structure (thickness 
>1 µm) is usually successful in reducing the problem. Clean metal 
requires less ultrasonic energy for bonding; therefore, either UV-ozone 
or O2 Ar plasma should be used within 2 h of bonding (see Chap. 7). 
Since GaAs has a thermal conductivity about one-third that of Si and 
an expansion coefficient about twice that of Si, it is important to avoid 
thermal shock. The use of a stage preheater for thermosonic bonding 
is desirable as well as the use of a heated capillary—not available for 
autobonders. Since the mechanical strength and the fracture energy 
of GaAs is so low, the possibility of electrical test probe damage cre-
ating an initial microcrack is much greater than for Si, and, once 
started, a crack can be readily propagated by ultrasonic energy during 
bonding.

If the GaAs device has Al metallization and the pad is bonded 
with Au wire (or the reverse), then the Clatterbaugh-Noolu effect 
(intermetallics, App. 5B) can apply enough calculated intermetallic 
stress (2000 kg/cm2) in addition to the shear-force to cause disloca-
tions that degrade the electrical properties under the pad [8-22] as 
well as predispose it to cratering. Such metal (Au-Al) combinations 
should be avoided by using monometallic bonding, or the lifetime-
temperature environment of the device should stay low.

In addition to weak mechanical properties, GaAs is susceptible to 
crack propagation enhancement (a 20% lowered fracture toughness) 
by environmental influences like water, acetonitride, heptane, and 
presumably other common solvents [8-23, 8-24]. While this type of 
crack enhancement is most significant for sawed edges of chips, it 
could also affect probe marks or other subpad damage during clean-
ing steps within normal assembly-line processing. If a bond is placed 
over that area, it could have an increased probability of cratering. It is 
interesting to note that these solvents either have no effect on or actu-
ally increase the fracture toughness of Si.

8.1.10 Conclusions of Cratering
The general solutions to the cratering problem are summarized in 
Table 8-6. These are valid for Si, GaAs, or any semiconductor material. 
Following are some conclusions about cratering:
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• Cratering can result from a synergistic combination of stresses 
beginning with metal deposition and sintering at the wafer 
level.

• A wide understanding of metallurgy, silicon and multilayer 
fracture characteristics, bonding-machine variables, handling, 
processing, soldering thermal shocks, and long-term environ-
ments is necessary to eliminate cratering.

• All levels, from chip designers to processing and test engineers 
to assembly personnel (first and second level) must work 
together to eliminate the problem (packaging guidelines can 
be put in the design rules, as some companies have).

8.2 Cracks in the Heels of Ultrasonic Wedge Bonds 
Metallurgical cracks in the heels of Al-ultrasonic wedge bonds have 
been a cause of concern to device users for many years [8-33]. Cracks 
can be caused, for example, by using a sharp heeled wedge bonding 
tool,∗ by operator motion of the micropositioner (if a manual bonder 
is used) or by bonding machine vibration just before or during 
bonding tool lift-up from the first bond. However, the most frequent 
cause is the rapid-tool movement after making the first bond. The 
tool (and wire) rise high and progress forward before moving back-
ward to form the loop. This bends the wire upward from the heel of 
the bond and then backward, opening up a crack. The heel of the 
bond is already overworked (weakened) during ultrasonic welding, 
and one bend forward and backward is often sufficient to form a 
crack. [Note, that extra tool (and thus wire) motion is programmed in 
as part of special loop shaping in autobonders. See App. 9A on Loop-
ing by Lee Levine.] Such cracks are enhanced if the second bond is 
lower than the first, typical of reverse bonding, since the wire is 

1. Set up bonder to minimize ultrasonic energy.
2. Use thicker metallization.
3. Use hard metal layers (e.g., Ti, W) under the bond pad.
4. Do not put pads over polysilicon.
5. Use thermocompression bonding if possible.
6. Clean chips (plasma, UV-ozone) to minimize bonding parameters.

TABLE 8-6 Normal Solutions to Cratering Problems (Which Apply to All 
Semiconductor Bonding)

∗A small curvature with a radius approximately 0.3 mil for a 1 mil (7.6 µm, 25 µm) 
diameter wire generally helps reduce heel cracking.
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bent backward more than if bonds are on the same level. Some loop 
forming processes in autowedge bonders could also contribute to 
heel cracking, where the wire may be moved back and forth and/or 
bent in several directions. Note, however, that autoball bonders do 
not contribute to cracking. (See “Wire Bonder Looping” App. 9A by 
Lee Levine.)

Also, excessive bond deformation thins and further weakens the 
heel, which will then crack more easily during loop formation. High 
loops, desirable for thermal cycling reliability in open cavity devices, 
can lead to greater tool motion and an increased probability of heel 
cracking.

Device users often feel that heel cracks predispose bonds to early 
field failure, and this may be the case if the crack is severe and the 
device subject to temp cycles. However, many “cracks,” when exam-
ined at high magnification in an SEM, turn out to be relatively benign 
tool marks or breaks in the top, amorphous-appearing, surface layer of 
an ultrasonic bond, as indicated in Fig. 8-11a. The metallurgical defects 
within this “crack” would be partially, if not entirely, annealed during 
any subsequent heat treatments, such as burn-in. However, the fine 
inner crack shown in Fig. 8-11b with its stress-raising inner “point” 
may propagate through the wire and cause failure during the device 
operating life. This crack would be unannealable from the standpoint 
of thermal-cycle flexure-fatigue life [8-34]. Whether these bonds are 
annealed or not, there is no reason why otherwise well-made bonds 
in hermetic packages should fail due to a crack, if the subsequent 

(a) (b)

FIGURE 8-11 SEM photographs of cracks in the heels of 50 µm (2 mil) diameter Al, 
1% Si, ultrasonic wire bonds. The amorphous-appearing surface layer shown in
(a) reveals no metallurgical cracks in the exposed crystalline Al. (b) clearly shows an 
unannealable inner crack. Both cracks resulted from the wire-bending forward and 
then backward during loop formation. (Also see Fig. 8-18 for examples of wedge 
bond fatigue heel cracks.)
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operating field environment does not include stresses produced by 
temperature cycling or some other force (such as vibration due to ultra-
sonic cleaning) that may flex the wire loops and propagate the crack.

The main purpose of the above discussion is to examine heel 
cracks objectively. The discussion is not intended to imply a blank-
check acceptance of heel cracks, since some can be so severe that they 
will significantly degrade the bond-pull strength. Any crack of the 
type shown in Fig. 8-11b can result in long-term reliability problems 
under thermal-cycle conditions. However, cracks in bonds having 
small deformation (~1.5 wire diameters) should not significantly 
reduce the bond pull strength or the device life under favorable bond 
loop and environmental conditions. The existence of such cracks does 
indicate that some part of the bonding equipment or procedure is not 
under proper control and corrective action is indicated.

An additional heel-crack problem was found in which the crack 
occurred under (rather than on top of) the first (wedge) bond heel
[8-35, 8-36]. This is difficult to observe optically and is usually missed 
with a SEM unless the operator knows what to look for. Figure 8-12 is 
an example of such a crack. These were revealed by an occasional 
“freak” low-pull test result (1000 ppm defectives), but the numbers 
increased to 80% with hard, as-drawn, brittle wire. The entire auto-
bonding sequence is involved, including vibration of the wire loop 
behind the bond. Examination of the (heel) fracture surface revealed 
a brittle fracture at the bottom (where the crack was) and a ductile 
fracture above it. In some cases, very weak bonds were observed with 
a crack on top as well as under the heel.

FIGURE 8-12 A crack under an Al-wedge bond heel, as indicated by the arrow. 
(After Fitzsimmons [8-35, 8-36] ; © IEEE .)
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8.3  The Effect of Acceleration, Vibrations, 
and Shock on Open-Cavity Packages

Once the bonding process is finished, the package sealed, and various 
mechanical, thermal, and electrical screens are completed, the variety 
of possible mechanical bond-failure modes is reduced considerably. 
Vibrational and centrifugal-type forces that occur in the field are seldom 
severe enough to cause metallurgical fatigue or other bond damage. 
In general, the package, its leads, or large components of assembled sys-
tems will fail before such forces are sufficient to damage the bonds. The 
minimum vibrational frequencies that might induce resonance, and thus 
damage Au- or Al-wire bonds having typical geometries, are approxi-
mately 10 and 40 kHz, respectively. The centrifugal forces, in the vertical 
direction, required to damage well-made 25 µm diameter bonds of Au- 
or Al-wire are typically greater than 100,000 g. However, Au bonds may 
be moved sideways (and short circuit with neighbors) or collapse to the 
substrate with as low as 8 kg of centrifuge forces [8-39] dependent on the 
length and loop height. 

8.3.1  Centrifuge Test for Wire Bond Reliability on Wire Bonds
Centrifuge stress-testing of wire bonds cannot be used for parts that are 
plastic encapsulated, which includes approximately 95% of all devices. 
Only some high-reliability, military and space parts, sensors, and 
unusual devices may need it in 2008. It remains in this book for those 
special, important, open-cavity parts in such critical/unusual use.

There have been several calculations of centrifuge forces on wire 
bonds [8-37, 8-38] in open cavity (hermetic) packages. These computa-
tions were based on the wire assuming the shape of a catenary during 
the test, and the equations produced similar forces for similar shapes. 
The equations derived in [8-37] are given below. The parameters of the 
system are the same as those on the bond-pull test (see Chap. 4, Fig. 4-1), 
but the variables are defined below.

It may be shown that the tensile forces in the wire, and Fwd, at the 
contact points to the terminal and die, respectively, are in grams force:

 Fwt = ρ πr2G(α + h) (8-1)

 Fwd = ρ πr2G(α + h + H) (8-2)

 
α d

h( + + (H h) + H
d (H + h)≅ ≥

2

4 1 1 2
2

/
for  (8-3)

where ρ = density of the wire (g/cm3)
 r = radius of the wire (cm)
 h =  vertical distance between the package pad and the peak of 

the wire loop (cm)
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 H =  vertical distance between the package pad and die 
bond proofs (cm)

 d = horizontal distance between bonds (cm)
 G = centrifugal acceleration (in units of gravity).

Using the approximate value of α will only introduce an error of 
less than 10% in Fwt and Fwd, even for d/(h + H) as small as 2, which is 
an unusual case. However, an exact value for α can be obtained from 
the relation:

 h + H + α = α cosh (D/2α) (8-4)

where D/2 is the lateral distance between the bond at the die and the 
apex of the wire loop. Actually, the greatest uncertainty may result 
from the estimate of h, which is the distance between the apex of the 
wire loop and the package pad surface after the centrifugal forces 
have deformed the loop to describe the catenary curve. A useful graphi-
cal representation of Eq. (8-1) using exact values for α is shown in 
Fig. 8-13. This gives the tensile force in the wire adjacent to the bonds of 
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FIGURE 8-13 Tensile force, F
w
, in the wire adjacent to the bonds in a single-

level, 25 µm (1 mil) diameter, gold wire bond. This resulted from a centrifugal 
force of 30,000 g directed perpendicularly away from the bonding surface and is 
graphed as a function of d for different values of d/h. F

w
 for a given value of 

d is a minimum when d/h ≈ 3. Values for accelerations other than 30,000 g 
may be obtained by multiplying the value for F

w
 by the ratio of the 

acceleration of interest to 30,000 g. Values for F
w
 for 25-µm (1 mil) diameter

Al-wire bonds may be obtained by multiplying F
w
, by 0.14. (They are so low 

that they are seldom signifi cant). (After Schafft [8-37].)
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a single-level (25 µm diameter) Au-wire bond, subjected to a centrifu-
gal force of 30,000 g, as a function of d for different values of d/h. The 
figure shows, for example, that for a wire bond with a bond separation 
of 0.15 cm (≈60 mil) and a loop height of 0.015 cm (≈6.0 mil), the tensile 
force in the Au wire will be about 0.55 gf. Such a tensile stress could be 
produced in a pull test if the hook, placed at midspan, were pulled with 
a force of only 0.25 gf. In the case of an Au ball bond, one must take into 
account the significant mass of the ball [being made up from 0.03 to 
0.050 cm (12 to 20 mil) length of the wire]. If the force on a ball of 3.5 mil 
diameter is added vectorially to the wire force in the above example, 
the total force is increased to 0.7 gf. In all cases above, if Al wire is used, 
the centrifuge forces will be reduced to 0.14 FAu and rarely cause a problem.

Vertical forces generated in the centrifuge test described above are 
too small to be useful in testing wire bonds. To obtain an equivalent 
force to the MIL-STD-883G/H nondestructive pull-test requirement 
[2.0 gf (Al) and 2.4 gf (Au) for 25 µm dia. wire would require accelerating 
the device to over 100,000 g, an extreme and impractical value.]

Consider that a typical 25 µm diameter Au-ball shear force on a
90 µm (3.5 mil) bonded-ball diameter is in the order of 50 gf (tensile 
force can be 40% higher), and it is obvious that the centrifuge test is 
useless to assure quality on such wire bonds. However, this test can 
damage Au-wire bonds if the device package is accidentally placed in 
the centrifuge in the wrong orientation (sideways force application), 
such as may occur in a cannon-launched environment [8-39]. In this 
case it was found that 30 µm (1.3 mil) diameter Au (ball bond) wire 
loops can easily move sideways and short against adjacent wires or 
terminals, as well as collapse downward and short to the edge of the 
chip. Gold-wire-loop movement was observed to occur with as little 
acceleration as 5000 g, and shorts occurred in the 8000 to 10,000 g 
range for wires of approximately 2.5 mm (100 mil) length. Shortening 
the wire lengths to 1.9 mm (75 mil) resulted in no failures at 11,000 g 
acceleration in the sideways direction, and also none in the vertical 
direction at 20,000 g. Thus, considerable care must be exercised when 
open-cavity electronic packages containing Au wires are subject to 
centrifuge testing, and in all cases, short wires must be specified. 
Although not specifically related to wire bonds, a general mathemat-
ical analysis of the centrifuge testing of hybrid microelectronic devices 
is available and may be useful when considering that subject or 
modern SIP-MCM testing [8-40.]

8.3.2  The Effect of Ultrasonic Cleaning, Launch Vehicles 
Pyro-shocks, Vibrations, etc., on Open-Cavity-Package 
Wire Bonds

As with the centrifuge test for wire bonds, most packages today are 
plastic encapsulated and as a result are not subject to cleaning by 
ultrasonic or other vibration stresses. Therefore this section is included 
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for the few, but often important, cases when open-cavity packages are 
required. This is particularly the case for the less than 5% of devices 
in high-reliability and unsual devices, such as for space missions, 
well-logging, sensors, optoelectronic, and the like uses which could 
not normally be plastic encapsulated.

There have been several published reports and innumerable pri-
vate communications on bond degradation resulting from the ultra-
sonic cleaning of hermetic (open cavity) devices [8-33, 8-41, 8-42]. 
Most reports concern Au-wire bonds. However, only one [8-43] 
showed such degradation of Al bonds, but without enough details to 
evaluate the failure. A wire bond, as with any other wire, has a reso-
nance frequency, and if excited, it will vibrate and may fatigue and 
break. Note that pyro-shocks in space launches and other sources of 
vibration can cause similar damage. Figure 8-14 is an example of Au-
wire bonds that have fatigued during ultrasonic cleaning. The reso-
nant frequencies of wire bonds are generally high (~20 kHz, but vary 
with material, diameter, and length), and the only source of such exci-
tations are from ultrasonic cleaners, shock tests, and similar stresses. 
The various vibration modes and the resonant frequencies of wire 
bonds have been calculated [8-37]. Several vibration modes are possible; 
however, the lowest resonant frequency, maximum motion, and dam-
age results when the entire loop vibrates side-to-side (lateral mode). 
A plot of the calculated resonance frequencies for both Au- and Al-wire 
bonds in various lengths and loop heights is given in Fig. 8-15.

The potential danger of bond failure during ultrasonic cleaning 
occurs in open-cavity packages because of the many bond configura-
tions (length, loop height, wire diameter, etc.). These may be encoun-
tered on a loaded PC board or even within a given package. A single 
multichip package can contain bonds made with Au and/or Al 
wire with diameters ranging from 0.018 to 0.038 mm (0.7 to 1.5 mil). 

(a) (b)

FIGURE 8-14 SEM photographs showing 25 µm (1 mil) diameter ultrasonically fatigued 
bonds. (a) A gold-ball bond in a fl atpack that had been immersed in an ultrasonic 
cleaner. (b) A wedge bond similarly fatigued. (After Harman [8-33] ; © IEEE .)
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The bond-to-bond lengths, made with autobonders, can range up to 
approximately 6 mm, (most are <4 mm), and the loop heights may 
also vary.

A study of PC-board mounted hermetic (open cavity) devices, 
bonded with 25 µm diameter Al wire, was carried out to determine 
the extent of damage from US cleaning [8-44]. Wire lengths and loop 
heights were not given, but the resonant frequencies were calculated 
as being around 40 kHz. This implies that they were approximately
1 to 1.2 mm (40 to 50 mil), which is shorter than most wire bonds. The 
cleaning frequencies were 39 to 41, 43, and 66 kHz. No damage was 
observed, except for a few at high power densities and for long clean-
ing times (>1 h). Only rarely in the past have Al wires have been 
reported to fail during US cleaning, and then occurring in poorly 
defined circumstances [8-43]. Thus, the US cleaning of hermetic 
devices with short, 25 µm diameter Al wires should be generally safe. 
The problem is that Au wires do fail under US cleaning, and such 
devices are often mixed with devices having Al wires on any given 
PC board. Perhaps only in a specified high-reliability equipment situ-
ation can the user be assured that no problems will occur.

If many boards are simultaneously cleaned in a large tank, there 
is the possibility that US-wave resonances/reflections can cause 
energy maxima in specific areas. Thus, one would expect that only 
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specific bonds with specific dimensions would be damaged on a 
given device at a given US cleaning frequency, and the damage would 
be maximum in specific areas of the board.

The open-package ultrasonic cleaning of some complex packages 
and ICs that will undergo PIND testing for loose particles would be 
similar to hermetic-package cleaning. The resonant frequency of the 
bond will shift downward, only a few percent due to immersion in 
the cleaning solvent. However, the liquid would dampen the vibra-
tion amplitude depending on its viscosity, limiting any damage, but 
the effect of any cavitation could be severe. Informal tests run in vari-
ous facilities have indicated that the pull strength of some bonds can 
be degraded or bonds actually broken by this procedure. The effects 
are very hard to characterize because of the variables involved.

In the past, most ultrasonic cleaners were designed with frequen-
cies in the 20 kHz range, and most reported failures, as shown in Fig. 8-14, 
resulted from high-energy industrial cleaners in this frequency range. 
Currently, ultrasonic cleaner frequencies may be higher, in the range 
of 40 kHz, broadband (20 to 100 kHz), or in the hundreds of kilohertz 
range. Considering the resonant frequencies of bonds from Fig. 8-15 
and that most wire bonds may be within the geometries of curves 2, 
3, and 4, it is unlikely that the high-frequency cleaners (>50 kHz) 
will damage wire bonds, although definitive tests to verify this on 
Au-wire bonds have not been performed. One should be aware that 
open-package cleaning, at any frequency, is capable of damaging 
semiconductor devices if cavitation is present.

8.3.3  The Effect of Shock and Vibration Tests on 
Wire Bonds (Problems with Long Wires) 

Because the lengths of most wire bonds are short, one seldom considers 
that normal system-level random vibrations (20 g from 10 Hz to
1 or 2 kHz) as used for screening spacecraft and other equipment 
would be harmful. However, there have been several failures of very 
long (25 µm diameter) Au-wire bonds made on stacked memory 
chips [8-45]. These bonds were between 3.8 and 5 mm (150 and 200 mil) 
long. They were subjected to random vibration (up to 2 kHz) and 20 g 
shock in different directions. Failures were observed in which over-
deformed crescent bonds were broken loose when vibrated in the 
side-to-side direction. Extrapolation of Fig. 8-15 to these lengths shows 
that resonance is possible for such long bonds. This led to their break-
ing. The actual vibration frequencies were measured with a variation 
of a magnetic-field technique [8-46]. The resonances for such long 
wires were in the range as low as 1.4 kHz. In addition, shock in the 
sideways direction has broken weak crescent bonds, and in one case 
good bonds were observed to “wrap around one another.”

We normally expect Au bonds with normal loops to resonate at 
frequencies greater than 10 kHz. However, multiple-layer stacked 
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chips and other unusual devices for space applications often require 
long nonplastic encapsulated wires. Also, very fine-pitch bond pads 
on chips can result in long wires fanning out to the coarser package 
pitch, and modern autobonders “work the loops” so that shorting 
does not occur. Just because there is adequate as-made clearance, 
it may not protect the bonds from resonating or shorting under vibra-
tion or shock, and failures are possible.

Thus, since modern autobonders can make long wires and these 
are being used more often than in the past (see App. 9A), both design-
ers and users must understand the potential for low levels of vibra-
tion and shock to induce bond failures in special open-cavity pack-
ages.

8.4  Effects of Power and Temperature 
Cycling of Wire Bonds

Wire-bond failures in open-cavity packages due to cyclic temperature 
changes were first observed by Gaffney [8-47], many years ago, and 
since then there have been a number of additional studies of such 
failures [8-48 to 8-51]. These failures resulted from repeated wire flex-
ing due to the differential coefficient of thermal expansion between 
the Al wire and the package as the device heated up and cooled down 
during power cycling, see Fig. 8-16. The maximum flexure, and there-
fore the failure, occurred at the thinned-wedge bond heels. The heel 
of the chip bond experiences the greater temperature excursion and 
is observed to fail more frequently than the heel of the package bond. 
The metallurgical flexure fatigue of a number of Al alloy wires was 

TC
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FIGURE 8-16 A schematic representation of wire-bond fl exure due to device 
power cycling. The solid loop line represents the room-temperature position of 
the bond, and the dashed line represents the high-temperature position. The 
wire may be Al or Au, and the package (header) may be kovar, alumina, or 
other low-expansion substrate/package material. On a fi rst approximation, the 
expansion of the wire is calculated as the average temperature of Tc, and Tj,
and the header is that of Tc and T2. The fl exing, ∆HL, is approximately inversely 
proportional to the ratio of the loop height to the bond-to-bond spacing.
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experimentally investigated, and it was found that Al, 1% Mg wire 
was superior to the commonly used Al, 1% Si alloy [8-50], see Chap. 3, 
Sec. 3.8.

Wire-bond flexing during temperature cycling changes approxi-
mately inversely proportional to the loop height. The loop height 
should be approximately 25% of the bond-to-bond spacing to mini-
mize the bond flexure of small-diameter wires [8-51]. Figure 8-17 shows 
these results calculated for the flexure of wire bonds with the config-
uration of Fig. 8-16. This flexure is approximately 20% greater if the 
loop is triangular (as it would be after a nondestructive wire-bond 
pull test), but the stress would concentrate at the bend, which should 
be stronger than at the bond heels. Subsequently, 25 µm (1 mil) diameter 
Al, 1% Si wire bonds made with high loops survived over 100,000 power 
cycles even though some bonds had cracked heels [8-51]. Taut (flat) 
loops resulted in failure after a few hundred to a few thousand power 
cycles. Villella [8-48] recommended the use of both the magnesium-
doped wire and high bond loops to achieve maximum reliability. 
(However, small diameter Mg-doped wire is not available today 
except by special order and its ASTM standard has been dropped.) 
The use of a high loop as protection against flexure fatigue has also 
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been verified with 50 µm (2 mil) diameter Al-wire bonds. Figure 8-18 
shows typical bonds of a high-frequency power device containing 47 
such bonds with high loops (height greater than 25% of the bond-
to-bond distance). This device underwent 227,627 complete power 
cycles, without bond failure, in which the junction temperature 
ranged from 38 to 170°C. It was characteristic of the production of 
these bonds that many were made with cracks in their heels, but 
because of the high loops no failures were encountered.

Although high loops afford stress relief in power and tempera-
ture cycling situations, there are many cases where it is not possible 
or practical to use them. The most obvious case is when the top of the 
open-cavity package is too low and might contact the wire loop. 
Another case occurs when the package (chips) run at very high fre-
quencies, and the high loop can increase the inductance of the bond. 
In such cases, a compromise must be made between performance and 
reliability. Often the inductance problem is solved by package design 
where the wires are kept very short and, thus, a lower loop will give 
adequate stress relief.

When ball bonds are temperature cycled, they typically break just 
above the ball in the “heat-affected zone.” It has been found that if a 
“worked loop” (App. 9A, Looping) is used with a bend left in the 
loop away from this “zone,” the stress is maximum there rather than 
above the ball, and the bond fatigue life is improved.

Gold-aluminum intermetallic compounds present an additional 
thermal cycle problem. They are stronger than the pure metals 

(a) (b)

FIGURE 8-18 SEM photographs of power cycled 50 µm (2 mil) diameter Al, 1% Si, 
ultrasonic wire-bonds with loop heights greater than 25% of the bond-to-bond spacing. 
This device had undergone 227,627 complete power cycles in which the junction 
temperature ranged from 38 to 170°C, and, yet, no bonds failed. Reconstruction of the 
Al bond-pad surface resulting from the repeated thermal stress is evident, however, 
the device still worked.



282 C h a p t e r  E i g h t

providing they are void-free; however, they are also more brittle. If a 
bond contains intermetallics, it is far more susceptible to flexure dam-
age than pure Au or Al wires alone. An example of a cracked Au 
wedge bond that had been cycled only 20 times was given in Fig. 5-10 
in Chap. 5. In addition to brittleness, the growth of intermetallic com-
pounds is enhanced by temperature cycles. Thus, it is important to be 
aware that Au-Al couples in devices may fail during repeated tem-
perature excursions.

While failures in small-diameter wire bonds, in open-cavity pack-
ages, may be inhibited by high loops, such a solution is only partially 
helpful for large-diameter wires where the wire stiffness prevents 
easy flexing (and thus stress relief) of the overall loop. However, 
large-diameter wire bonds on some power devices may fail after 
5000 to 20,000 power cycles due to metallurgical fatigue. See Fig. 8-19 
for a typical example of one of these failures.

Note that fatigue occurs at each bend and near the bond heels, 
which are areas of stress buildup during temperature cycling. These 
are older bonds/technology. However, the metallurgy is identical to 
today’s large wire (see Chap. 3, Fig. 3-4, lowest curve), and such 
fatigue would be similar.

FIGURE 8-19 An SEM photograph of power-cycled 200 µm (8 mil) diameter 
99.99% pure Al bonds on a 2N4863 power transistor. The wires fatigued and 
the device failed at 18,606 power cycles in which the case temperature 
ranged from 25 to 125°C (the junction temperature would have reached 
approximately 180°C). Metallurgical fatigue occurred on the bond heels and at 
bends in the loops. Although this is an old device (wire bonding technology), 
the same wire metallurgy is used in 2008, and the wire fatigue would look the 
same today.
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Several possible solutions to the large wire fatigue problem may 
be applicable. The 200 µm (8 mil) diameter wires in this device were 
99.99% pure Al. However, alloying additions invariably increase the 
fatigue strength of alpha solid solutions of Al [8-52]; thus, the better 
metallurgical system of magnesium-doped wire should lengthen 
power-device wire-bond life. The production of smooth loops with 
no bends should also help. Large cross-sectional area ribbon wire 
together with high loops may improve reliability. Ribbon is more 
flexible in the plane of the bond loop and may offer the advantages of 
small wire with high loops.

Temperature cycling (in which the entire device is externally 
heated and cooled) is more severe than power cycling described 
above, since the entire package reaches the temperature extremes. 
Even so, the loop height-to-bond-length recommendations (25%) are 
valid and will minimize the effect.

Plastic Encapsulation Failures
The above discussion of wire-bond flexure fatigue is applicable to 
bonds in open-cavity packages. A variety of different thermal cycle 
failures have been observed in plastic-encapsulated devices, often 
where failure occurs above the neck of the Au ball. This failure results 
from the different thermal coefficient of expansion between the wire, 
the Si, and the plastic and is not related to the loop height and wire 
flexing, but rather the stress applied from the expanding/contracting 
plastic encapsulation. The wire is rigidly held within the plastic. 
Extended fatigue, as in Fig. 8-19, may occur if compliant-die coatings 
are used under the plastic encapsulation [8-53]. For normal single-
component encapsulation, the wires often partially “neck down” 
(ductile fracture) and break. At other times, striations (slip) are seen 
near the wire break. Ball bonds located around the perimeter of the 
plastic-encapsulated chips may be sheared due to forces exerted by 
the thermally expanding plastic [8-54] (also see Sec. 8.1.7, Cratering). 
In general, there is little that can be done at the wire-bonding produc-
tion level to prevent such failures. Removing moisture from the 
plastic and minimizing thermal shock during surface mount solder-
ing to boards are reasonably effective in limiting the plastic-expansion 
problem.

Silicone rubber has been used as a package cavity-fill to prevent 
moisture failures in some automotive and other devices. However, it 
may become stiff enough to break wire small bonds during tempera-
ture cycles. Silicone gel is currently used, and it is so soft that fine 
wire bonds remain intact during thermal cycles. This material has 
been used for years in automotive hybrids without temperature cycle 
failures. The only caveat is that such cycles must not go below the 
gel’s glass transition temperature (generally about −55°C), or the 
stiffened gel will break the bonds. Such temperatures do not occur in 
the normal automotive environment.
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Appendix 8A  Fracture Toughness Defined Fracture 
Toughness is the Stress Required to Extend 
an Existing Crack

Unstable fracture occurs when the stress intensity at the crack tip, K or G, 
reaches a critical value, K or GL. For small crack-tip plastic deforma-
tion (plane-strain conditions), the critical stress-intensity factor, KIC, for frac-
ture instability is a material property. The Kic is the maximum stress-field 
intensity at the tip of a crack that the material can withstand without 
unstable crack extension occurring. Fracture toughness is a generic term for 
various measures of the resistance of a material to the extension of an 
existing crack. It is frequently represented as Kc, the stress intensity, or 
as Gc, the energy release rate for a crack extension [8-55]. The relation-
ship between these variables is given below in the Griffith equation:

 U = a
E

π σ2 2
(Griffith equation)  (8A-1)

where U = decrease in elastic energy to propagate a crack due to an 
existing crack of length a (cm) and E = Young’s modulus.
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where σ = Stress g

cm2  and a = crack length (cm).

Appendix 8B  Design of Experiments (DOE) 
for Wire Bonder Setup

Process Solutions Consulting. New Tripoli, PA 18066, email: levilr@ptd.net

By Lee Levine

Introduction
In 2008, more than 14 trillion semiconductor interconnections [8-56] 
will be produced and over 90% will be wire bonds. In high-volume IC 
production it is desirable for defect rates/wire to be in the less than 
10 ppm range. Yields like this are not easily achieved. Statistical 
process control, design of experiments (DOEs), process capability 
studies, and machine and material characterization are all tools for 
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studying the process and making smart decisions for continuously 
improving that process.

Design of experiments (DOEs) is a topic within the field of statistics 
[8-57]. It provides an efficient, structured approach to the problem of con-
trolling a process with a large number of variables, like wire bonding. By 
enabling one to efficiently explore the bonding process using many vari-
ables, DOEs allow the engineer to determine which of the variables have 
significant effects on the process. Once the significant effects are identified 
through screening experiments, additional experiments provide mapping 
of the response surface and lead to efficient process optimization.

In contrast, the traditional method for conducting scientific experi-
ments has been to hold everything constant while changing only one vari-
able at a time. Data variation could then be attributed to the shift in that 
variable. This method poses two problems: it is time consuming and it 
does not measure the interaction between two variables since they must 
be varied simultaneously to see the interaction. Often interaction effects 
are the strongest and most important factors in controlling a process.

The Math is in the Software, the Value You Add 
is Your Engineering Knowledge
There are many statistical analysis and DOE software packages avail-
able [8-58, 8-59]. All have strengths and weaknesses but in general 
most engineers need a package that provides both statistical analysis 
and DOE. 

The engineering knowledge that you bring to the task is your 
value added. Your knowledge, judgment, and observation skills are 
critical. The DOE is the most efficient method for studying the many 
variables that affect a process but often the observations that you 
make while observing the experiment are the most valuable result.

What’s a Statistic, Effect, and Interaction
A statistic is any quantity calculated from a data sample. Statistics are 
used to describe the properties of sample populations. Figure 8B-1 
graphically defines the main effects of variables A and B on a process. 
From the graph it can be seen that there is no interaction between 
variables A and B. Each variable has the same effect on the process 
independently of the level of the other. Figure 8B-2 shows the effects 
of variables A and B when there is a strong interaction. Both the effects 
of A and B change depending on the level of the other; they interact. 
A major flaw in the classic one-variable-at-a-time method of experi-
mentation is that it is not capable of detecting interactions, and some-
times the interaction effect is the most important experimental result. 
DOEs are designed to detect interactions between variables and test 
them to determine whether they are statistically significant. Detect-
ing effects and interactions with statistical confidence in the conclu-
sions that are drawn is a major benefit of the DOE method.
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What is a DOE?
A DOE is a structured, organized method for determining the rela-
tionship between factors (X) and responses (Y) and for testing the 
relationships to determine whether they are statistically valid. The 
specific experimental runs chosen are dictated by the experimental 
design so that valid statistical inferences can be drawn from the 
results. These runs are the DOE. The results, when shown graphically, 
are called a response surface.

Choosing Variables and Ranges
Several classes of variables can be used in a DOE. Some, such as 
programmable bonding parameters, can be changed easily over a 
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Effect of B
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FIGURE 8B-1 What’s an effect? (No interaction: The effect of A or B is independent 
of whether the other is high or low.)
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Variable B at low level

What’s the effect of B

In a strong interaction the effect of A or B depends
on whether the other variable is high or low

FIGURE 8B-2 What’s an interaction? (One of the benefi ts of DOE is statistical 
validation. Are the effects real or just random variations in the data?)
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numerical range. Other variables, such as capillary designs and alloy 
materials, are not easily varied within a DOE. They are called cate-
gorical variables. Programmable variables are selected for screening 
experiments. Repeated DOEs varying categorical variables allows 
comparisons using a paired t-test.

There are four principal variables in the wire bonding process. In 
order of importance they are: ultrasonic energy, bonding temperature, 
bond force, and bond time. A fifth variable, impact velocity (impact 
force) often has a larger effect than bond time and is often substituted 
in screening experiments. Figure 8B-3 shows the major wire bonding 
independent variables. The results of the initial screening experiment 
will often identify major problems or defects. In subsequent DOEs, 
variables are chosen to address these problems. For example if weak 
crescent bonds are detected variables, a DOE using second bond ultra-
sonic power, bond force, impact velocity, and bond temperature can be 
chosen to address the problem. Discovery of cratering would change 
the focus to a DOE using first bond variables. Variables with insignifi-
cant effects can be eliminated allowing a more focused effort.

The setting of each variable in a screening experiment should 
cover a large range, but still be reasonable. Using a large range ensures 
that the slope of any trends will be correct. However, the intention of 
the DOE is not to test the extremes of the process, but to sample a 
reasonable range of the values of interest. If a variable is significant 
and the results show that extreme values are desirable, subsequent 
DOEs can explore this new range.

Figure 8B-4 shows a number of wire bonding response variables, 
but response variables can be anything that is measurable. Numeri-
cal measurements like pull test, shear test, number of defects within 
a sample, loop heights, bond placement, loop height at a fixed dis-
tance from second bond, and ball size are all measurements that 
have been used for wire bonding experiments. More difficult 
responses include attribute data (good/bad), metallographic cross-
section photos, intermetallic growth studies, and thermal aging studies. 

Four principal process

 variables

  • Ultrasonic power

  • Temperature

  • Bond force

  • Bonding time 

Most important

 variables

  • Ultrasonic power

  • C/V (impact force)

  • Bond force

  • Temperature 

Categorical variables

 • Capillary

 • Wire 

FIGURE 8B-3 Wire bonder independent variables.
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With care even these difficult response variables can be used in DOEs. 
Recent trends in finite element analysis (FEA) using input parameters 
to the FEA as independent variables and output from the FEA as the 
dependant variables in a DOE have enabled efficient use of FEA to 
build a response surface model for the FEA output.

Sequential Experimentation
Designed experiments are the best and most efficient method to con-
trol the experimental process while you are waiting for inspiration, but 
inspiration and knowledge doesn’t come quickly. Sequential experi-
mentation, choosing variables, observing and running the DOE, ana-
lyzing the data, and using Pareto charts to focus on the most significant 
problems will make the process evolve to achieve better product and 
higher yield. Sequential experimentation forces the data to drive con-
tinuous process improvements.

Process Capability
Process capability benchmarks (Cp and Cpk) are important qualifiers of 
a high-quality process. Process capability is defined as the natural 
variation of a process after all of the unnatural, explainable distur-
bances have been eliminated and the process is operating in a state of 
statistical control. The value of Cpk is a measure of process robustness. 
Increasing Cpk requires a continuous, iterative process using succes-
sive DOEs and response surface experiments to reduce the residual 
error. Process capability studies are a specialized class of DOEs 
designed to measure normal process variation. They have only one 
variable, time. They must include enough time to capture the normal 
drift of the process. The results of each successive experiment are 
incorporated into the choice of variables, building a database of 
process knowledge. Process changes, design changes, and materials 

Bond strength
 • Ball, stitch, mid-span pull
 • Shear strength
 • Shear/ua
 • Bond size

Loop height measurements

Defects and modes (NSOP, NSOL, Peel..)

Oscilloscope measurements

…anything you can measure that’s of interest

Comparisons:  pictures, scope traces, data
 acquisition charts, etc., (with some difficulties)  

FIGURE 8B-4 Wire bonder response variables.
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changes are all tested against the knowledge baseline, the goal being 
to reduce the residual error. As residual error decreases, the process is 
driven toward increased control and higher reliability. Improved 
yields are an automatic benefit.

Experiments to Improve Yield
Where a process is running, but at unacceptable yields, response surface 
techniques are useful for optimizing the process. The variation in pro-
cess output, as adjustments are made, is called a response surface. Typi-
cal response surfaces are composed of data from measuring pull 
strength, shear strength, ball bond diameter, cratering, loop height, 
straightness, etc. In semiconductor assembly the term “bond window” 
has been used to describe a response surface. The importance of response 
surface graphics is that they give a good representation of the process 
and the interactions of several important variables, simultaneously.

Once the process is running with low defect rates, other techniques 
are more effective than DOEs. CuSums and the use of special control 
charts for high-yield processes [8-60, 8-61] will drive the process to 
higher yields more quickly than DOEs. They use existing process data 
to determine upper and lower control limits (UCL, LCL) for the process 
of record (POR) to determine whether the process is still in control. 
Defect events are tracked against the UCL and LCL. As process changes 
are made, they are charted against the UCL and LCL to determine 
whether a new POR has been achieved (operation above the UCL) or 
whether the change should be discarded (operation below the LCL).

Gage R&R
Every measurement system needs to be characterized to assure that it 
is repeatable and unbiased. As measurements approach the resolution 
of the measurement system, it is critical to make sure that the mea-
surement system error is smaller than the measurements themselves. 
Otherwise poor engineering decisions will be made because the data 
will not be reliable. In fine-pitch wire bonding, ball and loop specifica-
tions measured with optical microscopes are often at the capability 
limits of the microscopes. A simple gage R&R study, multiple mea-
surements on the same feature, and comparing the paired measure-
ments using a paired t-test will often reveal systemic problems. 

Conclusions
A combination of statistical methods and tools is required to control 
and optimize the wire bonding process. These tools include DOE, 
response surface methods, process capability, gage capability, and 
control charts for very high-yield processes. Through the use of these 
tools and with stringent controls on incoming materials and supplies, 
it is possible to achieve very high yields and produce high-quality 
products.
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CHAPTER 9
Advanced and 

Specialized 
Wire Bonding 
Technologies

(Including High Yield, Fine 
Pitch, PCBs, Soft Substrates, 

Extreme Temperature Wire 
Bonding and Specialized 

Looping)

9.1  The Technology and Problems of High Yield
and Ever-Finer Pitch Wire Bonding,
and Specialized Looping

9.1.1 Introduction to High Yield in Modern Wire Bonding
Forty years ago, wire bonding yield was considered acceptable if it 
was around 98%, a figure that could not be tolerated today. At that 
time, most ICs had only 8 or 10 I/Os, the bonders were manual, 
and rework for missed bonds took place before the package was 
removed from the bonder. Today (2008), we have thousands of I/Os 
per chip, high-speed autobonders (operating 12 wires/second or 

293
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greater),∗ and worldwide competitive pressures. Thus, the current 
manufacturing thrust assumes high yield for cost-driven as well as 
performance-driven devices. In assembly and packaging, this usually 
refers to achieving high yields in each specific operation (e.g., sawing, 
die attach, wire bonding, plastic encapsulation, surface mounting). Of 
all chip-assembly steps, wire bonding (and other interconnection 
methods) can have the greatest assembly impact on device yield 
because of the large numbers of I/Os on each chip with two bonds per 
wire. In addition, if the interconnection failure damages the chip (as in 
cratering), it often results in loss of the package or requires difficult 
rework, which is prohibitive in current production rates and eco-
nomics. Thus, to improve device packaging yield, efforts should logi-
cally be concentrated on improving interconnection yield.

Bonds can be made with some autobonders at 30 µm pitch, but 
currently such chips are not available. As the pitch decreases, so does 
the wire diameter, and 15 µm Au wire is available with finer diame-
ters expected, as demand requires. Thus, fine pitch wire bonding has 
arrived. Almost every aspect of fine-pitch bonding requires more 
planning and is more expensive to achieve than bonding at earlier 
accepted pitches. (We note that many chips are still being made at 
≥100 µm pad pitch and will continue for many years.)

Currently (2008), the world semiconductor industry is making 
about 12 to 14 trillion wire interconnections per year (two bonds and 
wire loop). The infrastructure to achieve this is so large that no new 
interconnection method can replace them in the foreseeable future. 
Thus, we will continue to use wire-bond interconnections for a major-
ity of chips. Flip-chip (C-4) and as yet unknown technologies such as 
photonic interconnections will be used for the most advanced device 
production and increase their market share. Today, wire-bonding 
yield losses in volume production typically range from about 100 to 
25 ppm, with some less than 20 ppm. In order to achieve the lower 
numbers, one must understand all of the conditions that affect both 
bond yield and reliability (because they are interrelated).

In order to discuss the details of high-yield and fine-pitch bond-
ing, we must assume that the reader understands the normal elements 
of bonding technology as described elsewhere in this book. These 
include: bond pad and wire metallurgy (Chap. 3), testing (Chap. 4), 
but special fine pitch changes are discussed below, intermetallic com-
pound formation (Chap. 5), plating (Chap. 6, Secs. A and B), cleaning

∗Defining the bonding speed (number of wires/s) of a high-speed autobonder 
is complex. The simple straight out, minimum-loop bonding-speed can be much 
higher than realistic production speeds; even bonding around a chip is slower 
than a simple straight-out run. Long wires take longer. Complex looping will slow 
the process considerably—see App. 9A. The cassette loading of chips into bonding 
position slows the average speed. Thus, a bonder manufacturer could honestly 
state a very high speed that in real-world usage might never be achieved.
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(Chap. 7), and mechanical issues (Chap. 8) such as cratering. In addi-
tion, the bonder must be set up by valid statistical design methods 
[See App. 8B (DOE), by Lee Levine.] Without such understanding and 
control of the bonding process, it is not possible to even approach 
high yields and fine-pitch wire bonding. Also, to achieve these ends, 
everything must be done correctly, and the solution to every solved 
production problem must be understood! A quick fix (change some-
thing and it works), without understanding why it failed, usually 
results in the problem recurring at a later time.

9.1.2  The Requirements for High-Yield Bonding 
(Metallization Surface, Hardness, Cleanliness)

The requirements for high-yield bonding are summarized in outline 
form in Table 9-1. Each of these was discussed in detail in earlier 
chapters and is summarized below. Also, some of these concepts were 
described earlier in [9-1].

Bond-Pad Metallization, Aluminum
The first requirement for high-yield bonding is that the metallization 
on both the chip and the package be bondable. Unfortunately, the 
characteristics of the chip metallization may be determined by other 

1. Good bondable metallization on chip and package
  • Uniform, reproducible characteristics
  • Soft—approximately same hardness as wire
  • Most additives decrease yield (Cu, Ti, etc.)
  •  Thickness: 1 to 1.2 µm, pure AI pad caps (0.3 µm thick) can be 

added at Fab level for bondability and cratering protection
  •  Free of organic and inorganic contamination (plasma clean as 

final Fab process)
2. Uniform wire
  •  Close dimensional tolerances (<1.25 µm diameter variation for 

25-µm gold ball bonding)
  • Consistent metallurgy (elongation, breaking load)
3. Controllable, consistent bonding machine (force, US energy, etc.)
  • Accurate placement on bonding pad
  • Reproducible, fast, ball formation
4. Package designed around the characteristics and limitations of 

the specific autobonder
5. Bonding machine package clamping designed for the specific 

package
6. Accurate and flat (horizontal) die-attach

TABLE 9-1 High Yield and Fine Pitch Bonding Requirements
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considerations. For example, adequate electromigration performance 
often requires that additives be incorporated in or under the Al met-
allization. Titanium nitride or Ti-W layers are sometimes sandwiched 
within or under the pad and occasionally (process dependent) the Ti 
may diffuse to the surface [9-2] and oxidize, lowering bondability. 
Copper is often added to the Al variously from about 0.5 to 2% by 
weight. Generally, if the amount of Cu exceeds −2%, the bondability 
decreases. In most cases, 1% Cu is adequate for electromigration pur-
poses, this low percentage may result in the growth of theta phase 
(Al2Cu) hillocks/aggregates during various wafer heat treatments 
[9-3]. This level of copper doping increases the metallization’s sus-
ceptibility to corrosion [9-1, 9-4] and may result in copper oxide on the 
surface, which requires the bonding engineers to deal with the result-
ing poorly bondable metal. The metallurgical part of this problem 
was discussed in Chap. 5, Sec. 5.3.2. A solution to this can be to apply 
approximately 3000 Å of pure Al on top of the Cu doped metallization as 
shown in Fig. 9-1. This does add another step to fabrication but 
increases the bonding yield, which should pay for that process. (Also, 
there are other ways to avoid Cu, TiN, or other additives, and some 
devices use special underlayers, sandwiches of metals, etc., which can 
leave pure Al on top in the process.) 

The effect of bond pad hardness on bondability is shown in 
Fig. 9-2 [9-5, 9-6]. (Note: these experiments are difficult to perform 
and should be repeated with modern equipment.) In general, for the 
highest bondability between Au and Al, the hardness of both the wire 

CoatingAl

A

← Al2Cu

FIGURE 9-1 A bond pad containing 1.5% Cu with Al-Cu intermetallic compounds 
which decreases bondability. A 3000 Å cap of pure Al was deposited over the 
layer of Al-Cu which will increase the bondability [9-1]. (Composite fi gure showing 
an Al-1.5% Cu-bond pad metallization including Al-Cu intermetallics, with a cap 
which can be pure Al or Al-1%Si [9-1]; © IEEE.)
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and the bond pad should be approximately matched [9-6, 9-7]. Tita-
nium has also been alloyed into Al in concentrations of about 0.2% for 
electromigration protection. No increased corrosion has been reported 
for this additive; however, some Ti may diffuse to the surface of the 
pad, lowering bond yields. Also, it will increase the hardness to over 
100 HK (Knoop hardness), requiring an increase of the thermosonic 
energy or bonding temperature to ~320°C in order to achieve a high 
yield. This, in turn, requires a high-temperature die-attach epoxy 
which, if not already in use, necessitates expensive qualification tests. 
In general, any dopant (except silicon) added to pure Al will reduce 
its bondability to some degree.

A solution to many bondability problems that could eliminate 
bond yield loss from Fab-metallurgical bond-pad conditions has been 
known for some time. This requires capping (or coating) the Cu-
doped bond-pad metallization with −0.3 µm of pure aluminum as 
indicated in Fig. 9-2. Fortunately, today, many IC Fabs have design 
rules that are intended to produce high-bondability chip pads. Some 
of this has been a result of Cu/Lo-k chips that were originally impos-
sible to bond at high yield. (See above and in Chap. 10.) 

Metallization Cleanliness
Regardless of the specific metal(s) making up the pad, its surface 
must be clean in the assembly area if high-bond yields are expected. 
There have been numerous studies on cleaning methods and proce-
dures, and many of these are reviewed in Chap. 7. One recent study 
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45 HK (© IEEE ).
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was oriented specifically toward cleaning/bonding to the Ni-based 
metallizations that are used for wire bonding on PCBs, PBGAs, etc., 
[9-8] (also see Sec. 6B). Oxygen/argon plasma and UV/ozone are the 
best cleaning methods, but one must be aware that any silver, copper, 
or nickel in the package or chip may oxidize and lower the yield for 
bonds made on these metals. Such cleaning is economically manda-
tory for low-volume, high-reliability hybrids, MCMs, SIPs, sensors, 
and the like, and large single-chip packages but not, in general, for 
high-volume IC production (although automatic, in-line plasma 
cleaners are available). Investigations of bond-pad cleanliness on 
wafers have shown that several significant contaminants may be left 
by the wafer processing steps [9-5, 9-7]. These may include S, Cl, Fl, 
TiN, fluoropolymers, glass, and carbonaceous materials. Some of 
these are shown in the Auger spectra of a bond pad on a wafer (see 
Fig. 9-3). This figure also demonstrates how effective oxygen plasma 
is in removing most residual Fab contamination. However, oxygen 
plasma will not remove glass or other inorganics from the pad, except 
by sputtering, so it is imperative that they be removed earlier during 
processing. Wafers may be shipped to packaging foundries (often 
continents away) with the processing contaminants remaining on the 
bond pads. These will not be removed by washing accompanying 

FIGURE 9-3 The effect of O2 plasma cleaning on an Al-bond pad surface. This 
Auger cleaning was done at the wafer level in order to remove wafer processing 
contamination. (After Klein [9-5]; © IEEE.)
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saw-separation and can, therefore, reduce bondability. It is a simple 
matter for the wafer Fab to plasma clean the wafers, in oxygen
(or oxygen-argon), before shipment or storage. Then, Fab-induced 
contaminants will not contribute to bond-yield or reliability problems 
as in the past!

After the wafers are cleaned, they must be properly packaged for 
storage or shipment to avoid recontamination. The effect of wafer 
storage on contamination was studied [9-9]. It was found that storage 
and shipment of wafers should take place in sealed aluminum cans 
having aluminum wafer holders. Storage in plastic will eventually 
result in a buildup of organic contamination. As an alternative, if 
wafers must be shipped and stored in plastic then the wafers should 
be plasma or UV-ozone cleaned before saw-separation at the packag-
ing facility. Cleaning whole wafers is quick and economical.

Advanced, High-Performance Devices now Use Cu
(Rather than Al) On-chip Interconnects
These Cu-bond-pad areas on the chip are protected by a diffusion 
barrier and have ~1 µm of pure Al deposited on top as the actual 
bond pad. Thus recent Cu/Lo-k devices do not have the same bond-
pad problems as many traditional Al interconnected devices. 
However, they must be cleaned as described above. See Chap. 10 for 
a description of that technology. At the present time, the vast majority 
of devices are still based on Al interconnects, but this will change in 
the future.

The Package Metallization
The off-chip metallization, be it on a leadframe, ceramic, laminated 
plastic substrate for a BGA, etc., can result in as serious a bond-yield 
problem as the chip metallization. Gold, Ag, Pd, and Ni are the most 
frequently used off-chip metallizations, see Chap. 6 (A and B). Clean-
ing is equally as important as for the chip pads (discussed in Chap. 7). 
This problem is complicated because of the variety of different metals 
used for bond pads in the many types of packages. Each metal usu-
ally requires different cleaning and storage conditions. Metals that 
oxidize (i.e., Ni, Cu) cannot be removed with UV/ozone or oxygen 
plasma, but rather by sputtering/reduction with Ar or H2 + Ar. Elec-
troplated metal films may vary in hardness, crystal structure, impu-
rity, and gas content, all of which can affect bondability. Appropriate 
quality evaluation tests must be run for each bonding method (pull 
test for wedge and shear test for ball bonds). 

9.1.3 The Bonding Machine and Its Control
As indicated above, the characteristics and setup procedures of indi-
vidual bonding machines are beyond the scope of this book, since 
these vary greatly and will continue to change as newer models are 
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introduced. Specific information for each bonder is available from the 
manufacturers, who usually offer training courses in their use. All 
bonders for production use, must be set up for the intended chip and 
package metallization using appropriate experimental design meth-
ods, DOE (see Chap. 8, App. 8B). However, the set up and control of 
bonders to produce high-bond yields in hybrids, SIPs, stacked chips 
with overhanging pad areas, etc., are much more difficult than for the 
high-volume production of ICs. The latter have been discussed earlier 
in this chapter. Most sensors, hybrids, and MCMs are produced in rela-
tively low volume, but stacked chips, SIPs, etc. can be very high. These 
all may include a number of chips from different manufacturers, and 
each chip can have different metallizations or at least have undergone 
different heat treatments. The contamination left on bond pads by dif-
ferent wafer Fabs and subsequent handling is apt to be different. As 
production progresses, chips ordered later from the same vendors can 
be from different wafer lots/designs, and the metallization and resid-
ual contamination may vary. Thus, cleaning with UV-ozone or O2 
plasma, after polymer die-attach (which produces its own contamination) 
and within several hours of bonding becomes important in order to 
obtain the highest bond yields. Following these procedures, the highest 
yields have been achieved when bonding to chips in ceramic packages 
[9-5]. The choice of specific bonding technology, in addition to all other 
factors, can have an impact on the yield in a given situation. Numerous 
other machine conditions and factors can affect yield in the 10 to 100 ppm 
region (e.g., design of the bonding tool, as well as maintaining the vertical 
position with respect to the bonding pad).

9.1.4  Reliability for Small Numbers of Bonds 
(Small Sample Statistics)

Bondability, as well as reliability data for set up on low-volume chip 
and substrate metallizations, is often obtained by bonding across 
metallization pads on electrical reject substrates and chips. However, 
the main high-yield problem is less than 100 ppm yield production 
control when using small sample sizes. One approach to achieve 
bond-production control with small sample sizes used the deformed 
width of wedge bonds (which fitted a normal distribution as deter-
mined by the Chi-square statistic) in conjunction with reliability 
test data. This was used to predict bond reliability (lifetime) of chip-
on-board (COB) devices on PC boards [9-10]. While not a generic 
solution, this concept may be used as a starting point to develop a 
more universal small sample bond-process control. An example of 
fine-pitch bond-yield prediction was used by Shu [9-11] who mea-
sured the gaps between adjacent ball bonds on fine-pitch bonding 
test die, assumed that they were normally distributed, and used that 
assumption to calculate the probability of shorting between adjacent 
balls in a variety of fine-pitch wire-bonding situations. Based on these 
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examples, one possible approach to small sample yield or reliability 
control would be to study the failure modes, establish and then com-
bine the distributions of the most likely failures, and use the results to 
predict yield or reliability. As production continues, confidence in the 
method would increase based on cumulative production control 
charts. In the above examples, the predictions based on a measurable 
bond parameter would apply to a wide variety of products so that in 
time a large amount of yield or reliability data could be obtained, even 
though low-volume production runs are small. Discussions, including 
cause-and-effect (fishbone) diagrams, of the procedures necessary to 
bring low-volume wire bonding under statistical process control have 
been published [9-12]. The process can be improved using DOE setup 
of bonders in the beginning (see Chap. 8, App. 8B, by Lee Levine).

The generic reliability prediction (defects per thousand device 
hours) for wire bonds is often requested by designers of low-volume 
systems, such as SIPs, MCMs, specialized devices/systems, as well as 
small-volume IC production. While such a value would be desirable, 
it is not realistic to expect that any definitive numbers will emerge. 
There are so many variables in the manufacture and long-term envi-
ronment of devices that such a hypothetical value, if used to predict 
bond life, would be equivalent to the computer jargon of “garbage in, 
garbage out.” Some variables that make such general prediction 
almost impossible are: type of bond and metallurgy (Au-ball-wedge, 
Al- and Au-wedge-wedge, Al, Au, Ag, Ni, Pd, etc., pads), quality of 
bond set up (DOE or other), any cleaning procedures used before 
bonding (plasma, UV-ozone, solvent, other, or none), loop heights
(if open cavity), plastic molded (if so then which resin), fine pitch or 
not, cratering probability, and chip metallization structure, environ-
ment (temperature, power, or temperature cycle-number), range, dwell 
time, duration, and humidity. However, the reliability of a specific known 
type of device can be determined by performing stress tests on appropri-
ate numbers and evaluating the results by statistical methods. If all 
chips from different vendors had pure, uniform aluminum metalliza-
tion caps, as described in Fig. 9-1, then high-yield low-volume bonding 
set up and control would be greatly simplified, and such reliability 
predictions could be more valid. The same admonition for manufac-
turing low-volume systems as for high-yield bonding is appropriate. 
To achieve these ends, everything must be done correctly, and the 
solution to every solved production problem must be understood (or 
the problem may reappear)!

9.1.5 Package Related Bond-Yield Issues
The effect of different package types on bonding yield as well as its 
dependence on leadframe clamping has been studied by Klein [9-5]. 
In general, he found that the rigid ceramic packages are best, and that 
small packages (perhaps because they are difficult to clamp) are worse. 
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Leadframe and package clamping have long been known to affect 
bond yield. A poorly clamped package results in the dissipation of 
ultrasonic energy by resonating (vibrating) rather than concentrating 
that energy in the bond interface area.∗ The observable symptom of 
poor clamping is a large variation of bond deformation across the 
sample/substrate. Ceramic packages, because of their rigidity, gener-
ally result in higher bond yields than bare leadframes. Also, thin, 
small-outline, and also fine-pitch leadframes, have lower bond yields 
than large leadframes. Thus, the choice of package, as well as its 
clamping, can have a significant impact on wire-bond yield. 

9.1.6 Possible Yield Problems and Solutions

Wire Diameter Variations
It has been shown that variations in the diameter of gold bonding wire 
(within the currently allowed ASTM specifications of ± 3%, or a 6% 
maximum diameter variation) for 25 µm wire, ASTM F 72-06 in Chap. 3, 
App. 3A, can result in variations of ball-formation diameter for ball 
bonding [9-13]. If the wire diameter is slightly larger, then more of the 
thermal energy from the EFO is conducted away from the melt zone, 
and the resulting ball is smaller. The maximum difference in the 
unbonded, free air-ball diameter is only about 5 µm for a typical 25 µm 
diameter wire ball. However, this can combine with other variables of 
the EFO wire-machine system increasing the difference. Different ball 
sizes require slightly different optimum bonding machine set ups, so 
this may affect yield in the high-yield range. To achieve the very high-
est bond yields (e.g., <25 ppm defects, wire should be purchased 
under a tighter diameter control of ± 1 to 2%. Similar variations in 
wire for wedge bonding should not affect bonding, since thermal con-
ductivity does not play a role as it does with ball bonding. (A ball size 
shift, with constant wire diameter, can be experimentally simulated 
by varying the EFO setting in a designed experiment.)

Probe-Mark Damage
Probe-mark damage left on the pads is an example of a problem that 
chip packaging personnel cannot avoid, if left during wafer test. How-
ever, they can be observed, and could be a reason to reject a wafer lot, if 
bonding problems occur. Such probe marks only became a problem 
when fine pitch was implemented [9-14, 9-15, 9-16]. It was found that 

∗This resonance can be easily demonstrated by spreading lycopodium powder (or 
equivalent) over the package before the bonding-clamping experiments. Poorly 
clamped packages will show powder accumulations at resonance nodes and clean 
areas on maxima. Such resonant patterns are very prominent in large-diameter 
wire bonding experiments. (Note: this very fine powder tends to get all over the 
bonder workstage, so it should be handled with care. Such experiments are usually 
run on manual bonders.) All such large wire experiments show some resonances, 
but it is still helpful.
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probe damage was acceptable for 60 µm pitch pads, only if the probe 
touchdowns exceeded 2/pad, as shown in Fig. 9-4. However, the finer 
the pitch, the more lifts occurred. For 35 µm pitch, the ratio of non-stick-
on-pads (NSOP) due to probe marks could be as high as 84%, with only 
one probe touchdown [9-16]. Although several solutions for pad design 
have been investigated (hardened, laminated, and corrugated pads, etc.), 
it was found by several studies that the most practical solution was to 
off-set the probe testing part from the bonding area, as shown in Fig. 9-5. 
In those cases the extended pads can overlap into active areas that 
would not be damaged by the probe stress. This design would not 
require larger chip size. It would, however, require different visual 
inspection criteria which could require changes in such documents. 
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FIGURE 9-4 The number of lifted balls versus probe touchdowns for ~ 60 µm
pitch pads [9-14] (© IEEE).

FIGURE 9-5 Top, normal fi ne-pitch pad. Bottom, pad is elongated to avoid 
damage during probing. (This confi guration may require different visual 
inspection criteria.) [9-16] (© IEEE).
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9.1.7  Other Considerations That May
Affect Overall Device Yield

The Ultrasonic Systems
The ultrasonic systems of wire bonders in the past used 60 kHz ultra-
sonic energy. However, starting in the 1990s the bonding frequency 
has been increased to ~120 kHz. Publications of that period indicated 
that the bond yield could be improved by increasing the ultrasonic 
frequency. This work offered a new parameter that may increase the 
bond yield. High-frequency systems currently have been universally 
adopted by production autobonder manufacturers. See Chap. 2, Sec. 2.4, 
for a more detailed discussion of high-frequency bonding technology 
including additional references.

Wire Sweep
Wire sweep refers to the movement of the wire-bond loops during the 
transfer-molding process. In worst cases, adjacent wires will touch 
and short one another. Technically, wire sweep is not a part of wire 
bonding, but it can affect the yield of plastic devices. As such, it must 
be considered in designing such wire-bonding process. 

During the molding process, enough hydrostatic force is generated 
by the hot plastic to deform and occasionally push the wires into one 
another, leading to short circuits. The latter seldom occurs, but some 
deformation of the wire loops is common. Many industry specifications 
permit up to a 5% (permanent) displacement or deformation of the loop. 
However, this is an arbitrary value that is not appropriate for long fine-
pitch wires in molded devices. Course pitch can normally safely accept 
an even greater displacement. The smaller the wire diameter, the higher 
and longer the loop, the more rejects will be encountered due to wire 
sweep. Fine-pitch packages have less fanout and often longer wires for 
higher lead count, resulting in greater possibility of wire shorting from 
minimal wire sweep. The looping shapes can also affect the shorting pos-
sibility. Additional complications can result from area array bonding.

Wire sweep is a complex subject and depends on the wire diam-
eter, its stiffness (Cu stiffer than Au), the shape of the loop, its orienta-
tion with respect to the plastic flow (position and size of the mold 
gates), the height and position of the chip, and the mold design. In 
addition, it is affected by the viscosity and other parameters of the 
mold compound [9-17, 9-18, 9-19]. Although many experiments have 
been run using x rays and/or plastic removal, most current work 
consists of finite element modeling to design the mold, gates, and 
plastic flow, in order to minimize the effect. The dynamic flow prop-
erties of the hot filled resin must often be estimated, and FEA results 
that are not confirmed with experiments may not be accurate. Wire 
sweep modeling is often done with large, general, FEA software pack-
ages, and these can be adapted to wire sweep design [9-20]. 
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9.1.8 Wire Looping 
Appendix 9A by Lee Levine has a specialized discussion on wire 
looping, illustrated with many examples of long wires, shapes, etc.
As with wire sweep, looping is not directly a bonding issue. It is con-
trolled by the machine and its looping software. However, looping 
can affect the reliability and yield of a ball bonded package, so such 
capabilities should be understood by the user. Often packages require 
very low loops only about 50 to 75 µm (2 to 3 mil), such as in stacked 
chips, CSPs, BGAs, etc. Other packages require long flat loops or ones 
with special shapes to avoid contacting part of the chip or package. 
The simplest and oldest of these looping techniques moves the wire 
initially in a reverse (opposite) direction from the second bond posi-
tion before moving toward it. This forms a smooth loop that does not 
sag. More recently, bonder manufacturers have learned to form very 
special loop shapes by a series of tool motions (back and forth, up 
and down, etc.) during loop formation. There have been patents and 
papers describing these complex loop-forming motions [9-21 to 9-23]. 
These motions can produce long flat loops, as well as loops with 
kinks and discrete bends. Some variations of these are named “worked 
loops,” “smart loops,” etc. Without such loop control it would not be 
possible to wire bond many of the special packages used today as 
fully described in App. 9A. We note, however, that any special loop 
shaping slows the bonder throughput significantly. Unusual loop 
shapes have been designed for special purposes. One, for especially 
low stable loops, is shown in Fig. 9-6.

FIGURE 9-6 Ultralow “Escargot” loops that are less than 40 µm high. (Courtesy of 
ASM, Singapore)

Stable loop formation Good wire to wire
clearance

Very low loop height
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Stacked Chips
Another area that requires very special looping and other unusual 
wire bonding techniques is that of stacked chips. These chips are first 
thinned to 50 to 200 µm and bonding often takes place to overhang-
ing chips. This leads to very special bonders/programming for that 
unique purpose. There is a glue layer, or interposer, between offset 
chips. These stacks are built in layers, with bonding as each layer is 
applied. Normally, memory chips are used because of their low ther-
mal dissipation. However, when power chips are used, they are 
placed at the bottom of the stack for heat-sinking. Currently, most of 
these stacks are used in very high volume for portable devices, such 
as cell phones. Although stacks have been demonstrated as high as 
25 or 30, most have less than 10 layers. Several such stacks are shown 
in Fig. 9-7a.This is a specialized subject and interested persons should 

FIGURE 9-7 (a) Examples of stacked dies connected with wire bonds. (Stud bumps 
are fi rst bonded to dies and the-crescent of a ball bond to-the-package is bonded to 
it. Then the next layer is applied, etc.) In this case 4- stacked dies are shown on the 
right. The wire bond complexity is obvious (Courtesy of Amkor ). (b) An excerpted 
section of the 2008 ITRS A&P roadmap for wire-bonded stacked chips predicting the 
years that the number of stacked dies will be entering high-volume production, 
somewhere in the world.
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start with the ITRS 2008 A&P Roadmap, and the ITRS “SIP white 
paper 2008,” manufacturers’ literature, etc. A section of the 2008 A&P 
Roadmap predicting the future number of dies stacked is given in 
Fig. 9-7b. Note that the roadmap also discusses another stacking tech-
nology (e.g., “Through Silicon vias”-TSV), which is predicted to have 
only 5 chips/stack by 2018, but its performance would be much higher 
than wire bonded ones. We note that some totally different method of 
increasing active chip density could be invented by that date.

9.1.9 Fine-Pitch Ball and Wedge Bonding
Fine-pitch bonding is evolving faster than a book can possibly follow. 
It is the leading edge of wire bonding. Although the author believes 
that the current state of the art (2008) is reasonably represented below, 
the situation will probably change (improve) even before this book is 
published. Most of the advances result from improvements in auto-
bonders, capillary design, wire doping, and associated equipment, 
rather than user-based improvements. Currently, advanced auto-
bonders for IC production are capable of 30 to 35 µm pitch, and some 
might go still finer, but implementation is delayed by the availability 
of appropriate chips/infrastructure. There are many papers/articles 
on this subject each year, in conferences, as well as from the bonding 
machine manufacturers. The reader should obtain these and contact 
those companies to assess the state-of-the-art at any given time. Fine-
pitch bonding requires special capillaries that are generally called 
bottleneck capillaries, because of their shape. These avoid hitting 
adjacent wires, as shown in Fig. 9-8. 

FIGURE 9-8 Left: drawing of a bottleneck capillary, bonding from the left to 
right direction. It is designed to avoid contacting the last-made-bond (on the 
left). These capillaries are fragile and break easily. Right: a photograph of 
the constricted tip. For very fi ne pitch, the tip is much more constricted and 
more fragile.

Bottle neck capillary

Chip

Leadframe
finger
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It should be noted that as the pitch decreases, more interface reli-
ability and other problems have appeared. Some will be described 
below. The introduction of new dopants for Au wires is the major 
change related to reliability of the Au-Al interface. As a reality check, 
one should realize that most chips and packages are not (in 2008) 
classified as fine pitch. These are usually the most advanced or spe-
cialized chips. Later as new Fabs are built, and the feature size shrinks, 
finer pitch moves to more conventional chips.

Fine-Pitch Ball Bonding
A majority of devices made in 2008 still have low pin-counts (<100), 
and the bonding-pad-pitch for such ball bonds is still in the 80 to 
100 µm range. However, 40 µm pitch is currently in production for 
high-end devices. An example of ball-bonds made with a similar fine 
pitch is given in Fig 9-12, and 35 µm ball bond pitch devices are near-
ing volume production in 2008. Figure 9-7 gives an example of 70 µm 
pitch ball bonds made with 25 µm diameter Au wire. Such bonds are 
made with bottleneck capillaries to avoid displacing adjacent bond 
wires. See Fig. 9-8 for an example of such capillaries. Very fine-pitch 
ball bonds can be visually different from the familiar coarser pitch 
ones, as shown in Chap. 4, Fig. 4-18 in which the bonded ball is only 
a little larger than the wire.

Some wires in use are only 15 µm in diameter, and 12 µm has been 
tested. These wires will be more subject to wire-sweep failures during 
plastic molding unless a solution to that problem is achieved. In time, 
insulated wire, lower viscosity molding compounds, or improved 
mold gates may extend the limit somewhat. Finer pitch-ball bond 
pitch (<30 µm) has been achieved in experiments but may not be 
used until chips having such pitch are available. 

Typical bond parameters for fine-pitch ball bonding are given in 
Table 9-2. Note that the bonded ball size for this 70 µm process is about 
47 µm, less than twice the wire diameter. For 50 µm pitch the bonded 
ball is only ~40 µm diameter and having ~12 gf shear, with a shear force 
of ~7.5 gf. Below −60 µm pitch, the bond-pull test would adequately 
evaluate the weld strength of ball bonds, and the shear test would be 
used only for set up purposes. This is desirable since shear testing of 
fine pitch balls is slow, difficult, and error prone. See Chap. 4, Sec. 4.7 for 
a discussion of this alternative. A caveat of such testing is that for long-
term reliability of Au-Al ball bonds, the bond shear force should be 
more than 5.5 gf/mil2 (also see Ref. [9-24] and Chap. 4, Fig. 4-23). 

Fine-Pitch Wedge Bonding
Currently, wedge bonds can be made at 25 µm pitch using wires of 
18 to 20 µm diameter, and bonding with high frequency (~120 kHz) 
US energy. This results in very low bond deformation (see Chap. 2, 
Sec. 2.4). It is not clear if this is in actual production, but if not, it 
certainly will be in the near future. 



Machine or Test Parameter
100 lm
Process

90 lm
Process

80 lm
Process

70 lm
Process

50 lmb

Process
40 lmb

Process
35 lmb

Process

Free-air ball diameter (µm) 50 — 43.2 40.6 32.4 31 29.5

Bonded ball diameter (µm) 74 61.3 55.8 47 ~40 32 27

Bonded ball height (µm) 16.1 13.5 12.5 5.9 ~6 ~7 ~7

aValues are typical and were collected from the literature, since the ball diameter can be changed during setup, it may not result in a consistent table.
bWire diameter <25 µm, for fine pitch (from K&S [9-25]), as low as 17 and 15 µm diameter. 

TABLE 9-2 Four Fine-Pitch Ball Bonding Parameters for Processes Using 25 µm Diameter Gold Wirea
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Fine-Pitch Capillaries (Caps) and Wedge-Bonding Tools
Everything must undergo a change for fine pitch, and the capillaries 
and bonding tools are no exception. In order to avoid deforming the 
already formed loops, the tools must be reduced in diameter. Exam-
ples for both ball-bonding capillaries and wedge-bonding tools are 
given in Figs. 9-8 and 9-9. Note that these shapes are typical, but for 
instance, caps can also be long and finely tapered, rather than bottle-
neck shaped. 

9.1.10  Reliability and Testing Problems
of Fine-Pitch Bonding

The bond pitch is the distance between wire bond centers (also the 
distance between the center of one bond pad to the next). However, 
part of this space must be used to separate (insulate) the pads; thus, 
the bondable area on the pad itself is further reduced by the overlap-
ping passivation. One of the concerns expressed about very fine-pitch 
bonding is that bonder inaccuracy can place the bond on that passiv-
ation. It may not be far enough off-pad to be rejected, but it can crack 
the passivation, and the cracks sometimes propagate outside the 
pad. There have been no documented reports that this presents a reli-
ability problem in hermetic packages. The primary concern is for 
devices in moisture permeable plastic molded packages where leak-
age paths may develop. Also, some bonds can overlap and short with 

FIGURE 9-9 Fine-pitch wedge bonding tools. The left is an older design. (Courtesy of 
Microminiature Tech.) On the right is a recent design that is stronger (less fragile). 
This tool has a cross-groove in its foot, and is intended for fi ne-pitch wedge bonding 
with gold wire. (Courtesy of Franuhoffer IZM.)

Vega ©Tescan
Fraunhofer IZM Berlin

SEM MAG: 590 x
HV: 20.0 kV
VAC: HiVac

DET: BSE detector
Date: 07/14/04
Device: VEGA 5130 MM
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adjacent pads or ball bonds. Ruston [9-24] gave examples of several 
possible placement problems with 47 µm pitch ball bonds. These are 
shown in Figure 9-10. Solutions included finer diameter wire (which 
could lead to more wire sweep), but produced smaller balls, and new 
machines with closer placement tolerance. Ultimately, the balls 
passed the ball shear strength and maintained the minimum industry-
standard value of 5.5 gf/mil2 after extended thermal aging. It should 
be noted that similar problems can arise with each new finer pitch chip 
generation!

The New Mechanical Testing Problems for Fine Pitch Ball Bonds
Table 9-3 shows the predictions of the ITRS roadmap for wire-bonding 
pitch until 2016. Ball-bonding pitch reduces to its minimum of
25 µm by 2015, and the wedge-bonding minimum is expected to be 
reached sometime in 2009 (see the table footnote). (All such ITRS
predictions are subject to modification each year and assume that 
high-volume production at such pitch will exist somewhere in the 
world by that date.)

The decreasing pitch indicates possible future wire-bond prob-
lems or at least changes in manufacturing and testing (see Fig. 9-11). 
Both pull testing and shear testing are affected by finer pitch bonds.

The ball-shear test has been described as indispensable to evalu-
ation of ball bonds (see Chap. 4, Sec. 4.3). However, as the pitch 
decreases to below ~50 µm, it is harder to position the ever smaller 

FIGURE 9-10 Three possible shorting problems of 47 µm fi ne-pitch (and 
fi ner) ball bond placement [9-24] (© IEEE).

(a) Ball bonds shifting to the right (b) Ball bonds shifting toward
 each other

(c) Shorting to adjacent pad
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Year of 
Production 2007 2008 2009 2010 2012 2014 2016 

Wire bond, 
ball, single 
in-line (lm)

40 35 35 35 30 30 25 

Two-row 
staggered 
pitch (µm)

55 50 45 45 40 40 35 

Three-tier 
pitch (µm)

60 60 60 55 55 45 45 

Wire bond—
wedge bond 
pitch (lm)

25 25 20a 20a 20a 20a 20a

Excerpted from ITRS 2008 A&P roadmap, Table AP3.
aThese values are proposed and may be postponed or never reach production. The 

bonders could, but other factors may prevent or slow implementation.

TABLE 9-3 Chip-to-Package Substrate Technology Requirements—Near-Term 
Years

Bond pad in tension
across entire area

Bond pad in tension
and compression

Top of loop

Top of loop
pull geometry

Wire profile (as bonded)

Pad torn up by
pull test

Mid-span

Mid-span
pull geometry

FIGURE 9-11 A merged fi gure showing two pulling geometries. The Top of 
loop (left) vertical pull (will never be perfectly straight up) will minimize pad 
tearing. An example of a pad, torn up during a pull test is shown on the lower 
right. (Courtesy of Jon Brunner, K&S.)
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shear probe without hitting the adjacent ball bond, resulting in inac-
curate data. (Accurate placement takes longer and requires more 
operator skill. At some point even this is not possible.)

The first work to have investigated the pull test to replace the 
shear test for fine-pitch ball bonds was done by Sundararaman [9-26]. 
He found that when a fine-pitch ball bond is made over a probe mark, 
the pull-test stress at the normal center-pull angle is large enough to 
lift-peel that ball. This starts in the probe mark area, which is poorly 
bonded and serves as a stress raiser, and the ball lifts before the wire 
can break normally at the HAZ. The results from such a lift/peel test 
should be interpreted with caution. A bond pull should be considered 
a failure only if the ball lifts and examination shows that there was 
poor intermetallic formation.

This test is mostly used on Cu/Lo-k chips, which often have low 
pad or sublayer to pad adhesion and the pad may lift or tear, even 
without a probe mark-stress raiser. Other work found that if the angle 
of pull is vertical, then the “tear” component is minimized and more 
normal HAZ (wire) breaks occur. An example of the desired (vertical) 
configuration is shown in Fig. 9-11. Note that even for “attempted” 
top-of-loop pulling, some tear stress still exists and tearing may be 
occasionally observed since the angle is not exactly vertical. For some 
very fine-pitch bonds with balls shaped as in Fig. 4-18 (Chap. 4), this 
tearing problem can occur if the pull force exceeds the tensile adhe-
sion of the pad to SiO2 in normal (non-Cu/Lo-k) structures. 

Almost every aspect of fine-pitch bonding requires more plan-
ning and is more expensive to achieve than bonding at relatively 
course pitch. The shape, size, and placement of the bond pads must 
be coordinated with the selection of the autobonder and die-attach 
machine (with their known positioning accuracy and repeatability), 
as well as the specific package layout. For vertically integrated com-
panies this is done during the early chip-design phase. Problems can 
exist for packaging foundries, but they often work closely with high-
volume chip designers. The finest pitch wedge bonding is achieved 
with narrow (rectangular or parallelogram shaped) bond pads, but 
these would not be amenable to ball bonding even if there were com-
pelling reasons for doing it at a later time. Because of these limitations 
such pad designs are not often used except in vertically integrated 
companies, or as a help in testing fine-pitch pads using displaced 
probes ( in Fig. 9-5). The throughput from an auto-wedge bonder is 
less than that from an equivalent ball bonder (2 to 4 wires/s vs. >10/s, 
respectively). Thus, wedge bonds cost more than ball bonds, and as a 
result, only represent about 5% of the total number of bonds made.

Some packages have bonding pads on two or more vertical shelves 
(tiers). It is possible for bond wires to cross over one another, particu-
larly when bonding around corners of the package where the wires 
fan out. Shorting between rows is a possibility, and it is necessary to 
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carefully design and control the bond loops to meet minimum clearance 
requirements (see App. 9A). This is both a high-yield and a fine-pitch 
bonding problem. Proprietary spreadsheet programs for tolerance anal-
ysis have been designed for this purpose, which includes bond-loop 
and wire-spacing prediction, as well as all package tolerances. Software 
with some modern autobonders has some of this capability. However, 
the bonding machine will operate faster, the positioning will be more 
accurate, bond loops more highly controlled, and the yield higher if all 
wires are bonded straight out from the chip (no fanout). This requires 
complete coordination between the chip and the package designer. 
Bonding straight out in fine-pitch ceramic packages is usually achieved 
by bonding to two or more tiers. However, some modern high-density 
SIPs, MCMs, etc., can have bond pads with pitches approaching those 
on chips, simplifying bonding and improving the yield. 

Area Array Wire Bonding
As autobonders have increased in capability and chips have more
I/Os, the concept of area-array wire bonding became both possible 
and essential for high leadcount devices. This has pushed the limits 
on all aspects of wire-bonding technology. These bonders have fine-
pitch, extremely precise, long loops, with minimum possible sag of 
the loop. It is thus possible to have a greater number of wire bond I/Os 
than area-array flip chips in the same chip area. (Cross-talk, induc-
tance, and other electrical problems can be improved by design, but 
of course, will still not have the high-frequency performance of flip 
chips.) An example of area-array chip bonding is shown in Fig. 9-12.

FIGURE 9-12 An example of fi ne-pitch area-array wire bonding. These bonded 
balls are 40 µm in diameter. (Courtesy of ASM, Singapore.)
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9.1.11 Conclusions of High Yield and Fine Pitch

 1. To even hope to approach high-yield and fine-pitch wire 
bonding, you have to do everything right and understand 
everything you do!

 2. If vertically integrated, you should cooperatively design the 
chip, the package, and choose the bonding and die-attach 
process as well as the actual equipment before chip produc-
tion can begin.

 3. You have to understand both the wafer Fab’s metallurgical 
processes (what’s under the pad) as well as all assembly pro-
cesses (e.g., die attach) that affect bonding.

 4. You must remove contamination from the bond pads, includ-
ing those remaining from the wafer Fab and assembly pro-
cesses. (However, it should be the responsibility of the wafer 
Fab to deliver wafers that have clean, bondable metal.)

 5. You have to understand both your wire bonder’s limitations 
and the bonding process, and control them as well as your 
incoming materials. (Form keiretsu-like relationships with 
your suppliers.)

 6. For fine pitch you must upgrade your equipment (bonders, 
caps, cleanliness, etc.) continually.

 7. Your management must be completely committed to the fine-
pitch and high-yield process.

 8. If you are manufacturing SIPs, hybrids, MCMs, MEMS or 
other complex, low-volume products, you start with two 
strikes against you. You will have to work twice as hard as 
the IC industry to even approach high-yield bonding, but 
fine pitch can be achieved with the same effort.

9.2  Wire Bonding to PC boards, Flex, BGAs, MCMs, 
SIPs, and Various Soft Substrate Devices and 
High-Performance Systems

9.2.1 Introduction
The classical thick-film hybrid uses a ceramic substrate. Bond pads 
are of thick-film Au or Ag (alloy) applied directly over that ceramic. 
This poses no more special problems than bonding to a ceramic pack-
age [9-27]. As such, high yields (≤50 ppm defective) are attainable if 
the best metallurgy and bonding procedures are followed. However, 
other plastic-based substrates (PC boards, BGAs, SIPs, etc.) can 
pose significant bonding problems. These are normally epoxy-like 
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polymers laminated with fiberglass or other fillers and may bond 
well above their glass transition. In some cases, a layer of thin-film 
dielectric and metallization is deposited on the surface of a ceramic- 
or laminate-based substrate to improve the high-frequency signal 
characteristics (build-up layers). In other cases, plastics without lami-
nation (such as flex substrates) may be used. Some complex IC chips 
have multilevel polymer-insulated metallization or special Low-k 
dielectrics such as SiOC (see Chap. 10). If pads are placed on top of 
these polymers rather than on the traditional Si/SiO2, then bonding 
can be similar to bonding on soft substrates. Microwave hybrids are 
often made on polytetrafluoroethylene (PTFE) “soft” substrates and 
require special knowledge and bonding machine set up. These plastic 
substrates may be laminated or have fillers similar to PC boards. 
Some are hard and easily bonded.

The discussion that follows describes all aspects of soft-substrate 
wire bonding, including the polymer and bond-pad metal material 
properties, the bonding-machine requirements, as well as the consid-
erations for using wire bonds in high-clock-rate systems. The impor-
tant point is that if one expects to wire bond to multilayer polymer 
substrates, or other soft substrates, then one must design the system 
(both polymer and metallization) with that objective in mind. Other-
wise, the wire-bond yield may be unacceptable and the redesign time 
consuming and costly [9-28].

9.2.2 Bonding to Thin-Film Dielectric Substrates
Bond pads usually consist of gold-plated thin-film Cu, or Al, placed 
on top of one or more layers of relatively soft polyimide (PI) or other 
plastics. But the first soft substrates were microwave hybrids that 
used laminated or filled PTFE (soft) substrates. One of the first solu-
tions to bonding over PTFE was to solder thick gold-plated Cu disks 
to the thin-metal bond pads, which produced a rigid platform for 
bonding [9-29]. Most of the later work on soft substrates has fol-
lowed equivalent solutions, although often without realizing it. As 
an example, when using Cu conductors, Ni films are often applied 
as diffusion barriers between the Au surface plating (for high bond-
ability) and the Cu to prevent Au-Cu interdiffusion. But, fortu-
itously, this Ni layer also stiffened the bond pads, improving their 
bondability.

Other approaches that improved thermosonic (TS) ball bonding 
yields onto pads over PI are to add hard 0.5 µm thick Ti or Ti/W layers 
under Al-bonding pads on PI (over Si chips) [9-30, 9-31, 9-32, 9-33]. 
(Such hard metal layers have long been used under Al and GaAs IC 
chip pads to prevent cratering.) In addition, it was reported that greater 
ball deformation resulted with the same bonding machine parame-
ters, a normal indication of improved bondability. Various reliability 
tests used in both studies verified the improved bond quality.
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As with PI-coated chips, hard underlayers of Ti, Cr, etc., are also 
used to stiffen Cu-bond pads on thin-film high-performance substrates. 
(These hard metals are often required for adhesion, as well as corrosion 
protection on PI substrates, but because these metal films are lossy, 
they must be thin, ≤1000 Å, for high clock-rate systems; see Sec. 9.2.6.) 
To improve Au-plated Cu bond pads, a thick layer of Ni (~3 to 8 µm) 
can be plated on top of the Cu pad and then overplate it with ~1 µm of 
soft, bondable Au. All of these hard layers can reduce the pad deforma-
tion during bonding, increasing the bonding yield. Although the terms 
cupping, bending, copper-trace sag, and pad deformation of the bond 
pads have been used in the field for several years, it remained for 
Takeda [9-34] to actually measure this effect on bond pads over flexible 
polyimide PCBs. He wedge bonded to 18 µm thick Cu-bond pads 
(overplated with 2 µm of Au) using 35 µm diameter gold-plated
Cu wire. (Since this is much harder than Au or Al wire, it easily dem-
onstrated the cupping phenomena.) The bonding process left a sig-
nificant pad indentation (measured with a profilometer), as shown in 
Fig. 9-13. The indentation depth was shown to be dependent on both 
the ultrasonic energy and the bonding force. They also found that the 
larger the bond-pad area, the higher the wire-bond yield. The fact that 
the Cu-bonding wire was harder than the usual Au or Al wires pre-
sumably made the indentation more prominent and, thus, easier to 
measure. The cupping was accompanied by poor bonding yield. After 
plating 3 µm of Ni between the Cu base and the top bondable Au, the 
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FIGURE 9-13 The depth of bond-pad indentation (cupping) on polyimide fl ex 
substrates as a function of ultrasonic energy and bond force. (a) with only 
2 µm thick Au over 18 µm thick Cu; (b) with a 3-µm thick Ni layer between 
the Cu and Au layers [9-34] (© IMAPS).
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cupping decreased, and the bonding yield increased enough for vol-
ume manufacturing. Figure 9-14 illustrates the cupping phenomena. 
The edge of the metal pad may delaminate (rupture) from the polymer 
due to high-vertical stress. In such cases, the addition of an adhesion 
layer (usually Cr or Ti) will prevent separation [9-32].

Some workers in the past have developed bonding parameters 
for Au-TS bonding with the substrate maintained at room tempera-
ture using a heated capillary. This was intended to minimize the ther-
mal softening of the flex-PI film and allow a low bonding force. The 
combination could help to prevent bond-pad cupping, but a hard Ni 
layer (platform) appears to be the better solution. In addition, heated 
capillaries are unavailable on modern autobonders; therefore, hard 
Ni layers or bond-pad support structures (similar to those used in 
Cu/Lo-k, see Chap. 10) have become a necessity under the bond pad.

Bonding at temperatures above the Tg for glass-laminated sub-
strates is often possible if the bond-pad metallization is rigid (e.g., 
having adequate hard metal top layers or underlayers and covers a 
large area to inhibit sinking). Once a sufficiently rigid, non-cupping 
platform is achieved, then lowering the bonding temperature (to 
decrease softening of the polymer) has less effect on bonding. Never-
theless, because of changing expansion coefficient, the effect on any 
metal adhesives, and in some cases elastic compression of the entire 
rigid bond pad into the soft plastic, bonding above the substrate’s Tg 
is not recommended.

Several investigators have presumed that it is the soft plastic 
under the bond pad that absorbs the ultrasonic energy, reducing 
wire-bonding yield, but this has never been proven. However, if cup-
ping can be minimized by hard-metal layers, bonding will take place 

Ball bond

Wire bondable
layer

Delamination

Conductor
layer

Polymer

Ground plane conductor

FIGURE 9-14 Deformed bond pad and polymer structure after wire bonding. 
This illustrates the bond-pad cupping phenomena (metal and polymer yielding) 
that occurs during wire bonding to copper-gold metallization deposited over a 
soft polymer. The edge of the metal pad may delaminate (as shown) from the 
polymer due to high-vertical stress. The fi gure is drawn from the results of a 
fi nite element model [9-30] (© IMAPS).
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over the softest of substrates, PTFE and polyethylene, implying that 
the cupping (metal yielding) is more detrimental than the soft plastic 
in dissipating the ultrasonic energy (assuming that the pad dimen-
sions are large enough to prevent the pad from dynamically sinking 
into the soft substrate during US application and bonding). Also, for 
the best bond yield, the application of US energy should be delayed 
until all mechanical cupping and sinking has stabilized.

The design solution for dynamic sinking and cupping is to apply 
a hard metal layer, such as Ti, Ti/W, or Ni, directly under the bond 
pad or between the metallization and the polymer. This reduces or 
prevents cupping and results in reliable bonding. An example of a 
structure (with all variations) that achieves this is shown in Fig. 9-15.

9.2.3  Bonding to Laminate Substrates, Such as PCBs, 
BGAs, SIPs, and Buildup Layers

The wire bonding on most laminate substrates (plastic-ball grid-arrays, 
system in packages, etc.), which are generally made of glass-epoxy 
laminates, resembles bonding to PCBs. The metal pads are relatively 
thick and are often designated in “ounces” of Cu (“1 oz Cu” is 36 µm 
or 1.4 mil thick) from PCB industry usage. The most common thick-
ness for laminate board Cu conductors is 18 µm (0.5 oz). The epoxy-
fiberglass substrate (other polymers and fibers may also be used) is 
hard and rigid below its glass transition temperature (Tg). This 
technology offers few problems when bonding at low to moderate 
temperatures. Aluminum-wedge bonding at 25°C is done with little 
concern for rigidized bond pads (using ≤2 µm of Ni under a Cu pad). 
Chip-on-board (COB) devices using similar substrates have been 
used for many years, and watch-modules are made on them. BGAs, 
SIPs, etc. on single or multilayer substrates are also similar. These 
types of substrates can be bonded with both Au-TS (heated work-
stage-below Tg) and cold Al-US methods. 

Wire bondable layer
(if Au: 0.2–2 µm;

if Al: 1–4 µm)

Hard metal layer
(Ni, 2–7 µm)

Hard metal
under layer
(Ti, Cr, etc.
0.3–5 µm)

Conductor layer
(if Cu, then 4–10 µm)

Polymer substance

Ground plane conductor

FIGURE 9-15 Structure of a generic, stiffened-metal bond pad and polymer 
substrate for wire bonding to high-performance substrates/systems [9-30]. The 
ground plane is included for discussion in Sec. 9.2.6. (© IMAPS).
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The problem of bonding to any type of fiberglass-laminated poly-
mer substrate is illustrated in a PC board cross-section with conduc-
tive epoxy flip-chip connections in Fig. 9-16. This provides limited 
support in specific areas under some of the bond pads. It should be 
pointed out that some boards use a nonwoven polymer “paper” for 
support. If its Tg is high (such as aramid), then it uniformly supports 
all bond pads, even above the epoxy board’s Tg.

In some cases, the polymer (being above Tg, or because of applied 
US) may become soft enough so that an entire rigid bond pad literally 
sinks into the soft plastic during bonding. Dynamic bond-pad sink-
ing changes (lowers) the effective bond force over the first few milli-
seconds after the capillary (tool) drops (normally during the time that 
US energy is applied) leading to a changing bond force and lowering 

FIGURE 9-16 A cross-section of a glass-fi ber-fi lled printed circuit board, 
showing how the existence/absence of glass fi bers, depending on position, 
either can or cannot mechanically support any bond pads on the surface. As 
the temperature approaches Tg the plastic becomes soft. Sinking (and low-
bond yield) during the bonding process will more easily occur over areas with 
no fi ber support on the left. (After Liu [9-35].)
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the bond quality/yield. This was first observed when bonding to a 
polymer substrate above its Tg [9-30] but can also occur with low 
modulus substrates at room temperature. 

9.2.4 Buildup Layers
These are pure polymer (usually epoxy) films without any reinforcing 
glass fiber (as was shown in Fig. 9-16). They are deposited on top of a 
normal PC board, and thin, fine-line metallization is applied on top. 
This can then be laser drilled, and fine vias applied through the layer. 
The fine vias/metallization lines permit much higher frequencies to be 
used on a normal low-frequency board/substrate. Often many such lay-
ers are built up in this way resulting in high-density, high-performance 
systems at a nominal cost. They are often used for cell phone boards and 
other high-density/high-frequency, but cost-driven, applications. If the 
board or buildup layer has a Tg, near the bonding temperature, then wire 
bonds (but not flip chips), are subject to sinking and low yield. An exam-
ple of such dynamic sinking during gold crescent-bonding to an Au plat-
ing on a buildup layer is given in Fig. 9-17.

FIGURE 9-17 The sinking phenomena (indicated by arrow) of a 25-µm Au 
crescent (wedge) bond into an Au-plated pad on an epoxy buildup layer over a 
PC board (the wire did not weld to the Au plating). The bonding temperature 
was 150°C, which was near the buildup layers’ Tg. The measured depth of 
the sinking as indicated in the AFM section analysis was about 2.5 µm.
(The AFM measurement was made by J. Kopanski, NIST.)
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Dynamic bond-pad sinking changes (lowers) the effective bond-
to-pad force over the first ~10 to 100 ms after the capillary (tool) drops. 
This sinking occurs during the time that US energy is normally applied 
and the bond weld is forming (optimum delay experimentally deter-
mined). The dynamically changing bond force requires more US 
energy or the welding will be incomplete. (The solution is to delay 
application of US energy.) Thus, bonding near or above the substrate 
or buildup layer’s Tg is not recommended for production unless the 
bond pad is both rigid and large enough to prevent sinking, or (experi-
mentally determined) delay application of US energy until the dynamic 
sinking stabilizes [9-36]. The effectiveness of such a delay has been 
verified informally many times. The sinking phenomenon can also 
occur in PTFE, PI, and other soft substrates at room temperature, if the 
bond pad is small. A similar delay usually improves bonding.

In general, large PCB panels (typically made of FR-4, Tg ~120°C) 
having bare chips (COB) are usually bonded with Al wire by cold US 
methods to prevent heat warping of the board and possible softness 
complications that might result from exceeding the material’s Tg. TS 
bonding at moderate temperatures (≤110°C) is often possible, and 
using a heated tip tool also helps. Special resins with higher Tg (170 to 
190°C) are used to permit higher temperature thermosonic bonding 
(and soldering) to PBGAs and equivalent. If these are processed as 
large panels, then special substrate clamps (often assisted by vacuum) 
to hold the structure firmly against the workstage are required and 
can be a design challenge. Even small, thin-laminate module sub-
strates must be firmly clamped for TS ball bonding to avoid warping, 
which will lower the bonding yield. However, in some cases, vacuum 
hold-down has proven adequate for individual BGA-sized substrates. 
The thicker the PCB/BGA substrate, the less important special clamp-
ing becomes. Thermosonic bonding over an unsupported center was 
successfully achieved on two sides of a small, 28 mm square, 1 mm 
thick, glass fiber-reinforced BT-resin module [9-37]. When bonding 
problems are encountered in such substrates, they can usually be 
solved by methods described above, using bond-pad structures illus-
trated in Fig. 10-11 (Chap. 10) and delaying application of US energy, 
if necessary.

9.2.5  The Effect of a Polymer Substrate’s Material 
Properties on Wire Bonding

The best polyimide for thermosonic bonding over active areas on IC 
chips was found to have the highest elastic modulus, E (stress divided 
by the strain, below the elastic limit) [9-33]. This material property is 
related to the stiffness of the polymer and, therefore, should be cor-
related with cupping, or indentation, of the material during bonding. 
(The compression modulus in an anisotropic material should give a 
better indication of softness, but the tensile modulus is often the only 
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modulus property measured.) The total deformation of an unsup-
ported pad and the polymer during the bonding process was shown 
in Fig. 9-14 results in the absorption of considerable ultrasonic energy. 
Such deformation can also result in delamination/rupture of the 
bond-pad metal from the polymer [9-32]. Elastic modulus data for 
several substrate polymers are given in Table 9-4. These values range 
from about 0.5 to 30 GPa. Values on the high end come from harder 
materials, which will better support a bond pad and, therefore, inhibit 
cupping during bonding. Polymers having low-modulus values 
require thicker layers of hard metal (e.g., 4 to 12 µm of Ni) and pos-
sibly larger area bond pads to prevent them from sinking into the soft 
polymer under the bonding load.

Material

Elastic
modulus
(E) GPa @ 
(25çC)

E, GPa 
@(TçC)

Glass Trans. 
(Tg) TçC Reference

FR-4 23, varies 
by mfg. 
and meas. 
direction, 
range 11–25

21 (100); 
15.4 (150)

115–125 Fu, Brown, 
Ume
Ref. [9-38] 

Epoxy-glass (BT) 17 – >170 Manufacturer

Epoxy-Aramid-
Paper filler

30 – 194 Sanyu Rec 
Co., Ltd, 
Osaka,

Polyimide
(unfilled films)

2.5 (flex, 
films) 7–13 
(used as 
Si chip 
coatings)

2.0 (200) –350 E. I. Dupont, 
Various Mfg., 
and
Ref. [9-33]

BCB ~2–2.5 ~1.4–1.8 
(200) cure-
dependent

>350 Dow 
Chemical, 
Midland, MI 
and Ref. [9-39]

PTFE composite 
(filled)

0.5–0.9
(ceramic)
1–1.3 (glass 
micro)

0.45–0.49
(100)

>300, if any, 
minor trans. 
≈75

Rogers Corp., 
Chandler, AZ, 
others

aSome E values depend on the type of filler and the axis chosen for measurement. Values, 
therefore, are considered typical. Polyimides and BCB may change properties with 
different cures. Values obtained from manufacturers’ literature, except as noted.

TABLE 9-4 Modulus for Several Electronic Packaging Polymersa
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For comparison with polymers, Table 9-5 gives the properties of 
the metals often used (in combination) for bond pads on them. Note 
that the modulus of Ti is too low to explain its successful use in sup-
porting Al pads on polyimide over Si chips [9-6, 9-7]. However, both 
the yield strength and the hardness appear to be good indicators of 
the bond pad’s ability to prevent plastic deformation (cupping) dur-
ing bonding. The yield strength has been used in a finite-element 
model with general agreement to observations of cupping, that was 
illustrated in Fig. 9-14. From Table 9-5 it is apparent that both electro-
plated and electroless Ni and Cu can have a wide range of yield 
strengths and hardness. The consequences are that the extent of cup-
ping, for a given metal thickness, will depend upon the specific prop-
erties of the metal films in use. As an example, electroless Ni with 1 to 
3% P will have much higher yield strength than with 8 to 12% P. The 
quantitative effect of ultrasonic energy on the softening of both the 
polymers and the metal layers is a major unknown. Little information 
is available on this subject. Aluminum, Cu, and Au soften signifi-
cantly with ultrasonic energy (see Chap. 2) and bond (weld) readily. 
Nickel, Ti, and W do not soften at normal ultrasonic bonding energy 
densities and therefore should make good rigid platforms during 

Metal
Modulus
GPa

Yield Str. 
MPa

Micro-hardness 
(Films) kg/mm2

Brinell
hardness 
(Bulk) kg/mm2

Al, 1% Si 70 35 (anneal 
dependant)

50–120 30

Au 80 low, 1–3 
(dopant
and anneal 
dependant)

40–100 30

Cu 130 27–40 140–170 35

Ni 207 60–130+ 450–800 EL 
150–800 EP

75

Ti 110 140 200

W 410 140 460 365

aEL is electroless and EP is electroplated (films). Most values are for bulk samples at room 
temperature and are considered indicative only. (For example, Ti values are sensitive to 
oxygen and nitrogen content, electroless Ni is sensitive to P content, etc.) Values from 
Mechanical Behavior of Materials, by McClintock and Argon, Addison-Wesley, 1966, and 
ASM Metals Handbook, Vol. 2, 9th ed. Also Safranek, W. H., The properties of Electrodepos-
ited Metals and Alloys, 2d ed., ASEF, 1986.

TABLE 9-5 Selected Properties of Metals Used on PC Boards and “Soft Substratesa”



A d v a n c e d  a n d  S p e c i a l i z e d  W i r e  B o n d i n g  T e c h n o l o g i e s  325

bonding. Nickel has much lower yield strength and hardness than Ti 
and W, but is higher than copper. As such, Ni should require thicker 
layers to stiffen a bond pad, which has been observed (3 to 8 µm Ni 
vs. 0.3 to 0.5 µm Ti or Ti-W). (Note: very thick Ni-plated layers on 
fine-pitch pads may produce nodular or rounded bonding surfaces 
that can lower autobonder yield.)

Many HPS substrate materials have anisotropic (directional) 
characteristics and/or ones that vary with the type of filler or lamina-
tion [e.g., some PTFE substrates may have compressive moduli of 
~1 GPa at 23°C for microparticle fills (either ceramic or glass), but 
~10 GPa for woven glass fills]. The latter should be better for wire 
bonding. In some cases (e.g., flex PI, some filled polymer substrates), 
the metal films have been bonded to the substrate by a different poly-
mer (i.e., acrylic, Tg ~45 to 55°C), and this layer can be of significant 
thickness (~25 µm). The various polymer-based glues often have rela-
tively low values of thermo-mechanical properties (i.e., Tg and melt-
ing point, modulus <50% of PI films, etc.), and these can limit the 
wire-bonding temperature and affect other bonding characteristics as 
much or more than the known substrate properties. (Note also that 
any tiny air bubbles remaining in the glue layer under the pad that do 
not otherwise present problems may inhibit wire bonding [9-40].) 
Often, the material characteristics of the glue layer are not readily 
available to polymer-substrate assembly personnel and, in fact, may 
not be considered by them when purchasing the substrate. High-Tg 
glues are available, but direct-bonded Cu is better for wire bonding 
than gluing with a different polymer on flex substrates.

The temperature characteristics of the substrate must also be 
taken into consideration when TS bonding at high temperatures. As 
the polymer’s Tg is approached, the modulus decreases (the material 
becomes softer), and this can affect bonding by offering less resis-
tance to dynamic sinking by a relatively soft- or thin-metal pad. An 
example of this (>Tg) softening on the most frequently used PC board 
material, a low-temperature FR-4, is given in Fig. 9-17 [9-38]. Equiva-
lent data were not available for other epoxy-based board materials, 
but they should have similar shaped curves, being displaced toward 
higher temperatures for higher Tg. Note that the modulus value of the 
FR-4 board (above) at 150°C is ~15.5 GPa, which is still considerably 
higher than PTFE boards and PI (on flex or as-deposited films). We 
note, however, that the imbedded glass fiber limits the lowest value 
on the right of the curve. Without its support, the modulus would be 
only a few GPa (see Fig. 9-16 for a cross-section of typical PC boards).

A new measurement is needed that would better reflect the resis-
tance to bond-pad cupping. The compressive modulus of anisotropic 
materials is better than the tensile elastic modulus but, even when 
available, is not the optimum measurement. If a small bond pad hap-
pens to be located over an area of voids between the woven-glass 
fiber bundles in Fig. 9-16, the board will be locally softer above the Tg, 
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and no general modulus measurement will reveal a problem. A better 
measurement could be made by recording the depth of depression, of 
a ball-type probe, into the bond pad, the glue film (if any), and the 
polymer substrate, by a given force. It should be measured as a func-
tion of temperature and would reflect the overall material properties 
related to wire bonding much better than a modulus measurement of 
the polymer substrate alone.

Bonding Optimization
Other actions that can improve bonding over polymers are using finer 
diameter wire (e.g., 18 µm vs. 25 µm diameter), and making smaller balls 
if ball bonding. These permit bonding with lower machine parameters 
(force/power) and thus reduce dynamic cupping, everything else 
being equal. If using US Al wedge bonding, then the same result will 
follow from using a softer wire (12 to 14 gm vs. 16 to 18 gm breaking 
load for 25 µm diameter wire) and/or smaller diameter wire. In gen-
eral, it is easier to wedge bond with Al wire at room temperature than 
to use Au wire (wedge or ball) at high temperatures because of the 
polymers’ softening, especially if any glue layers are under the metal-
lization. It is also slow and difficult to conduct heat from the heat-stage 
through a relatively thick glass-filled polymer and obtain even tem-
perature distribution over an area. However, the specific material 
properties of the polymer(s) in question should be considered before 
making such decisions. Often, Al wedge bonding at 25°C can be 
accomplished on epoxy-laminate substrates (e.g., FR-4) without spe-
cial thick or hard bond-pad structures. Because the problem in bond-
ing to small-bond pads is related to sinking, which dynamically 
changes the bond-interface force until it stabilizes, some improvement 
should be realized by delaying application of US power as discussed 
above. This delay time should be empirically determined for each type 
of substrate at its bonding temperature, while approaching its Tg.

Wedge-bond machine parameters for bonding to pads over 
polyimide-type substrates have been compared to those for bonding 
to pads over ceramics. If all machine variables were held constant, 
then bond-pull strengths will be lower (particularly low-modulus 
ones), compared to normal ceramic bonding. In other examples 
[9-32, 9-33], when ball bonding to Al IC chip pads over PI, even with 
0.5 µm of Ti under the pad, a higher bonding force was found to be 
necessary (≈110 versus 80 gf). In addition, it was found that bonding 
to Au/Cu (with no hard Ni) pads on 90 µm thick PI required 350 ms 
versus 50 ms compared to bonding over ceramic [9-41]. Also, more 
power was required. The long bonding time may have delayed most 
of the welding until sinking and any load-induced cupping had 
stabilized. This is another option if the bonder has no adjustable 
delay in applying the US energy after tool touchdown.

High-volume, high-yield wire bonding on very soft substrates may 
require the combined use of high-frequency energy, pad metallurgy 
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optimized for bonding (i.e., soft bondable gold), DOE-machine set 
up, delayed application of US energy, and plasma or UV-ozone cleaning 
before bonding. Certainly, a full understanding of all normal bond 
reliability and yield issues is required, as discussed in this chapter 
and elsewhere in this book.

9.2.6  Additional Considerations When Using Wire Bonds in 
Packages Running at High Clock Rates in 
High-Performance Systems (HPS)

Inductance of Wire Bonds
Flipchips have the lowest inductance of any chip-interconnection 
method. However, short wire bonds have long been used in circuits 
operating over 1 GHz. A simple calculation, based on classical formu-
las for the self-inductance of a straight wire, can easily be made and 
gives a quick estimate that is adequate for many computations. (FEA 
modeling can be used for an exact solution.) Such an equation was 
given years ago by Terman [9-42] and is in modern electrical engi-
neering handbooks as well.

 L = 2 × 104 × l × (ln [4l/d] − 1 + µε) (9-1)

where L is inductance in nanohenries, l is the wire length, d is its 
diameter (both in µm), and µ is the permeability (assumed to be 1). 
The skin-effect correction factor, E, is a function of wire diameter and 
frequency. For 25 µm and 33 µm diameter Au wires at 1 GHz, its value 
is approximately 0.07 and can be neglected. For low frequencies, 
<100 kHz, E is 0.25. Larger diameter wires produce slightly smaller 
values of inductance. From Eq. (9-1), it can be seen that a wire bond 
has an inductance of approximately 1 nH/mm. A graph of measured 
values of bond inductance and mutual inductance is shown in 
Fig. 9-18 [9-43]. This figure includes values of both self- and mutual-
inductance from nearby wires. Parallel signal wires were also shown to 
reduce the inductance somewhat. Another technique is to use special 
interspaced ground and signal wire structures with 50 Ω terminations 
to achieve performance at 2.4 GHz or higher [9-44].

The most important consideration in using wire bonds for high 
clock-rate packages is to design them as short as possible (~1 mm 
long). This can be accomplished by thinning the chips, recessing the 
chips, and placing the pads on the package-/board-substrate as near 
to the chip as practical, which usually means no long diagonal bonds. 

9.2.7  Skin-Effect in Typical Package/Board
Conductor Metal Structures

In most wire-bonded systems, it is necessary to have metallization 
structures consisting of two or more metal layers, as described above 
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and shown in Fig. 9-15. The primary conductor is typically Cu or Al, 
but the structures may include a layer(s) of resistive (lossy) 
conductor(s) such as Cr, Ti, Pd, W, and/or Ni, the latter being both 
lossy and magnetic. These lossy layers are applied to serve several 
purposes in high-performance boards. These purposes may be to 
improve adhesion of the primary conductor to the polymer, to pro-
vide corrosion protection, and, in some cases, to act as a diffusion 
barrier. If thick enough, they also improve bondability by providing 
a rigid, noncupping bonding platform as discussed above.

The resistive layer or film can result in skin-effect losses at high 
frequencies, assuming that the same metal structure is used to conduct 
the signals. The extent of these losses will depend upon both the metal-
film properties, its thickness, and its position with respect to any ground 
plane. From Fig. 9-15, if the resistive metal film lies between the pri-
mary conductor and the ground plane, the current will concentrate in 
that film, and losses will occur in the gigahertz-frequency range. See 
Table 9-6 for a listing of skin depths for metals used in high clock-rate 
conductors. These will depend upon the film-resistivity thickness and 
magnetic properties. Adhesion and corrosion-prevention layers can be 
quite thin (~1000 Å) and, if so, will introduce negligible losses [9-45]. 
However, the layer must be relatively thick (3000 to 4000 Å for Ti) to act 
as a rigid platform for bonding on a soft substrate. At some combina-
tion of thickness and frequency, the skin effect will result in significant 
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FIGURE 9-18 A typical plot of Young’s modulus as a function of temperature 
for FR-4 glass-laminated epoxy printed-circuit boards. This particular board 
had a Tg of ~110°C, but different manufacturers’ FR-4 boards Tg can vary up 
to approximately 140°C [9-38] (© IEEE).
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electrical losses! These losses can be avoided entirely if the hard-lossy 
metal layer is confined to the bond-pad region. To do this, the bond 
pads must be processed separately from the rest of the signal conduc-
tors, with some cost penalty. Alternatively, the signal could pass through 
a via to a good-quality conductor below the surface.

Most PCBs have the hard-resistive layer (usually Ni) on top of the 
primary conductor (usually Cu). Assuming that a ground plane lies 
below, as shown in Fig. 9-15 (without the hard under-layer), this will 
not cause skin-effect losses at high frequencies. The skin effect and 
other high-frequency losses in HPS have been extensively studied 
[9-45, 9-46, 9-47].

9.2.8 Conclusions 
The solutions to increased wire-bond yields on pads over soft sub-
strates are to increase the bond-pad metal thickness and area and 
apply a hard-metal underlayer (e.g., ~0.3 µm thick Ti), a hard-metal 
top layer (e.g., 3 to 8 µm thick Ni), or some combination of these, 
capped with a highly bondable metal (e.g., Al or Au). This converts 
the pad into a rigid platform that does not “cup” or “sag” during 
bonding. Most workers using stiffened pads report that essen-
tially “normal,” or with ~10 to 20% higher than normal, bonding 
parameters are required for various soft substrate bonding. The 
material properties of the polymer were discussed, and bonding 
was generally correlated to the elastic modulus of the polymer or 

Metal
Resistivity
(lW-cm)

Skin depth, c (lm) at Frequency

1 GHz 10 GHz 20 GHz 40 GHz

Aluminum 2.65 2.59 0.82 0.58 0.41

Chromium 12.9 5.71 1.81 1.28 0.91

Copper 1.67 2.05 0.65 0.46 0.33

Gold 2.35 2.43 0.77 0.55 0.39

Nickelb 6.84-(60) 0.59-(12.3) 0.19-(3.9) 0.13-(2.8) 0.093-(1.9)

Titanium 42.0 10.3 3.26 2.31 1.63

aValues from Ref. 45 but with Ni corrected for (permeability) and all metals recalcu lated for
40 GHz (© IEEE).

′δ = (ρ/f × µ × π)1/2 where ρ = resistivity, f = frequency, µ = 4 × π × 10–7.
bRange for Ni is calculated with a permeability of (50), first number for bulk Ni, and second 

number (in parenthesis) for high-phosphorus electroless Ni. Lower phosphorus content gives 
intermediate permeability values. All electroless Ni resistivity values are much higher than 
bulk Ni values and resistivity must be changed for calculations, due to P and other impurities.

TABLE 9-6 Skin-Effect Depth for Typical MCM Metallizations as a Function of 
Frequencya
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laminate and to the yield strength of the metal bond-pad layers. The 
higher these values, the more rigid the material and the less cupping 
during bonding for a given pad structure. If the polymer has a low 
modulus (or is bonded near its Tg), then the pad must be larger to pre-
vent it from dynamically sinking into the soft material or the application 
of the US energy should be delayed (5 to 10 ms) until the pad sinking 
has stabilized. Sinking, as well as cupping, can lower the bond yield. 
Thus, the material properties are at least as important as the actual 
bonding-machine set up in achieving high-yield bonding on soft sub-
strates. Even when using the above solutions, high-yield bonding will 
occur only if the best metallurgical, bonding, and cleaning (UV-ozone 
or plasma) procedures are followed, as given in Chaps. 5, 6, and 7.

9.3 Wire Bonds in Extreme Temperatures/Environments∗

9.3.1 Introduction
This is a brief introduction to the materials and requirements for wire 
bond interconnections that can be used in packaging chips for extreme 
high- and low-temperature (HTE and LTE, respectively) environ-
ments. Devices capable of operating in these environments are needed 
for future space probes on other solar system planets, well-logging, 
geothermal measurements, sensors near rocket and jet engines, auto-
mobile engines, etc. Modern SiC and other high-temperature devices 
are capable of operation up to 500°C, although packaging materials/
technology for such high temperatures can be both challenging and 
expensive! The normal metallurgy used for Si chip interconnections, 
Au-Al (wire bonds, aluminum metallization) fail in HTE, but gener-
ally can be used in LTE. The required material changes, such as Au-Au, 
(or other noble and monometallic interfaces), substrate/chip CTE 
matching, etc., are necessary for systems to survive in these thermal 
and changing-temperature environments. Some of the concepts/
problems below are described in Chaps. 2 and 5, and in the literature 
[9-48, 9-49, 9-50, 9-51, 9-52]. Reference [9-48] is a comprehensive over-
view of materials, and wire bonding for extreme environment devices.

9.3.2 High Temperature Interconnection Requirements
The most commonly used Au-Al wire bonds should be avoided in the 
HTE range, along with any other metallurgical interfaces that form 
brittle intermetallics and/or Kirkendall voids. Gold-gold bonds can 
improve with time and temperature rather than degrade (see Chap. 5, 

∗Part of this material is from a chapter in: Suhir, E., Lee, Y. C., and Wong, C. P.,
Micro-and Opto-Electronic Materials and Structures, Springer, 2007, Vol. 2, Chapter 4, 
Harman, G. G., Metallurgical Interconnections for Extreme High and Low Temperature 
Environments, pp. 121–133.
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Fig. 5-16). Therefore, a clear preference is given for high-melting point 
monometallic interfaces or metals that form solid solutions—gold (or 
other noble metals) in the HTE environments for both wire and flip-
chip bonds. Gold bumps/balls can be used in place of the normal 
solder-ball flip-chip interconnections. Such chips can be ball-bumped 
or stud-bumped to Au pads, and the entire chip thermocompres-
sion/thermosonic bonded to gold metallization on (matched CTE) 
ceramic substrates. This results in reliable HTE flip-chip interconnections 
(provided the chip and substrate have approximately matched TCEs, 
with the substrate a little higher than the chip).

Metallurgical fatigue damage to wires can occur during large ∆T 
temperature/power-cycling in both HTE and LTE. Also, deep 
well-logging, and sensor applications can be cycled through wide 
temperature ranges. McClusky [9-50, 9-51] has reported that 
high-temperature-annealed Al wires have decreased fatigue life 
as well as the wire interconnection integrity, even if the bonded 
interface (the bond nugget) remains strong. In this case temp-cycling 
went up to 200°C. No data exist for higher temperature cycling of 
large (or any) diameter Al round and ribbon wires. One could assume 
that large ribbon wire, since it is flexible in the plane of the bond loop, 
will have a longer fatigue life at high temperature than equivalent 
cross-section/metallurgy round wire. An example of large-diameter 
Al wire fatigue was shown in Chap. 8, Fig. 8-19. Large-diameter 

FIGURE 9-19 Gives plots of both self- and mutual-inductance of wire bonds 
as a function of wire span [9-43] (© IMAPS).
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round wires are stiff, and stress is concentrated at all bends and at the 
weld attachment (bond heel), where the fatigue failures usually occur. 
Small-diameter wire (e.g., 25 µm) is flexible, and most fatigue stress is 
applied to the heels of the bonds, where the failures occur. A variety 
of factors (wire diameter, shape, loop height, metallurgy, including 
additives/dopants, and strain-rate) determine the fatigue suscepti-
bility and life of a wire bond (high, smooth loops and low-bond defor-
mation give best protection against fatigue, for fine-diameter wires). 
Gold wire is more fatigue resistant than Al wire at typical thermal 
cycle, low-strain-rates, and temperatures up to 125°C [9-53]. No 
equivalent data are available for higher temperatures. 

In HTE (but not LTE), the current carrying capacity of wire bonds 
must be appropriately derated to avoid burnout. Al wire (with its 
660ºC melting point) must be derated more than Au (melting point 
1064ºC). HTE will result in annealing small-diameter Al wires causing 
the breaking load and bond-pull strength to decrease to less than 30% 
of their initial values. Large-diameter Al wire (≥100 µm) is normally 
annealed when produced, so its breaking load will decrease only 
slightly. Aluminum-aluminum or Al-Ni welded bond interfaces will 
remain strong at high temperatures, so any annealing of the wire 
(tensile strength decrease) is not normally considered a reliability 
problem. However, its temperature-cycle fatigue-life may be short-
ened, as above [9-51], and this must be determined before implemen-
tation. Gold wire for ball bonding is already annealed, and its strength 
will change minimally. However, the strength of small-diameter gold 
wire used for wedge bonding will anneal (soften), but less than 
equivalent Al wire. Little work has been done to determine the effect 
of high-temperature cycling on fine-diameter Au and Al wire fatigue. 
Temperature studies, up to 125°C, have shown a general decrease in 
fatigue lifetime with temperature, and also a significant dependence 
on strain rate [9-53]. (See comments in Chap. 3.) Modern gold wires 
have special stabilizing impurities, and it is assumed that these 
improve the high-temperature fatigue life from the past studies; how-
ever, typical aluminum wires are unchanged from the past.

Platinum wire is used in HTE, but it requires high-bonding force 
and work-hardens significantly during US wedge bonding, similar 
to Cu (Chap. 3). Wedge bonding with it can crater SiC, one of the 
hardest known materials [9-49]. Pt and Pd have much lower electri-
cal conductivity, only ~20% of Au or Al, as well. In general, Pt and Pd 
wedge bond best at high temperatures (≥300°C) (thermosonic 
bonding). Both can be ball bonded, but little information has been 
published on that. Sometimes Pt and Pd are used in LTE systems 
because of their low thermal conductivity (~20% of Au). In the 75 to 
150 µm (~3 to 6 mil) diameter range, Pt and Pd may be welded to 
substrates and packages by electrical discharge methods, if appro-
priate for an application (see Chap. 2). 
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An overview of metallurgical interface (bonding) reliability for 
both HTE and LTE is shown in Fig. 9-20.

Examples of gold bond interface lifetimes, stored at 300°C, were 
given by Johnson as shown in Fig. 9-21. This stable life is in agree-
ment with discussions in Chap. 5 for Au-Au bonds.

9.3.3  Low-Temperature Environment Interconnection 
Requirements

For LTE and intermediate temperature ranges, up to about 125°C, 
conventional interconnections (Au and Al wire bonds) to Al chip 
metallization (bond pads) are acceptable. One would not use a normal 

FIGURE 9-20 Metallurgical interfaces that can be used reliably in both 
extreme environments. All are acceptable for LTE. However, only the 
underlined/boxed ones are acceptable for HTE.
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laminate substrate, but rather a ceramic one. See Table 9-7 for some 
material property choices in designing packages. Components should 
be chosen to minimize the expansion differences for temperatures 
down to about 55°C.

9.3.4 Packaging Effects at Extreme Temperatures
The packages for HTE will usually be made of metal/glass/ceramic 
(classical hermetic hybrid packages). Package reliability problems 
from hysteresis, creep, and/or cracking of normal glass-metal seals 
(Kovar-glass) in hermetic packages can cause failure during tempera-
ture cycling in both HTE and especially in LTE. The glass-metal 
seals undergo expansion/contraction hysteresis possibly resulting in 
cracking or delamination in the range starting below −100ºC. In HTE, 
any leads extending through the softened glass seals, at ~300ºC, will 
yield under mechanical stress resulting in possible damage to any 
wire bonds connected to them. Diffusion processes generally follow 
the Arrhenius equation and will be greatly accelerated in HTE. Pos-
sible failure of metal adhesion layers between gold metallization and 
ceramic, as well as any diffusion barriers under/over the chip metal-
lization, must be considered as potential reliability hazards that could 
weaken wire bonds attached to them. 

Although chips used in LTE can be Si based, those used in HTE 
will not be. Most likely they will be SiC or possibly GaP, GaAs, with 
Si-Ge being used in the low HTE range. Their metallization will most 

Component Material CTE (ppm/çC)
Thermal Cond. 
(W/cm-çC)

Chip Si
SiC
GaN
GaAs

2.6
1–3 (T-dep)
~3
5.7

1.57
~5 (>T dep)
1.3
0.48

Substrate SiC
Si3N4

AlN
Al2O3

BeO

1–3
2.5–3.3
4.6
~6
~6–7

0.8–2
0.3–0.6
1.75
0.35
~3

Components should be chosen to minimize thermal expansion differences. In the 
table, similar color chip and materials are appropriate matches. 
(Color distinctions wash out in B & W and should be checked in the color CD.) 
Note: thermal-conductivity values can/will change at low temperatures and exact data 
may not be available. (Data from SRC-CINDAS.)

TABLE 9-7 Some Material Properties of Chips and Substrates for Use in 
both High and Low Temperature
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likely be complex layers with noble metals and diffusion barriers 
between the chip and the conductors. The die attach for HTE will 
have to be metallurgical rather than polymer (epoxy), as currently 
used on normal devices. In some intermediate temperature ranges, 
silver-glass (maximum T ~350ºC) may be an acceptable die-attach 
material. For SiC chip die attach, some possibilities could be Ni/Ti/
TaSi2, Ti/TaSi2/Pt, Ni/Ti/Pt/Au, or Au-Sn. Currently, neither these 
nor any other die-attach materials have been qualified for HTE (up to 
500ºC). Thus high-temperature wire-bond development is far more 
advanced than die attach and other packaging materials/technologies.

9.3.5 Summary
The material properties and requirements for wire bond and Au ball-
bumped flip-chip interconnections that can be used in packaging 
chips for extreme high- and low-temperature environments [from 
~500°C (HTE) down to about −100°C (LTE)] have been described. The 
most commonly used Au-Al wire bond interfaces should be avoided 
in the HTE range, along with any other metallurgical interfaces that 
form brittle intermetallics and/or Kirkendall voids. Gold-gold bonds 
(and other noble metals) are stable or improve with time and 
temperature (see Chap. 5); thus a clear preference is given for gold (or 
other noble metals) in the HTE environment for both wire and flip-
chip bonds. Monometallic interfaces, such as Al-Al are also reliable. 
For LTE, and in intermediate temperature ranges, conventional inter-
connections (Au-Al wire bonds) to Al-chip metallization (bond pads) 
are acceptable. (Also, normal flip-chip solder bumps are acceptable, 
without plastic under-fill.) Information on other materials, such as 
CTE matching between chip and substrate, was given. It is concluded 
that, with the proper selection of materials, interconnections can be 
reliable over a wide range of extreme temperature environments. For 
an overview of the entire high-temperature electronics field see 
Kirschman [9-54].

Appendix 9A Wire Bonder Looping
Process Solutions Consulting. New Tripoli, PA 18066, email <levilr@ptd.net>

By Lee Levine

9A.1 Introduction
In its simplest form a wire bond is a segment of wire interconnected 
(bonded) at each end to allow completion of an electrical circuit. The 
segment of wire between the bonds is called the loop. Historically 
ball-bond loops were 10 to 15 mil in height with a smooth, unstressed 
shape. As wire-bonding machines were automated, producing 
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low-stress loop shapes without stretching the heat affected zone (HAZ) 
directly above the ball became more difficult because the dynamics of 
automated machines were different from manual, operator-controlled 
machines. The HAZ is the region above the ball that was heated by 
the melting of the wire that formed the ball. Its properties are signifi-
cantly different from the bulk wire because the heat recrystallizes the 
grain structure and recrystallized grains are weaker than the cold 
worked grains in the wire. Controlling the chemistry of the 99.99% 
(100 ppm residual trace elements) became necessary to both refine 
the grain size in the recrystallized HAZ and provide additional 
strength. The addition of Beryllium in the 7 to 10 ppm range provided 
these properties and allowed the development of high-speed auto-
mated wire bonders. Today all 99.99% gold bonding wire is alloyed 
within the 100 ppm residual impurities range. However, some special 
purpose wires can have a higher level of dopant than this (not 99.99/Au). 
Each wire manufacturer has a variety of alloys with different proper-
ties tailored to provide optimized performance for difficult applica-
tions. Specialized machine motions were developed to mimic the 
behavior of manual machine operators. Observations that manual 
machine operators often made a motion away from second bond after 
forming the first bond lead to the development of the reverse bond 
motion. Bending the wire in the HAZ cold works the wire, changing 
its mechanical properties. Specific bending motions, such as reverse 
motion bending (bending first away from and then toward second 
bond), are used to control final loop height and shape and to reduce 
sag near second bond. Pulling the wire just before bonding the second 
bond straightens the wire and reduces the final loop height. 

Currently state-of-the-art packages have wire pitch (the distance 
between adjacent wires) of 30 µm. The demands of fine-pitch 
bonding in turn drive the requirements for longer wire length, smaller 
wire diameter, smaller capillary tip diameter, straighter wire loops 
with less sagging, and better machine motion control. Because fine-
pitch devices typically have more wire interconnections they require 
faster bonding motions and higher acceleration to maintain produc-
tivity and profitability. These demands have been met by continu-
ously studying the wire-bonding process; wire, tools, hardware, and 
software. All have been continuously improved through the use of 
designed experiments and advanced analytical tools that have enabled 
improved process controls and enhanced capabilities.

9A.2 Machine Motions and Trajectories
Wire bonders move in smooth, continuous, coordinated motions, 
with all three axes (X, Y, and Z) moving simultaneously. Wire is fed 
through the capillary and bent by the machine motion to provide the 
required shape. Motions are calculated on the fly and adjusted so that 
each machine axis travels along a precisely calculated trajectory. 
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Motion trajectories must be controlled and coordinated to within 
only a few microns of tracking error. A variation of a few microns can 
significantly affect loop shape and repeatability. Wire payouts and 
bends need to be adjusted on the fly to account for changing wire 
lengths caused by die placement variation. All this needs to be accom-
plished while bonding up to 16 wires/s, with acceleration rates 
exceeding 12Gs in XY and 150Gs in Z. The latest wire-bonding equip-
ment employs new, faster, and more accurate servo controls, which 
enable more repeatable looping and more complex shapes. The simplest 
standard wire-bond loop employs four separate motions from the ball 
bond to second bond. The formation of more complex loop shapes may 
employ more than 12 motions. Kinks, bends, flat segments, and smooth 
curved portions are all formed by programmable loop parameters within 
the software. Wire lengths are controlled and adjusted based on both the 
modeled loop shape and actual calculated distances between the ball 
and second bond. As each die is indexed to the bond site, the machine 
vision system uses pattern recognition to locate the die and leads. 
Machine intelligence, then, corrects the location of each bond and adjusts 
the metered wire length for repeatable loop shape and height.

Accurate servo controls enable more repeatable looping and 
more complex shapes. The simplest standard wire-bond loop employs 
four separate motions from the ball bond to second bond as shown in 
Fig. 9A-1. The formation of more complex loop shapes may employ 
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FIGURE 9A-1 The formation of a standard loop.
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more than 12 motions. Kinks, bends, flat segments, and smooth 
curved portions are all formed by programmable loop parameters 
within the software. Wire lengths are controlled and adjusted based 
on both the modeled loop shape and actual calculated distances 
between the ball and second bond. As each die is indexed to the bond 
site, the machine vision system uses pattern recognition to locate the 
die and leads. Machine intelligence, then, corrects the location of each 
bond and adjusts the metered wire length for repeatable loop shape 
and height. 

9A.3 Loop Shaping
The main reasons for shaping a wire loop are to provide clearance 
and avoid interference (electrical short circuits) from adjacent wires 
as well as from the die or substrate. Some wedge-bonding applica-
tions demand controlled impedance where the wire length, height, 
and shape are controlled to tight tolerances. The shape and features 
of the wire, the wire “loop,” have changed significantly over time as 
machine capabilities and device requirements have evolved and 
package density has increased. 

9A.4 Prebending, Cold Work During Looping Trajectory
Bonder motions within the HAZ can be used for cold working and 
bending functions. Standard wire-bond loops use a reverse motion in 
the HAZ to bend the wire away from second bond initially, cold 
working the HAZ. When the looping trajectory bends the wire in the 

FIGURE 9A-2 Examples of long low loops. (Courtesy of Oerlikon.)
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HAZ back into a vertical position, the cold worked HAZ will be stiffer 
and the wire loop will be more erect with less sagging than it would 
have been without the cold work from the reverse motion. Other 
motions can be used to provide additional bends in the wire, provid-
ing useful shapes. These shapes can provide additional standoff near 
second bond, as required in ball grid array (BGA) packages, with 
power and ground rings in the vicinity of second bond. They can also 
provide flat (parallel to the die surface) portions of the loop with 
sharp bends descending to the second bond, as in the chip scale pack-
ages (CSP) or worked loop. Wire stiffness needs to be optimized so 
that these bends can be produced uniformly. New wire types are 
being developed to provide both a high stiffness above the HAZ and 
a soft ball for improved bondability. 

9A.5 CSP and BGA Looping
The ability to shape a wire-bond loop, with well-controlled bends 
and kinks, has been in continuous development for over 12 years 
[9A-1, 9A-2]. The first worked loop shape patents were granted in 
1993 [9A-3]. These shapes enabled the development of the CSP loop. 
The CSP loop, with additional wire bends designed to provide buss 
bar clearance near second bond, evolved into BGA looping. Now, the 
demand for thin-profile, stacked-die, and multichip packages is push-
ing development of even lower loop height levels. Today’s state-of-
the-art wire bonders may offer the capabilities to support a library of 
as many as 20 loop shapes. Additional new loop shapes are continu-
ally being developed to accommodate packaging design require-
ments. Loop shapes within the bonder library have programmable 

FIGURE 9A-3 Stacked die looping. (Courtesy of K&S.)
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parameters that enable formation of the desired shape but also 
provide flexible controls for the large variety of packages that are 
encountered.

9A.6 Stacked Die and Multi-Chip Packages
The advent of stacked die packages has also placed new demands on 
wire bonders. More die layers need to be integrated into thinner and 
thinner packages. Production dice, commonly thinned to 100 µm 
thickness, are now down to 75 µm. Even 50 µm dice are being intro-
duced into mass production. Stacked thin cantilever dice, with canti-
lever exposure of up to 5 mm, deflect significantly during bonding. 
This deflection effects bonding. Differences in deflection between 
bond pads located in the corner of the die and those located in the 
center of the die edge are large; therefore, bonding variability as a 
function of pad location has to be taken into consideration. In addi-
tion, finite element modeling (FEM) and high-speed video photogra-
phy of the die deflection have enabled good understanding of this 
process and provided good working solutions to this problem. Time 
delays required for the die to deflect and recover are significant and 
reduce throughput.

Multichip packages often require several different type loops, at 
different second bond elevations (Z axis) within the same package. 
Often they require chip-to-chip bonding. Chip-to-chip bonding has a 
whole range of additional requirements because the capillary cannot 
touch the die face without damaging sensitive components on the 
die. The stand-off-stitch bond (SSB) is a sequence of three bonds that 
addresses this application. First a ball bump is bonded on Die 1 and 
terminated forming a new ball under the capillary. The second ball is 
then bonded to Die 2 as a standard wire bond. The second bond is 
then bonded on top of the bump bond on Die 1 completing the 3-bond 
sequence. The SSB is called a reverse bond because the ball bond is 

The issue is that the lower and longer the loop is, the lower is
the productivity—require more motions

FIGURE 9A-4 Loop height reduction using the capillary. (Courtesy of K&S.)
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normally on the lead and the second bond/bump are on the upper 
die. This avoids placement of a second bond directly on the die surface, 
which would be a reliability risk. SSB height is very low because the 
second bond and bump are normally on the upper die. However, 
bond speed for the 3-bond sequence is slower than standard bonding 
because of the additional process steps.

9A.6 Capillary Forming for Lower Loops
Recently, new forward bonded loop shapes have been introduced 
that can produce heights of less than 75 µm without sacrificing 
throughput. Achieving these ultra-low loop shapes is very important 
for the lowest die of a stacked dice package, especially when the wires 
are underneath an overhanging cantilever die. In this loop profile the 
ball bond is produced and as the capillary is moving from reverse 
bond position the capillary descends to the ball-bond surface, com-
pressing the wire against the ball bond. The capillary then moves to 
second bond position and completes the second bond. This loop 
profile can achieve loop heights less than 50 µm with only a small 
throughput cost. 

9A.7 Capillary Shape and Its Effect on Drag/Friction
Capillaries transfer ultrasonic energy to the bond and control weld 
size and shape. Their internal and external shapes and dimensions 
provide the necessary features that form the bond. They also are a 
source of friction during wire feed. Friction and drag are necessary to 
control the flow of wire and provide tension, but too much friction 
can break bonds and wire, stretch the ball neck in the HAZ, result 
in deformed loop shape, and scrape and tear the wire surface. 

FIGURE 9A-5 Ultralow loops. (Courtesy of K&S.)
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Controlled low-drag capillaries, with design features optimized for 
long capillary life, can add value to the process. When implemented 
in the wire-bonding process, these unique bonding tools provide 
greater loop height control and shape stability, significantly reducing 
looping failures typically found on wires formed with a conventional 
capillary.

9A.8 Role of Wire
Wire properties play a significant role in a wire bonder’s ability to 
produce accurate, repeatable loops. Over the years these properties 
have undergone continuous improvements to enable the production 
of the longer, lower, straighter loops required by today’s packages. 
Gold bonding wire is normally specified as 99.99% (four 9s) purity, 
while chemistry within the residual 100 ppm impurities is carefully 
controlled to provide the required mechanical and electrical proper-
ties. New alloys that have recently been introduced to the market are 
in the high three-9s range to provide improved long-term reliability 
in very fine pitch (<50 µm ball diameter) applications without sig-
nificantly sacrificing electrical properties. 

9A.9 Ball and Stud Bumping
Ball and stud bumping can be classified as looping variants because 
the bonder terminates the wire above the ball without making a loop. 
There are three varieties of stud bumps. Normal ball bumps termi-
nate within the HAZ because this region is the weakest region of the 
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FIGURE 9A-6 Wire bond loop defects. (Courtesy of Oerlikon.)
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wire and the wire preferentially breaks in the weakest region. The 
bonder forms the ball bond and then rises to the correct height for a 
new ball, the wire clamps close, and the bond head again ascends to 
the EFO firing position. The wire breaks within the HAZ during this 
motion. Wire alloying can significantly affect the wire recrystalliza-
tion temperature and have a large effect on the height and variability 
of the broken wire tip. An alloy with a higher recrystallization tem-
perature will have shorter tails and less variability. 

Newer bonders, with better Z axis control, are capable of forming 
the ball, rising a controlled distance of only a few microns, and then 
moving horizontally to shear the wire above the ball bond and pro-
duce a flattened bump. The additional motions require additional 
time but the process is still very fast (>20 bumps/second). Planarity 
is adequate for many applications.

Standard ball bump

Stud bump Stacked bumps

Accu-bumpTM (sheared top)

FIGURE 9A-7 Variants of bump bonding. (Courtesy of K&S.)

FIGURE 9A-8 Bumps for improved reliability. (Courtesy of K&S.)
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Stud bumps are produced by first forming the ball bond; the head 
rises a short distance then descends and forms a second bond on the 
edge of the ball. The wire/loop has the appearance of a cotter pin 
with a total loop height of approximately 3 to 5 mil. In most cases 
stud bumps are dipped in a conductive adhesive for interconnection 
of the bump to the substrate.

Wedge bonding has required an additional machine motion axis 
in order to align the wedge tool, which is directional during bonding. 
This additional axis resulted in the wedge-bonding process being sig-
nificantly slower and it also had less bond placement accuracy. His-
torically, both fine and heavy wire-wedge bonding had simpler 
motions, “H” or “trapezoidal” motions were most common. In an 
“H” motion the tool lifted straight up off first bond, moved to top of 
loop, moved horizontally toward second bond and then down. In a 
trapezoidal motion loop the tool lifted off at an angle, usually close to 
the angle of the tool feed hole, reached top of loop and moved towards 
second bond. At a programmed point the tool began an angled descent 
toward second bond. Recently more complex loop shapes, with pull-
out motions near second bond and better axis controls, have become 
available. Bond shift is now available so that first and second bonds 
do not have to be as closely aligned as previously required.

Because of its low inductance and high current carrying capacity, 
ribbon wire is often required. Often in microwave, Rf devices design 

FIGURE 9A-9 Heavy wire wedge and ribbon bonding. (Courtesy of Orthodyne.)

FIGUR 9A-10 Heavy wire wedge bonded modules. (Courtesy of Orthodyne.)
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criteria requires ribbon bonds that are nearly horizontal, the shortest 
length between first and second bonds. 

Ribbon bonding is a variant of wedge bonding. Ribbon wire is 
normally produced by roll forming round wire to flatten it. 

9A.10 Stiffness—Young’s Modulus
Even though wire is thin, it should be understood as a structural ele-
ment. The simplest model of a round cantilever beam provides adequate 
understanding of the relationships between the significant variables 
(deflection, length, diameter, material). Stiffness, defined as the resistance 
to deflection under a load, has a cubic relationship with length and a 
quartic relationship with diameter (a 10% increase in length will have
a 33% increase in deflection and a 10% decrease in diameter will have a 
46% increase in deflection). Wire chemistry and treatments can have
a smaller effect on Young’s modulus (E), but the effect is linear.
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CHAPTER 10
An Overview of 

the Materials and 
Material Science of 

Copper, Low-k
Devices That 

Affect Bonding and 
Packaging

10.1 Introduction 
It is absolutely essential for anyone involved in advanced wire bond-
ing to understand the properties of all layers below the bond pad that 
may affect (or be affected by) the bonding process. This chapter 
presents an overview for understanding the materials, material 
science, engineering of copper, and low-dielectric-constant (Cu/Lo-k) 
devices; discusses their effect on wire bonding problems, and has 
some comments on flip-chip problems as well. It is not intended to be 
an advanced paper with new technology on this subject, but rather to 
serve as background material to understand the complexities of this 
recent technology and its implications for wire bonding production 
and reliability.

Cu/Lo-k devices represent a challenge for packaging/wire bond-
ing because of their complex multilayer structures and low-modulus 
materials below the bond pads. This chapter describes the different 
dielectrics, how the damascene copper structures are made and differ 
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from the normal planar deposition we grew up with. Also, the device 
packaging related failure modes and methods of minimizing are 
discussed. Following this chapter is one on bond modeling, includ-
ing the bonding effect on Cu/Lo-k. 

Most Lo-k materials used today (2008) are some form of CVD 
OSG [organo-silicate glass (SiOC)]—which has a much lower modu-
lus of elasticity (softer/weaker) than pure SiO2 (the normal dielectric/
insulator used on traditional chips in the past). The Lo-k modulus is 
even lower when it has pores added to further decrease the dielectric 
constant. This dielectric, often stacked in 5 to 12+ layers [with as 
many levels of copper interconnects (wiring)], challenges the pack-
aging process and later the device reliability. In addition, all copper 
interconnects imbedded in the dielectric must be coated with thin 
(<10 nm, 100 Å) diffusion barriers to prevent device degradation and 
reliability failure (since Cu degrades both Si and the dielectrics). 
These buried barriers and dielectrics can be damaged during the 
wire bonding process, or by flip chip (FC) stresses in systems during 
temperature cycling. These can lead to long-term failures that are 
not detectable in the production, packaging, or normal qualification 
processes.

Therefore, it has become necessary for reliable wire bonding
(a metallurgical welding process) to include the material properties 
of complex under-layers of dielectrics and diffusion barriers as being 
equally important in the bonding reliability/yield process as the 
metallurgy. In cases where the Lo-k has a low modulus as well, it is 
necessary to have special support structures to prevent damage from 
bonding stresses.

10.2 The Cu/Lo-k Technology
Modern chips are usually intraconnected with multilayers of Cu and 
insulated with various low-modulus, low-dielectric-constant insula-
tors (Cu/Lo-k). These chips are very different from traditional ones 
that have a single layer of aluminum over oxide or nitride. A com-
parison of the two technologies is shown in Fig. 10-1a and b. Wire 
bonding too (Fig. 10-1a) is traditional and does not require special 
knowledge or care. Figure 10-1b gives a simplified example of the 
layered stacks used in Cu/Lo-k chips. Great care must be exercised 
when bonding to these structures, since the layers may delaminate or 
warp during the wire bonding and packaging process. Flip chips can 
have these problems as well during packaging but especially during 
temperature cycling in operation. Further, any damage to the mate-
rials stack for wire or flip chips may not be evident at the time it 
occurs, but can result in failure after installation and long operation, 
resulting from Cu diffusion into the dielectric or semiconductor. 

Copper has approximately 35% better electrical conductivity than 
Al (see Chap. 3). This decreases both the delay time and the electrical 
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loss between active devices on a semiconductor chip. However, since 
Cu cannot be etched into fine-line width conductors, as can Al, it was 
necessary to develop a different method of depositing and delineat-
ing fine pitch structures. Figure 10-2 details the Cu damascene process. 
Figure 10-2a shows the final Cu plated up from the bottom of the 
trench. This was previously etched into the dielectric, and a thin bar-
rier deposited on its inner surfaces. Next, a Cu seed was deposited, 
and finally the Cu was electroplated up from the bottom and CMP-
polished flat, as shown in Fig. 10-2a. Figure 10-2b gives more details 
of manufacture [10-1]. If two trenches are formed and then filled with 
copper at the same time, such as a trench overlying a via, then it is a 
dual-damascene structure. The resulting fine pitch structure is capable 
of being used down to at least the 45 nm semiconductor manufactur-
ing node. 

A more complex Cu/Lo-k structure, shown in Fig. 10-3, is a cross-
section of four metal layers of damascene-Cu imbedded in Lo-k 
dielectric. A more complex structure (up to five metal layers), with its 
dielectric etched out for illustration, is given in Fig. 10-4. The complex 
Cu-conductor, barrier encased structure is normally supported/
imbedded in damascene trenches in the Lo-k material. If bonding 
(or other packaging) stresses are high, damage can occur. Thus it is 
apparent that modern chips can pose new problems for wire bonding 

SiO2 or nitride (up to 10 kA)

Nitride passivation (1 kA)

Electroplated Cu (pad) (15 kA)

Cu seed (1 kA)
Nitride (1 kA)
Low k (7 kA)

Nitride (1 kA)

Nitride (1 kA)

Electroplated Cu (15 kA)

Thermal oxide (5.5 kA)

Cu seed (1 kA)

Al bonding pad (10 kA)

(a)

(b)

Al bonding pad (10 kA)

Si: conventional technology chip

Ti diffusion barrier (100 A)

Si: Cu/Lo-k chip

Ta (250 A)

Ta (250 A)

FIGURE 10-1 Comparison of the materials stacks of a conventional aluminized chip 
(a) with a very simple Cu/Lo-k chip. (b) The complexity and potential damage 
susceptibility during bonding is apparent. With all this complexity, there is only one 
layer of Lo-k dielectric in this fi gure. (Figure 10-1b is from SEMATECH with 
modifi cations.) In general, new designs result in reducing the thickness of nitride 
and barrier layers. 
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FIGURE 10-2 Details of the basic Cu-damascene (trench) process. First the 
trench is etched in the Lo-k dielectric, then a thin diffusion barrier is deposited on 
its inner surfaces, next a Cu seed is deposited, and fi nally Cu is electroplated up 
from the bottom. Then the surface is CMP-polished fl at, leaving a well-delineated 
conductor, as shown in (a). (b) gives more details of the metal deposition steps [10-1].

Cu Cu

CuCuDiffusion
barrier Dielectric

(CMP)
Polish

Barrier

(b)

(a)

Cu seed

C
u

FIGURE 10-3 A four-metal-layer Cu-damascene structure imbedded in a Lo-k 
dielectric. This cross-section shows the individual Cu metallization lines in 
their damascene trenches. The trench is surrounded by Lo-k dielectric. 
(Courtesy of IBM.)
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or flip chip interconnections, which can result in damaging the com-
plex Cu-damascene structure and lowering the device reliability.

10.2.1 The Lo-k Dielectrics
The standard dielectric, used on chips since the beginning of Si tech-
nology, is SiO2. This material has a dielectric constant k (ε) of ~4. Lo-k 
materials (by definition) have ε < 3 and 2.4 to 2.8 is typical. Currently, 
most Lo-k’s are some form of OSG (Organo-Silicate Glass), which 
is SiO2 with carbon-hydrogen added as part of the chemical-vapor-
deposition (CVD) process. The range of dielectric constants (k)
obtainable from silicon dioxide with CH3 added in the CVD process is 
shown below. The more CH3 added, the lower the modulus, which 
ranges from (a) ~70 GPa (no CH3: strong and hard) down to (c) ~4 GPa 
(max CH3: weak and soft).

Dielectric constant changes with C additions 

(a) SiO2 ≈ 4; (b) SiO1.5CH3 ≈ 3.1; (c) SiO0.5 (CH3)3 ≈ 2.5

(Still lower k is obtained by adding pores, but this lowers the mechan-
ical properties and can result in poor wire bondability as well as 
unreliable chips.)

An example of the decreasing mechanical properties of OSGs is 
given in Fig. 10-5 [10-2] (in which both the hardness and the modulus 
decrease dramatically as the amount of carbon-hydrogen increases). 
To go below k ~2.4 requires pores, which further lowers (degrades)
the mechanical properties. Unfortunately the lower k dielectrics are 

FIGURE 10-4 This presents a classical example of the metal structure of copper 
low-dielectric constant (Cu/Lo-k) chips with the dielectric etched away. It reveals the 
extremely complex damascene Lo-k structure of modern Cu-metallization chips. 
(Courtesy of IBM.)

(a) (b)
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required for future chip technologies and will be implemented in one 
form or another.

These OSG materials are clearly much weaker than SiO2, but 
better than earlier Lo-k organics, and they are compatible with wafer 
fab requirements. Table 10-1 gives the relevant properties of current 
Lo-k materials and compares them with SiO2. SiLK (an acronym) at 
the top, is the last of the organics to be considered, but never reached 
production. Its modulus was too low and the CTE was too high for 
incorporation on a chip, typical problems of the organics. (It should 
be noted that exact values in the table may depend on the details of 
the measurement and can vary considerably as parameters, such as 
indentation depth, loading or unloading of the nano-indenter tool, 
etc., change.) Many details and measurement techniques for OSG 
Lo-k’s are given in Ref. [10-3].

The development of Lo-k dielectrics continues rapidly, and the 
OSG Lo-k materials and their properties listed in Table 10-1 will pre-
sumably be superseded. Unusual solutions such as airgaps, mixed 
dielectrics, etc., may be incorporated into the Lo-k structures in order 
to further reduce k. Recent announcements indicate that nanomateri-
als may be used to generate partial air gaps with k ~2.0 (vs. 1.0 for 
vacuum). Development of such will increase device performance, but 
may introduce problems for wire bonding to such chips using those 
materials.

FIGURE 10-5 The reduction of mechanical properties of organo-silicate glass 
as the amount of C-H is increased. For these materials, k can be decreased 
below 2.4 only by introducing pores [10-2]. (Courtesy of Intel.)
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Materiala
Organic—O 
Inorganic—I

k (ε)
@ 25çC

Modulus (GPa) 
@ 25çC

Hardness 
(GPa)

Fracture-
Toughness 
(MPa-m1/2)c

CTEb

(10-6/çC) Reference

SiLK Yb O 2.6–2.2 2.45 0.31 0.66–0.42 62 Dow Chem.

Black
Diamond II 
(SiO2 + C)

I/O (OSG)e,f 2.7→ 2.4 7.7 → 6 3.6–1.3 0.3–0.2 17–23 Applied 
Matls.

Corel I/O OSGe,f 2.7 ~7 — — — Novellus

Aurora I/O OSGe,f 2.8–2.4 12–6 2.2–1.1 — 17 ASM

Nanoglass
silica (gels) 
pores <5 nm 

I 1.3–2.5 0.5–2.3 0.03–0.1 < 0.04–0.14 4 up (varies) Many sources

SiO2 I 3.8–4.1 72–100 9.5 0.46 1–2 Many sources

aTrade names are used to describe a material when no other identifier is available. This does not imply any endorsement.
bCTEs of organic Lo-k matls. generally increase with temperature. Reported values are average and in the range of 25 to 100°C.
cFracture toughness of material interface with SiO2, SiN, Ta, or TaN
dDiscontinued product (included for comparison) 
eOrgano Silicate Glass SiO2 + C
fThe properties of OSGs can be changed in the wafer-fab by changing the pressure, concentrations, etc., which changes the amount of C-H (see Eq-1) in 

the material, which may lower the modulus and hardness and increase the CTE. Thus, values above are not absolute and not necessarily different for 
each of these products. 

TABLE 10-1 Low Dielectric Constant Materials Used/Proposed for Cu/Lo-k Structures 355
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All copper conductors imbedded in the Lo-k dielectrics must be 
encased in thin diffusion barriers to prevent copper from drifting/
diffusing into the dielectric or the Si, which would change their prop-
erties, eventually degrading or destroying the device. Such diffusion 
barriers today are usually made of TaN/Ta or TiN/Ti and are cur-
rently ~5.4 nm thick, decreasing to one-half by 2013. The integrity of 
such thin barriers is always a potential chip reliability problem, and 
may be damaged by wire bonding stresses permitting Cu and water 
vapor diffusion and lowering the device reliability. In addition it is 
necessary to prevent water vapor from entering the Lo-k stack. This 
is sometimes accomplished by adding a top layer of SiO2. Figure 10-6 
illustrates some of the potential reliability hazards, such as the dif-
fusion of water and Cu into the Lo-k layers of a dual damascene (Lo-k) 
structure [10-4]. 

10.2.2  Top Surface Protective and Bondability Coatings for 
Copper Bond Pads

Traditionally, wire bonds on chips have been made to aluminum pads 
over silicon or silicon dioxide. This presented both an ideal metallurgy 
and a rigid platform for thermosonic bonding (Fig. 10-1a). However, 
copper bond pads may be located over low modulus dielectrics 

FIGURE 10-6 A cartoon of a dual-damascene structure showing several 
potential reliability hazards. If a bond is made to the Cu pad on top, barriers 
could be damaged, accelerating failures. IMD is the intermetal dielectric, ILD 
is the interlevel dielectric, and PMD is the premetallization dielectric (above 
the Si) [10-4] (© IEEE).
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encased in thin brittle diffusion barriers, which can crack during 
bonding to the Lo-k structures as shown in Fig. 10-1b. This can result 
in low-bond yield and/or device reliability problems. In addition, it 
is necessary to protect the top surface of the copper bond pads from 
oxidation, sulfiding, etc. Such can be achieved with various metal-
lurgical coatings over the Cu, that is, gold or aluminum protected by 
a barrier. (This is the most common method today and is illustrated 
in Fig. 10-1b.) Aluminum pads are both wafer-fab compatible and 
ideal for wire bonding. However, the chip fabrication requires diffu-
sion barrier deposition, masking, and etching steps and is therefore 
expensive. There is also the possibility that, if the bonding process 
cracks the Al to Cu diffusion barrier, the reliability can be worse than 
if no diffusion barrier existed. Such could happen if a low-modulus 
dielectric was below the bond pad and cupping or sinking occurred 
(Chap. 9). Another possible problem is that the Al/barrier/Cu 
method has been patented [10-5], and it may not be available, or may 
be costly. 

Table 10-2 gives some possible non-aluminum protective coat-
ings over the Cu bond pad, and some of these may offer simplicity or 
other cost advantages over the Al/barrier/Cu pads mostly used 
today. The reliability of the several interfaces (Au on Au/Ni, Cu on 
Au/Ni, Cu on Cu, and Au on Cu) is indicated in Fig. 10-7 for 150°C 
storage times up to 1500 h [10-6]. All of these interfaces are easily 
bondable, so economic or other conditions would be used to deter-
mine the production choice. None of the materials in Table 10-2 are 
wafer-fab compatible and must be applied later outside of the fab, a 
disadvantage when compared to the Al/barrier/Cu metallization 
system. (Note: Wafer-fab preferences usually dominate over those of 
the packaging community.)

Top Surface Metals for Bondability

1. Copper itself (oxidation lowers/kills bondability)

2. Possible metals/stacks to enhance bondability
  a.  Au/barrier/Cu, Au/Ni/Cu, or just Au/Cu (all known to be 

reliable)
  b.  Al/barrier/Cu, also a well known bonding surface and the most 

used in 2008
  c.  Ag/Cu, known reliable interface (Ag migration on fine pitch may 

be a problem)
  d.  Pd/Cu (or with Ni, etc.), a well known reliable interface
  e. Other (combinations of above)

TABLE 10-2 Copper-Pad Top-Surface Coatings for Protection and Wire 
Bondability



358 C h a p t e r  T e n

10.3  Wire Bonding to Integrated Circuits with Copper 
Bond Pads over Lo-k Material

After appropriate surface bondability and Cu oxidation protection 
are achieved, the problems of wire bonding to pads over low-modulus 
substrates must be addressed. This incorporates the knowledge 
obtained from the past on bonding to multichip modules, where bond 
pads are often located over similar low-modulus dielectrics. Cu/Lo-k 
chips and multichip SiPs are part of the same problem and share 
some of the same solutions (see Chap. 9).

In any laminated structure, delamination is a potential failure 
mode. The dynamic stresses of wire bonding and other packaging 
process can create such delaminations. Several finite element models 
of bonding stress on pads over Lo-k and their under-layers have been 
published. All show that high stress is generated under and around 
the bond. Figure 10-8 depicts a typical FEA of the mechanical stress 
profile for a Cu ball at touchdown onto a Cu bond-pad [10- 8]. (Note 
that an Au ball would generate ~20% less stress.). None have been 
able to model the direct atomic interface welding effect of ultrasonic 
energy. However, some good approximations have been published 
[10-8]. Several studies also indicate that bonding over low-modulus 
materials produces major stress contributions to pad peeling as illus-
trated in Fig. 10-9 [10-9, 10-10]. Such physical damage is clearly illustrated

FIGURE 10-7 The high-temperature storage of several interfaces, reversing 
the bond pad with the bonded ball. All are reliable at 1500 h, but the shear 
force of the Au on Al (below Au on Cu curve) begins to decrease as expected. 
It is apparent that any combination of Au with Cu is adequately reliable for 
use in normal devices [10-6]. (Courtesy of IMEC.)
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FIGURE 10-8 FEA of a Cu ball to Cu bond pad during the initiation of wire bonding, 
giving the Von Mises stress in the ball, the pad, and the dielectric below. Much of 
this stress would be applied to the Lo-k and the copper diffusion barriers below as 
bonding is started. The stress would increase with the application of ultrasonic 
energy, possibly damaging the Lo-k as well as the Cu diffusion barriers. The Von 
Mises stress at the end of ball touchdown is given (in MPa) on the right [10-7]
(© IEEE).
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FIGURE 10-9 Wire bonding stress versus the (Low-k) dielectric’s modulus. 
The lower the modulus during wire bonding, the greater the possibility of pad 
peeling. Since the modulus decreases with ε, and higher performance requires 
lower ε, pad peeling is a common problem with Lo-k devices [10-9] (© IEEE).
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in Fig. 10-10a and b. Such pad peeling is frequently referred to as
cratering, although technically this is incorrect unless there is damage 
to the dielectric or Si. These figures offer some reasons why the 
earlier, low-modulus, organic Lo-k materials (e.g., SiLK in Table 10-1 
and many others) were not successful.

In order to prevent such damage, a number of underpad support 
systems have been developed by the IC industry. One such structure 
is shown in Fig. 10-11 and discussed in Ref. [10-9]. Typically these 
consist of a number of metal vias below the pad, extending down to 
the chip or its oxide protection layer. These transmit the bonding 
stress from the pad directly to the high-modulus Si chip below, where 
it is dissipated or transmitted to the package, thus protecting the Lo-k 
dielectric, the Cu, and the diffusion barriers.

(a) (b)

FIGURE 10-10 Typical examples of bond pad peeling after bonding over Lo-k 
dielectrics. (This is also referred to as cratering even though the Si was intact [10-10]; 
© IEEE ).

Ta diffusion
barrier

Gold bond

Al pad
Passivation cap

USG IMD
Cu pad
Cu via

LK IMD
Si substrate

Vertical support vias

FIGURE 10-11 An example of a typical underpad support structure that limits 
damage to the bond pad from the bonding process. This prevents Cu 
diffusion barriers from cracking, as well as stressing the (Lo-k) dielectric 
material. Mechanical stresses are transmitted to the high strength silicon-
oxide below [10-9] (© IEEE ).
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These ICs have copper metallization as well as low-dielectric
constant, low-modulus dielectrics (Cu/Lo-k) beneath the bond 
pads, as opposed to older ICs that had SiO2 or silicon there as shown 
in Fig. 10-1. The Lo-k materials are partly processed with the wafer at 
relatively high temperatures (up to 425°C) compared to normal ther-
mosonic bonding temperatures (125 to 200°C). Therefore, their Tg's
are designed to be high and will not pose temperature-dependent 
bonding problems as some MCM-SiP substrates do. In some cases, 
the already low modulus of the OSG Lo-k material will decrease at 
bonding temperatures, and can affect bonding.

An important difference between bonding to most devices on 
MCM-SiPs and on advanced Cu/Lo-k chips is that bond pads on the 
latter are generally small (< 60 µm and ultimately down to 20 µm 
pitch, ITRS 2007 Roadmap) resulting in sinking into, and/or mechan-
ically damaging the low-modulus material and barrier films beneath. 
Also, the metal/dielectric stack is multilayered and extremely com-
plex. Often there can be more than 12 metal layers, dielectrics, bar-
riers, and oxides above the silicon, as discussed above. In addition, 
support structures as shown in Fig. 10-11 are required to protect the 
Lo-k material during bonding. Without these, any resulting dielec-
tric sinking or cupping can crack/damage barrier layers below 
the bond pad, leading to pad peeling, electrical leakage, and/or 
degraded high-frequency properties. Possible wire bonding damage 
to the Lo-k layers, Cu interconnects, and diffusion barriers can be 
minimized by optimizing the bonding machine parameters and 
materials. These can be summarized as (1) minimizing the US energy 
and the clamping force, (2) reducing the ball diameter or wire hard-
ness (if wedge bonded), (3) delaying application of US energy after 
tool touchdown, and (4) plasma cleaning the pads before bonding. 
These are summarized in Table 10-3, and are similar to those recom-
mended in Chap. 9.

1. Use finer diameter wire (e.g., 18 vs. 25 µm dia.); if ball bonding, 
make smaller balls (requires lower force/power).

2. If Al wedge bonding, use softer wire (12–14 gm vs. 16–18 gm BL 
for 25 µm dia.) (requires lower force/power).

3. May still require 10–20% higher bonding machine parameters for 
same wire if the pad/dielectric sinks (but this would damage a 
Lo-k chip).

4. Delay applying ultrasonic energy (~10–25 ms) to allow pad bond 
force stresses to stabilize before US stresses begin.

5. Clean pads before bonding which lowers US energy required to 
make the bond.

TABLE 10-3 Cu/Lo-k Bonding Machine Considerations
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Wire bonding damage in chips having Lo-k materials below the 
pad are summarized as follows: Various dielectric and metallurgical 
damage can occur, resulting in long-term packaged-device reliability 
problems. These include cracked diffusion barriers, copper diffusion 
into the Lo-k dielectrics, cracking and delamination of the Lo-k materi-
als, and bond pad indentation (“cupping”). Lo-k materials, with high-
expansion coefficients and low-thermal conductivities, can increase 
the temperature cycle stress and further extend any existing damage. 
Many of the above problems have previously been encountered when 
bonding to pads over low-modulus dielectrics in MCM-SiPs, polymer 
buildup-layers on PCBs, PBGAs, flex circuits, etc. (see Chap. 9), and they 
share some of the same solutions. Well-designed Lo-k underpad struc-
tures should have no negative effect on bonding parameters and in fact 
should be invisible to the bonding process.

10.3.1 Lo-k Flip Chip Damage
Although it is beyond the scope of this book to detail the problems or 
solutions for Lo-k devices interconnected with flip chips, it is useful to 
point out that FC connections in such devices also have packaging 
problems. They are different from those of wire bonded devices. Any 
wire bond damage occurs during the manufacturing process, result-
ing from dynamic bonding, stresses on the pads and under-layers. For 
FC, the manufacturing stresses of solder reflow are generally minimal 
or nonexistent. The problems occur later in service, especially in high-
performance devices that generate considerable heat and result in 
temperature cycle stresses. The problems typically occur on devices 
that are mounted on organic substrates (e.g., plastic BGAs, etc) and the 
choice of underfill properties becomes a critical compromise [10-11].

Figure 10-12 [10-12] is a pictorial example of temperature-cycle 
damage to flip chip devices mounted on organic substrates. Cracks 
and delaminations occur at the solder bump interfaces and in the Lo-k 
layers (better seen in the enclosed color CD). In some cases, special 
stress buffers have been proposed to minimize damage to both chip 
and plastic package structures [10-13], and these or other develop-
ments can be expected in the future.

10.4 Conclusions
The Cu/Lo-k interconnects represent a new technology. Instead of 
one metal for both bond pads and intraconnections (within the chip), 
and one dielectric (SiO2), there are now many possibilities to choose 
from. Each organization makes material choices optimized for their 
special needs and capabilities. Currently (2008), the preferred top 
pad surface for wire bonding is Al/barrier/Cu and the preferred 
Lo-k dielectric is an OSG as shown in Table 10-1 (or in some advanced 
cases-air gaps). New classes of dielectrics are continually being 
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investigated, so these may change. The underpad bonding-support 
structures are still evolving with each new design. The desire is that 
the chosen materials/structures will be invisible to the assembly/
packaging operation. However, work at some laboratories involves 
developing a compatible gold bond pad process (plated Au directly 
over Cu); thus, even the metallization may change. 

If one plans to wire bond to pads over “soft substrates,” be they 
multichipped-packages, SiPs or Cu/Lo-K devices, then one must 
design the entire system (dielectric/metallization/support structures) 
with bonding in mind; otherwise, the wire-bond and device yield 
and/or device reliability may be unacceptable and later redesigning 
will be costly. Wire bonding in microelectronics is entering a new 
area in which understanding the materials/metallurgical structures 
beneath the pad is at least as important as understanding and control-
ling the wire bonding process itself.
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CHAPTER 11
Wire Bonding 

Process Modeling 
and Simulation* 

In this chapter, a transient nonlinear dynamic finite element frame-
work is developed which integrates the wire bonding process and 
the silicon devices under the bond pad. Two major areas are 

addressed: one is the impact of assembly first wire bonding process 
and another one is the impact of device layout below the bond pad. 
Simulation includes the ultrasonic transient dynamic bonding process 
and the stress wave transferred to bond pad device and silicon in the 
first bond. The Pierce strain rate dependent model is introduced to 
model the impact stain hardening effect. Ultrasonic amplitude and fre-
quency are studied and discussed for the bonding process. In addition, 
different layouts of device metallization under the bond pad are ana-
lyzed and discussed to reduce the dynamic impact response of the 
bond pad over active design. Modeling discloses the stress and defor-
mation impacts to both wire bonding and pad below device with strain 
rate, different ultrasonic amplitudes and frequencies, different friction 
coefficients, as well as different bond pad thickness and device layout 
under pad. The residual stress, after cooling down to a lower tempera-
ture, is discussed for the impact of the substrate temperature.

Most of the figures in this chapter are easier to understand in 
color, especially the Von-Mises stress distributions. Therefore see the 
book color-CD for a clearer understanding/presentation. Several 
animations are included as well.

11.1 Introduction
Wire bonding is a critical process stage in the assembly process for 
the connection between the semiconductor chip and the external 
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world [11-1]. By this stage, most of the device’s costs have been 
absorbed, especially for the high density wire bonding and the bond 
pad over active (BPOA) design [11-2, 11-3]. To reduce the cost and 
obtain the optimized wire bonding solution, modeling of the wire 
bonding process has been used to help to determine the optimized 
wire bonding parameters and to help identify the potential failure 
mechanisms [11-4]. Currently, there are a number of modeling studies 
on the wire bonding process [11-5 to 11-10]. Dominiek et al. [11-7] and 
Vincent et al. [11-9] have considered Cu/Lo-k interconnects under 
the bonding pad; Liu et al. [11-11] studied the wire bonding loop for-
mation in the electronic packaging assembly process. Yeh et al. [11-12] 
made the transient simulation of wire pull test on Cu/Lo-k wafers.
However, most authors only consider pure mechanical bonding loads 
with static or quasi-dynamic methods to simulate the free air ball 
(FAB) under compressive bonding process. Few simulations include 
both the dynamic nonlinear wire bonding process and silicon device 
stresses in the same model due to difficulties in achieving conver-
gence. In reality, wire bonding is a complicated, multi-physics, tran-
sient dynamic process that is completed within a very short period of 
time. The dynamic impact to both the wire bond and devices on sili-
con is critical and significant. Therefore, previous modeling methods 
seem to be insufficient [11-10]. 

It is known that the common failure modes when making the 
wire binds are bond pad cratering, peeling, and cracking below the 
bond pad. There are five major factors that relate to the failure modes 
and affect the quality of bonding process and bond pad devices [11-10, 
11-13]: bonding force or deformation, ultrasonic amplitude and fre-
quency, friction and intermetallic compounds between FAB and bond 
pad, substrate temperature, and time duration. The challenges here 
are how to describe the ultrasonic dynamic effects? If we change the 
bond pad design, how does it affect the bonding process and 
stress distribution? When the system cools down to room tempera-
ture, how does the residual stress impact the bond pad device? In this 
chapter, the methodology of wire bonding modeling and simulation is 
presented and the finite element framework for both static and transient 
nonlinear dynamic wire bonding analysis are developed, which inte-
grates both wire bonding process and the interconnects/silicon under 
the bond pad. Dynamic simulation focuses on the ultrasonic transient 
dynamic bonding process and the stress wave transferred to the bond 
pad device and silicon. The bonder capillary is considered as a rigid 
body due to high hardness. This results in a rigid and elastic plastic 
contact pair between the capillary and the FAB, while the contact sur-
faces between the FAB and the bond pad are a nonlinear contact pair 
with consideration of the dynamic friction. The Pierce strain rate depen-
dent model is introduced to model the impact stain hardening effect.

Four topics of interest will be presented in this chapter: (1) wire 
bonding process with different parameters which includes ultrasonic 
amplitude, frequency, friction between the FAB and the bond pad, the 
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bond pad and the below device, residual stress after substrate cooling 
down; (2) comparison of the impacts between the wire bonding and 
the wafer probing for a bond pad over active device (BPOA); (3) wire 
bonding above a laminate substrate; and (4) impact of the wedge 
bonding versus the thermal-mechanical stress. 

11.2  Assumption, Material Properties,
and Method of Analysis

 Simulation may help us to understand the stress impact and to exam-
ine the relative effects of elements within the bond pad structure over 
the active device on the stresses developed during wire bonding. How-
ever, modeling cannot solve every part of the bonding process. To con-
duct an effective simulation, the following assumptions are made:

 1. Assume that the temperature of the FAB is the same as sub-
strate (in reality, there is some difference due to the transient 
temperature cooling from FAB forming and moving to con-
tact bond pad). 

 2. Assume that the FAB is rate dependent elastic plastic material 
during the bonding process. Bond pad and rest metal layers are 
elastic plastic material. All the other materials are linear elastic.

 3. The contact intermetallic effect and diffusion in the bond for-
mation due to ultrasonic energy will not be considered in this 
chapter. It will require further work to determine an equivalent 
way to model the intermetallic impact, such as the equivalent 
material parameters over certain local ranges and the coeffi-
cient of friction between FAB and bond pad.

 4. Assume the capillary is a rigid body due to a much higher 
Young’s modulus and hardness. The inertia force from capil-
lary transferred to FAB is not considered here.

 5. The heat and temperature induced by the friction between 
FAB and bond pad is not included.

When ultrasonic energy is applied to the FAB by capillary, it causes 
a reduction in yield strength and increases the mobility and density 
of dislocations after some dwell time [11-13]. The strain rate is in the 
“slip by dislocation shifting region,” as the deformation occurs, the 
material strain hardens. When the hardening material transmits 
energy to the ball-pad interface, slip planes shift at the interface, 
opening up new metal surfaces. Contact diffusion bonding (with 
intermetallic effects at certain temperature rises by dynamic friction), 
enhanced by ultrasonics, occurs at the newly exposed metal surfaces; 
as the frequency increases, after some point (e.g., 120 kHz or above), 
the FAB material may not be significantly softened at the beginning, 
while the strain rate is in the “simultaneous several lattice slip region,” 
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the material behaves as a hard material transmitting energy to the 
ball-pad interface [11-14, 11-15]. Ikeda et al. indicated [11-1]: a gold 
ball is impacted by a capillary at the loading speed of 0.98 N/s, which 
may result in the strain rate of the gold ball more than 1000 1/s locally. 
Based on the Hopkinson impact bar tests by Ikeda, the yield stress of 
FAB with strain rate hardening may be approximated by

σ σ εs
plH= + ′0

& (11.1)

where σ0 = 0.0327GPa, H’ = 0.00057 GPa ⋅ s
Equation (11.1) can be further expressed as the rate dependent 

Peirce model

σ ε
γ

σs

pl
m

= +








1 0

&
 (11.2)

where m = 1 and γ = 561.4 (1/s) 
The material parameters are listed in Table 11-1, FAB, bond pad, 

and metal layers are nonlinear (bi-linear) materials, all of the rest of 
the materials are considered to be linear elastic.

A general finite element code, ANSYS®, is used in the modeling. A 
nonlinear large deformation and transient dynamics implicit algorithm 
with the above rate dependent Peirce model is selected. Since the bonder 
capillary is considered as a rigid body due to high hardness, this leads 
to the rigid and elastic plastic contact pair between capillary and FAB. 
While the contact surfaces between FAB and bond pad are a nonlinear 
contact pair with consideration of the dynamic friction. 

11.3  Wire Bonding Process with Different
Parameters [11-10]

A conceptual 2D model is shown in Fig. 11-1, which is a cut from a 
typical die with three layer metallization and three dielectric (ILD) 

Material
Modulus
(GPa)

CTE
(ppm/C)

Poisson
Ratio

Yield Stress 
(GPa)

Silicon 169.5 3.2 0.23

ILD 70.0 4 0.25

TiW 117.0 10.2 0.25

Al(Cu) 70.0 10 0.35 0.2 (25°C)
0.05 (45°C)

Au(FAB) 60.0 14 0.44 0.0327 (200°C)

W (plugs) 409.6 4.5 0.28

TABLE 11-1 Materials Parameters
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layers above the silicon. The typical diameter of a FAB is 70 µm, the 
bond pad length is 90 µm. The bottom of silicon is fixed and two sides 
are constrained in horizontal direction. Figure 11-2 gives the meshes 
of FAB and bond pad system. The capillary moves down a certain 
height (bonding height) to press the FAB with a high speed and different 
frequency. The ultrasonic horizontal motion cycle of the capillary 

(a) Bond pad structure (b) Bonding system

FIGURE 11-1 Conceptual bond pad system.

FIGURE 11-2 Meshes of FAB and bond pad model.
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with a typical amplitude of 1 µm and a typical frequency of 100 kHz 
is showed in Fig. 11-3.

Figure 11-4 shows the typical bonding force versus time. Two 
phases are defined in Fig. 11-4, phase one includes the contact impact 
with strain hardening and after about 100 to 150 ultrasonic cycles 

100 kHz
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FIGURE 11-3 Ultrasonic cycle movement versus time (US) with a amplitude of 1 µm
and 100 kHz.
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later, it becomes softened (similar to Ref. [11-16]); and goes into the 
second phase with a lower constant bonding force.

11.3.1 Impact of Ultrasonic Amplitude
The results of impact of ultrasonic amplitude are showed in Figs. 11-5 
to 11-10. These results are obtained under a fixed ultrasonic frequency 
138 kHz.

Figure 11-5 shows that the stress in bonding processing moves as 
the capillary moves and symmetric case only appears when the capil-
lary moves to the center area. Figure 11-6 shows that the von-Mises 
stress at amplitude of 1.0 µm is about 37% greater than that at 0.25 µm
amplitude.

Figure 11-7 shows that the maximum principal stress in pad 
below device increases as the ultrasonic amplitude increases. How-
ever, the maximum von-Mises stress and shear stresses decrease at 
the beginning, after amplitude is larger than 0.5 µm, their values 
increase. Figure 11-8 gives similar situation in stresses transferred to 
silicon. Figure 11-9 discloses that as the amplitude increases, crater-
ing deformation in horizontal direction increases, while the cratering 
deformation in vertical direction reduces. Strains in both direction 
increase as the amplitude value increases. Figure 11-10 shows all the 
stresses in bond pad (metal 3) increase as the ultrasonic amplitude 
increases. The above results show that the ultrasonic amplitude has 
significant impact to the stress and cratering deformation during wire 
bonding process.

0.2 µs 1.8 µs 12.7 µs

16.3 µs 19.9 µs 21.75 µs

FIGURE 11-5 Von-Mises stress distribution at different time.
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Max: 327.5 MPa (37% greater) Max: 206 MPa

Max: 0.5168 (40% greater)

Von-Mises stress

Effective strain

Max: 0.31

(a) Amplitude 1.0 µm (b) Amplitude 0.25 µm

FIGURE 11-6 Contact layers between pad and ball with ultrasonic amplitude 1.0 µm 
versus 0.25 µm.
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FIGURE 11-7 Stresses in pad below device versus ultrasonic amplitude.
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11.3.2 Impact of Ultrasonic Frequency
The results under different ultrasonic frequency and a fixed ampli-
tude of 1 µm are listed in Figs. 11-11 to 11-15. Figure 11-11 gives the 
comparison of von-Mises stress and strain under 60 kHz and 138 kHz 
frequencies. The von-Mises stress increases about 7.5% with 138 kHz, 
and effective strain increases about 8.5%.

Figure 11-12 shows the maximum principal stress in pad below 
device increases as the ultrasonic frequency increases. However, the 
maximum von-Mises stress and shear stress decrease at the begin-
ning, when the frequency is larger than 100 kHz, their value increases. 
This may explain the effects of frequency, at the beginning, FAB 
becomes softened at lower frequency, and after 100 kHz the strain 
hardening properties due to rate dependence become dominant and 
make the stresses increase. However, the changes are not so significant.
Figure 11-13 shows that all the stresses transferred to silicon have 
similar properties, that is, at the beginning the decrease after the fre-
quency is larger than 100 kHz, their values increase. Figure 11-14 
shows there is no significant difference in bond pad cratering strain 
and deformation as the frequency goes up, though vertical cratering 
deformation has the same properties. Figure 11-15 shows stresses in 
bond pad increase as the ultrasonic frequency increase. In overall, 
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FIGURE 11-10 Bond pad stresses versus ultrasonic amplitude.
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Max: 327.5 MPa (37% greater) Max: 303 MPa

Max: 0.5168 (8.6% greater)

Von-Mises stress

Effective strain

  Max: 0.467 

(a) 138 kHz (b) 60 kHz

FIGURE 11-11 Contact ball and pad layers with 138 kHz and 60 kHz.
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FIGURE 11-12 Stresses of pad below device under different frequencies.
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FIGURE 11-13 Stresses transferred to silicon under different frequencies.
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impact of ultrasonic frequency is not as significant as the impact of 
ultrasonic amplitude. Perhaps when in our modeling assumptions, 
the inertia force from capillary is not considered, that could induce an 
error. 

11.3.3  Impact of Friction Coefficients
between Bond Pad and FAB

Bonding friction is a complicated multiple physics process at inter-
face between ball and pad, bonding occurs when the ample energy is 
available to overcome the active energy of barrier and surface 
oxidation; and the relative motion at the interface of ball and pad is 
zero. Based on the assumption, the heat induced by friction and 
thereby induced intermetallic diffusion problem are not considered. 
The results are listed in Figs. 11-16 to 11-20 with different friction 
coefficients. 

Figure 11-16 shows the von-Mises stress comparison at different 
phase with a higher friction and a lower friction. The results have 
disclosed that at final phase, although the stress in a higher friction 
case is about 1.18 times greater than the lower friction case, radius of 
ball/pad bonding is about 10% greater than that of lower friction. 
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FIGURE 11-15 Bond pad stresses versus frequency.
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Figures 11-17 to 11-19 show that pad deformation is very nonuni-
form in horizontal (radial) direction. Higher friction makes larger 
ball/pad contact area and codeformed bonding. However, this may 
result in higher stress and greater cratering. If the stress and deforma-
tion induced in wire bonding process are within the failure criterion, 
it would be better to increase the friction coefficient. 

Lower friction

65.06 MPa 119.04 MPa 178.67 MPa

77.94 MPa 132.91 MPa 212.53 MPa
(radius 10% greater)

Higher friction

FIGURE 11-16 Von-Mises stress comparison of higher (friction coeffi cient is 1.5) 
and lower friction (friction coeffi cient is 0.2).

Ball and pad codeformation

FIGURE 11-17 Codeformed ball/pad with friction. (Courtesy from KNS: C-SAM 
Picture)
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Figures 11-20 and 11-21 give the profiles of bond pad stresses and 
deformation versus the friction coefficients. As the friction coefficient 
increases, the stress and deformation increases. After some point (1.5), 
stress and deformation do not change significantly. This is under-
standable, because as the friction coefficient becomes big enough, the 
ball and pad become stuck together and initial relative movement is 
not possible.

Optimation of wire bonding assembly process is one way to 
reduce the cratering and crack failure of a BPOA design. Another way is 
to test different bond pad structures above the device, and determining

FIGURE 11-18 Deformed ball/pad during bonding process (maximum stress 
appeared at the contact edge interface). (Courtesy from KNS: C-SAM Picture)

FIGURE 11-19 Pad cratering and 2D section modeling results. (Courtesy from KNS: 
C-SAM Picture)
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how much stress is transferred to the silicon. This section discusses 
the impact of different bond pad thickness and pad structure.

11.3.4 Impact of Different Bond Pad Thickness
Increasing bond pad thickness is an easy and low cost way to reduce 
cratering. The simulation results for different bond pad thicknesses 
are listed in Figs. 11-22 to 11-25.

Figure 11-22 gives the maximum principal stresses comparison 
for die under three different bond pad thicknesses. Figure 11-23 gives 
the profiles’ comparison of stresses transferred to silicon interface. 
Both have shown that as the bond pad thickness increases, the stresses 
transferred to silicon see no significant reduction. However, the plastic 
effective strain and plastic strain density in bond pad reduces rapidly 
(see Figs. 11-24 and 11-25). It is this property of bond pad that reduces 
the cratering during wire bonding.

11.3.5 Impact of Different Bond Pad Structures
Here we discuss two different layouts below bond pad, one layout 
adds a thin TiW layer under the bond pad (Fig. 11-26) and another 
layout is to make a higher uniform density of plugs in the three ILD 
layers (Fig. 11-27).

Table 11-2 gives the von-Mises stress comparison of two structures 
with and without the TiW thin layer. These data show that adding TiW 
thin layer could reduce the stress transferred to silicon a small amount. 
However, this induces greater stress in ILD and metal layers. 

Table 11-3 and Fig. 11-28 show the von-Mises stress comparison 
with and without higher density plugs in ILD. The results show that 
with a uniform high density of plugs, it reduces the stress transferred 
to silicon. However, the stress in ILD layers increases.

From the above it can be seen that there is a trade-off in changing 
the bond pad structure. One needs to do reliability testing to make 
sure the new device can withstand the wire bonding process.

11.3.6  Modeling Results and Discussion for Cooling 
Substrate Temperature after Wire Bonding

The residual stress after wire bonding is an interesting topic, which 
relates to the substrate temperature and bond pad peeling failure
[11-17, 11-18]. Reference [11-17] studied the optimization of thermo-
sonic ball bonding process with different substrate temperatures. 
Here, an ultrasonic wire bonding with amplitude 0.25 µm and frequency 
138 kHz, its substrate temperature is 240°C. After wire bonding, the 
system cools down to 50°C. The simulation of a fully transient 
dynamic wire bonding modeling at substrate temperature 240°C is 
done first, then remove the capillary and cool down to 50°C. The 
results show that most of the stresses in the ball decrease when the 



Bond pad: 1.2 µm

Max tensile: 299 MPa

Bond pad: 2.4 µm

Max tensile: 255 MPa

Bond pad: 5.0 µm

Max tensile: 265 MPa

FIGURE 11-22 Maximum principal stresses in die versus bond pad thickness at the 
fi rst step of cycle 6 (capillary toward left).
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FIGURE 11-24 Bond pad plastic strain energy density at the end of cycle 6.
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FIGURE 11-25 Bond pad maximum plastic strain versus pad thickness.

FIGURE 11-26 A TiW layer (0.3 µm) is added under bond pad.
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temperature cools down to 50°C. Figure 11-29 gives an example of 
shear stress distribution before and after the cooling. However, the 
stresses below the ball increases, the maximum von-Mises stress 
appears at the interface between plug and ILD (see Fig. 11-30).

Figure 11-31 gives the shear stress distribution at the contact 
interface between ball and pad, the position value stands for the shear 
stress toward the counterclockwise direction, it reduces after cooling 
to 50°C, however, the shear stress along the clockwise direction 
increases significantly. Figure 11-32 gives the comparison of stresses 
transferred to the interface between ILD and silicon, after cooling 
down, the stresses increase due to CTE mismatch. However, since the 
capillary is removed, stress jumping at the ball and pad contact edge 
relaxes.

FIGURE 11-27 A higher density plugs in ILD layers.

Quasi-Dynamics With TiW No TiW

Maximum stress in ILD 281 MPa 276 MPa

Stress transferred to silicon 268 MPa 272 MPa

Maximum stress in metal layers 180 MPa 171 MPa

TABLE 11-2 Von-Mises Stress Comparison for Layout First w/o TiW
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Quasi-Dynamics
With Higher Density 
Uniform Plugs Current Design

Maximum stress in ILD 294 MPa 276 MPa

Stress transferred to silicon 260 MPa 272 MPa

Maximum stress in metal 
layers

173 MPa 171 MPa

TABLE 11-3 Von-Mises Stress Comparison for Layout Two

With uniform plugs

Max: 294 MPa Max: 276 MPa

Without uniform plugs

FIGURE 11-28 Von-Mises stress comparison with and without higher density
uniform plugs.

240°C

Max: 117 MPa Max: 40 MPa

50°C

FIGURE 11-29 Shear stress after ball cools to 50°C.
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240°C

Max: 242 MPa Max: 452 MPa
(at plug interface)

(b) After cooling(a) Before cooling

50°C

FIGURE 11-30 Maximum stress appear at the plugs interface after cooling to 50°C.

240°C

Max: 67.6 MPa
Min: –25.8 MPa

Max: 27.8 MPa
Min: –105.3 MPa

50°C

FIGURE 11-31 Shear stress comparison at the ball and pad interface layers.
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11.3.7 Summary
Wire bonding is a complicated multi-physics problem; this section 
develops the simulation framework and tries to target both the assem-
bly wire bonding process and bond pad structure with a fully tran-
sient nonlinear dynamic FEM. A summary of the work follows:

 1. For the wire bonding assembly process, increasing the ultra-
sonic amplitude will certainly increase the wire bonding 
stress, the stress transferred to silicon as well as the cratering 
in radial direction. Increasing the ultrasonic frequency seems 
to have an optimum point, the stress decreases at the begin-
ning, and increases again after some point. However, the 
increment seems less significant than the impact of ampli-
tude; this may be partly due to our not considering the iner-
tia force of the capillary during the wire bonding process. 
Increasing the friction coefficient between the FAB and bond 
pad will increase the wire bonding stress and stress trans-
ferred to silicon, however, higher friction contact will result 
in better codeformed bonding. 

 2. For the bond pad and structure below, increasing the bond-
pad thickness can reduce the bondpad plastic energy density 
and strain, this helps to reduce the cratering failure, but the 
stresses seem not significantly reduced. Changing the bond 
pad structure, such as adding a thin TiW layer under the 
bond pad and introducing higher density plugs in ILD can 
reduce the stress transferred to silicon, however, this will 
induce higher stress in ILD. There is an optimum trade-off in 
the design for the BPOA structure.
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FIGURE 11-32 Stress transferred to the interface between ILD and silicon.
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 3. The impact of substrate temperature is remarkable during 
cooling process. The stresses in ball are reduced by cooling 
down to 50°C, and stresses below the ball increase due to 
CTE mismatch. The maximum stress appeared at the plug 
interface between plug and ILD. However, stress jumping at 
the position of contact edge of ball and pad relaxes. This 
shows after the cooling process, the stresses becomes more 
uniform as compared to before cooling. 

11.4  Comparison of the Impacts between Wire Bonding 
and Wafer Probing for a Bond Pad Over Active (BPOA) 
Device [11-19, 11-20]

The region below the bond pad may be utilized for active devices to 
minimize the die area and the die cost. Modeling is an approach to 
understand the stress impact to both wire bonding process and BPOA, 
and may further help us to improve the bonding process and BPOA 
design for avoiding die failure such as crack/debonding. What degree 
of wafer probe induced failure is equivalent to wire bonding process 
failure with the same bond pad structure? Wire bonding or wafer 
probe, which make things worse? This section provides the modeling 
comparison of probe test versus wire bonding for bond pad structure. 
Therefore, this section will address to compare the impacts of wire 
bonding and wafer probing for a BPOA structure.

11.4.1 Probe Test Model 
The probe test structures are shown in Figs. 11-33 and 11-34. Because 
the geometry size of the probe beam is much larger than the probe 
tip, in order to conduct an effective simulation and analysis, the fol-
lowing assumptions are made:

d

L2′
L2 = L2′ + L3′

L = L1 + L2

h

L3′

dt

L1

P, OT

FIGURE 11-33 Probe test structure.
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 1. The probe beam follows Euler Beam theory, therefore the 
relationship of probe over travel (OT) distance and probe tip 
force (P) could be analytically obtained
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  for a particular probe test pin used in this study, the relation-
ship between OT and probe tip force is listed in Table 11.4 in 
terms of Eq. (11.3).

 2. Based on assumption 1, the FEA model may be set up for a 
local probe tip and BPOA structure (see Fig. 11-34), which 
includes a contact pair for probe tip and bond pad. 

Figure 11-35 gives the wire bonding model that is used for the 
comparison of the damage degree of probe test and wire bonding. 
The material parameters are listed in Table 11-5, FAB, bond pad and 
metal layers are nonlinear (bilinear) materials, all of the rest of the 
materials including probe pin are considered to be linear elastic.

Probe tip

OT/P

v

(a) A typical probe tip [11–19] (b) A probe tip model

FIGURE 11-34 Probe test model: probe tip contact with bond pad.
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11.4.2 Probe Test Modeling 
During the probe over travel, electrical contact is made as the probe 
breaks through the thin surface oxide of the pad. Since the contact 
area of probe tip is very small, it can induce some local bending defor-
mation and tensile stress in the bond pad layers, both metals and 
dielectric of the BPOA structure. Normal dielectrics like TEOS have very
strong compressive strengths, but are weak with regard to the tensile 
strength. One of the key BPOA failure criteria is to examine the dielec-
tric failure in reliability screening. Therefore, the dielectric layer fail-
ure criterion is used to judge the modeling and test results.

The modeling results for probe test are shown in Table 11-6 and 
Fig. 11-35.

OT(mil)
Probe 
Force P (g)

Probe Tip 
Force P (mN)

Probe Tip Pressure 
p (GPa)

2 4.31 42.2 0.0833

4 8.62 84.4 0.167

6 12.93 126.7 0.25

8 17.2 168.9 0.333

10 21.55 211.1 0.417

Note: Probe size: L = 4.874 mm, L1 = 2.169 mm, L2 = 2.705 mm, d = 0.254 mm,
dt = 0.0254 mm (probe tip diameter), BCF = 2.15 g/mil

TABLE 11-4 OT versus Contact Force

A

A

A-A

FIGURE 11-35 Failure comparison of modeling and test with OT = 6 mils, the max. 
fi rst principle stress is 102.3 MPa.
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Table 11-6 gives the probing test modeling results of first principal 
stress in ILD with different metal and ILD thickness in BPOA struc-
tures. From Table 11.6 we may see that due to the maximum tensile 
yield strength of ILD is 76 MPa, so all the yellow area data beyond 
this yield strength will induce the crack (see the color CD). The simu-
lation results match the experimental results [11-20]. Figure 11-10 
has shown the failure comparison, it may be seen that during the 
probe touch down, the local bend, and tensile stress (first principal 
stress) is induced. When the local tensile stress exceeds the ILD ten-
sile yield strength, the crack appears. That is the root cause of ILD 
failure in probing.

Material
Poisson
Ratio

Modulus
(GPa)

Yield Stress 
(GPa)

Silicon 0.23 169.5

ILD 0.25 70.0

TiW 0.25 117.0

Al(Cu) 0.35 70.0 0.2 (25°C)
0.05 (450°C)

Au(FAB) 0.44 60.0 0.0327 (200°C)

W 0.28 409.6

75W/Re25
(probe )

0.3 430.3

TABLE 11-5 Materials Parameters

      Met3 Thks

ILD3 Thks  2.16(–10%) µm 2.4 µm 3.0 (+20%) µm

2.7
(−10%) µm

4 mil
51 MPa

6 mil
103.2 MPa

6 mil
91.8 MPa

3 µm 4 mil 
52 MPa

6 mil
102.3 MPa

6 mil
91.7 MPa

3.6 (+20%) µm 6 mil
105 MPa

6 mil
101 MPa

8 mil
129.3 MPa

TABLE 11-6 Modeling Results for First Principle Stress in ILD, The Maximum 
Tensile Strength for ILD is 76 MPa20 OT = 6 mil, and The Maximum First Principle 
Stress is 102.3 MPa
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11.4.3 Probe Test versus Wire Bonding Modeling
This section provides the modeling comparison of probe test versus 
wire bonding for bond pad structure. Figure 11-36 shows the results 
of a wire bonding process modeling with a frequency 138 kHz and a 
probing test modeling. 

The first principal stress S1 in wire bonding with different ILD 
and metal thickness are shown in Table 11-7.

Compared the probe test modeling results in Table 11-6 with wire 
bonding results in Table 11-7, we may see that the ILD first principal 
stress in probe test is not sensitive to ILD3 thickness, while wire bond-
ing is sensitive to both ILD3 and metal 3 thickness. The wire bonding 
trial 3 in Table 11-7 is equivalent to a probe test case with 2.7 µm thick 
third ILD, 2.4 µm thick metal 3 under OT 6 mil in Table 11-3. For a 
normal ILD and metal layers of BPOA structure in wire bonding, its 
ILD first principal stress is 89 MPa (see Fig. 11-37), that is equivalent 
to the same BPOA structure under OT 5.47 mil in probe test based on 
interpolation in Table 11-6. However, normal probe test only uses OT 
no more than 3 mil, therefore the damage to ILD layer from normal 
wire bonding is greater than probe test.

(a) Probing test (b) Wire bonding

FIGURE 11-36 Modeling for wire bonding and probing test.

Trial
ILD3 Thickness 
(µm)

MET3 Thickness 
(µm) S1 MPa   

1 3 2.4 89

2 3 3 71

3 2.4 2.4 100

4 2.4 3.0 76

TABLE 11-7 Wire Bonding Modeling Results
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11.4.4 Summary

 1. The probe test modeling has shown that the probe test OT, 
probe type, and probe scrub of probe tip on surface of bond 
pad are important parameters for the damage contribution. 
Modeling results have revealed that local bending or tensile 
first principal stress in ILD, once it exceeds the ILD tensile 
yield strength, will induce the ILD crack. This might be the 
root cause of ILD failure.

 2. By comparison of the probe test and the wire bonding model-
ing with the same BPOA structure, it has shown that for a 
normal BPOA structure in wire bonding and a normal probe 
test, the damage of ILD from wire bonding is greater than 
probe test.

11.5 Wire Bonding above a Laminate Substrate [11-8]
Wire bonding on a laminate substrate is an interesting topic. Because 
of the laminate substrate which absorbs large amount of wire bond-
ing energy, to generate a wire bond is a challenge, especially for a 
laminate substrate with partial support. The goals of this section are 
to investigate the stress and deformation mechanism of the bonding 
process on a laminate substrate and to understand the impact of dif-
ferent wire bonding parameters to the stress balance and deformation 
of a bond pad with partial support at the bottom of laminate. The 
simulation will consider both the ultrasonic transient dynamic bond-
ing process and the stress wave transferred to the interface between 
bond structure and laminate substrate. Different laminate material 
parameters are studied to understand their impact on the bond pad 

FIGURE 11-37 First principal stress of ILD in wire bonding.
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structure. Different ultrasonic parameters such as bonding force and 
frequency are studied and discussed for the effects of the bonding 
process on laminate substrate structures with partial supports. Exper-
imental test work includes a DOE study with different parameters of 
ultrasonic power and bonding force. Ball shear strength is used for 
the DOE test response. The trend comparison and discussion of mod-
eling and experimental results are presented.

11.5.1 Problem Definition and Material Properties 
The basic bond pad structure with laminate substrate, shown in
Fig. 11-38, is created using Cu, Ni, and Au layers plated onto the 
laminate material. The wire bonding area is located near the via, 
which is also very close to the edge of the die. Furthermore, due 
to the substrate design the bottom is only partially supported. This 
increases the difficulty of wire bonding to generate a good bond. 
The FAB is considered as a rate dependent elastic plastic material 
during bonding process. The bond pad and other metal layers are 
treated as elastic plastic material. All the other materials are con-
sidered to be linear elastic. The related material properties are 
listed in Table 11-8.

Figure 11-39 illustrates the capillary on a FAB before compres-
sion. Figure 11-40 shows the local (with half via) deformed meshes of 
FAB and bond pad system in the wire bonding process in which the 
yellow area is space/air, light blue area is laminate and dark blue 
area is the copper (see the color CD).

This surface is the support
during wirebonding

Area with full
vertical
support during
bondingArea with no vertical support

during wirebonding

Substrate

Mold compound

Cu/Ni/Au Bondfinger

Exterior package
terminal

FIGURE 11-38 Wire bond structure—a laminate substrate with partial support at 
the bottom.



Material Modulus (GPa) Poisson Ratio
Yield Stress 
(GPa)

Laminate 20.5 0.39

Ni 205 0.3

Cu 110 0.3

Al(Cu) 70.0 0.35 0.2 (25°C)
0.05 (450°C)

Au(FAB) 60.0 0.44 0.0327 (200°C)

TABLE 11-8 Materials Parameters

FIGURE 11-39 Ultrasonic capillary on a FAB above a laminate substrate.

FIGURE 11-40 Meshes of a deformed FAB and bond pad model with patial 
supported laminate substrate.

396
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11.5.2 Modeling Results and Discussion 

Impact of Wire Bonding Force on the Wire
Bonding above Laminate Substrate 
The results of impact of wire bonding force are shown in Figs. 11-41 
to 11-45. These results are obtained under a fixed ultrasonic frequency 
128 kHz.

Figure 11-41 shows the whole von-Mises stress field of wire bond-
ing (650 mN bonding force) with partial support under laminate. It 
shows there is some imbalance at both left and right sides of the bond 
pad structure. Higher stress is also seen at the interface between lami-
nate and the copper material. Figure 11-42 shows the stresses (von-Mises,
shear, principal stress, and vertical stress) vary along the interface of 
bond pad and ball. The maximum von-Mises stress at left side is 16% 
greater than the right side. Figure 11-43 provides the von-Mises stress 
and shear stress distribution on the contact layer of ball and bond pad. 
Figure 11-44 indicates the friction stress distribution on the ball and bond 
pad surface. Forty five percent of stress imbalance is found between left 
and right sides. Figure 11-45 illustrates the bond tilt profile. Due to the 
imbalance of stresses, it is very likely to induce the partially unbonded 
area seen on the right-hand side (see Fig. 11-42). 

In order to examine the stress balance and the bond pad tilt dur-
ing wire bonding process, different wire bonding forces are applied 
to the model. 

Figure 11-45 graphs the wire bonding force applied against the 
resultant bond pad tilt. As the wire bonding force increases, the bond 
pad tilt increases. Figure 11-46a gives the bonding cross-section 

FIGURE 11-41 Von-Mises stress distribution under wire bonding force 650 mN.
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picture under wire bonding force of 200 mN. It shows at lower wire 
bonding force case, there is an unbonded area. Figure 11-46b gives the 
stress imbalance on bond pad varies with wire bonding force. In the 
ideal case the imbalance is 0%, then the two sides of the bond pad get 
the same stress level. From Fig. 11-46, it can be seen that for von-
Mises stress as the wire bonding force increases, its imbalance is 
reduced. However, if the wire bond force is too big, the wire bonding 
will be overloaded which will reduce bonding quality. As we have 

Von-Mises stress Shear stress

FIGURE 11-42 Von-Mises stress and shear stress at the interface layers under 
partial left support.

FIGURE 11-43 Friction stress distribution. Left side is about 45% greater 
than right side.
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seen from the Fig. 11-46 the left side has been overstressed, resulting 
in the stress balance becoming negative when the wire bonding force 
exceeds 1000 mN. Therefore, if we control the wire bonding force so 
that it cannot overstress the bond pad, we can reduce the stress bal-
ance as much as possible.

Impact of Ultrasonic Frequency on Wire Bonding
above the Laminate Substrate 
The results under different ultrasonic frequency and a fixed wire 
bonding force 650 mN are shown in Figs.11-47 and 11-48. Figure 11-47 
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FIGURE 11-44 Bond pad tilt during wire bonding under partial left side support.
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FIGURE 11-45 Bond pad deformation versus wire bonding force.
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gives the bond pad tilt under different ultrasonic frequency. It looks 
like the impact of ultrasonic frequency is not significant.

Figure 11-48 compares the stress imbalance of friction and von-
Mises stress at the contact surface of FAB and bond pad. It can be 
seen from this figure that the von-Mises stress imbalance becomes 
smaller at lower frequency and bigger at higher frequency. While 
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FIGURE 11-46 (a) Unbonded area (on right side) under bonding force 200 mN. 
(b) Stress imbalance (Stress_left-Stress_right)/Stress_left on bond pad vs. wire 
bonding force.
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FIGURE 11-47 Bond pad tilt versus different ultrasonic frequencies.
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the friction stress imbalance has slightly increased at higher fre-
quency. This may be because at the higher frequency the horizontal 
acceleration of capillary is greater, which induces a greater inertia 
force on a tilted bond pad.

Impact of the Modulus of Laminate to the Bond Pad Tilt
The laminate material is considered to be an orthotropic elastic mate-
rial. The out-of-plane modulus is very important to the bondpad tilt. 
Figure 11-49 shows that as the out-of-plane modulus of the laminate 
increases, the bond pad tilt decreases. This indicates that higher out-
of-plane modulus of laminate is helpful to optimize the wire bonding 
on laminate substrate. 

11.5.3 Experimental Result
The DOE test run legs for wire bonding above laminate substrate are 
listed in Table 11-9 with different wire bonding force and power. 
There are three power settings for each bonding force. The test results 
are shown in Figs. 11-50 and 11-51.

Figure 11-50 has shown that the capillary print mark on bond pad 
with two different wire bonding forces. It clearly shows that with 
smaller wire bonding force 25 g, the print mark on bond pad is less 
than half circle due to imbalance force. However, when the wire 
bonding force is increased to 85 g, the capillary print mark seems to 
be a full circle. This agrees with our modeling results regarding the 
stress imbalance ratio versus wire bonding force (see Fig.11-46). 
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FIGURE 11-49 Bondpad tilt versus out-of-plane modulus of laminate.
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Figure 11-51 shows that at a power of 120 W, as the wire bonding 
force increases, the bonding ball shear strength increases significantly. 
However, for the higher power cases, when the bonding force 
increases, the ball shear strength decreases slightly. The results are 
consistent with our modeling results, at the frequency 128 kHz, as 
the wire bonding force increases, the stress imbalance becomes 
smaller. This induces better bonding strength. On the other hand, 

Test  Run Leg Bonding Power (mW) Bonding Force (g)

1 120 25

2 160 25

3 200 25

4 120 50

5 160 50

6 200 50

7 120 75

8 160 75

9 200 75

10 120 100

11 160 100

12 200 100

TABLE 11-9 Test DOE (Fixed Frequency—128kHz)

(a) Less half capillary mark
 with 25 gf

(b) Full circle capillary mark
 with 85 gf

FIGURE 11-50 Bonding capillary images at 25 and 85 gf showing imbalance 
compensation effect.
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the modeling has shown the trends that as the frequency increases, 
the friction stress imbalance increases slightly.

11.5.4 Summary
This section studies the wire bonding process above laminate sub-
strate with partial support by both FEA and experimental DOE. Sum-
mary of the work are as follows:

 1. For the wire bonding above laminate with partial support, 
increasing the wire bonding force will increase the bond pad 
tilt, but it will reduce the stress imbalance and get better ball 
shear response. However, too high a wire bonding force will 
induce overstress on the bonding interface which will 
decrease the ball shear performance

 2. With higher ultrasonic frequency, the stress imbalance will 
increase slightly. However, the ultrasonic frequency does not 
impact the bond pad tilt. There is a trade-off between ultra-
sonic power and wire bonding force.

 3. For laminate material under bond pad with partial support, the 
greater the out-of-plane modulus, the smaller the bond pad tilt. 
So selecting the higher out-of-plane modulus laminate material 
is a good way to generate better BSOB bonding.

The methodologies of the above models may be used for optimi-
zation, relative comparison, analysis of different process parameters, 
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FIGURE 11-51 DOE of wire bonding test for a laminate substrate.
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or selection of different BPOA layouts. However, since wire bonding is 
such a complicated process, there are a lot of challenges which need to 
be further investigated. Major further work includes the optimization 
of the capillary shape and the reliability/failure analysis by combined 
test with the modeling. Investigation of the intermetallic compounds 
between the FAB and the bond pad, and the development of an effec-
tive modeling methodology which includes the material dynamic con-
stitutive relation of the FAB and bond pad would be a key research 
work of wire bonding modeling. Failure modes and the material test 
criteria will also be a major work to be conducted in the future. 
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Glossary

Following are definitions of less familiar bonding, metallurgical, and 
packaging terms and abbreviations. In some cases, terms have been 
defined in context. If so they will not be redefined here, but refer-
enced to the appropriate chapter. The definitions are not intended to 
be rigorous, but rather to give an introductory explanation for those 
who are new to wire bonding. There are several Web glossaries avail-
able, and the interested reader can try them for more help (such Web 
material may change).

Autoclave A temperature-humidity stress test used for assessing the relia-
bility of plastic packages. Usually defined as 121°C, 15 PSI, and 100 % RH 
(similar to HAST, below; the same comments apply).

Ball Bond A wire bond usually made with gold or copper wire, in which 
the wire extending below the capillary is sparked (and melted) by an EFO 
to form a ball. The ball is then pressed against a heated bond pad, ultrasonic 
energy is applied, and a TS weld is made. (See Chaps. 1 and 2.)

Ball Bumping This consists of bonding a gold ball to a chip pad, breaking 
off the wire above the ball (sometimes coining to flatten), and using the 
resulting bump in place of a plated bump for TAB bonding. The wire 
typically contains ~1 % Pd to shorten the HAZ breakoff. The technique is 
also used for flip-chip bumps (often without coining). Sometimes two or 
three bumps are stacked to give stress relief. A variation, bonding the 
wire back onto the ball, is called Stud Bumping. The machine setup 
parameters and reliability of such bumps are generally equivalent to 
those of a normal ball bond. Recently “chopped” bonds in which the 
capillary is moved and cuts off the wire, leaving a bonded bump. Each 
bonder manufacturer uses its own name for the procedure. See Chap. 9, 
its appendix, and also the color CD for an animation of the process.

BGA Ball grid array is a package that has I/O connections made with 
solder bumps (similar to flip chips but larger). The bumps are placed 
along the bot tom side of the substrate or package. The chip(s) is/are 
usually attached on the top of the substrate using either wire bonding or 
C4 interconnections.
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Bonding Tool It is used for wedge bonding. Sometimes it is called a 
bonding “wedge” or a bonding “tip.” If used for ball bonding, it is 
generally called a bonding “capillary.”

Bonding Window (also called process windows) This is a plot of at least two 
bonding parameters to show the safe or preferred (optimal) operating 
parameters for the chosen bonder or bonding pad (materials). Examples 
are in Chap. 6B and Fig. 8-4. The larger/wider the window, the more 
tolerant the system is to making good bonds over a range of bond-
parameter variations.

Breaking load (BL) The strength of a wire and its actual force (usually 
given in grams, grams-force, mN, etc.) required to break a particular wire 
in a tensile pull. It is not tensile strength, which by definition is the force 
per unit area.

Build-up Layers Polymer layer (usually epoxy) thin films without 
reinforcing fiber, on top of normal PC boards. Thin film metallization is 
applied and fine vias are made by laser drilling, yielding high performance 
boards. Several such layers are usually stacked and interconnected.

C4 See flip chip; has solder-bump interconnections. Could be ball bumped.

Capillary A bonding tool used for ball bonding. Its name is derived from 
the hole through the length of its tapered cylinder.

CERDIP Ceramic dual-in-line package, usually a glass-sealed ceramic 
pack age based on a lead frame construction.

Chemical-mechanical polishing (CMP) More related to wafer preparation 
and Cu/Lo-k than wire bonding. See Chap. 10.

Chemical Symbols (Too numerous to define here; see a chemical handbook.) 
The most commonly used symbols in this book are: Al2O3 = aluminum 
oxide, Ag = silver, Au = gold, Cu = copper, GaAs = gallium arsenide, Fe =
iron, Ni = nickel, Pb = lead, Pd = palladium, Pt = platinum, Si = silicon, 
Sn = tin, Ti = titanium, W = tungsten, and WC = tungsten carbide.

Chip on board (COB) A bare chip attached to a PCB. Usually, it is wire 
bonded or C4 interconnected, but could be connected with TAB or any 
other method.

Chip on flex (COF) Similar to COB, except the substrate is a flex circuit 
(usually made of PI).

Chip on glass (COG) Similar to COB, except that the substrate is glass. An 
example might be placing chips on the reverse side of a flat-panel 
display.

Couple Used as a metallurgical couple, two metals (usually different) 
that have been joined together by some welding method.

Crescent Bond The final (not the ball) bond made with a capillary 
bonding tool. Also called a stitch bond, but strictly speaking that is an 
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inter mediary bond, when more than one are made to different pads or 
positions. Sometimes it is called a wedge bond.

CSP Chip sized package or chip scale package. A package that is only a lit tle 
larger than the chip itself, usually defined as being no more than 20 % larger 
than the perimeter of the chip. The concept is new and rapidly chang ing (1996). 
There are many variations of the designs, and most are proposed rather than 
in high production. The chip is protected by a thin layer of plas tic. The I/O 
interconnections may be solder bumps (C4) or conventional leads.

CTE Coefficient of thermal expansion.

Cu/Lo-k Complex technology of using copper conductors and low 
dielectric-constant insulators, described in Chap. 10.

CVD Chemical vapor deposition, a gaseous method of depositing films 
(metal or insulator) to a substrate.

DCA Usually refers to some form of face-down flip-chip attachment, 
whereas COB usually refers to face-up at tachment to board or substrate 
by wire bonding or TAB.

Design of Experiment (DOC) Usually done in a software package. 
Optimizes the variables for machine set up for wire bonding. Described 
in an appendix by Levene in Chap. 8.

Direct chip attach (DCA) Refers to attaching a bare chip directly to a 
board or substrate. Related to COB, SIP, etc.

Dopant Also called doping agent. An impurity element added to a 
crystal, semiconductor lattice in low concentrations (usually <10−3 ppm) 
in order to alter the optical/electrical/mechanical properties of a 
material. In electronic packaging, it also is used to indicate small 
quantities of impurities put in bonding wire, plastics, solders, or other 
materials. In such cases, it is usually added at <1 % level, typically by 
weight.

Electronic flame-off (EFO) This supplies the spark that melts the wire, 
thus forming the ball that is used in a ball-bonding process. Polarity of 
the wire when making ball bonds positive or negative. (Negative does 
not sputter the gold and thus results in longer tool life and also in more 
uniform balls for high yield and fine pitch.)

Eutectic An alloy of two or more metals that has a sharp melting point 
(e.g., for tin-lead solder this is 63 % Sn and 37 % Pb, MP = 183°C), and also 
the lowest melting point of alloys containing those metals.

Fatigue A metallurgical process in which the metal weakens after 
repeated applications of stress. See Chaps. 3 and 8.

Flip Chip Also called C4. A face-down chip mounting technique. The Al 
chip I/O pads are protected with a diffusion barrier, then coated with 
solder or other conductors. Electrical contact to the package is made by 
soldering the inverted chip pads to equivalently placed pads on the 
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package. Variations in clude ball-bond bumping, conductive polymer 
bumping, etc.

Fracture Toughness See Sec. 8.5 (App. 8A).

Hardness Measurements In microelectronics one measures, with a 
Microhardness tester, the hardness of bonding wire, balls, and other 
relatively thick objects. As the test material thickness decreases to ~1 µm,
the measurement accuracy can be affected by hard substrate properties. 
For that, Nano-, Ultramicro-, and Tribo-indenters (different company names for 
similar instruments) are used to measure thin films, such as bond pads and 
even thinner films. These latter testers apply a low load, to achieve 
shallow penetration. The load versus penetration depth-curve is recorded 
during penetration using a three-sided diamond pyramid indenter into 
the material at very low loads. The test results come solely from analysis 
of force/displacement data. They can also obtain the elastic modulus and 
other properties (which microhardness testers do not). These instruments 
are expensive and mostly used in research laboratories in universities 
and corporations. The joke is that each nanohardness tester is accompanied 
by a PhD.

HAZ The heat affected zone above a ball bond. Discussed in Chap. 3.

HF High Frequency (Not hydrofluoric acid!). Used to indicate that the 
ultrasonic bonding (power supply) frequency is higher than the 
traditional 60 kHz. Frequencies that have been used range from 80 kHz 
to about 300 kHz.

Highly accelerated stress test (HAST) Often referred to as a pressure-
cooker test. It is intended to reveal reliability failures in plastic packages 
very quickly. The usual conditions are 130°C, 85 % RH, at 18 psig (EIA- 
JEDEC-JC-13). The problem with such highly accelerated tests is that they 
may hydrolyze the plas tics and create failure modes that would not 
otherwise exist. Nevertheless, they are often required.

Input/output (I/O) Usually refers to the electrical connections to a chip, 
pack age, or module. In this book, the term usually refers to the number 
of bond pads.

ITRS The International Technology Roadmap for Semiconductors. It is 
sponsored by the five leading chip manufacturing regions in the world: 
Europe, Japan, Korea, Taiwan, and the United States. Provides a roadmap 
(assessment) of the needs and challenges facing the semiconductor 
industry over 15 years.

Known good die (KGD) A pretested (often burned-in) die that can be put 
in a multichip module (SIP, SOP) with confidence that it will not fail. 
Thus, no rework is re quired.

Kovar Iron, nickel, and cobalt alloy with low expansion that matches the 
CTE of some glasses. It was extensively used for packages in the past, but 
only occasionally today, primarily in hybrid packages.
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Miscible When two liquids mix completely. In metallurgy it would 
result in a single phase.

Multichip module (MCM) Any package containing several chips 
(currently, preferred terminology is SIP, SOP, etc.). It may also contain 
chip capacitors and other passive components. If the dielectric is ce-
ramic, then it is -C; if deposited film dielectrics (e.g., polyimide), it is -D; 
if laminate (e.g., PCB material), it is -L. Bonding conditions to MCMs 
are de scribed in Chap. 9.

Nondestructive Pull Test (NDPT) A wire bond is tested at a preselected 
(nondestructive) force that is below the normal force that causes failure 
(described in Chap. 4).

Nugget A term applied to the remaining welded part of a wedge bond, 
usually after a pull test that removed the free wire.

Overbonding This is a generic term applied to bonding machine parameter 
setups in which one or more of the bonding parameters (force, time, 
ultrasonic power, and/or temperature) are significantly greater than is 
required to produce a normal bond. Usually, this results in the bond being 
overdeformed (flattened) and sometimes damaging the pad underlayers 
(cratering).

Pad Usually referred to as the bond pad. It is a small area of a bondable 
metal onto which the wire is bonded (one of the weldments).

Peeling Tweezer pulls for “quality” and troubleshooting of wedge 
bonds and crescent (tail) bonds of ball bonds. Peel testing of tail bonds.

PGA Pin grid array (package). A package that usually has many I/Os in 
the form of extending pins. It may be made of ceramic or plastic (usually 
laminate).

PGW Parallel gap welding, sometimes called split electrode welding. An 
electrical discharge welding method that can be used for wires ~75 µm or 
greater (described in Chap. 2).

PIP Package in a package, see Chap. 9.

Polyimide (PI) An insulating polymer with a high Tg that is used in MCMs.

Polytetrafluoroethylene (PTFE) Called Teflon and other trade names.

POP Package on a package, see Chap. 9.

Popcorn Effect A complex interaction between moisture absorbed in a 
plastic molding compound, the die-attach polymer, the lead frame, and 
temperature during surface-mount soldering. When the plastic cracks or 
separates from the chip or lead frame, a popping sound is heard, as when 
cooking popcorn. The de vice is destroyed.

Printed circuit board (PCB) A laminated polymer, usually epoxy, 
reinforced with woven fibers of glass or other fiber materials. It has 
copper-based con ductors on the surface and usually inside as well.
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QFP Quad flat pack.

SOP System on a package, see ITRS SIP White paper (from Web site in 
Bibliography).

SPC Statistical process control.

Stud Bump A generic term applied to a ball bump bonded to a bond pad. 
It includes variations of making ball bonds, with the wire neck bonded-
off, cut-off, or pulled-off, leaving a bonded ball which may be used for 
flip chip or other applications. See Chap. 9, appendix.

System in a package (SIP) May resemble a traditional thick film Hybrid 
but often made with an organic substrate.

Tg The glass-transition temperature of a plastic. It is the point or region 
where a plastic (usually thermosetting) begins to rapidly soften. Wire 
bonding be comes difficult above Tg; see Chap. 10. An example is FR-4 
PCBs, which usually soften in the 110 to 130°C range, see Chap. 9.

Tape automated bonding (TAB) A non-wire bonding process discussed in 
Chap. 2.

TCE Thermal coefficient of expansion, sometimes rearranged and called 
CTE.

TS An abbreviation for Thermosonic Bonding. Ultrasonic bonding in 
which the bond pad/chip/package is heated ~100 to 200°C to help form 
a better, faster bond.

TSOP Thin, small outline package. A small plastic-encapsulated-chip 
pack age, but larger than a CSP.

Tweezer Welding An older electrical discharge welding method used for 
bonding large-diameter Al wires, usually 400 µm or larger, to extended 
posts in power device packages. This method is described in Chap. 2.

US Used as abbreviation for “ultrasonic” and “ultrasonic energy” in 
context. (Not to be confused with other common abbreviations using that 
symbol.)

Wedge Bond A bond made by a bonding tool or capillary directly pressing 
against a round or ribbon wire (not a ball). (See Chaps. 1 and 2.)

Weldment One of the materials being welded; for example, the wire or 
the bond pad.

WH Work holder, sometimes called work stage or bonding stage. It 
holds the device or package during wire bonding. It contains a means of 
rigidly clamp ing the device, and, if used for thermosonic bonding, it will 
be heated, usually to 150°C or higher. It is usually placed on an automated 
or manual movable stage. If used for high volume production, it may be 
a part of an automatic feed system.
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AA
acceleration, 273–279, 274f, 276f–277f
activation energy, 9
Ag. See silver
aging, shelf-life, 53–58, 55f–58f
Al. See aluminum
Al-Al system, 164–167, 165f, 167t
alloys, 61–63, 66, 205–206
aluminum (Al), 154–156, 158–160, 

160–163, 161t, 162f, 164–167, 165f,
167t. See also gold-aluminum 
intermetallics
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conductor burnout and, 69–70, 70f
copper v., 350–351, 351f
cratering and, 260–266, 260f
elastic modulus and Poisson’s ratio 

for, 202f
electroless plating for, 204t
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in halogen-aluminum corrosion 

reactions, 174–176
hardness, 260t
interface strength and, 109, 109f
metallurgy, 54, 55f, 56–57, 58f,

61–62
in nongold-aluminum interfaces, 

154–167, 157f–158f, 161t, 162f,
165f, 167t

recontamination of, 240f
S-N curve for, 64f–66f
softened, 324
temperature cycling and, 279–282, 

280f–282f
thermal stress test for, 116, 117t
in ultrasonic bonding, 243f, 270–272, 

271f–272f
wafer storage, 299

aluminum (Al) (Cont.)
for wedge bonding, 28–29, 61–62, 

86–87, 87f, 112–115, 113f,
143f–144f, 270–272, 271f–272f

wire, 13, 54, 55f, 332
annealing, 57–58, 57f–58f, 91
Ar plasma, 232, 234
area array, 118, 314, 314f
ASTM standards, 53–54, 61, 73–74
Au. See gold
autoball bonders, 2, 34
autobonder

autoball, 2, 34
autowedge, 2
capabilities of, 87
parameters, 103t
transducer, 14–15, 15f

autowedge bonder, 2

BB
ball bonding. See also ball-bond shear test

ceramic, 19–20, 20f
contaminants in, 227
copper, 67–68, 73–76, 74t, 75–76, 257f
degradation, 150
ENIG and, 209
fine-pitch, 104–106, 105f, 108, 112, 

307–308, 307f, 309t
gold, 13–14, 59–60, 61t, 86–87, 87f,

103t, 143f, 209, 211f, 213, 
216–218, 218f, 241f

gold-aluminum intermetallics, 
170–174, 171f, 172t, 174f

machine operations, 2–6, 4f–5f
with palladium, 160
on single wire, testing of, 116
stacked, 99–100, 100f
TC, 34, 37t
temperature cycling and, 281
TS, 13–14, 24, 25f, 36, 37t, 267
unusual uses of, 10, 11f
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ball bump, 43, 342–345, 343f–345f
ball grid array (BGA), 319, 322, 

339–340
ball-bond shear test

apparatus, 93–95, 94f
applications, 109–112, 110f
bonded area and, 101–106, 102f,

103t, 105f
cratering revealed in, 251f
failure and, 107, 108f, 119f
future issues in, 117–118
gold-aluminum intermetallics in, 

107
interferences in, 97–101, 98f–100f
introduction to, 80, 92–93
manual shear probe in, 95–97, 96f
nickel plating and, 216f
problems, 311, 313
pull test v., 109, 109f
schematic drawing of, 94f
standardization, 115–116, 115f
for wedge bonds, 112–115, 113f

ball-shear force, 101–106, 102f,
103t, 105f

beeswax contamination, 231
BGA. See ball grid array
bond failure. See also cratering; 

impurity-accelerated failures
analysis, 107, 108f, 190
ball-shear test and, 107, 108f, 119f
destructive bond pull test and, 

85–86, 117t
gold-aluminum intermetallics and, 

131–132, 137, 137t, 139–144, 
140f–145f, 148–154, 149f–150f,
152t, 168–169, 168f

from gold-plating impurities, 
184–198, 185f, 187f–188f,
191f–194f, 195t, 197t

major factors in, 366
nonhalogen epoxy outgassing 

induced, 153
plastic encapsulation, 283
resistance drift and, 189

bond pad, 23f, 219t, 258, 318f, 360f
aluminum, 156–157, 157f, 295–297, 

296f–297f
coatings, 356–357, 357t, 358f
contamination, 225–227, 226t,

255–256
copper, 156–157, 157f, 356–357, 357t,

358f
cratering, 251f, 255f, 373f, 376f, 379f
cupping, 317–319, 317f–318f, 325, 362
fine-pitch, 302–303, 303f
friction coefficients and, 377–381, 

378f–380f
hardness, 258–259, 296
metallization, 295–297, 296f–297f

bond pad (Cont.)
model, 368–389, 368t, 369f–380f,

382f–389f, 385t–386t
recessed, 97
sinking changes, 320, 320f–321f, 322
structures, 381, 384f–386f, 386t
thickness, 258, 381, 382f–385f
tilt, 399f, 401f–402f
ultrasonic frequency and, 375f–377f
underpad support, 360, 360f

bond pad over active (BPOA) design, 
219t, 365, 367, 379, 388–394, 
389f–391f, 391t–393t, 394f

bond process window, 208–220, 
210f–212f, 214f–218f, 219t, 289

bond pull force, 82, 83f, 113f
elongation influencing, 88–92, 

89f–90f, 92f
metallurgy and bonding processes 

influencing, 86–88, 87f–88f
bond window, 208–220, 210f–212f,

214f–218f, 219t, 289
bondability

coatings, 356–357, 357t, 358f
metallization hardness and, 61–62
problems, 8–10, 8t

bonded area, 101–106, 102f, 103t, 105f
bonder setup, DOE for, 284–289, 

286f–288f
bonding. See wire bonding
bonding machine. See also autobonder

ball, 2–6, 4f–5f
characteristics, 254–256, 255f
for high-yield bonding, 299–300
looping with, 336–338, 337f
setup parameters, 103t, 109–112, 110f,

254–256, 255f
wedge, 2–6, 3f, 5f, 326

bottleneck capillary, 20, 307–308, 307f,
310

BPOA design. See bond pad over 
active design

breaking load, 54, 55f–56f, 58f, 61
brown metal, 156
buildup layers, 319, 321–322, 321f
bulk diffusion, 191
bumpless TAB, 44
burnishing, 240–241, 241f
burnout. See conductor burnout

CC
C4. See flip chip
capillary

bottleneck, 20, 307–308, 307f, 310
forming and shape, 341–342, 341f
imbalance compensation effect, 403f
tool, 4f–5f, 15f, 19–20, 20f, 307, 307f,

310, 340f
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centrifuge testing, 273–275, 274f
ceramic ball bonding capillaries, 

19–20, 20f
chemical-vapor-deposition (CVD), 

350, 353
chip interconnection

flip chip, 42–43, 45, 46t
high temperature requirements, 

330–333, 331f, 333f
TAB, 44–45, 44f
tweezer welding and, 41

chip scale package (CSP), 339–340
chip-on-board (COB) devices, 300, 319
chips, stacked, 306–307, 306f
chip-to-package substrate technology 

requirements, 312t
chlorine, 162–163, 176
chromium (Cr), 194
circuit damage, plasma cleaning 

causing, 244–245
cleaning. See also plasma cleaning

burnishing, 240–241, 241f
evaluation of, 237–238
introduction to, 225–229, 226t, 229f
metallization and, 297–299, 298f
molecular, 237–239, 240f
of shear tool, 101
solvent, 237–238
ultrasonic, 275–278, 276f–277f
UV-ozone, 229–232, 230f–231f, 234, 

237–239, 240f
CMP, 351, 352f
COB devices. See chip-on-board 

devices
compound bonds, 99–100, 100f
conductor burnout, 68–73, 70f, 72f
conductor metal structures, skin-effect 

in, 327–329, 328f, 329t
contact diffusion, 367
contamination

beeswax, 231
bond pad, 225–227, 226t, 255–256
corrosion caused by, 226t
interface, 29
organic, 227t, 228
plating, 227t
recontamination, 229, 229f, 239, 240f
sensitivity to, 242–244, 243f
sources, 227, 227t
surface, 230f, 242–244, 243f

Controlled Collapse Chip Connection. 
See flip chip

copper (Cu), 154–158, 158f, 176
aluminum v., 350–351, 351f
for ball bonding, 67–68, 73–76, 74t,

75–76, 257f
bond pads, 156–157, 157f, 356–357, 

357t, 358f
direct bonding, 221–222

copper (Cu) (Cont.)
elastic modulus and Poisson’s ratio 

for, 202f
electroless plating for, 204t
film chemistries for tarnish films on, 

176
grain-boundary diffusion, 192f
hardness, 75, 260t
in high-yield bonding, 299
impurities, 193–194, 194f
in integrated circuit fabrication, 

200–201, 299
nickel plating and, 206–208, 207f,

221–222
softened, 324
in sulfur-copper-chlorine corrosion 

reactions, 176
wire, 67–68, 73

corrosion
bond-related reactions, 174–176, 176t
chlorine and, 162–163, 176
contaminants causing, 226t
ease of, 10

Cr. See chromium
cracks, in heels of ultrasonic wedge 

bonds, 270–272, 271f–272f
cratering, 23, 75, 119f

aluminum and, 260–266, 260f
ball-bond shear test revealing, 251f
bond pad, 251f, 255f, 373f, 376f, 379f
bonding force and, 256–257, 

256f–257f
causes of, 250t, 258–260, 260t
gallium arsenide, 266–269, 267t, 268f
intermetallic effects on, 260–263, 

261f–262f
introduction to, 249–254, 250t,

251f–252f, 253t, 254f
marginal, 253t
as mechanical problem, 249–270
over polysilicon, 266
silicon and, 254f–255f, 255, 263–265, 

264f, 265t
solutions to, 269–270, 270t
TC bonding and, 253
tool wire-pad impact force and, 258

crescent bonds, 83–85, 84f. See also
wedge bonding

critical space applications, 125–126
CSP. See chip scale package
Cu. See copper
Cu/Lo-k devices

coatings in, 356–357, 357t, 358f
future of, 362–363
introduction to, 349–350
Lo-k dielectric and, 351, 351f–354f,

353–356, 355t, 356f
Lo-k flip chip damage and, 362
machine considerations, 361, 361t



418 I n d e x

Cu/Lo-k devices (Cont.)
technology, 350–353, 351f–353f
wire bonding to integrated circuits 

with, 358–362, 359f–360f, 361t
cupping, 317–319, 317f–318f, 325, 362
CVD. See chemical-vapor-deposition

DD
damascene, 351, 352f, 356f
debris zones, 190
deformation welds

ultrasonic, 24, 27
wire elongation and, 88–92, 89f–90f,

92f
design of experiment (DOE)

for bonder setup, 284–289, 286f–288f
methods, 111, 117
software, 285
test, 402, 402t, 404f

destructive bond pull test
ball-bond shear test v., 109, 109f
elongation in, 88–92, 89f–90f, 92f
failure and, 85–86, 117t
fine-pitch bonding problems and, 313
future issues in, 117–118
introduction to, 79–80
metallurgy and, 86–88, 87f–88f
nickel plating and, 216f
peeling and, 83–85, 84f
variables of, 80–83, 81f, 83f
for wedge bond on single wire, 116

diffusion
bulk, 191
coefficient, 137–138
contact, 367
grain-boundary, 191, 191f–192f
inhibitors and barriers, 146–147
thin gold, 234

DOE. See design of experiment
dopants, 59
dual-damascene structure, 351, 356f
dynamic simulation. See wire bonding 

process modeling and simulation

EE
effect, 285–286, 286f
EFO. See electronic flame-off spark 

polarity
EIA/JESD22-B116, 80, 115, 115f
80 kHz, 18–19, 19f, 34, 35f
electroless autocatalytic gold, 197
electroless Ni immersion Au (ENIG), 

207f, 208–209, 211–212, 215, 216f,
220, 221f

electroless plating, 197, 202–208, 203f,
204t, 207f

electronic flame-off spark (EFO) 
polarity, 63

electronics packaging
nickel plating in, 197–198, 200
polymers, 323t

electroplating, 211
elongation, 27, 27f, 62, 88–92, 89f–90f,

92f
ENIG. See electroless Ni immersion Au
epoxies, 148–150, 149f–150f, 153, 321
Escargot loops, 305f
etching, 252, 252f
experiments to improve yield, 289
extreme temperature, 330–335, 331f,

333f, 334t

FF
Fab. See free air ball
failure. See bond failure
fatigue, metallurgical, 63–67, 64f–66f,

123
FC. See flip chip
films, 98–99

chemistries for tarnish films, 176
gold, 196, 197t, 231, 231f, 297
hardness, 297
plated, hydrogen gas entrapments 

in, 188–189
reliable, 196, 197t
surface roughness of, 241
thin-film dielectric substrates and, 

316–319, 317f–318f
fine-pitch bonding

area array bonding, 314, 314f
ball, 104–106, 105f, 108, 112, 307–308, 

307f, 309t
bond pad, 302–303, 303f
conclusions of, 315
introduction to, 293–294
probe-mark damage and, 302–303, 

303f
problems, 310–314, 311f–312f, 312t,

314f
reliability, 310–314, 311f–312f, 312t,

314f
requirements for, 295–299, 295t,

296f–298f
testing, 310–314, 311f–312f, 312t, 314f
tools for, 307, 307f, 310, 310f
wedge, 307–308, 310

fine-wire bonding technology, 38–42, 
38f, 40f–41f

flex substrates, 316–318, 325
flip chip (FC), 42–43, 45, 46t, 362, 363f
flip test, 107–108
fracture toughness, 284
free air ball (Fab), 103t, 366–371, 369f,

377–381, 378f–380f, 396f
friction coefficients, 377–381, 378f–380f
friction rewelding, 96f, 98, 98f
fusing. See conductor burnout
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GG
GaAs. See gallium arsenide
gage R&R, 289
gallium arsenide (GaAs), 266–269, 

267t, 268f
gas entrapments, hydrogen, 188–189
geometric variables, for pull test, 

81, 81f
glass-fiber-filled printed circuit board, 

320f
gold (Au), 74t, 157–160, 158f, 161t,

164–167, 165f, 167t
aging of, 54, 56f
ASTM standards for, 73
autobonding machine parameters 

for, 103t
for ball bonding, 13–14, 59–60, 61t,

86–87, 87f, 103t, 143f, 209, 211f,
213, 216–218, 218f, 241f

ball-shear force and, 101–102, 102f
conductor burnout and, 69–72, 70f, 72f
cost of, 183, 201
EFO polarity and, 63
electroless autocatalytic, 197
elongation, 88–92, 89f–90f, 92f
fatigue, 65–66, 66f
film, 196, 197t, 231, 231f, 297
friction rewelding and, 96f, 98, 98f
grain structure of, 59, 60f
grain-boundary diffusion, 192f
hardness, 260t
interface strength and, 109, 109f
in metallurgy, 54, 56f, 58–60, 60f,

61t, 63
in molybdenum-gold metallization, 

112
in Ni/Pd/Au, 200–201, 212–216, 

212f, 214f–216f, 221
problems associated with, 60, 61t
in shock and vibration tests, 278
softened, 324
in TC bonding, 243f
tensile forces and, 274f, 275
thermal stress test for, 116, 117t
in thin gold diffusion, 234
in TS bonding, 13–14, 243f
ultrasonic cleaning and, 276, 

276f–277f
wire, 54, 56f, 59, 60f

gold plating
baths, 186, 190–195, 191f–194f
current density, 194f
impurities, bond failure from, 

184–198, 185f, 187f–188f,
191f–194f, 195t, 197t

introduction to, 184–185, 185f
nickel plating and, 200–201, 206–219, 

207f, 210f–212f, 214f–218f, 219t,
221

gold plating (Cont.)
palladium and, 205–206, 212–220, 

212f, 214f–218f, 219t
specifications, 195–196, 195t, 197t

gold-aluminum intermetallics
ball bonds, 170–174, 171f, 172t, 174f
in ball-bond shear test, 107
bond failures and, 131–132, 137, 

137t, 139–144, 140f–145f,
148–154, 149f–150f, 152t,
168–169, 168f

cratering effects of, 260–262, 260f
crystal lattice in, 135, 136t
diffusion inhibitors, barriers and, 

146–147
formation of, 131–139, 133f–134f,

136t–137t, 138f
impurities and, 184–185, 185f
initial, 145
interfaces, reversing, 144–146, 

145t–146t
introduction to, 131–132
layer thickness of, 134f
temperature cycling and, 281–282
thermal degradation in, 170–174, 

171f, 172t, 174f
volume transformations in, 138–139, 

172t
grain structure, 59, 60f
grain-boundary diffusion, 191, 

191f–192f
green mold compound problems, 

153–154
Griffith crack, 124

HH
H2O, 151
halogen-aluminum corrosion 

reactions, 174–176
halogens

impurity-accelerated failures and, 
148–151, 149f–150f, 152t, 153

sources of, 227t
hardness, 61–63, 75, 258–260, 260t,

296–297
HAZ. See heat affected zone
heat affected zone (HAZ), 59, 336, 

338–339, 342–343
heel cracks, 270–272, 271f–272f
HF. See high frequency ultrasonic 

bonding
high clock rates, 327
high frequency (HF) ultrasonic 

bonding, 30–32
high loops, 281
high temperature environment (HTE), 

330–332, 333f, 334–335, 334t
high temperature interconnection 

requirements, 330–333, 331f, 333f
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high-elongation wire, 62
high-performance system (HPS), 325
high-speed autobonders, 59
high-yield bonding

conclusions of, 315
copper in, 299
introduction to, 293–295
machine, 299–300
metallization cleanliness and, 

297–299, 298f
package related issues, 301–302
problems and solutions, 302–303, 

303f
reliability for small numbers and, 

300–301
requirements for, 295–299, 295t,

296f–298f
TC, 193
TS, 193
ultrasonic, 193, 304
wire sweep influencing, 304

HPS. See high-performance system
HTE. See high temperature 

environment
human contaminant sources, 227, 227t
hybrid microcircuit geometry, 191f
hydrogen, 234
hydrogen gas entrapments, in plated 

films, 188–189

II
IC. See integrated circuit
ILD, 368, 368t, 381, 383f, 385, 385f,

385t–386t, 388–389, 388f, 392–394, 
392t–393t, 394f

immersion gold. See electroless Ni 
immersion Au

impurities, 59
analysis of, 184–185
chromium, 194
copper, 193–194, 194f
gold-aluminum intermetallics and, 

184–185, 185f
hydrogen gas entrapments, 188–189
ionic, 218
lead, 186–188, 187f–188f
nickel, 192–194, 193f–194f
thallium, 186–188, 187f
tin, 195
titanium, 194–195
unintentional, in plating baths, 

190–195, 191f–194f
impurity-accelerated failures

gold plating and, 184–198, 185f,
187f–188f, 191f–194f, 195t, 197t

green mold compound problems 
and, 153–154

halogens and, 148–151, 149f–150f,
152t, 153

impurity-accelerated failures (Cont.)
nonhalogen epoxy outgassing 

induced bond failures and, 153
recommendations for removing, 

151, 153
independent variables, 287f
inductance, 327
inelastic stress range, 122t
in-process bond monitoring, 32–33
insulated bonding wire, 68
integrated circuit (IC), 13

fabrication, 200–201, 299
wire bonding to, with Cu/Lo-k, 

358–362, 359f–360f, 361t
interaction, 285–286, 286f
interdiffusion, 9–10
interfaces

contaminants in, 29
gold-aluminum intermetallics, 

144–146, 145t–146t
high-temperature storage of, 358f
nongold-aluminum, 154–167, 

157f–158f, 161t, 162f, 165f, 167t
strength of, 109, 109f

intermetallic compounds, 9, 103t
cratering and, 260–263, 261f–262f
growths, 108f, 155
nongold-aluminum interfaces, 

154–167, 157f–158f, 161t, 162f,
165f, 167t

ionic impurities, 218
ITRS, 45, 311

KK
Kirkendall voids, 139–140, 141f, 142, 

147

LL
lamellar structure, 148, 149f
laminate substrates, 319–321, 

319f–320f, 394–405, 395f–404f,
396t, 403t

large-diameter wires, 34–36, 35f, 40, 57, 
76, 88, 282–283, 331–332, 331f

laser holographic interferometer, 20
laser vibrometer, 20, 21f, 29
launch vehicles pyro-shocks, 275–278, 

276f–277f
LCL. See lower control limit
lead (Pb), 158–160, 161t, 186–188, 

187f–188f
lift-off patterns, 22–23, 22f
loading effects, 17
Lo-k. See Cu/Lo-k devices
Lo-k dielectric, 351, 351f–354f, 353–356, 

355t, 356f
Lo-k flip chip damage, 362, 363f
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looping
ball bumping, 43, 342–345, 343f–345f
BGA, 319, 322, 339–340
capillary forming and shape in, 

341–342, 341f
CSP, 339–340
defects, 342f
Escargot, 305f
formation of, 270, 338
height reduction, 340f
high, 281
introduction to, 305, 335–336
long low, 338f
machine motions and trajectories, 

336–338, 337f
methods, 2
prebending, cold work during, 

338–339
specialized, 305–307, 305f–306f
stacked chips and, 306–307, 306f
stacked die, 339f, 340–341
standard, 337, 337f
stud bumping, 43, 342–345, 

343f–345f
ultralow, 341f
worked, 281

lower control limit (LCL), 289
low-temperature environment (LTE), 

331–335, 333f, 334t
LTE. See low-temperature environment

MM
manual shear probe, 95–97, 96f
manufacturing and service conditions, 

effects of, 173–174, 174f
marginal cratering, 253t
MCM, 72–73, 298, 329t
mechanical problems. See also cratering

cracks in heels of ultrasonic wedge 
bonds, 270–272, 271f–272f

effect of acceleration, vibrations, and 
shock on open-cavity packages, 
273–279, 274f, 276f–277f

fracture toughness and, 284
power and temperature cycling, 

279–283, 279f–282f
mechanical testing, 311–314
metal fatigue, 63–67, 64f–66f
metallization

adhesion, 98–99, 99f
bond pad, 295–297, 296f–297f
cleanliness, 297–299, 298f
hardness, 61–63
molybdenum-gold, 112
package, 299

metallurgy
aluminum, 54, 55f, 56–57, 58f, 61–62
ASTM standards in, 53–54, 61, 73–74

metallurgy (Cont.)
conductor burnout and, 68–73, 

70f, 72f
copper wire for ball bonding and, 

67–68
destructive bond pull test and, 

86–88, 87f–88f
EFO polarity and, 63
gold, 54, 56f, 58–60, 60f, 61t, 63
introduction to, 51–52
metallization hardness and, 62–63
metallurgical fatigue in, 63–67, 

64f–66f, 123
NDPT and, 121–124, 122t–123t
shelf-life aging in, 53–58, 55f–58f
stress-strain characteristics of, 52–53, 

53f
MIL STD 883G/H, 79–82, 85, 88, 

115–116, 117t, 118, 121, 125, 275
military-driven production, 79
MIL-PRF-38534F, 116, 117t
minimum shear values, 104, 115f
mixed units, 104
modeling. See wire bonding process 

modeling and simulation
modulus

elastic, 202f
of laminate, 402, 402f
Young’s, 328f, 345, 345f

molecular cleaning, 237–239, 240f
molybdenum-gold metallization, 112
monometallic bonding systems, 

164–167, 165f, 167t
multi-chip packages, 340–341

NN
NDPT. See nondestructive bond pull 

test
negative EFO, 63
Ni. See nickel
nickel (Ni), 163–164

elastic modulus and Poisson’s ratio 
for, 202f

grain-boundary diffusion, 192f
impurities, 192–194, 193f–194f
in Ni/Pd/Au, 200–201, 212–216, 

212f, 214f–216f, 221
palladium alloys with, 205–206
recontamination of, 240f
softened, 324–325
superior mechanical properties of, 

201, 202f
nickel plating

background of, 200–201
bond window, reliability and, 208–220, 

210f–212f, 214f–218f, 219t
copper and, 206–208, 207f, 221–222
electroless processes, 202–208, 203f,

204t, 207f
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nickel plating (Cont.)
in electronics packaging, 197–198, 

200
ENIG and, 207f, 208–209, 211–212, 215, 

216f, 220, 221f
gold plating and, 200–201, 206–219, 

207f, 210f–212f, 214f–218f, 219t,
221

palladium and, 200–201, 205–206, 
212–220, 212f, 214f–218f, 219t,
221

plasma cleaning and, 220–221, 221f
process, 203–205
wire bond testing and, 214f, 216f

Ni/Pd/Au, 200–201, 212–216, 212f,
214f–216f, 221

nondestructive bond pull test (NDPT)
for critical space applications, 

125–126
defects induced by, 123–124
force recommendations relation, 

123t
interpretation of, 121–123, 122t–123t
introduction to, 120–121, 120f
limitations of, 124–125
metallurgy and, 121–124, 122t–123t
for wedge bonding, 120, 120f

nongold plating, 197–198
nongold-aluminum interfaces, 

154–167, 157f–158f, 161t, 162f,
165f, 167t

nonhalogen epoxy outgassing induced 
bond failures, 153

normality, confirmed, 85–86

OO
open-cavity packages

acceleration, vibrations, and shock 
influencing, 273–279, 274f,
276f–277f

centrifuge stress testing and, 
273–275, 274f

plastic encapsulation failures and, 
283

ultrasonic cleaning and launch 
vehicles pyro-shocks 
influencing, 275–278, 276f–277f

organic contaminants, 227t, 228
organo-silicate glass (OSG), 350, 354
OSG. See organo-silicate glass
OT. See probe over travel
outgassed products, 148–149, 150f, 153
outliers, 126
overbonding, 249–250
oxidation, 75
oxygen plasma, 232, 233f, 235, 298f
ozone, in UV-ozone cleaning, 229–232, 

230f–231f, 234

PP
package metallization, 299
palladium (Pd), 147, 158–160, 161t, 167

ball bonding with, 160
gold plating and, 205–206, 212–220, 

212f, 214f–218f, 219t
grain-boundary diffusion, 192f
low thermal conductivity of, 332
nickel alloys with, 205–206
nickel plating and, 200–201, 205–206, 

212–220, 212f, 214f–218f, 219t, 221
in Ni/Pd/Au, 200–201, 212–216, 

212f, 214f–216f, 221
oxide and, 190–191

parallel gap electrode welding (PGW), 
39–40, 41f

Pb. See lead
PCB, maximum allowable current for, 

72–73
PCBs, 319–321
Pd. See palladium
peeling, 83–85, 84f
PGW. See parallel gap electrode 

welding
Pierce strain rate dependent model, 

366, 368
plasma

Ar, 232, 234
oxygen, 232, 233f, 235, 298f
power, 220

plasma cleaning, 153
circuit damage caused by, 244–245
evaluation of, 237–238
introduction to, 232–234, 233f
mechanism, 235–237, 236t
metallization cleanliness and, 298, 

298f
nickel plating and, 220–221, 221f
problems with, 238–239

plastic encapsulation, 57, 59, 68–69, 
71, 283

plated films, hydrogen gas 
entrapments in, 188–189

plating. See also gold plating; 
impurities; nickel plating

baths, 186, 190–195, 191f–194f
contaminants, 227t
cost of, 183, 201
electro-, 211
electroless, 197, 202–208, 203f, 204t,

207f
nongold, 197–198
skip, 203f
step, 203f

platinum (Pt)
grain-boundary diffusion, 192f
low thermal conductivity of, 332
wire, 167

pluck test, 107–108
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Poisson’s ratio, 202f
polymer substrates, 322–327, 323t–324t
polysilicon, 266
popcorn effect, 265
POR. See process of record
power cycling, 279–283, 279f–282f
probe over travel (OT), 390, 391t
probe test model, 388–394, 389f–391f,

391t–393t, 394f
probe touchdown, 258–259, 263, 303, 

303f, 326, 358, 359f, 361
probe-mark damage, 302–303, 303f
process capability, 288–289
process of record (POR), 289
process window. See bond process 

window
production bond quality, evaluation 

of, 111–112
pry test, 107–108
Pt. See platinum
PTFE substrates, 325
pull test. See destructive bond pull test
pulling geometries, 312f
purple plague, 131, 133, 184
pyro-shocks, 275–278, 276f–277f

RR
radiation damage, 244
real-time bond monitoring. See in-

process bond monitoring
recessed pads, 97
recontamination, 229, 229f, 239, 240f
reliability, 75

bond window and, 208–220, 
210f–212f, 214f–218f, 219t

film, 196, 197t
fine-pitch bonding, 310–314, 

311f–312f, 312t, 314f
of new bond systems, 8–10, 8t
for small numbers, 300–301

resistance drift, 189
response variables, 288f
rewelding, friction, 96f, 98, 98f
ribbon wire bonding, 38–39, 38f, 114

SS
SAM. See self-assembled monolayer
self-assembled monolayer (SAM), 

221–222
sequential experimentation, 288
SF. See shear force
shear force (SF), 103t, 105, 107, 165f, 275
shear strength (SS), 103t, 104–105
shear stress, 262f
shear test. See ball-bond shear test
shear tool, 97, 101
shelf-life aging, 53–58, 55f–58f
shock, 273–279, 274f, 276f–277f

shock test, 278–279
shorting problems, 311f
Si. See silicon
silicon (Si), 61

cratering and, 254f–255f, 255, 
263–265, 264f, 265t

gallium arsenide v., 266, 267t, 269
nodules, 263–265, 264f
stresses transferred to, 373f, 376f,

383f, 388f
silver (Ag), 166, 167t, 260t
simulation. See wire bonding process 

modeling and simulation
sinking, 320, 320f–321f, 322
SIP, 298, 300–301, 306–307, 319
60 kHz, 18–19, 19f, 34
skin-effect, 39, 327–329, 328f, 329t
skip plating, 203f
small sample statistics, 300–301
small-diameter wires, 34–36, 35f, 41, 

58, 61, 76, 332
Sn. See tin
S-N curves, 63–65, 64f–66f
soft oxide, 9
soft substrates, 315–316, 324t, 329–330, 

363
solder ball flip chip, 42–43
solvent cleaning, 237–238
SOP, 72, 231–232, 234
SPC. See statistical process control
specifications

commercial in-house, 79
gold plating, 195–196, 195t, 197t

split electrode welding. See parallel 
gap electrode welding

square-law equation, 106
SS. See shear strength
SSB. See stand-off-stitch bond
stacked chips, 306–307, 306f
stacked die, 339f, 340–341
stacked-ball bonds, 99–100, 100f
stacking faults, 252f
standardization, ball-bond shear test, 

115–116, 115f
stand-off-stitch bond (SSB), 340–341
statistical process control (SPC), 121
statistics, 285–286
step plating, 203f
stiffness, 345, 345f
strain amplitudes, 65
strain rate, 366–368
strain-rate hardening, 31–32, 368
stress, elongation v., 27, 27f
stress analysis, 365, 367–368, 368t
stress-relief looping, 40f
stress-strain

characteristics, 52–53, 53f
measurements, 91
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stud bump, 43, 342–345, 343f–345f
substrates

ceramic, 315
chip-to-package technology 

requirements, 312t
cooling temperature of, 381, 385
flatness of, 97
flex, 316–318, 325
HPS, 325
laminate, 319–321, 319f–320f,

394–405, 395f–404f, 396t, 403t
polymer, 322–327, 323t–324t
PTFE, 325
soft, 315–316, 324t, 329–330, 363
thin-film dielectric, 316–319, 

317f–318f
sulfur, 227t
sulfur-copper-chlorine corrosion 

reactions, 176
surface contamination, 230f, 242–244, 

243f

TT
TAB. See tape-automated bonding
tail bonds. See crescent bonds
tape-automated bonding (TAB), 44–45, 

44f
TC bonding. See thermocompression 

bonding
temperature

cycling, 66–67, 279–283, 279f–282f,
362, 363f

extreme, 330–335, 331f, 333f, 334t
HTE and, 330–332, 333f, 334–335, 

334t
LTE and, 331–335, 333f, 334t
packaging effects and, 334–335
substrate, 381, 385
of ultrasonic bonding, 28, 31

tensile forces, 273–275, 274f
tests. See also ball-bond shear test; 

destructive bond pull test; 
nondestructive bond pull test

area array bonding, 118
bake, 185
ball and wedge, on single wire, 116
centrifuge, 273–275, 274f
DOE, 402, 402t, 404f
fine-pitch bonding and, 310–314, 

311f–312f, 312t, 314f
flip, 107–108
future issues in, 117–118
introduction to, 79–80
mechanical, 311–314
nickel plating and, 214f, 216f
pluck, 107–108
probe, 388–394, 389f–391f, 391t–393t,

394f
pry, 107–108

tests (Cont.)
shock, 278–279
thermal stress, 116, 117t
vibration, 278–279

textured bonding tool shapes, 39
thallium (TI), 186–188, 187f
thermal activation energies, 136–137, 

137t
thermal degradation, 170–174, 171f,

172t, 174f
thermal stress test, 116, 117t
thermocompression (TC) bonding, 6

ball bonding and, 34, 37t
bonding machine setup parameters 

and, 109–110
cratering and, 253
gold, 243f
high yield, 193
metallization adhesion and, 99, 99f
patterns of, 24, 25f
PGW, 40
surface contamination influencing, 

230f
technologies, 33–34

thermosonic (TS) bonding, 5–6
ball, 13–14, 24, 25f, 36, 37t, 267
bonding machine setup parameters 

and, 110–111, 110f
gold, 13–14, 243f
high yield, 193
phenomenological explanation of, 

24–30, 26f–27f
wedge, 36

thin gold diffusion, 234
thin-film dielectric substrates, 316–319, 

317f–318f
TI. See thallium
Ti. See titanium
tiling, 42–43
tin (Sn), 195
titanium (Ti), 147, 194–195, 324, 324t
tool wire-pad impact force, 258
transducers

autobonder, 14–15, 15f
frequency sweep, 21f
ultrasonic, 14–21, 15f–21f

transistor, 2f
TS bonding. See thermosonic bonding
tungsten-carbide (WC) tool, 17, 17f–19f
tweezer pulling, 83–85, 84f
tweezer welding, 35, 41–42, 89, 89f
two-metal-layer TAB, 44

UU
UCL. See upper control limit
ultralow loop, 341f
ultrasonic (US) bonding, 3f, 5, 42–46, 

44f, 46t
aluminum, 243f, 270–272, 271f–272f
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ultrasonic (US) bonding (Cont.)
amplitude, 369–374, 370f–374f
deformation welds from, 24, 27
empirical description of, 22–30, 

22f–23f, 25f–27f
fine-wire, 38–42, 38f, 40f–41f
frequency and, 30–32, 374–377, 

375f–377f, 399–402, 401f
HF, 30–32
high yield, 193, 304
in-process bond monitoring, 32–33
introduction to, 13–14
metals in, 6, 7f, 7t
phenomenological explanation of, 

24–30, 26f–27f
technologies, 33–38, 35f, 37t
temperatures of, 28, 31
wedge, 5, 22–23, 22f, 26f, 28–29, 

31–32, 34–36, 35f, 37t, 61–62, 
112–115, 113f, 270–272, 271f–272f

ultrasonic (US) cleaning, 275–278, 
276f–277f

ultrasonic transducer, 14–21, 15f–21f
ultraviolet-ozone (UV-ozone) cleaning, 

229–232, 230f–231f, 234, 237–239, 
240f

underpad support, 360, 360f
upper control limit (UCL), 289
US bonding. See ultrasonic bonding
US cleaning. See ultrasonic cleaning
UV-ozone cleaning. See ultraviolet-

ozone cleaning

VV
variables, DOE, 286–288, 287f–288f
vertical forces, 275
vibration

modes, 14–21, 15f–21f
open-cavity packages influenced by, 

273–279, 274f, 276f–277f
test, 278–279

vibrometer, 20, 21f, 29
visual inspection, 118
von-Mises stress distribution, 371, 

371f–378f, 374, 377, 380f, 381, 383f,
385, 385t–386t, 386f, 388f, 397–398, 
397f–398f, 400, 400f–401f

WW
wafer probing, 388–394, 389f–391f,

391t–393t, 394f
wafer processes, 250t
wafer storage, 299
WC tool. See tungsten-carbide tool
wedge bonding

aluminum, 28–29, 61–62, 86–87, 87f,
112–115, 113f, 143f–144f,
270–272, 271f–272f

wedge bonding (Cont.)
ball-bond shear test for, 112–115, 113f
bonding force in, 256, 256f
fine-pitch, 307–308, 310
heavy wire, 344, 344f
high frequency, 31–32
lift-off patterns, 22–23, 22f
machine, 2–6, 3f, 5f, 326
NDPT for, 120, 120f
on single wire, testing of, 116
tools, 15–16, 16f, 310, 310f
troubleshooting of, 83–85, 84f
TS, 36
ultrasonic, 5, 22–23, 22f, 26f, 28–29, 

31–32, 34–36, 35f, 37t, 61–62, 
112–115, 113f, 270–272, 271f–272f

wire(s). See also looping; metallurgy
aluminum, 13, 54, 55f, 332
conductor burnout and, 68–72, 70f,

72f
copper, 67–68, 73
diameter variations, 302
elongation of, 27, 27f, 62, 88–92, 

89f–90f, 92f
gold, 54, 56f, 59, 60f
hardness, 259–260, 260t
heavy, 344, 344f
insulated, 68
large-diameter, 34–36, 35f, 40, 57, 76, 

88, 282–283, 331–332, 331f
long, 278–279
number of, 1
platinum, 167
ribbon, 38–39, 38f, 114
small-diameter, 34–36, 35f, 41, 58, 61, 

76, 332
stiffness, 345, 345f
sweep, 304

wire bonding process, 157–164, 158f,
161t, 162f. See also ball bonding; 
high-yield bonding; mechanical 
problems; thermocompression 
bonding; thermosonic bonding; 
ultrasonic bonding; wedge 
bonding

alternatives to, 42–45, 44f
area array, 118, 314, 314f
compound, 99–100, 100f
development of, 1
direct copper, 221–222
evaluation of, 111–112
flexure, 279–280, 279f–280f
force, 256–257, 256f–257f
future directions of, 45–46, 46t
inductance in, 327
in-process bond monitoring and, 

33
to integrated circuits, 358–362, 

359f–360f, 361t
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wire bonding process (Cont.)
to laminate substrates, 319–321, 

319f–320f
monitoring and, 32–33
monometallic, 164–167, 165f, 167t
optimization, 326–327
problems, 6, 7f, 8–10, 8t, 11f
ribbon, 38–39, 38f, 114
SSB, 340–341
to thin-film dielectric substrates, 

316–319, 317f–318f
unusual uses of, 10, 11f

wire bonding process modeling and 
simulation

assumption, material properties, 
and method of analysis, 
367–368, 368t

bond pad, 368–389, 368t, 369f–380f,
382f–389f, 385t–386t

BPOA and, 365, 367, 379, 388–394, 
389f–391f, 391t–393t, 394f

introduction to, 365–367
laminate substrate in, 394–405, 

395f–404f, 396t, 403t
parameters, 368–389, 368t, 369f–380f,

382f–389f, 385t–386t, 392t
probe test model, 388–394, 389f–391f,

391t–393t, 394f
results, 381, 385
ultrasonic amplitude in, 369–374, 

370f–374f

wire bonding process modeling and 
simulation (Cont.)

ultrasonic frequency in, 374–377, 
375f–377f, 399–402, 401f

wire bonding technologies. See also
fine-pitch bonding; high-yield 
bonding

contamination sensitivity of, 
242–244, 243f

extreme temperature, 330–335, 331f,
333f, 334t

fine-wire, 38–42, 38f, 40f–41f
soft substrates, 315–316, 324t,

329–330
specialized looping, 305–307, 

305f–306f
TC, 33–34
ultrasonic, 33–38, 35f, 37t

worked loops, 281

YY
yield, 289, 329–330. See also high-yield 

bonding
Young’s modulus, 328f, 345, 345f

ZZ
zinc (Zn), 203–205
zincate, 203, 204t
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