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14.1
Introduction

Micro-Raman spectroscopy is a light scattering technique that has been used since
several decades in solid-state sciences to investigate orientations of crystals, mechan-
ical stresses, phase changes, and dopant concentrations in semiconductor materi-
als [1-4]. Micro-Raman spectroscopy measures these and many other material
properties via an inelastic interaction of laser light with lattice vibrations (mostly
optical phonons). The method probes the material of interest nondestructively
without requiring any complex sample preparations. Another beneficial aspect of
micro-Raman spectroscopy is that, compared to many other methods, no expensive
vacuum equipment is needed for the measurements. Micro-Raman spectroscopy
allows for a lateral resolution of the order of at least ~200 nm-1.5 um (depending on
the excitation wavelength) when focusing the incident light beam through an
objective on the sample surface. In addition, Raman signals can be mapped,
providing images of elastic stress/strain-, orientation-, and doping-level distributions
and of many other physical parameters [5]. In this chapter, we explain how to use
micro-Raman spectroscopy to map and display some important parameters of solar
silicon, such as the spatial distribution of stress/strain, crystal grain orientations, and
dopant-level distributions. We will present several qualitative maps of these para-
meters and describe in detail how to extract quantitative information from the
respective images. Though the theoretical descriptions and calculation procedures to
obtain quantitative information from Raman measurements are sometimes com-
plicated and lengthy, often all necessary parameters can be obtained from one
measurement cycle, and once the calculation procedures are implemented, the
calculations can be carried out rather rapidly. This chapter starts with a description of
the procedure to determine the crystal orientation of arbitrarily oriented silicon
grains in polycrystalline solar cell wafers from Raman measurements. Once the
crystal orientation is determined, a detailed analysis of the stress/strain states within
the different grains becomes feasible. A detailed description of the physical back-
ground concerning the stress/strain state measurements in polycrystalline solar
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materials and some illustrative examples of stress/strain analysis will be presented in
Section 14.3.

Highly doped regions in mono- or polycrystalline silicon solar cells, such as the
emitter- or the back surface field (BSF) region, are essential for the proper and
effective operation of solar cells. A highly n-doped layer (emitter) at the upper surface
of asilicon solar cell is necessary to produce a p—n junction and a highly p-doped layer
(BSF) of a few micrometer thickness is necessary to prevent the light-generated free
carriers to recombine at the back surface of the solar cell. In Section 14.4, we describe
a Raman-based method to determine the free carrier concentrations within these
highly doped regions and to map their spatial distribution within silicon solar cells.

14.2
Crystal Orientation

14.2.1
Qualitative Maps

The measured Raman intensity of the threefold degenerate F,, first-order Si Raman
band depends on the Raman tensors, the scattering geometry during Raman
measurements, for example, the polarization direction of the incident, and back-
scattered light and on the respective crystal orientation (with reference to a fixed
reference coordinate system). The Raman tensors R'; [6] for the three (degenerate)
Raman peaks are given below and correspond to a Si crystal whose axes are exactly
aligned along the axes of the reference (sample stage) coordinate system (e.g.,
x=x"=(100), y=y = (010), z= 2z’ = (001); see Figure 14.1 for descriptions):

000 00 d 0do
R=(00d| R=(000] R=[do0o (14.1)
0do d 0o 000

where d represents a material constant that is important only in case a comparison of
the Si Raman peak intensities with the Raman peak intensities of other materials
becomes necessary. Usually, d is set to 1. In the above-described case, the total
measured Raman peak intensity is given by the simple approximation [7, 8]
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€;, € are the polarization vectors of the incident and scattered light, respectively. The
scaling parameter [, contains all fixed experimental parameters (laser intensity,
wavelength, etc.). The index j discriminates the three phonon polarization directions
x, y, and z and R}’- are the corresponding Raman tensors as given in Eq. (14.1). The
approximation given above represents the Raman intensity—scattering geometry
relationship rather well when an objective with a small numerical aperture (e.g.,a 10x
objective) is used to focus the laser spot on the sample surface (see Figure 14.1).
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Figure 14.1 Schematic drawing of the sample  scattered light, respectively, underneath the

stage of a micro-Raman spectroscopy setup. objective lens. The reference coordinate (stage)
The incident laser beam is focused by a lens on  system remains fixed, whereas all physical
the sample surface and the scattered light is properties of the sample (e.g., Raman tensors)

collected by the same lens. Q; and Qg are the  refer to the sample (crystal) coordinate system.
angles for the cones of the incident and

Deviations from Eq. (14.2) occur when objectives with rather large numerical
apertures are used. In this case, the strict polarization settings for the incident and
backscattered beams are somewhat diluted by the continuous polarization directions
within the cones of the incident and backscattered radiation under the objective.
When evaluating qualitative orientation maps, these inaccuracies can be neglected.
The three Raman tensors Rj’- refer to the crystal coordinate system of the considered
grain and have to be transformed to the reference coordinate system (sample stage)
for arbitrary grain orientations, as the polarization directions €; and € of the incident
and scattered beams are defined in the stage coordinate system. The transformation
into the reference coordinate system is accomplished by applying a rotation matrix
T(a, 3, y) to the Raman tensors RJ’-, where «, 8, and y represent the three Euler angles.
The explicit expression for the rotation matrix T(a, 3, ¥) can be found, for example, in
Ref. [9]. By inserting the rotated Raman tensors R; into Eq. (14.2), one obtains

3
I(Eivzmavﬂv V) ~ Iy Z |Ei(r1(a7ﬂ7 V)R,] T(a>ﬁa V))ES|2 (14'3)
j=1

A qualitative map of crystal orientations within a certain region can now easily be
achieved by fixed settings of the polarization directions of the incident and back-
scattered beams. The intensities of the Raman peaks then depend only on the
components of the rotation matrix T(a, 3, v) and therefore only on the specific crystal
orientation. An example of such a qualitative orientation map is shown in Figure 14.2.
Figure 14.2a displays an optical micrograph of a polycrystalline silicon wafer that is
used for solar cells. After polishing and subsequent Secco etching [10], crystal defects
such as dislocations and grain boundaries become visible. The grain sizes (areas) in
this case vary from a few um” to many hundred wm?. Figure 14.2b represents the
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Figure 14.2  (a) Optical micrograph of a The mapping shows that the Raman intensities
polycrystalline silicon solar cell wafer. The grain  can drastically change with different grain
boundaries are made visible by Secco etching.  orientations, where the intensities follow the
(b) Qualitative map of the Raman intensities relation given in Eq. (14.3). The grain boundary

acquired within the same region. Blue/black within the white ellipse is visible only in the
color coding corresponds to high Raman Raman intensity map, but not in the light optical
intensities and red/purple to low intensities. micrograph.

intensities of the first-order silicon Raman peak. The intensities vary according to the
relation given in Eq. (14.3), where €; and €, were both set to the y-position with respect
to the stage system (in Porto notation [11] z(y y)Z, as the direction of the incident
beam is along the z-axis of the stage system and the backscattered signal is collected
along the negative z-axis).

The image of the Raman intensity map shown in Figure 14.2b reproduces very well
the different grain orientations already visible due to the preferentially etched grain
boundaries in the light optical micrograph (a). But it also reveals grain boundaries
that are not visible in the optical micrograph (white ellipse). Therefore, crystal
orientation imaging performed by micro-Raman spectroscopy provides more
detailed and reliable information about the crystal orientation distribution than
does a simple etching procedure.

14.2.2
Quantitative Analysis

A rather accurate quantitative determination of crystal orientation (we only discuss
here the case of crystals with diamond structure, but the method discussed here can
be easily adapted to other crystal structures) can be achieved when an objective with a
small numerical aperture is used for the measurements of the Raman intensities.
Equation (14.3) can then be used as a basis for quantitative orientation measurements
by micro-Raman spectroscopy. The polarization direction €; of the incident laser
beam is usually adjusted by a rotatable A/2-plate (see Figure 14.3 for a detailed
schematic drawing of the used Raman spectrometer setup and for the paths of
the incident and backscattered light). Unfortunately, the influence of the mirrors
and the notchfilter on the polarization direction of the incident beam after passing the
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A/2-plate results in a dependence of the intensity of the incident laser beam on its
polarization direction [9] and a difference in between the effective polarization
direction ¢ on the sample surface and the original polarization direction ¢ = 20
that is adjusted with the 1/2-plate [9] (0 is the rotation angle of the A/2-plate). These
deviations can be accounted for by introducing a correction factor k, for example, the
polarization vector of the incident beam is then elliptically dependent on the effective
polarization direction ¢ at the sample surface & = (cos¢, ksing, 0)7 with
0.9 < k <1 (usually)

As the optical grating of the spectrometer also affects the polarization dependence
of the backscattered beam, the effective polarization vector € of the scattered beam
has to be modified according to & = (mcosy, siny, 0)7 (m=05). 5
describes the analyzer position (7=0° for analyzer in H-position, 5 =90° for
analyzer in V-position). The correction factor m accounts for the optical grating to
modify the polarization direction of the scattered beam. The influence of the optical
grating could also be eliminated by putting a 1 /4-plate (scrambler) into the path of the
scattered light. As we will see, the influence of the grating is of no importance for the
determination of crystallographic orientations. Therefore, we will not go into further
details here. By using the expressions for the incident and backscattered polarization
directions given above and Eq. (14.3), intensities of the orientation-dependent Raman
peaks can be expressed through the following matrix equation:

cos? ¢ T S fi2 fis m? cos’n
I(¢,n,a.B,y)=Iy- | kcosgsing | | fiz frz fiz | - | mcosysing (14.4)

k?sin? ¢ 13 f3 f33 sin?y

where the matrix functions f;=f;(a,8,y) depend only on the three Euler angles
a,f,y. The explicit expressions for the functions f;; are given in Ref. [12]. As there are
only two possible analyzer positions (Hand V), there are only two ¢ dependent functions
left that are obtained from Eq. (14.4), Iy(¢)=Io(fircos’d+ kfipcospsing+
k2 fi3sin® p)m? and Iy (¢) = Io(fi3 cos® p+kfr3 cos psinp+ kf33sin ¢). Therefore, it
is reasonable to fit the experimentally determined Raman peak intensity curves
with the following two fit functions Fp(¢)= U;cos? ¢+ U,cosgsing+ Ussin? ¢
and Fy(¢)=Vicos? ¢+ V,cospsing+ Vssin? ¢, where the factors Uy, Vy, and so
on are the fitting parameters. By taking the four ratios of the fitting parameters
w=U/Us, uy=U,/Us, v1=V;/V3, and v,=V,/V3 and comparing them with
the corresponding ratios of the theoretical factors, one obtains a system of equations
that is used to numerically determine the three Euler angles a,f3,y from the Raman
intensity measurements:

(K*u1)fis—fi1 = (kwa)fis—f12=0
(k2v1)fs3—fis = (kva)fss—fr3 =0
The Euler angles are contained in the functions f; = fi(a,f,y) (the correction

factor mcancelsinthe equation system (14.5) and therefore the influence of the grating
on the polarization direction of the backscattered Raman signal is eliminated).

(14.5)
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Equation (14.5) represents an overdetermined system, as it contains four independent
equationsto calculate the three Eulerangles a, 3, y. Therefore, an exact solution for the
equation system (14.5) isnotdefined. Instead, the set of Euler angles has to be used that
yields the minimal error belonging to the system (14.5). Once the Euler angles are
determined, the wholeinformation aboutthe respective crystal orientationisknown as
the rotation matrix 7(a, 3, ) that can be easily recalculated from the Euler angles. As
the rotation matrix T(a, 3,y) can also be written in terms of the mutual angles in
between the axes of the crystal and the axes of the reference (stage) system as

cos(xxx') cos(xxy)
T= cos(xyx)
cos(xzZ')

the orientation of the respective crystal axes system with respect to the stage system
can often be estimated at a glance. An experimental example measurement is shown
in Figure 14.4, where the Raman peak intensity data are obtained from the grain
marked in Figure 14.2 with a yellow asterisk. The measurement points are repre-
sented by the black squares and the blue dotted lines represent the best fit functions
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Figure 14.4 Variations of the Raman peak
intensities with the polarization direction @ of
the incident beam, obtained from the grain
marked with the yellow asterisk in Figure 14.3.
The two curves belong to the two accessible
analyzer positions (H and V). The black points
represent the measurement data, whereas the
blue dotted curves correspond to the respective
best-fit functions Fy(¢) and Fy(¢) from which
the three Euler angles a, 3,y and the rotation

matrix T(a, 8, y) are determined. The error bars
account for the variations in the incident laser
intensity with time. The maximum Raman peak
intensities for the H- and V-analyzer positions
are different due to the influence of the optical
grating used for the spectral analysis (correction
factor m). As explained in the text, this
general difference in Raman intensities does not
affect the determination of the crystal
orientations.
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Fr(¢) and Fy(¢) from which the three Euler angles a,f3,y, the rotation matrix
T(a,,y), and finally the values for cos( < xx’) are determined.

From the experimental curves shown in Figure 14.4, we finally find the rotation
matrix that contains the full information of the crystal orientation of the grain marked
with the yellow asterisk in Figure 14.2

0.681 —0.731 0.044
Thsterisk = | 0.728  0.682  0.069
—0.080 —0.015 0.997

which shows that the angles xxx/, Xyy, and %zz' are ~47°, ~47°, and ~5°,
respectively, for example, a crystal that has its z/-axes almost exactly aligned along the
z-axes of the stage coordinate system and where the x/- and yr-axes are rotated at an
angle of ~47° around the z-axes of the stage coordinate system.

14.2.3
Comparison with Other Orientation Measurement Methods

There are a few other competing methods to determine crystal orientations, each with
certain advantages and drawbacks compared to the orientation measurements
performed by micro-Raman spectroscopy. These are etching techniques [13-15],
methods based on electron diffraction, such as transmission electron microscope
(TEM) [16] or electron backscattering diffraction (EBSD) [17] and X-ray diffrac-
tion [18]. Etching techniques use selective etchants whose etching rates depend on
the crystallographic orientation. The orientations of the remaining facets can then be
determined by light reflection techniques. This technique needs no complicated
equipment, but it is intrinsically destructive. In addition, this method lacks a good
lateral resolution (a few tens of micrometers) and the determination of orientations is
rather inaccurate. Much higher accuracy and better lateral resolution (few tens of
nanometers) are achieved with electron diffraction (TEM, EBSD). However, prior to
the measurements, the samples have to be destroyed because a thin foil has to be
prepared for the TEM analysis or the sample surface needs special preparation when
EBSD is used. Another drawback of these techniques is the expensive vacuum
equipment. Less complex equipment is needed in the case of orientation determi-
nation by X-ray diffraction. Though the crystal orientations can be determined very
accurately and the samples need not to be destroyed prior to the X-ray measurements,
the lateral resolution lies only in the range of a few tens of micrometers, when
standard instrumentation is used. Orientation measurements with micro-Raman
spectroscopy do not need special sample preparation, as long as the surfaces are not
too rough, which would lead to optical artifacts. Other important advantages of
Raman spectroscopy are that the measurements can be performed under ambient
conditions and within the range of a few hundred nanometers to a few micrometers
(depending on the wavelength and the objective used), the lateral resolution is rather
good. However, there are also a few drawbacks to the Raman spectroscopy-based
orientation measurement method. One drawback lies in the measurement principle,
which presumes that the material under investigation possesses at least one
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Raman-active vibrational mode, for example, an optical phonon mode. This is usually
not the case for most metals, as they possess only acoustic modes due to their simple
crystal structure. These modes can be detected through Brillouin scattering [19], for
example, inelastic light scattering of acoustic modes. However, Brillouin scattering
experiments need more sensitive and intricate spectral detection techniques than
what is usually used for Raman scattering experiments. Another drawback of
orientation measurements with Raman spectroscopy is that they need several Raman
intensity acquisitions for different positions of the 1/2-plate and the analyzer. As long
as these optical devices cannot be adjusted automatically, their positions have to be
adjusted by hand. In this case, orientation measurements become rather time
consuming. The accuracy of the Raman spectroscopy-based orientation measure-
ments lies at ~42° for the determination of the Euler angles. Though this error value
is sufficient for many other measurements that need the information about the crystal
orientation (e.g., successive stress/strain measurements), the accuracy is far from the
accuracy that can be achieved with X-ray diffraction. However, the great advantage of
Raman spectroscopy-based orientation measurements is that subsequent Raman
experiments that need the information about the crystal orientation can be performed
in the same reference coordinate system. This would not be possible if other methods
are used for orientation measurements.

14.3
Analysis of Stress and Strain States

14.3.1
General Theoretical Description

Mechanical stresses in crystals cause distortions of the crystal structure and a change
in the average atomic distances. Changes in the crystal structure cause changes in the
Raman tensors that finally result in modified Raman selection rules [20]. The
modified average atomic distances cause shifts of the phonon eigenfrequencies.
This effect can be described if one assumes that the components of the force constant
matrix K depend on the average atomic distances and therefore on the stress/strain
state within the specific crystal (i.e., deviations from the simple harmonic approx-
imation are made) [21]. However, to calculate the strain-induced shift of phonon
eigenfrequencies, a quasiharmonic approach is used [22]. That is, the components of
the force constant matrix K are assumed to depend on the average atomic distances
but stay independent of the atomic displacements during a lattice oscillation. The
strain/stress-induced changes in the force constant matrix K can then simply be
described by a perturbation matrix AK [22-24]. Besides strain/stress in crystals,
alloying crystals with foreign atoms leads also to a change in phonon eigenfrequen-
cies. Analogous to the perturbation matrix AK, a second perturbation matrix AM is
introduced and added to the mass matrix M to describe the influence of the different
masses of foreign atoms on the phonon frequencies. For further details see, for
example, Refs [22, 25, 26]. The general eigenvalue problem to determine the phonon
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frequencies in the presence of strain/stress and foreign atoms can then be written
as [22]

[(K+AK)—w*(§) (M +AM)] a, (14.6)

where ,(q) describes the eigenfrequency of a specific phonon mode r with
wavevector §. The corresponding eigenvector d@, describes the relative atomic dis-
placements of atoms in an elementary cell of the crystal during a lattice oscillation
(mode r). In the following, AM = 0is set as only the shifts of phonon frequencies due
to strain/stress will be discussed here. For the force constant matrix K) = K+ AK,
usually a linear approach in the six independent strain tensor components
& =(u) (k1=x,y,2)[27])is used when stress/strain is present in the crystal [22]
(prime quantities correspond to the crystal coordinate system). The components of
the force constant matrix K¢ can then be expressed as

=K+ Z (0K /Dely)ely = K Z Uk, el (14.7)

with K0 = w} 0;;, where w is the phonon frequency of a certain mode without stress/
strain. The components K( l) in Eq. (14.7) form a fourth-rank tensor and are called

“phonon deformation potentlals (PDPs).” The structure of this tensor and the
number of its independent components are determined by the specific crystal
symmetry. In case of crystals with cubic symmetry, the PDP-tensor contains only
three independent components p, g, and r[23, 24, 28]. Phonon deformation potentials
are material constants and can be determined by theoretical calculations [22] and
measured experimentally [29, 30]. Solving the eigenvalue Eq. (14.6) with Eq. (14.7)
and the three phonon deformation potentials p, g, and r for the three optical phonon
modes of crystals with diamond structure (Si) leads finally to the following secular
equation (for a detailed derivation see, for example, Refs [21, 22]):

/ ’ ’ 2 / ’

PE T+ q(syy + Szz)_Awr "€y TEy,
’ q / ’ 2 /

TEy bey, +q- (exx + gzz) _Awr €y, =0
/ / / / / 2

T€y, rsyz pe,+ q(gxx + gyy) 7Awr

(14.8)

where Aw? = (w?—w?)) (r=1, 2, 3) are the differences of the squared eigenfre-

quencies of the three phonon modes in the strained and unstrained state of the
crystal. Using the approximation 4, = (w?—w?) ~ 2A0,0Aw,=Aw, =~ A, /20,9,
the shifts in phonon frequencies Aw, can be easily determined from the
eigenvalues 4,. Using the secular Eq. (14.8), it is a rather simple task to determine
the shifts of the phonon frequencies when the stress/strain state within the crystal
is known. But for experimental applications, it is usually more preferable to
determine the stress/strain states in crystals from the strain-induced shifts of the
phonon frequencies. This is a more difficult task, as in the ideal case only three
values of the frequency shifts are experimentally accessible at maximum. From
these three experimental values, it is in principle not possible to determine all six
strain or stress tensor components. In practice, some simplifying assumptions are
made, concerning the strain/stress states, which lead to a reduction in the number of
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tensor components that have to be calculated. The simplest Raman stress measure-
ment scenario in case of silicon is a uniaxial stress state (only one nonzero stress tensor
component) in a silicon wafer when the Raman signal is backscattered from the [001]
surface. In this case, Eq. (14.8) leads to the rule of thumb, that a measured Raman peak
shiftof ~1 cm ™" (wavenumbers) corresponds to a uniaxial stress of ~500 MPa (see, for
example, Refs [2, 31] for the numerical values of the PDPs and all other necessary
material parameters). Though it has limited applicability in practice, this memorable
relation can be used to estimate the stresses in more complex cases at a glance, for
example, general stress states in arbitrarily oriented Si crystals.

14.3.2
Quantitative Strain/Stress Analysis in Polycrystalline Silicon Wafers

The determination of several stress tensor components in crystals with diamond
structure with Raman spectroscopy has already been shown [32-36]. But the stress/
strain analysis has been carried out only for monocrystalline samples with known
orientation. Stress analysis in these cases is rather straightforward. Similar accurate
stress tensor determination has not been accomplished for polycrystalline materials
with diamond structure, for example, polycrystalline silicon wafers for solar cells or
thin film transistors (TFTs) [37], due to the fact that grain orientation variations in
these materials make stress measurements increasingly difficult. In this section, it
will be demonstrated how several stress tensor components can be measured with
micro-Raman spectroscopy in polycrystalline silicon within grains of arbitrary
orientations. Examples of practical interest in the field of polycrystalline photovoltaic
silicon material will be presented.

14.3.2.1 Assumptions

Equation (14.8) serves as the basis for determining the mechanical stress compo-
nents also in polycrystalline silicon wafers. The strain tensor components, which
occur in Eq. (14.8), refer to the specific crystal coordinate system (prime quantities).
Also, all other physical properties of the crystal (e.g., phonon polarization directions)
refer naturally to the respective crystal coordinate system. In polycrystalline wafers, a
large number of crystallites with many different coordinate systems are present.
Therefore, it is useful to refer the stress/strain states in the different crystallites to
reference strain and stress tensors ¢ (strain) and o (stress) that are defined in the fixed
stage coordinate system (unprimed quantities). At the laser wavelengths (488 nm,
514 nm and 633 nm) used for the Raman measurements, the light penetrates only a
few hundred nanometers to a few micrometers into weakly doped silicon [31] and
only the stress/strain states close to the crystallite surface can be detected. The stress
state directly at the crystallite surface is necessarily a planar stress state. Therefore, the
reference stress tensor o is chosen as follows:

Oxx Ty O
o={1Ty 0y 0 (14.9)
0 0 A,
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The additional component A,(< 0y, 0,y) serves as a correction component that
accounts for the slight deviations from the ideal planar stress state due to the finite
penetration depth of the laser light.

14.3.2.2 Numerical Determination of Stress Components

The components of the reference stress tensor given in Eq. (14.9) can be determined
from the experimentally three measured phonon frequency shifts Aw,, Aw,, and
Awjs by using Eq. (14.8) according to the following procedure: The reference stress
tensor (14.9) has to be transformed into the respective crystal coordinate system by
using the rotation matrix T(a,f,y) (known from the orientation measurements).
This gives the corresponding stress tensor o’ = T~ !(a, 8, y)o T(a, 8, y). The strain
tensor components €'y, in Eq. (14.8) then have to be expressed in terms of the stress
tensor components o’y given above, through the inverse Hooke’s law [38, 39]
¢ = S0/, where S designates the elastic compliance tensor. As the strain and stress
tensors are matrices, the compliance tensor § is consequently a fourth-rank tensor.
However, as the strain and stress tensors are symmetric, the inverse Hooke’s law can
also be written in vector notation where the compliance tensor then becomes a 6 x 6
matrix. In case of cubic crystal structures (e.g., diamond and Si), the structure of the
compliance tensor becomes rather simple and the number of independent compo-
nents reduces to three. The values of these material constants for silicon (S11, Sq2, and
S44) can be found in literature [40]. The secular Eq. (14.8) can now be expressed in
terms of the stress tensor components given in Eq. (14.9):

|40 + Bty + Coyy + DA, —1,E| = 0 (14.10)

where the components of the four symmetric 3 x 3 matrices A, B, C, and D are simple
but lengthy expressions [12] that depend on the elastic compliances S;1, S13, S44, On
the phonon deformation potentials p,g,, and on the components of the rotation
matrix T(a, 3, 7). Therefore, the components of these four matrices are constants for
a specific crystallite. E is the unit matrix. The “new” secular Eq. (14.10) leads to the
characteristic polynomial P(4,) = A> + ai? + b, + ¢, where the coefficients a, b, ¢
are only functions of the stress components defined in Eq. (14.9). The roots of this
polynomial correspond to the measured phonon frequency shifts 1, = 2AwnAw,.
Comparing coefficients (rule of Vieta) finally leads to the equation system that is used
to determine the stress components (14.9) numerically from the phonon frequency

shifts:

a = =2wo(Aw;1 + Aw; + Aws)
b = (ZwO)Z(Awlsz + ACU]ACU; -+ AwZAw3) (1411)
c = —(2w0)3(Aw1szAw3)

In practice, one uses the following way to calculate the stress components from the
measured phonon frequency shifts: at first, an ideal planar stress state is assumed,
thatis, A, = 0is setin Eq. (14.10). If then the numerical error of the system (14.11) is
toolarge, A, is used as a correction parameter and is iteratively adjusted to A, # 0 (in
areasonable range) until the numerical error corresponds to the minimal detectable
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peak shift resolution of ~0.05 cm ™" for all the three phonon frequency shifts Aw,,
Aw,, and Aws.

14.3.3
Experimental Procedure to Determine Phonon Frequency Shifts

According to Eq. (14.11), all three phonon frequency shifts of the three optical
phonons of silicon have to be measured experimentally to determine the components
of the stress tensor. However, these three optical modes are always threefold
degenerate in case of stress-free silicon. In case of stresses in the GPa range, the
degeneracy is lifted enough and the three frequency shifts can be measured
separately [41, 42] (but not in case of isotropic hydrostatic stress, as then the three
phonon frequency shifts are the same [24]). In polycrystalline silicon wafers, the
expected stress values are usually below 1 GPa and mechanical stresses of this
magnitude cause phonon frequency shifts that are smaller than the experimentally
measured half width of the main silicon Raman band. In this case, the lifting of
degeneracy is not clearly visible and an accurate direct determination of the three
frequency shifts Aw;, Aw,, and Awj is not possible. However, by using three special
polarization settings during the Raman measurements (incident and backscattered
light), itis possible to excite each of the three optical phonon modes almost separately.
These three polarization settings can be found when the full information about the
respective crystal orientation is known (from the Raman orientation measurements).
Then, the Raman intensity—polarization setting relation can be calculated for each of
the phonon modes separately. By mutually calculating the ratios of the intensity of
one mode to the sum intensity of the two other modes, one can easily determine the
three polarization settings, where mutually one mode is dominant over the two other
modes. Mapping the region of interest three times with these three special polar-
ization settings yields then the three phonon frequency shifts Aw;, Aw,, and Aw;
almost separately (see, for example, Ref. [12] for details). The three values for Aw,,
Aw,, and Aws can then be read from the maps (see, for example, Figure 14.5), and
with the procedure described above, the stress tensor components (14.9) can be
calculated, even though the lifting of degeneracy is not visible in the experimental
spectra.

14.3.4
Additional Influences on the Phonon Frequency Shifts

14.3.4.1 Temperature

The phonon frequencies, the half widths of the Raman bands, and the intensity ratio
Ias/Is of the anti-Stokes and Stokes Raman bands are temperature dependent. A rise
in sample temperature leads to a decrease in phonon frequencies and an increase
both in half widths and in I,s/I5 ratio [43-46]. In case of silicon, the phonon
frequencies are rather sensitive to changes of the sample temperature, that is, a
change of ~4°C in sample temperature causes a shift of phonon frequencies of
~0.1cm ™' [31]. That is, slight temperature changes lead to frequency shifts that are
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Figure 14.5 (a—c) Three maps of the phonon  assumed to be stress free. The ranges of the

frequency shifts Aw;, Aw,, and Aws close to the
tip of a microcrack shown in (d) (white
rectangle). The white rectangle in

(d) (42 wm x 45 um) marks the region where
the phonon frequency maps are carried out. For
the measurements, 40 x 40 measurement
points were used. The three mappings
correspond to the three polarization settings

depicted gray scales are different, as they
correspond to the maximum amount of
frequency shifts of the respective phonon mode.
By using the procedure described above, the
following stress components can be
determined at the indicated position (lower tip
of the gray arrow) a few micrometers away from
the tip:

where each of the three phonon modes was

excited separately. The calculated stress state at 57+12 -74£3 0
the tip of the microcrack is referred to the Ao=|-7+£3 54+11 0 MPa
stress state at the upper left corner, which is 0 0 19+ 4

already above the experimental detection limit (=0,05cm™") for the phonon fre-
quency shifts. Thus, great care has to be taken during mechanical stress analysis with
Raman spectroscopy that no significant temperature gradients arise within the
sample regions of interest during the measurements. Temperature gradients during
Raman measurements might arise due to a change in the laser spot size and/or a
change in the laser power. Both mightlead to different energy densities and therefore
to different temperatures in between different measurement points. On the other
hand, structural inhomogeneities within the sample (interfaces, agglomerates of
defects, etc.) and on the sample surface (differences in oxide layer thickness,
contaminations, etc.) can cause inhomogeneous heat generation and transport and
therefore temperature gradients in between different measurement points.
The average temperature within a measurement point can be roughly determined
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from the I5s/Is ratio [43]. For example, in case of a HeNe laser with a power of ~6 mW
on the sample and a 100x objective (N.A. 0.95), a stationary-state temperature within a
measurement point of ~45°C can be estimated from the I,s/I5 ratio. In the
experiments shown here, noticeable changes in temperature within a mapping
region could be detected only in the vicinity of sample edges, where temperature
differences of ~1-2°C are measured. In the vicinity of, for example, grain bound-
aries or other crystal defects, changes in sample temperature that would affect the
stress-induced phonon frequency shifts could not be detected.

14.3.4.2 Drift of the Spectrometer Grating

During a Raman map, the position of the optical grating might drift. This grating drift
becomes noticeable in a constant drift of Raman peaks with time into one direction
on the wavenumber axis. Usual drift rates lie in the range of ~0.02-0.04 cm ™' /h. The
grating drift-induced Raman peak shifts can be easily eliminated when a plasma line
of the probe laser is used as a wavenumber reference. As the plasma lines have
physically fixed wavelengths [47], a drift of plasma lines with time exactly resembles
the grating drift. The phonon frequency shifts that are solely produced by the sample
(stress or other influences) are then obtained by subtracting the respective shift of a
plasma line from the particular measured Raman peak. The experimental procedure
is depicted in Figure 14.6. The Raman peaks and the plasma lines are fitted with a
mixed Gaussian/Lorentzian fit function [31]. From the fitting data, the peak shifts can
be determined with an accuracy of ~0.05 cm ™. When the drift-compensated Raman
peak shifts are then plotted versus the mapping coordinates, a corrected peak shift
map is obtained from which the mechanical stress states can be detected with much
higher accuracy.

14.3.5
Applications

14.3.5.1 Mechanical Stresses at the Backside of Silicon Solar Cells

Silicon solar cells are usually provided with a laminar, highly p-doped region
(~10"-10" cm ) at the backside [47-49]. This leads to a space charge region in
between the standard p-doped (10"°~10"° cm ) basis of a solar cell and the highly p-
doped region at the backside (BSF). The light-generated electrons within the basis are
then kept away from the back surface of the cell, which avoids charge carrier
recombination at the free surface. This finally leads to a relative increase in the
solar cell efficiency of ~5%-10% [50, 51]. As a dopant for this highly p-doped layer,
aluminum is used. The fabrication of the BSF is usually carried out according to the
following process steps [52—-54]. At first, a granular mixture made of aluminum paste
and glass frit (facilitates sintering) is put on the backside of the silicon wafer and
heated. At 660 °C the aluminum melts and the formation of an aluminum-silicon
alloy starts. At a maximum temperature of 825 °C, the entire backside of the silicon
wafer is covered with a thin liquid layer of the aluminum-silicon alloy. During
cooling down, a highly doped silicon-rich phase (~1% Al) starts to grow epitaxially on
the wafer backside. The aluminum in this layer serves then as a dopant to generate the
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Figure 14.6  (a) Raman spectrum of silicon lines due to a spectrometer drift. The
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BSF. During further cooling down and after passing the eutectic point at 577 °C, the
aluminum-rich phase forms a ~5-10 um-thick layer. Underneath this layer (with
reference to the front cell surface) resides a region that consists of a mixture of Al-Si
alloy grains and glass frit. The optical micrographs in Figure 14.7 show cross sections
of a silicon solar cell within the back surface region. The Al-doped layer (not
distinguishable in the optical micrographs) resides within a region a few micro-
meters above the bright layer, which represents the Al-rich phase. The interface in
between the Si- and the Al-rich phase exhibits an inhomogeneous shape with
undulations and spikes that occur rather often. Raman maps of the phonon
frequency shifts show that in the vicinity of such inhomogeneities large stress
gradients on a length scale of a few micrometers occur rather frequently (maps in
Figure 14.7). These large stress gradients are probably introduced during the epitaxial
growth process due to the different thermal expansion coefficients of the Si-rich and
the Al-rich phase. Large stresses within the back surface field region turn out to be a
severe problem in view of the mechanical stability of the readily processed silicon
solar cells. As the firing of the back surface field is one of the last process steps for a
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solar cell close to the BSF region (optical
micrograph). The highly Al-doped region
resides up to ~10 um above (black dotted line)

stress tensor components lie in the range of
~200 MPa (compression) and ~50 MPa
(compression), respectively.

the brighter Al-rich phase. (b) Maps of the
frequency shifts Aw of one phonon mode
shortly above the spikes within the Al-rich phase
(white rectangles). With reference to the
positions at the left tip of the black arrows
(which are assumed to be nearly stress free), the
regions above the spikes are under compressive
stress. The calculated stress tensors Ao at these
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Si solar cell, this last step introduces sources for cracks and therefore breakage of the
solar cell if additional external mechanical stress is applied due to bending/defor-
mation of the cell. As breakage of a readily processed silicon solar cell is a much
greater loss than the breakage of an unprocessed silicon wafer, inhomogeneities
within the BSF region that are prone to large mechanical stress values should be
avoided by better processing steps such as, for example, an optimized cooling
procedure by the solar cell producers.

14.3.5.2 Stress Fields at Microcracks in Polycrystalline Silicon Wafers

Often cracks with lengths in the range of a few ten s of micrometers (microcracks)
occur in polycrystalline silicon wafers at the edges. These microcracks are one of
the main reasons for wafer breakage during the solar cell processing steps [55].
Large stress gradients on a length scale of a few micrometers occur at the tips of
the microcracks. These micrometer-sized stress fields can be measured with
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micro-Raman spectroscopy and from the phonon frequency shifts the mechanical
stress components can be calculated. However, specific problems regarding
fracture mechanics will not be discussed here, though some characteristic
material parameters concerning fracture mechanics can also be determined by
micro-Raman measurements [56-60]. Figure 14.5d displays the edge region of a
polycrystalline silicon wafer where a microcrack of ~100 um length resides. The
region close to the crack tip where the stress maps are performed is marked with a
white rectangle. After determining the crystal orientation, this region is mapped
with the three special polarization settings where each of the three optical phonon
modes of silicon is excited separately. Figure 14.5a—c shows the maps of the three
phonon frequency shifts Aw;, Aw,, and Aw; determined in the way described
above. Again, the stress state that is measured in the vicinity of the crack tip is
referred to a measurement position at the left upper corner of the mapped region.
This reference position is assumed to be nearly stress free.

According to theory [61], the stresses in the vicinity of the crack tip are tensile and
the amounts of the stress components lie in the range of what is expected from the
three measured frequency shifts at the indicated position: Aw;, = —0.20cm™, Aw,
=-0.27cm ', and Aw;=—0.29cm ™. Considering the course of the crack (~45°
angle with the axis of the reference coordinate system) and the nearly symmetrical
distribution of the phonon frequency shifts, it is reasonable that the two stress
components in the x- and y-directions (reference coordinate system) Ao, and Aa,,
have nearly the same value.

14.3.5.3 Stress States at Grain Boundaries in Polycrystalline Silicon Solar Cell Material
and the Relation to the Grain Boundary Microstructure and Electrical Activity

Micro-Raman spectroscopy, electron backscattering diffraction, and electron beam-
induced current (EBIC) [62] techniques can be combined to investigate the relation
between mechanical stresses at grain boundaries (GBs) in polycrystalline silicon
wafers and the microstructure, as well as the electrical activity of grain boundaries.
The EBSD technique is used during these investigations to determine the character
of the large amount of grain boundaries present in polycrystalline silicon wafers. In
principle, grain boundary characteristics can also be determined with micro-Raman
spectroscopy since orientation measurements are possible (see Chapter 2). However,
grain boundary analysis with EBSD works in this case faster as it is an already
established and automated measurement method that is able to handle regions with a
large amount of crystallites. EBIC is a standard method to investigate the electrical
activity of grain boundaries. EBIC and EBSD are methods that both can be operated in
ascanning electron microscope (SEM), a fact that makes it appealing to combine both
methods for grain boundary and polycrystalline silicon wafer analysis. In the
following experimental results, the misorientation between adjacent grains is
described in terms of the X-value that gives the reciprocal fraction of atoms in the
grain boundary plane that coincides with both adjacent lattices. Figure 14.8a shows
an SEM image of a sample region within a polycrystalline silicon wafer that includes
the Raman map shown in Figure 14.8b. The marker, produced by a focused ion beam
(FIB), allows exact lateral correlation between the different measurement techniques.
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Figure 14.8 (a) SEM image of the sample (c) SEM image and the corresponding EBIC

region including the Raman phonon frequency  image taken at (d) 77 Kand (e) 300 K, where the
map shown in (b). The compressive (red color)  area enclosed by the rectangle represents the
and tensile (blue color) stress fields around the  region of the Raman mapping displayed in
227a grain boundary is probably produced by a  (b). The filled blue circle visible in all images
cluster of edge dislocations or additional denotes the position of an inclusion.
inclusions located at the kink position I.

AXkink in the 327a grain boundary trajectory is denoted with I and a filled blue circle,
present in all images in Figure 14.8, indicates an inclusion (probably SiC). The
Raman map reveals very localized and symmetric stress fields, including both
compressive (red region in the map) and tensile (blue) stresses, in the vicinity of
the X27a grain boundary, close to the kink I. The reason for a stress field with such
kind of shape might be the presence of dislocations within the grain boundary or
additional inclusions. A detailed polarization-dependent Raman analysis of the stress
fields on either side of the indicated grain boundary gives the following two stress
tensors (referring to the indicated reference coordinate system) that again have been
evaluated relative to the indicated positions away from the grain boundary and which
are assumed to be almost stress free.

—40+10 —-14+1 O
Aoy =1 -14£1 -38+£10 0 MPa
0 0 —25+10

33+£10 —-7£+1 0
Ao, = -7+1 31+£10 O MPa (14.8)
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Though the stress fields become visible in the Raman map (Figure 14.8b), the
determined stress components are rather small and close to the resolution limit of
~20 MPa. The EBICimages (Figure 14.8d and e) show a strong contrast (i.e., areduced
carrier lifetime) close to the kink I both at 77 K and at 300 K and a contrast variation
with temperature along the 227a grain boundary. The region enclosed by the rectangle
corresponds to the stress map shown in Figure 14.8b. By comparing these images, it
becomes clear that the stressed area close to the kink I and the stress-free area above it
exhibit strong but similar EBIC contrasts and therefore similar electrical activity. This
example shows that mechanical stresses of this magnitude are probably not able to
change the recombination activity of polycrystalline silicon due to a stress-induced
change in band structure. However, as the largest EBIC contrast is visible at the
position of the kink I, where the dipole-like stress field resides, most probably a cluster
of edge dislocations or inclusions are responsible for the visible stress field.

14.3.6
Comparison with other Stress/Strain Measurement Methods

Besides micro-Raman spectroscopy, there are a few other methods that are frequently
used to determine mechanical stress/strain in solids. But again, each of these
methods also has its specific drawbacks concerning practical applicability, lateral
resolution, or the destructive nature of the measurement technique. In the case of
stress/strain analysis in crystals by standard X-ray diffraction, all the stress/strain
tensor components can be detected with some effort [63]. But the method is rather
time consuming, the lateral resolution of the stress analysis is small, and the obtained
data are stress values that are averaged over a rather large sample volume. Much better
lateral resolution can be obtained with the brilliant X-ray radiation of a synchrotron,
but the measurements then become even more complex. With stress-induced
birefringence, that is, the analysis of stress-induced optical anisotropies in crys-
tals [64], the mechanical stress/strain distributions within alarge sample region (a few
sz) can be detected rather fast. However, the lateral resolution of stress-induced
birefringence is much too low to analyze stresses on the (sub) micrometer scale and in
addition, only the differences of absolute values (i.e., without sign) of the principal
stress components can be determined. Mechanical stress analysis on the nanometer
scale can be performed with the convergent beam electron diffraction (CBED)
technique in a transmission electron microscope [65]. But as CBED needs the
preparation of thin samples for the TEM, this technique is destructive and needs
rather complex instrumentation. In addition, as the investigated TEM samples are
rather thin, artifacts such as thin foil relaxation [66] lead to a change in stress states
with respect to the stresses that were present in the unprepared samples.

14.4
Measurement of Free Carrier Concentrations

Highly doped regions in silicon solar cells are important for the proper and effective
operation of solar cells. While an n-doped emitter region is produced by dopant
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(phosphor) diffusion from the gas phase, the highly p-doped back surface field is
generated by alloying silicon with aluminum from an Al paste at the back surface of a
silicon solar cell [49-51] (as already described in Chapter 3). Usually, the exact free
carrier concentrations and gradients within the BSFs are measured by the electro-
chemical capacitance—voltage (ECV) method [67, 68]. This method measures the free
carrier concentrations rather accurately, but it lacks good lateral resolution as the
measurement results are integrated and therefore averaged, over an area of a few
mm? at the back surface of the respective solar cell. Raman-specific Fano [69-71]
resonances, combined with small-angle beveling techniques, can be used to deter-
mine the concentration of free charge carriers within the BSF regions and to map the
free hole concentration and gradients on an effective length scale of a few tens of
nanometers. The basic features of Raman-specific Fano resonances will be shortly
discussed and measurement results are presented, which show that the free carrier
concentrations within the BSF regions can be qualitatively and quantitatively mapped
and analyzed by micro-Raman spectroscopy.

14.4.1
Theoretical Description

As discussed in the original articles of Fano [69-71], a resonant interaction of a
discrete energy level with a continuum of energy levels in a given system leads to a
characteristic Fano-type peak asymmetry that can be usually observed during
spectroscopic experiments of such kind of quantum mechanically coupled systems
(see Figure 14.9).

Cerdeira and other authors [72-76], explain the occurrence of the Fano-type peak
asymmetry of the F,, Raman band of highly p-doped silicon with a resonant

lwe)

Figure 14.9 Interaction of a discrete state |@)  Ti_,,,, respectively. If there is an interaction Vg

with a continuum of states |y ) that leads to
Fano resonances. From an initial state |i) the
system can be excited into the continuum of
states and into the discrete state by the
independent transition operators T;_, and

between the discrete state and the continuum,
the transition probabilities interfere, leading to
Fano-type peak asymmetries that are observable
in spectroscopic experiments.
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interaction of the discrete optical phonon (phonon Raman scattering) state with
the continuum of energy levels, corresponding to the hole transitions from filled
to empty valence band states (electronic Raman scattering [77, 78]) due to
electron—phonon coupling. According to Fano’s fundamental theory, if a system
exhibits an energetic continuum of states |yp) and a discrete state |@), the
corresponding elements of the Hamiltonian matrix can be written as

(p|Hlp) = E, =hQ
(Wp|Hlp) Ve (14.12)
(yp|Hlyp) = EO(E"'-E)

The parameter Vg represents the coupling strength of the discrete state with the
continuum of states, H is the Hamilton operator, and  specifies the frequency that
corresponds to the respective discrete state. The new eigenvector |¥'5) of the coupled
system, which now corresponds to the new composite state given by Eq. (14.12) then
becomes a linear combination of the discrete eigenstate and the continuum of states,
thatis, |¥g) = ag|@) + [bp|yy)dE’, where the coefficients ag and bg are functions
of the energy. If there is an arbitrary initial state |i) and a respective dipole transition
operator T (see Figure 14.9), the transition probability to the unperturbed continuum
| ) becomes ‘(1/1 #|T]i)|* and the transition probability to the new composite state
|W) is defined as ‘(‘I‘ £|T|i)|*. The ratio of the transition probabilities to the new
composite state and to the unperturbed continuum gives then the general shape of
the measured spectral peaks that are now distorted by the occurring Fano reso-
nances [69-71]

(Wl TI) > (g+¢)’ (14.13)
(| T 1+¢ '

where ¢ indicates the renormalized energy or, in the spectroscopic experiments, the
renormalized wavenumber parameter ¢ = 2(Q—Qwmax) /I Qumax describes the posi-
tion of the peak maximum, which is also slightly shifted by the Fano interaction, and
T describes the linewidth of the peak, where I' = T'y + AT’ with Ty the linewidth in the
absence of a continuum of states, and AT describes the symmetric contribution of the
Fano interaction to the total linewidth of the peak. The parameter q in Eq. (14.13) is
frequently called the symmetry parameter and can be expressed as
(@|T]7) (@|T]i)

= ol H ) (pal Tl 7 Vol T (14.14)

The state |®) defines the discrete state |¢) modified by the additional continuum of
states, thatis, |®) = |@) + P [ Vp|yp)/(E—E') dE'. Pdesignates the principal part of
the integral. The symmetry parameter g determines the characteristic asymmetric
shape of a spectral peak influenced by Fano resonances. The spectral line becomes
symmetric if ¢ — oo, whereas if ¢ — 0, the more asymmetric the peak becomes.
Especially for highly doped silicon, 1/q becomes roughly proportional to the free
carrier concentration [73, 74, 79]. The value of 1/q s positive in case of highly p-doped
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silicon and negative in case of highly n-doped silicon, whereas the sensitivity of
experimentally measurable Fano resonances is much higher in case of p-doped than
in case of n-doped silicon [79-83].

14.4.2
Experimental Details

14.4.2.1 Small-Angle Beveling and Nomarski Differential Interference Contrast
Micrographs

For the following examples of Raman-based dopant analysis, readily processed,
standard polycrystalline silicon solar cells, provided with a back surface field, were cut
into pieces (area of a few cm?). These pieces were put on wedges with opening angles
a ranging from ~5 to 10°. The samples residing on the wedges were then embedded
in a cylindrical shaped basin with resin. After drying, the embedded samples were
mechanically and chemically polished. Finally, all samples were Secco [17] etched to
make the crystal defects (random-, twin boundaries, dislocations, etc.) and the back
surface field region visible. By the small-angle beveling process, the length scales of
the free carrier concentration profiles in the solar cell samples are artificially
increased in one direction by a stretching factor s(a), which solely depends on the
opening angle a. For the stretching factor s(a), the simple relation holds (see
Figure 14.10):d* = d/sin(a) = ds(a), where d* is the increased but oblique thick-
ness of the solar cell after the small-angle beveling process and d indicates the original
thickness.

The small-angle beveling process reveals much more details of the BSF shape and
its adjacent microstructure than a standard polishing process of the cross section of a
silicon solar cell would reveal. On the other hand, small-angle beveling introduces
some irritating artifacts, such as island formation within an originally wrinkled but
continuous interface (see Figure 14.10). The highly p-doped BSF region exhibits a
different Secco etching rate compared to the rest of the crystal due to the additional Al
atoms in the Si crystal lattice. Therefore, a sharp step of a few hundreds of
nanometers in height (depending on the etching time) arises in between the highly
p-doped BSF region and the usually weakly (~10"°cm >-2 x 10'®cm ) boron-
doped bulk wafer region after etching. This step, as well as the trenches and pitches
produced by the grain boundaries and dislocations, becomes visible in a Nomarski
differential interference contrast (NDIC) microscope [84, 85]. Figure 14.11a—c shows
some NDIC images of the BSF-bulk wafer interface region, where the different

Figure14.10 Schematic drawing of a piece of a standard silicon solar cell containing a back surface
field (above red line) after small-angle beveling. Due to the small-angle beveling process, the original
thickness d of the cell is increased to an apparent thickness d*.
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Figure 14.11 Images of the BSF-bulk wafer in between the BSF and the weakly p-doped bulk

interface region of standard polycrystalline wafer region. The stretching factors s(a) are
silicon solar cells. The images were taken witha  given in brackets above the scale bars and the
Nomarski differential interference contrast stretched directions are indicated by the

microscope that allows the visualization of the ~ white dotted arrows.
height difference that occurs after Secco etching

samples were beveled by using different wedge angles. The resulting stretching
factors s(a) are given in brackets above the scale bars and the stretched directions are
indicated by the dotted white arrow.

14.4.2.2 Evaluation of the Raman Data

For the Raman measurements, regions of interest within the small-angle beveled
samples were chosen and mapping areas were defined. Within the mapping regions,
Raman spectra of the threefold degenerate first-order optical phonon (F,g) mode of
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silicon were acquired every 1-3 um in both x- and y-directions. All Raman measure-
ments shown here were performed with the 633 nm emission of a HeNe laser, as the
peak asymmetry due to Fano resonances becomes more pronounced when longer
excitation wavelengths are used [73]. To obtain quantitative information about the
free carrier concentrations from Raman mappings, the intensity I(Q, q) of the first-
order Si Raman peak should be fitted with a function resulting from Eq. (14.13):

[+ 2(Q—Quiax) /T

Qg =k 2(Q—Quiax) /TT

(14.15)

Practically, Q simply represents the wavenumber axis (in cm™') and I, is just a
scaling factor. If the exact values of the physically important parameters g, Qpax, and
I'are needed, all Raman spectra of interest should be fitted with Eq. (14.15). However,
as Raman mappings usually consist of many thousand measurement points, fitting
all the corresponding spectra with iterative routines would take unnecessarily long
time. To determine the free carrier concentrations in highly doped regions with
sufficient accuracy, mainly the values of the symmetry parameter g are of importance.
The symmetry parameter g can be easily and with sufficient accuracy determined
from the experimental data by an evaluation of the integrated intensity of the Raman
peak portion I that becomes asymmetric due to the occurring Fano interferences.
That s, one has to evaluate the intensity ratio R(q) = Ir/liot = Ir/(IL + Ir), where I,
describes the left peak portion (see Figure 14.12). R(q) is a function that mainly
depends on the symmetry parameter g. The details can be found in Ref. [86].
The maps shown in this chapter plot the R(q) values given above, where in general
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Figure 14.12  (a) Baselines of the two first- the Raman peak (g positive but smaller) and to a

order Raman peaks of silicon measured within
the bulk wafer (dashed gray curve) and the BSF
region (continuous black curve). The spectra
were acquired from a different map region (not
shown here) within the same sample. The two
peaks are normalized and therefore the
maximum intensities are the same (not visible
in the plot). High p-doping leads to a
broadening of the higher wavenumber flank of

larger T value, which manifests in also slightly
broader lower wavenumber flank of the Raman
peak. (b) Calculated Fano Raman peak for a
hypothetical g-value of g=6 (extremely high
p-doping). With the two integrated peak
intensities I, and Ig, the function

R(q) = Ir/hot = Ir/(IL+ Ir) is defined from
which the symmetry parameter g can be
determined rather fast but with less accuracy.
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the yellow/red color coding represents high R(q) values and therefore small g-values
(high p-doping levels), and the blue/black color coding displays the opposite
conditions.

14.4.2.3 Calibration Measurements

It is possible to determine the free carrier concentration levels in silicon from the g-
parameter directly from theoretical calculations. However, it has been shown in
literature [82] that the theoretically calculated free carrier concentrations substantially
deviate from the experimentally determined ones (by one order of magnitude).
Therefore, it is preferable to use data obtained from ECV to calibrate the Raman
data. The g-parameters and the free carrier concentration levels that are obtained from
an analysis of the Raman peaks are calibrated in the following way: The free hole
concentration profiles within the BSF region of a standard silicon solar cell were first
measured with the ECV method. Then a piece of the same solar cell was small-angle
beveled and Secco etched in the manner as described above. The BSFregion was then
analyzed by Raman spectroscopy. Depending on the solar cell, the standard free hole
concentration level within the bulk wafer region lies usually in the range of ~5 x 10"
cm -2 x 10" cm >, According to the literature [73, 79], the standard p-doping levels
of the respective bulk wafers still produce some slight Fano resonances when the 633
nm excitation wavelength is used, but the Raman peaks become almost symmetric in
practice and the values for the parameter g take valueslarger than ~150. The reciprocal
symmetry parameter 1/q is roughly proportional to the free hole concentration in
silicon [73-75]. Therefore, the free hole concentrations that are obtained from the ECV
measurements can be plotted versus 1/q (obtained from the Raman measurements)
resulting in a roughly linear correlation between the free hole concentration and the
1/qvalues. This plotis shown in Figure 14.13. The obtained linear calibration curve is
used for the following free hole concentration measurements and maps.

14.4.3
Experimental Results

The left image in Figure 14.14 shows an enlarged optical micrograph of the spike-
containing BSF feature already shown in Figure 14.11c. The right image represents
the Raman map of the Fano asymmetry (ratio R(q)) produced by the high p-doping
within the BSF region. At the six positions, marked with an asterisk, the symmetry
parameter g and the free hole concentration were determined by the more accurate
peak fitting routine using Eq. (14.15) (see Table 14.1) rather than by the less accurate
inversion of the experimentally determined function R(g). The highest free hole
concentration levels are measured at positions (position 4, 5, 6) in the vicinity of a
random grain boundary (dotted line). These regions occur much darker in the optical
micrograph (red arrow), compared to the bright bulk wafer region and the slightly
darker BSFregion. Itis assumed that the somewhat higher etching rate at the random
grain boundaries is responsible for the dark contrast: close to the random grain
boundaries, the silicon becomes rather thin due to the higher etching rate. The dark
Al-rich phase underneath the Si-rich phase (BSF region) becomes then better visible



14.4 Measurement of Free Carrier Concentrations | 325

-
-
i

Free holfe concentration (1'0" cm '3,}

=i - wh wh WA =k
= R - - LIRS R - ]
U RN WY N S TN T W R | PR T T I 1

T

T 9

11 13 15 17 19 21 23
(1/q)*1000

L]

Figure 14.13  Free hole concentrations within
the BSF region determined by the ECV method
plotted versus the reciprocal Fano symmetry
parameter 1/g. The roughly linear correlation is
indicated by the dotted calibration line. This line
is used to determine the free hole
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concentrations within the BSF regions from the
following Raman maps. The error bars account
for the inaccuracy of the ECV measurements,
which results from spatial variations of the
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Figure 14.14  (a) Optical micrograph of the
spike-containing BSF feature already shown in
Figure 14.11c. (b) Raman map of the Fano-
induced peak asymmetry produced by the high
p-doping within the BSF region. At six positions,
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marked with an asterisk, the symmetry
parameter g and the free hole concentrations
were determined by the more accurate

peak fitting routine using Eq. (14.15)

(see Table 14.7).
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Table 14.1 Symmetry parameters q and the resulting reciprocal values 1/q as well as the free hole
concentrations determined by Raman measurements.

Position q 1/q * 1000 Carr. Conc. (10'8cm3)
1 >150 <6.67 <0.025

2 65 15.38 4.7

3 54 18.52 6.8

4 51 19.61 7.6

5 39 25.64 11.7

6 29 34.48 17.7

The data correspond to the six positions, marked with an asterisk in the Raman map shown in
Figure 14.14.

and influences the free carrier concentration measurements due to the additional Al
atoms. The g-value and the corresponding free hole concentration level at position 3
probably gives a more accurate value of the free hole concentration contained in the
major part of the BSFregion. The fact that the small spike within the BSF-bulk wafer
interface close to the random grain boundary can be resolved by the Raman map
shows how good the lateral resolution of the combined small-angle beveling Raman
measurements within these regions are. In Figure 14.12, the baselines of the two
first-order Raman peaks of silicon, measured within the bulk wafer (dotted gray) and
the BSF region (continuous black), are displayed. High p-doping (black curve) leads
not only to a broadening of the higher wavenumber flank of the Raman peak
(g positive but small) but also to a larger I" (peak width) value, which manifests in
an also slightly broader lower wavenumber flank of the silicon Raman band. The
continuous black curve in Figure 14.12a shows one of the maximal Fano-induced
peak asymmetries of all the Raman measurements presented here. The correspond-
ing free hole concentration level is >2 x 10" cm >,

The transition from the standard low doping level within the bulk wafer (dark blue
regions) to the highly p-doped regions (BSF) usually takes place within less than
~3 um in the Raman maps. If we take into account that this transition elongation into
the small-angle beveled direction has to be divided by the stretching factor s(a), the
effective transition length would lie in the range of ~250-700 nm. However, it can be
assumed that the dopant atom concentrations at the bulk wafer-BSF interface follows
the theoretical step functional shape and that the measured gradient of the free hole
concentration results from (1) the blurring effect of the focused (and sometimes
defocused) laser spot and (2) the elongation of the free hole diffusion of a few
hundreds of nanometers [87] into the weakly doped bulk wafer region. The BSF
region shown in the optical micrographs and Raman maps in Figure 14.14 exhibits a
rather exceptional rough and wrinkled shape. One reason for the unusual shape is
that in this case a large stretching factor s(a) was used, resulting in small-angle
beveling artifacts such as island formation and rather distorted BSF shapes. Another
reason is that the region shown in Figure 14.14 contains a more complex micro-
structure, for example, random boundaries, leading to a pronounced spike formation
at the BSF-bulk wafer interface. The Raman map shown in Figure 14.15 represents
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Figure 14.15 Raman map that represents a island formation. No random or twin
more typical BSF region (~95% of all BSF boundaries were present in the analyzed sample
regions) within the investigated samples. Inthis  region, leading to a much more homogeneous
case, a rather small stretching factor and smooth BSF shape.

(s(a) =6.9) was used, avoiding the artificial

the shape of a more typical BSF region within the investigated samples. In this case, a
rather small stretching factor (s(a) =6.9) was used, avoiding the artificial island
formation. Also, no random or twin boundaries are present in the analyzed sample
region, leading to a more homogeneous and smooth BSF shape. As in the sample
region presented in Figure 14.14, the elongation of the BSF to bulk wafer free hole
concentration gradient is ~3 um, resulting again from the blurring effect due to the
finite size of the laser spot and the free hole diffusion into the weakly doped bulk
wafer region. The variations in the g parameter in this case are rather small (43-51),
corresponding to small free hole concentration variations of 7.6 x 10'® cm—3-10.1
x 10" cm >, Again, there are five measurement points (marked with an asterisk) that
were analyzed in more detail. The obtained data are presented in Table 14.2.

Table 14.2 Symmetry parameters q and the resulting reciprocal values 1/q as well as the free hole
concentrations determined by Raman measurements.

Position q 1/q * 1000 Carr. Conc. (10'® cm 3
1 43 23.26 10.1

2 49 20.41 8.1

3 46 21.74 9.0

4 51 19.61 7.6

5 >150 <6.67 <0.025

The data correspond to the five positions, marked with asterisks in the Raman map shown in
Figure 14.15.
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14.4.4
Comparison with other Dopant Measurement Methods

Besides Raman spectroscopy and the ECV method, there are two other dopant
concentration measurement techniques that are worth mentioning as they are
frequently used. The standard method when boron-doped silicon samples are
analyzed is secondary ion mass spectroscopy (SIMS) [88-90]. This technique
measures directly the concentrations of dopant atoms and not the free carrier
concentrations. With SIMS it is possible to perform mapping of dopant atom
concentrations with ~ um resolution in two or even three dimensions and to
distinguish between the different dopant species. However, SIMS needs high-
vacuum equipment that makes the method complex and expensive. Another draw-
back of SIMS is that quantitative measurement results are often difficult to obtain,
especially if silicon samples that are highly doped with other dopants than boron
(e.g., aluminum) are investigated [91]. A method that measures lateral free carrier
concentration gradients instead of absolute values of dopant concentrations is the
lateral photoscanning method (LPS) [92]. But the lateral resolution of the LPS method
is limited to ~30um and therefore not suited to analyze and map free carrier
concentration variations within the few micrometers thick BSF and other highly
doped regions (e.g., the emitter) within a silicon solar cell.

14.5
Concluding Remarks

Micro-Raman spectroscopy has been established as a valuable analysis tool in
semiconductor science and technology as well as microelectronics in the past decade.
Micro-Raman spectroscopy has already become a standard instrument in research
and development departments of most semiconductor and microelectronics indus-
tries. There, Raman spectroscopy is used to analyze mechanical stress, composition,
dopant distributions, and crystallinity within semiconductor devices or for failure
analysis on the submicrometer scale.

However, in photovoltaic science and technology, Raman spectroscopy has
emerged only in the past few years from a niche method to a routinely used analysis
tool. One reason for the delayed establishment of Raman spectroscopy in this field
might be that the usually more complex microstructure of photovoltaic materials
made it difficult to simply transfer the measurement and evaluation procedures used
in microelectronics to photovoltaic devices. Another reason is that until the last few
years there was no real need for solar cell material analysis with Raman spectroscopy.
Due to the rather thick and therefore mechanically stable silicon wafers, questions
concerning the mechanical stress/strain states and wafer breakage played only a
minor role. Due to the already well-established and automated dopant analysis
methods (e.g., ECV measurements), there was also no need to develop a new doping
analysis tool based on Raman spectroscopy. However, things changed drastically, as
the solar cell producers were recently forced to reduce the thickness of the bulk silicon
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wafers or to use thin film solar cell concepts in order to reduce the overall solar cell
production costs and to finally offer photovoltaic energy at competitive market prices.
However, as thinner wafers and thin silicon films (a few micrometer thick) are prone,
to a greater extent, to breakage due to internal mechanical stress, crack formation,
and propagation, mechanical stress/strain analysis on the submicrometer scale has
become increasingly important. As micro-Raman spectroscopy is one of the few
methods that enables quantitative and nondestructive mechanical analysis with
submicrometer spatial resolution and offers quantitative analysis of dopant con-
centrations along the way, this method has become particularly important in solar
material characterization in the past few years. Though Raman measurements can be
performed rather fast and easily in practice, the interpretation of the measurement
results can become increasingly tricky and puzzling. Therefore, the main purpose of
this chapter was to equip the potential applicant of Raman spectroscopy in the field of
photovoltaics with the necessary physical background and knowledge of spectroscopy
of solids to use the presented methods effectively or to improve and further develop
the described evaluation procedures.

In addition to mono- and polycrystalline silicon wafers, there are many other solar
cell material systems where Raman spectroscopy might also serve as an important
analysis tool in future, but not discussed in this chapter. For example, in amorphous
or microcrystalline laser-crystallized thin film solar cells, the crystalline Si/amor-
phous Si ratio and information about the grain sizes could be determined and
mapped with micro-Raman spectroscopy. Also in chalcopyrite-based solar cells,
Raman spectroscopy could serve to analyze the composition, the material structure,
or the influences of mechanical stresses.

A rather new and promising field in photovoltaics are organic solar cells where
concepts such as dye- or polymer-based devices are already or close to marketability.
However, especially in the field of organic photovoltaics, there are still some
phenomena and effects that are not fully understood, for example, the exact path
of charge carrier transport or how to enhance the carrier transport by additional
constituents and better ordering [93]. In this branch of photovoltaics, Raman
spectroscopy of organic materials, that is, the analysis of chemical bonds and their
frequency shifts due to different surroundings, might serve as an important
technique in the future to elucidate these open but important questions.
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