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Strain Analysis in Transmission Electron Microscopy:
How Far Can We Go?
Anne Ponchet, Christophe Gatel, Christian Roucau, and Marie-José Casanove

Nanostructures are characterized by dimensions in the range of 1–100 nm in at least
one direction; this definition includes 2D structures (quantumwells, thin layers), 1D
structures (quantum wires, nanowires, etc.), and the so-called 0D structures (quan-
tum dots, nanoparticles, etc.). Because of the presence of surface, interface, and
different sources of inhomogeneities, these nanostructures often undergo internal
stresses associated with elastic strains. Due to the size reduction and the fabrication
process that are generally conducted far from equilibrium, very high stresses can be
localized in small volumes. Stresses of a few GPa and strain of a few percentages are
thus commonly reached.

Transmission electron microscopy (TEM) is a powerful tool for structural analysis
at the nanometric scale. Its originality is to combine analysis in both direct and
reciprocal space. Imaging mode allows localization at the nanoscale and also gives
direct and very local information on interfacial morphology and extended defects,
while precise measurement of the lattice parameters is achievable through electron
diffraction.

This chapter will present how the structural information accessible by TEM can be
transformed into stress or strain quantities. Actually this supposes to consider the
strain as a variation of lattice parameters. It will be shown that one has to build
mechanical models to obtain the full strain or stress tensor from these experimental
data. The hypothesesmade in this frame and the limits of validity of these hypotheses
will be discussed.

After some brief recalls on elasticity and on TEM principles, we will introduce in
Section 9.1 one of the main issues encountered in TEM analysis, the thin foil
relaxation effect. Sections 9.2 and 9.3 will be devoted to two methods where the thin
foil relaxation can be efficiently exploited as a probe of stress or strain, the TEM
curvature and the convergent beam electron diffraction (CBED); in both of these
methods, the sample thicknesses, in the range of 100–500 nm, can be measured
accurately. Section 9.4 will discuss some issues specific to strain determination from
high-resolution electronmicroscopy (HREM) image analysis, which canbe applied to
very thin samples.
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9.1
Introduction: How to Get Quantitative Information on Strain from TEM

9.1.1
Displacement, Strain, and Stress in Elasticity Theory

In a continuous description of thematter, the strain e is a tensor of rank 2 expressing
the derivative of a displacement fieldU with respect to a reference state. In the first-
order approximation, the strain components in a given basis are

eij ¼ 1
2

@Ui

@xj
þ @Uj

@xi

� �
ð9:1Þ

where Ui and Uj are the components of U in this basis. Internal forces can be
represented by the means of a tensor of rank 2, the stress tensor s, which has the
dimension of a force per area unit (N/m2 or Pa). In the frame of the linear elasticity,
the strain and stress are linearly linked by the elasticity (or stiffness) tensor C
(Hooke�s law):

s ¼ Ce ð9:2Þ
In crystals, which are anisotropic by nature,C is a tensor of rank 4 containing 3–21

independent elastic coefficients, depending on the crystal symmetry.
It ensues from these definitions several important consequences on strain

measurements:

. Any passage from strain to stress (and conversely) supposes that the elastic
coefficients of the material are known.

. Determining the strain state of amaterial supposes to define a �reference state� or
�relaxed state,� the one that the material would adopt without internal or external
stresses. This relaxed state is often assimilated to the bulk state, which can be
problematic in case of a metastable material that does not exist in the bulk state.

. The continuous concepts defined here are valid only at a scale larger than
the lattice spacing. When the nanocrystal is formed by a few atomic planes, the
lattice distortions are better described by atomic models.

9.1.2
Principles of TEM and Application to Strained Nanosystems

Crystalline materials can be explored in both diffraction and image modes
(Figure 9.1). Due to the objective lens, the electron beams that have gone through
the sample can be focused. If the incident beam is parallel, the diffracted and
transmitted beams can be focused in the focal plane of the objective lens. By using a
suitable intermediate lens, the diffraction pattern formed in the focal plane can be
projected onto the screen (diffraction mode). The main modes of image formation
are schematically represented in Figure 9.1b:
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. Conventional imaging: The image is formed here either by the transmitted beam
(bright field) or by one of the diffracted beams (dark field). The chosen beam is
selected by an aperture located in the focal plane. The contrast in the image is due
to variations of diffraction conditions in the sample.

. HREM imaging:The contrast here results from the interference of several beams,
diffracted and transmitted, that produces a phase contrast. If an (hkl) family of
planes parallel to the beam has an interplanar distance dhkl larger than the point
resolution of the microscope (typically 0.1–0.2 nm), the image present parallel
lattice fringes with a spacing corresponding to dhkl. Most often, the electron beam
is chosen parallel to a crystallographic directionwith a high symmetry, called zone
axis. If more than one family of lattice fringes are observed, the image looks like a
2D projection in this direction of the atomic columns of the 3D crystal.

The strain, as defined by the elasticity theory in Section 9.1.1, is never directly
measured in a TEMexperiment. In fact, to get information on strain, one assimilates
strain components to variations of lattice parameters that can be deduced either from
a direct analysis of electron diffraction patterns or from analysis of high-resolution
images.

9.1.3
A Major Issue for Strained Nanostructure Analysis: The Thin Foil Effect

Transparency to electrons depends on the electron wavelength and on the extinction
distance, specific to the material and the diffracting planes. Conventional imaging
(dark and bright fields) and diffraction are possible up to a few hundreds of
nanometers. HREM imaging requires even smaller thickness, below 50 nm. Various
techniques of thinning, including mechanical polishing, chemical etching, ion
milling, and focused ion beam, are used to achieve the electron transparency.
Alterations like surface amorphization or partial annealing are possible, but are
likely to be limited by a careful use of these thinning methods.

Figure 9.1 Principles of TEM. (a) Diffraction by a crystal. (b) Principle of the image formation from
the transmitted beam (bright field), froma single diffracted beam(dark field), or from interference of
several beams (HREM mode).
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More annoying for the purpose discussed here is the creation of free surfaces with
a major consequence: a change in the strain state. Stress relaxation in periodic
superlattices has been the object of a theoretical work in 1985 by Treacy and Gibson
[1, 2]. The considered system was a [001]-oriented strained superlattice in a cubic
material. Using Fourier series, the authors have analytically calculated the strain
gradient generated by the cross-sectional thinning along one [100] direction of the
interface plane. The main conclusions of this early study can be qualitatively
generalized to a single layer: the level of relaxation is fixed by the ratio between the
thickness of the foil along the thinned direction, tx, and the thickness of the strained
layer, hF (Figure 9.2). Schematically, if tx is much larger than hF, the stress remains
biaxial; as tx decreases, the symmetry of stress and strain tensors is reduced and one
tends to a full relaxation of the stress along the direction of observation and uniaxial
stress along the perpendicular direction [1, 2].

Inhomogeneous strain fields and a reduction of the average strain in agreement
with the theoretical model [1, 2] have been experimentally observed in InAlAs
superlattices [3]. Single layers also exhibit experimental values of strain smaller than
that expected [4, 5]. Finite element modeling (FEM) is now used to calculate
numerically surface relaxation effect when analytical models are not suitable [6, 7].

In the following sections, we will review the main manifestations of the strain
relaxation and some possible strategies to achieve the initial strain state from a
thinned sample.

9.2
Bending Effects in Nanometric Strained Layers: A Tool for Probing Stress

9.2.1
Bending: A Relaxation Mechanism

Bending is a well-known mechanism of relaxation that occurs in any bilayer system
with a finite size, independent of the origin of stress (Figure 9.3a). The TEM samples
do not escape this phenomenon. Figure 9.3b is a scanning electronmicrocopy (SEM)
observation of a 10 nmGa0.8In0.2 As layer epitaxially grown on aGaAs substrate, after
it has been thinned from the substrate side for plane-view TEM observation. The foil
is characterized by a strong bending of the thinned zones. Cleavage also occurred
spontaneously during the thinning. In this example, bending is a clearmanifestation
of the relaxation of the epitaxial stress in the layer that is due to elastic accommodation

Figure 9.2 Sample geometry: the direction of observation is z in plane view (left) and x in cross
section (right).
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of lattice mismatch with the substrate. This can be generalized to internal stresses
of any origin.

Using bending of TEM specimen as a probe of stress appears highly attractive;
it requires

. a reliable relation between the internal stress and the curvature, and

. a means of measurement adapted to TEM specimens.

9.2.2
Relation between Curvature and Internal Stress

Let us first consider the stress in the layer for an infinite substrate. The stress tensor
can be expressed in a (x, y, z) orthogonal basis, where z is the direction normal to the
surface (Figure 9.2). Frommechanical considerations, it comes that each component
of stress along z is null (the surface being free):

s ¼
sxx sxy sxz

sxy syy syz

sxz syz szz

0
BB@

1
CCA ¼

sxx sxy 0

sxy syy 0

0 0 0

0
BB@

1
CCA ð9:3Þ

In addition, if the stress is isotropic in the (x, y) plane, the stress tensor is entirely
characterized by a single term, the in-plane component s0:

s ¼
s0 0 0
0 s0 0
0 0 0

0
@

1
A ð9:4Þ

In crystalline layers, this situation can occur if z is a direction of high-crystalline
symmetry and the stress in the (x, y) plane is biaxial. For a finite size of the substrate
(Figure 9.3a), the analytical model of Timoshenko [8, 9], based on the equilibrium of
the forces and of the moments, establishes a linear relation between the curvature k
and the �initial� stress s0:

Figure 9.3 Curvature of a bilayer systemwith a finite size. (a) Schematic representation in section.
(b) SEM observation of a 10 nm Ga0.8In0.2As layer epitaxially grown on a (001) GaAs substrate after
thinning by the substrate side for plane-view TEM observation.
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k
¼R¼ ESh2S

6ð1�nSÞhFs0
Fðd;gÞ;

where Fðd;gÞ¼1þ4gdþ6gd2þ4gd3þg2d4

1þd
; g¼EFð1�nSÞ

ESð1�nFÞ ; and d¼hF
hS

ð9:5Þ
HereR is the radius of curvature, ES is the Young�smodulus, nS is the Poisson�s ratio,
and hS is the thickness of the substrate; EF is the Young�smodulus, nF is the Poisson�s
ratio, and hF is the thickness of the thin film. The function F(d, g) reflects the transfer
of the stress from the layer toward the substrate associated with the specimen
bending [8, 9]. When the layer thickness hF is negligible with respect to the substrate
thickness hS, that is, when F(d, g) tends to 1, Eq. (9.5) is known as the Stoney�s
formula [10]. This calculation can be generalized for multilayered structures [11].

Determining the stress, in a layer from the substrate bending is a well-known
procedure; X-ray diffraction or optical reflectometry are well-suitable techniques for
measuring radius of curvature in the range of 1–100m and are generally applied to
substrates whose thickness is some hundreds of micrometers [12, 13].

Examination of Eq. (9.5) indicates a huge exaltation of the bending effect due to
thinning in plane-view TEM specimens. For instance, a radius of 1m for a 100 mm
thick substrate becomes 1mm after thinning to 100 nm.

9.2.3
Using the Bending as a Probe of the Epitaxial Stress: The TEM Curvature Method

Conventional TEM provides reliable and accurate methods to measure the curvature
in the range of 10–200 mm and the foil thickness in the range of 100–500 nm [14]. In
brightfield (Figure 9.1b), there is a deficit of the amplitude of the transmitted beam in
the places where an (hkl) family of crystal planes is in Bragg position. Due to the foil
curvature, these regions are in symmetrical positions with respect to the incident
beam (Figure 9.4a) and dark lines called bend contours appear in the image
(Figure 9.4b). Applying the Bragg law, the radius of curvature R is very directly
linked to the distance D0 between the bend contours, following

R ¼ D0=2 sin y ¼ D0dhkl=l ð9:6Þ

Figure 9.4 Bend contours in a curved bilayers. (a) Formation of the bend contours. (b) Bright field
image in plane-view; the diffracting planes are (220) (same sample as in Figure 9.3b).
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where y is the Bragg angle, dhkl is the interplanar distance of the diffracting
planes (hkl), and l is the electron wavelength [14]. A precision of about 2% on R
is achieved.

The foil thickness tz (Figure 9.2) can bemeasured fromdiffraction contours in dark
field with a method derived from that used for CBED [15] and adapted to take into
account the curvature [14]. This measure is very precise (better than 2%) for
thicknesses in the range of a few hundreds of nanometers.

An example of stress determination in a nanometric layer using the curvature is
given in Figure 9.5. The thinning process has produced a slow variation of hs, which
allows to fit the Timoshenko�s relation over the range of 100–300 nm. The unique
adjustable parameter is the in-plane component of the stress s0 [14].

9.2.4
Occurrence of Large Displacements in TEM Thinned Samples

The analytical approach described above uses the simplified theory of elasticity with
the hypothesis of small displacements. A simple criterion for small displacements is
that the deflection, that is, the total displacement perpendicularly to the sample, is
small compared to the radius of curvature. Break of the linearity between stress and
curvature is predicted in case of large deflections [9] and has been observed in
micrometric samples [16]. It turns out that TEM foils aremuchmore bent than in the
classical curvature method.

It is thus legitimate to question the validity of the Timoshenko�s approach [17].
The occurrence of large displacements is related to the lateral extension of the

Figure 9.5 Stress determination in a 10 nm
thick Ga0.8In0.2As layer on a GaAs substrate.
Inset: The cleavage occurred during the plane-
view thinning has resulted in a rectangular
lamella (here in bright field). Curve: Radius of
curvature Rx and Ry, measured in bright field in

two directions, reported as function of the
substrate thickness hs, measured in dark field.
One obtains s0, the in-plane component of
epitaxial stress before thinning, by fitting the
experimental points with Eq. (9.5) (full line).
Here s0¼�1.30� 0.16GPa.
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sample [9], which is not considered in Eq. (9.5). An answer can be given case-by-case
using a numerical method like the finite element method. So, for a rectangular
lamella with a width W, the curvature presents different regimes as the dimension-
less parameterW2/(Rhs) increases [17] (independent of the intrinsic characteristics of
the strained layer):

. Small displacements: The Timoshenko�s relation is applicable and the curvature
is isotropic (Figure 9.6).

. Intermediate situation (when W2/(Rhs) increases): A reduction of curvature
compared to the Timoshenko�s relation and a dissymmetry of the two main
curvatures appear (Figure 9.6).

. Very large displacements: The curvature becomes cylindrical (Figure 9.7).

Figure 9.6 (a) FEMof a 10 nmGaInAs layer on
a GaAs substrate. The substrate thickness hs
varies linearly from 80 to 220 nm. (b) Projection
in the (x–y) plane of the radius of curvature R.

Top to bottom: Analytical calculation
(Timoshenko�s formula); FEMwhen the lamella
width is 2mm; FEM when the lamella width is
4mm (R is shown in the two main directions).

Figure 9.7 FEM of an ultrathin lamella (hs¼ 50 nm). A full cylindrical curvature is achieved.
Cylindrical rollers comparable to this modeling can be observed experimentally in Figure 9.3b.
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9.2.5
Advantages and Limits of Bending as a Probe of Stress in TEM

The TEM curvature method appears as particularly suitable to measure stresses
on the order of magnitude of a few GPa in epitaxial layers [14, 18]. The principle
of this method makes it a very reliable approach from the mechanical points of
view [17]:

. The mechanical behavior of the thinned sample is completely controlled.

. The thin foil relaxation effect is not seen as a problem, rather it is the basis of the
stress determination principle.

. Onemeasures an element of stress tensor (or the force exerted by the layer on the
substrate), while CBED andHREM (being sensitive to atomic positions)measure
elements of strain tensor.

. The complete determination of the stress tensor is achieved from this single
element, provided that the stress is uniform and biaxial in the film plane.

. The TEM curvature method does not need a reference zone in the substrate.

. The knowledge of the relaxed state of the strained layer is not necessary.

Due to the problematic of large displacements, attention should nevertheless be
paid to the theoretical frame used to link the curvature with the stress. FEM is an
essential tool to determine in which limits the analytical models can be applied [17].

The main drawback is the spatial resolution in the layer plane, on the order of
magnitude of the distance between the contours of extinction (typically 1mm) [14].

9.3
Strain Analysis and Surface Relaxation in Electron Diffraction

9.3.1
CBED: Principle and Application to Determination of Lattice Parameters

Using a convergent beam for electron diffraction experiments (CBED) instead of a
parallel beam offers the combined advantages of very small probes and remarkable
sensitivity to small variations of the lattice parameters (down to 10�4). Such
properties are due to the basic principle of CBED:

. The incident electron beam forms a cone converging onto the samplewith a probe
size as small as 1 nm.

. The sample is probed at the same time by beams having different incident angles
so that many lattice planes families are simultaneously in Bragg position.

All the beams having the same angle of incidence with a given lattice plane belong
to a same plane. When the incident angle is a Bragg angle for the lattice plane, all
these beams are diffracted and intercept the focal plane along a line (excess line)
(Figure 9.8a). As a consequence, a deficiency line parallel to the excess line is formed
in the transmitted beam. In fact, due to the conical shape of the beam, the CBED
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pattern is formed by disks instead of spots. The transmitted (or central) disk thus
shows numerous dark lines (deficiency lines), each of them corresponding to a
particular lattice plane family (Figure 9.8a). All these lines make precise angle
between them and their intersection highly depends on the six unit cell parameters
(a, b, c, a, b, c).

Without going further into the details of the technique, let us just mention that a
large part of the information included in a CBED pattern comes from the high-order
Laue zones (HOLZ) of the reciprocal lattice, which means that the pattern contains
3D information. Thus, most of the deficiency lines displayed in the central disk (all
the thin ones) are in fact HOLZ lines.

CBED is highly valuable for investigating the structure in a given area of a
specimen: this goes from local variation of the lattice parameters to complete
determination of the space group. The lattice parameters are determined through
the comparison with simulated patterns (Figure 9.8b). The adjustable parameters
required for the simulation are as the following:

. The energy of the electron beam (or microscope voltage) that can be accurately
measured from a CBED pattern taken in an unstrained region of a reference
crystal.

. The specimen thickness that can be precisely determined from the analysis of the
fringes displayed in ZOLZ lines (zero-order Laue zone) of the CBED pattern [15].

. The six unit cell parameters.

Note that suitable patterns require thickness in the range of 200–500 nm. Besides,
energy filtering of the recorded pattern in order to suppress inelastic contributions
gives enhanced precision. An example is displayed in Figure 9.8b, which shows an
experimental pattern together with a simulated one.

Figure 9.8 Principle of CBED. (a) Diffraction in convergent beam. (b) Experimental diagram
(filtered) at 200 kV, in a [230]-oriented silicon crystal, and simulated pattern simulated with JEMS
software.
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9.3.2
Strain Determination in CBED

CBED patterns can be analyzed in terms of elastic strain by comparing the six lattice
parameters introduced in the model to fit the experimental pattern with the ones of
the relaxed material. The sensitivity can be as good as 10�4. In addition, the local
variation of the lattice parameters in different regions of a specimen can be recorded
with a high spatial resolution of a few nanometers. Such analyses have been
successfully carried out in cross-sectional [19–21] as well as in plane-view
specimens [22].

Amore complicated situation ariseswhenwe try to investigate nano-objects and, in
particular, strained epilayer with nanometer thickness. In such cases, only cross-
sectional investigations are likely to produce suitable patterns. However, it comes out
that the CBED pattern in the epilayer is completely blurred [20]. More precisely, the
CBED pattern evolves from a �classical� pattern [23], observed in the substrate at a
distance far from the layer/substrate interface, to more complex patterns in which
the HOLZ lines progressively change from single to multiple lines with complex
profiles (Figure 9.9a). The HOLZ lines thus widen in bands, while the probe
approaches the interface, until the pattern is fully blurred.

To understand what happens in this case, it is useful to model the whole
specimen (epilayer and substrate) with suitable thickness. Such model is displayed

Figure 9.9 [230] CBED central disks of a cross-
sectional Si0.8Ge0.2/Si specimen; the foil
thickness is 300 nm. (a) Experimental patterns
taken in the substrate at respectively 450, 250,

and 150 nm from the interface with the
epilayer. (b) TDDT simulated patterns taking
into account the inhomogeneous strain field
calculated by FEM [23, 26].
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in Figure 9.10, after free surface relaxation has been calculated through finite
element modeling. Clearly, the thin foil effect results in both slight bending of the
specimen free surfaces and inhomogeneous strain states in the substrate, until depth
is as high as 300 nm from the interface.

As the convergent beamprobes the 3D reciprocal lattice, it encounters regionswith
different states of strain while crossing the specimen thickness at a position close to
the interface. It has been shown that the complex line profiles (also called HOLZ line
splitting) come from such strain inhomogeneities [24]. Fortunately, several
authors [23, 25–27] have developed new approaches to simulate the interaction of
the convergent beam with this kind of specimens. Such methods hence provide
accurate determination of the initial state of strain in the epilayer from the analysis of
the substrate at different positions below the interface, as shown in Figure 9.9b in
which the simulations were performed using our home-made software [26] based on
the time-dependent dynamical theory (TDDT) approach [28].

In plane view, CBED patterns obtained from an epilayer on a substrate are also
affected by the inhomogeneous strain due to the bending described in Section 9.2; in
such case, the thinning method has been found to influence the degree of bend-
ing [29], making the comparison with simulated patterns even more complex.

9.3.3
Use and Limitations of CBED in Strain Determination

In principle, CBED allows to explore the lattice parameters in the three directions
from a single diffraction pattern. When the CBED pattern is not blurred by surface
relaxation effects, a direct determination of the strain is possible with a sensitivity of
10�4 and a localization at the scale of a few nanometers.

In the more complex situation of heavily strained regions undergoing surface
relaxation effects, quantitative modeling of CBED patterns can nevertheless be
performed. This requires a complete model, including the initial strain field, a good
knowledge of the thinned sample geometry, the displacement field in the thinned

Figure 9.10 FEM of the inhomogeneous strain field in a cross-sectional Si0.8Ge0.2/Si specimen.
(a) Map of the Uz displacements. (b) Shape of the Uz profile in the substrate at different distances
from the interface.
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sample, and a good knowledge of the electron probe position on the sample.
Application of this principle to strained epilayers has allowed using surface relaxation
in the substrate as a probe of the initial strain undergone by the epilayer, with a
precision of about 10%.

CBED contains some other limitations and drawbacks: it requires defect-free
specimens. This is not so obvious at the scale of TEM investigations. For instance,
semiconductors and eventually oxides are much better specimens for CBED
than metals that contain many defects due to lower fault energies. Even more
important, CBED does not avoid the need for a reference state, as described in
Section 9.1.1.

9.3.4
Nanobeam Electron Diffraction

In principle, lattice parameters can be determined simply from the position of the
spots in electron diffraction diagrams performed with a parallel beam. However, the
large illumination of the sample in the diffractionmode inhibits its use for local strain
determination. Nowadays the nanobeam electron diffraction (NBED)mode allows to
achieve beams almost parallel to a probe as small as a few nanometers. Strain
variation of about 10�3 can be detected at the scale of 10 nm [30]. Recently a resolution
of about 2.7 nm and a sensitivity of 6.10�4 have been reported [31]. As CBED, NBED
necessitates a comparison of experimental and simulated strain profiles to take into
account the thin foil relaxation phenomena [31] and it does not escape the use of a
reference state.

9.4
Strain Analysis from HREM Image Analysis: Problematic of Very Thin Foils

9.4.1
Principle

An HREM image can be considered as a sum of individual lattice fringes,
each set of fringes displaying its own spatial frequency g. Strain determination
consists in measuring precisely the lattice fringes spacing in an HREM image and
determining a 2D displacement field u compared to a reference area in the image,
displaying lattice fringes of well-known spacing (Figure 9.11). Two techniques are
used:

. The position of each �atomic column� can be determined directly in the image
using a peak finding procedure [32, 33].

. The variation in the fringe spacing from one region to another can also be
measured in the Fourier space, through Fourier filtering around the spatial
frequency g of interest (geometrical phase analysis (GPA)) [34]. The inverse
Fourier transform after Fourier filtering produces a complex image, whose phase
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Pgdisplays the local variationDg of the spatial frequency (phase shift) in each point
of the image. The local displacement u of the fringes is directly related to the
phase shift.

Pg ¼ �2pg � u ð9:7Þ

When two different sets of fringes are selected, each having its own spatial
frequency g1 and g2, two components of displacement (u1, u2) can be
determined. It is thus obtained a 2D displacement field U2D, whose derivative with
respect to the spatial positions xi, xj (in an orthogonal basis) defines a 2D �strain�
tensor e2D:

e2Dij ¼ 1
2

@U2D
i

@xj
þ @U2D

j

@xi

 !
ð9:8Þ

Strain determination thus consists in assimilating this 2D �strain� field,measured
from the image, to the 2D projection of the strain tensor e occurring in the crystal, as
defined in Section 9.1.1 (or assimilating the 2D displacement field U2D, measured
from the image, to the 2D projection of the 3D displacement fieldU occurring in the
crystal).

The smallest displacement that can be measured is around 1 pm in optimal
conditions [35] (in practice, it can be larger due to different sources of noise). The
spatial resolution is not limited by the point resolution of the microscope (that
determines which lattice fringes can be analyzed), but rather due to the image
analysis principle. For peakfinding procedures, averaging over neighboring columns
can be necessary to improve the signal-to-noise ratio, which impacts the spatial
resolution. ForGPA, the spatial resolution is intrinsically limited by the use of amask
selecting the g frequency in the Fourier space of the image [34]. Using the largest
filter, the resolution cannot be better than two times the distance between the
analyzed fringes (in a semiconductor, this corresponds to about 0.6 nm when
(002) planes are analyzed).

Figure 9.11 HREM analysis of a strained InAs quantum well inserted between two Ga0.47In0.53As
barriers with a nominal lattice mismatch of 0.032 [5]. (a) h110i zone axis image and map of uz, the
displacements in the growth direction z (GPA method). (b) Profile of uz in the growth direction z.
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9.4.2
What Do We Really Measure in an HREM Image?

The very good resolution made HREM highly attractive for strain determination in
nano-objects. Nevertheless, despite its apparent simplicity, this is not a straightfor-
ward method. Actually, issues of different nature are hidden in the approach
consisting in assimilating the 2D strain field e2D determined in the image to the
2D projection of the actual 3D strain field.

9.4.2.1 Image Formation
Independent of the strain issue, considering the lattice fringes as the 2Dprojection of
the atomic planes throughout thewhole crystal is an approximation. In fact, twomain
sources of artifacts are possible when analyzing image contrasts:

. Inhomogeneities in the specimen:Due to the nature of the contrast inHREM, any
change in the beam phase, as those due to thickness gradients or bending in the
thinned sample, shifts the position of the lattice fringes in the image.

. Transfer function of the objective lens: Spherical aberration of the lens is
specifically responsible for delocalization effects near interfaces (the lattice
fringes in the images are shifted with respect to the exact projection of the lattice
planes in the crystal).

These points can be fully or partially controlled by a careful preparation of the
thinned sample, the use of new generation of TEMas those equippedwith a corrector
of spherical aberration, and the help of image simulation [6, 7].

9.4.2.2 Reconstruction of the 3D Strain Field from a 2D Projection
Let us express the strain tensor by the following matrix in a (x, y, z) orthogonal basis,
where x is the direction of observation (Figure 9.2):

e ¼
exx exy exz
exy eyy eyz
exz eyz ezz

0
@

1
A ð9:9Þ

The components eyy, ezz, and eyz are, in principle, related to the components of the
strain tensor e2D determined from the HREM image, as described in Section 9.3.1
(Eq. (9.8)), but the other components (along the direction of observation) aremissing
data. To reconstruct the full strain tensor, several steps are generally necessary. To
illustrate this reconstruction step-by-step, let us consider the simple and usual
situation displayed in Figure 9.11 of a [001]-oriented layer in a cubic system, grown
on a cubic substrate with a latticemismatch f.We suppose that the in-plane symmetry
is preserved by the epitaxial growth (for a more general approach including any
orientations, see Ref. [36]). y is the in-plane direction perpendicular to x and z is the
growth direction.

. Removing the reference for zero strain: Measurements in the image are carried
out by comparing the lattice fringes spacing in the area of interest with their

9.4 Strain Analysis from HREM Image Analysis: Problematic of Very Thin Foils j205



spacing in a reference area supposed unstrained. In practice, this reference is not
always the studied material in its relaxed state, but it is most often another
material. To deduce the strain tensor e, one has to first remove a contribution due
to this reference. The reference is often the substrate; in such case, its contri-
bution is expressed in termsof the latticemismatch f between the relaxedmaterial
and the substrate:

eyy ¼ e2Dyy �f and ezz ¼ e2Dzz �f ð9:10Þ

It is worth noting that f is one of the unknown values that one intends to measure.
. Elaborating a physical model of deformation: To go further, one needs a model of

deformation including some hypotheses. Here, a simplemodel is that the layer is
fully strained so that the in-plane strains are imposed by the lattice mismatch
(exx¼ eyy¼�f ) and the stress is biaxial (sxx¼ syy¼s0) as in Eq. (9.4).

. Use of a law of elastic behavior:A lawof elastic behavior, here theHooke�s law (9.2)
relating the strain and stress through the elastic coefficients, is also necessary. By
application of Eq. (9.2), it comes

ezz ¼ �2
C12

C11
exx and f ¼ e2Dzz

1�2ðC12=C11Þ ð9:11Þ

The problem, that is, determining of both the relaxed and strained states of the
layer from the image analysis, is now completely solved, on the basis of several
hypotheses:

. The experimental reference of �zero� strain is supposed perfect and unstrained.

. Here, a full elastic accommodation of the lattice mismatch has been supposed.
Other models, including interfacial dislocations or anisotropic accommodation,
are possible.

. The law of elastic behavior necessitates the knowledge of the elastic properties of
the strained layer (here the Cij).

. The status of the x-direction in the model is probably the most delicate point, as
detailed in the next section.

9.4.3
Modeling the Surface Relaxation in an HREM Experiment

9.4.3.1 Full Relaxation (Uniaxial Stress)
In themodel developed above, surface relaxationwas ignored.A full relaxation implies
sxx¼ 0 and leads to a different solution. In case of a h110i direction of observation,

exx ¼ C11ðC11 þC12�2C44Þ�2C2
12

C11ðC11 þC12 þ 2C44Þ�2C2
12
f

eyy ¼ �f

ezz ¼ 4C12C44

C11ðC11 þC12 þ 2C44Þ�2C2
12

f

ð9:12Þ
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With typical values ofCij in semiconductors, the ezz component and the measured
strain e2Dzz are now reduced by about 50% and 30%, respectively, compared to the
biaxial case.

9.4.3.2 Intermediate Situations: Usefulness of Finite Element Modeling
Intermediate situations canbe evaluated either analytically in some cases as proposed
by Treacy and Gibson [1, 2] or numerically using atomistic modeling or FEM [5–7].
Figure 9.12a displays, for instance, displacement profiles across a 5 nm InAs strained
layer embedded in two GaInAs buffers lattice matched to InP. The nominal lattice
mismatch is 0.032. The profiles are calculated by FEM for two foil thickness tx (45 and
13 nm) and compared with the nominal displacement without relaxation [5]. The two
main features are as the following:

. The transfer of stress from the layer to the buffers, which is attested by the
occurrence of negative displacements within the buffers.

. The decrease of the strain within the layer.

This decrease reaches 10% when the foil thickness is 20 times the layer thickness
(Figure 9.12b). This indicates that the situations where the relaxation can be
neglected are very limited. The reduction of 50% for a full relaxation is in agreement
with the analytical approach above.

9.4.3.3 Thin Foil Effect: A Source of Incertitude in HREM
This approach encounters nevertheless some limits:

. While the methods based on extinction contours are very efficient and precise to
determine �large� thicknesses (in the range of 100–500 nm for semiconductors),

Figure 9.12 FEM of surface relaxation in a
5 nm InAs layer embedded in two Ga0.47In0.53As
buffers [5]. The nominal lattice mismatch is
0.032. (a) Out-of-plane displacements for two
foil thicknesses tx (45 and 13 nm) compared

with the theoretical profile without
relaxation. (b) Normalized out-of-plane
strain within the layer as a function of
the ratio foil thickness (tx) over layer
thickness (hF).
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they fail below a few tens of nanometers. Unfortunately, this corresponds to
the range of thicknesses suitable for HREM. Inmany cases, the foil thickness can
just be estimated, which has serious consequences on the precision of the
measured strain.

. Due to the very small thickness, it is difficult to fully control the shape of
an HREM foil. The examined zone can be �lacework-like,� cleaved, with an
inhomogeneous thickness, and so on. The calculated displacements are sensitive
to anyof these parameters. Figure 9.13a–c shows, for instance,modifications of the
displacements when additional thin foil effects are permitted in addition to the
main relaxation along the direction of observation. So, the concept of �perfect
relaxation� generally adopted in the modeling should be questionable [5].

9.4.4
Conclusion: HREM is a Powerful but Delicate Method of Strain Analysis

HREM image analysis is until now the most local TEM method available to explore
strain at the nanoscale and it presents a good sensitivity to displacements. Use of new
generation of TEM, like those with a corrector of spherical aberration, makes it even
more attractive.

Nevertheless, it is not a directmethod tomeasure strain. On the contrary, it implies
a careful mechanical analysis to transform the experimental data – the relative
distortions of lattice fringes in a 2D image – into components of a volume strain
tensor. Among the various hypotheses chosen for this purpose, the surface relaxation
along the thinning direction is particularly susceptible to degrade the reliability of the
absolute measurement. Comparison of experimental and simulated displacements
is thus necessary to evaluate the precision of the measured strain. Also note that
the boundary conditions adopted in modeling are not necessary representatives of
the actual situation. So, the concept of �perfect relaxation� generally adopted in the
modeling should be questionable.

Figure 9.13 Out-of-plane displacements
(same sample as in Figure 9.12) modeled with
various boundary conditions allowing thin foil
effect in one, two, or three directions [5]. (a)
Perfect relaxation, only in the x-direction (the
sample has a finite size tx of 13 nmalong x and is
infinite along y). (b) Additional relaxation

is allowed, thanks to a free surface in the
y-direction, at a distance ty of 400 nm. In
addition, the out-of-plane displacements at the
substrate side are either forbidden (full line) or
free (dashed line). (c) Same as (b), with ty of
30 nm.
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9.5
Conclusions

With TEM, we have at our disposal a variety of methods to explore internal strain in
nanometric crystalline objects. TEM combines a good sensitivity with a fine spatial
resolution. Technical improvements in various fields (lenses, energy filtering, image
analysis, etc.) have recently upgraded the performances of quantitative TEM;
new promising techniques like nanobeam electron diffraction [31] and dark field
holography (HoloDark) [37] are in development to explore strain with resolution as
good as 3–4 nm.

TEM is nevertheless not a direct method for strain measurement. For this
objective, the ability of TEM to explore crystalline materials is exploited: the physical
quantities that are experimentally determined are essentially related to lattice
parameter variations. To go from these experimental data to the more abstract
concept of strain, one has to build mechanical models. They include some or all
of the following components:

1) A law of elastic behavior relating strain and stress in the material under study,
including a relaxed state of the material.

2) A model of mechanical loading reproducing the physical origin of stress in the
sample.

3) A geometrical model of the thinned sample.
4) Boundary conditions.
5) An experimental reference of zero strain.

The validity and the precision of strain or stress assessment depend on the
hypothesis made at each step. While the first two components involve physical
choices describing the studied system, the others (specimen geometry, boundary
conditions, and reference of zero strain) fully depend on the thinning required for
TEM experiment.

Indeed, in this approach, one of themost critical points is that TEMmeasurements
are performed on thinned samples, which implies that the strain state has been
modified by surface relaxation (thin foil effect). Fortunately, if the sample geometry
and boundary conditions are known with precision, the stress or strain before
thinning can be calculated with a good reliability, using numerical calculation.
Surface relaxation mechanisms can even be used as tools probing the stress before
thinning. If the sample geometry and boundary conditions are not known with
precision, surface relaxation constitutes one of the main weaknesses of TEM
quantitative analysis of strain. In this sense, quantitative analysis of strain methods
using relatively thick foils with well-characterized shapes (CBED, TEM curvature,
and HoloDark) are more reliable than those using very thin foils (HREM). Never-
theless, HREM remains a highly valuable method, a unique one allowing the strain
profile analysis at the scale of the atomic planes.

Keeping in mind these limitations, TEM appears as one of the most powerful
techniques for a local investigation of stressed crystalline nanostructures. It offers
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various approaches especially well adapted to strained nanometric objects like
quantum dots or epitaxial layers.
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