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“Quand deux théories fondées sur des idées qui nous paraissent
entierement différentes, rendent compte avec la méme élégance
d’'une méme vérité éxpémentale, on peut toujours se demander si
'opposition des deux points de vue est bien réelle et n’est pas due
seulement a l'insuffisance de nos efforts de synthese.”

Louis de Broglie, Recherche sur la théorie des quanta, 1924.
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Abstract

The characterization of the material’s deformation is nowadays common in transmis-
sion electron microscopy. The ability to resolve the crystalline lattice enables the strain
to be linked with the deformation of the crystal unit cells. Imaging the crystal unit cells
imposes the sampling scheme to oversample the resolved crystal periodicities and, thus,
limits the field of view (FOV) of the micrograph. Therefore, alternative methods were
developed (electron diffraction and holography) to overcome the FOV limitation. The
method presented in this thesis is part of the large FOV challenge. Its principle is based
on the coherent interference of the sampling grid with the crystalline lattices of the ma-
terial in scanning transmission electron microscopy (STEM). The interference results to a
set of Moiré fringes embedding the structural properties of the material such as a strain
field. The STEM Moiré hologram (SMH) formation can be elegantly described using the
concept of Moiré sampling in STEM imaging. The STEM Moiré fringes reveals to be
undersampling artefacts commonly known as aliasing artefacts. The SMH is, therefore,
violating the sampling theorem and is not a proper representation of the crystal unit cells.
However, an oversampled representation can be recovered from the SMH using a set of
prior knowledge. The SMH becomes suitable to characterize the 2D strain field giving
birth to a new dedicated method, called STEM Moiré GPA (SMQG), that is using the Ge-
ometric Phase Analysis method on the SMH directly. After detailing the theory of SMG,
the technique is validated experimentally by comparing it to other strain characterization
methods and to Finite Element Method simulations. The characteristics of SMG (resolu-
tion, precision and accuracy) and its limits are then detailed. Finally, the SMG method is
applied on semiconductor devices to highlight the typical capabilities of the technique.



Résumé

La caractérisation des contraintes dans un microscope électronique en transmission
est aujourd’hui courament appliquée. A I’échelle atomique, la contrainte est caractérisée
par la déformation de la maille primitive du cristal. Visualiser la structure atomique de
la matiére requiert au systéme d’échantillonage du microscope de suréchantilloner les
distances interatomiques et, automatiquement, limite le champ de vue de 'image. Des
méthodes alternatives ont été developpé afin d’étendre le champ de vue de des cartogra-
phies de déformation tout en faisant un compromis sur la résolution. La méthode pre-
sentée dans cette these participe a 1’éffort de développement de méthodes aux champs de
vue larges. Elle est basée sur 'intereférence constructive entre la grille d’échantillonage et
la structure cristalline du matériau dans un microscope électronique a balayage en trans-
mission. L’hologramme résultant de l'inteférence intégre les propriétés structurelles du
matériau comme par exemple un champ de contraintes. La formation de 1’'hologramme
peut etre élégamment décrite en liant I'éffet Moiré avec le phénomene de sous échan-
tillonage. Les franges de 1'hologramme (franges de Moiré) sont le résultat de 1'effet de
repliement de spectre lorsque les distances interatomiques sont sous-échantillonées par
la grille d’échantillonage. L’hologramme est donc une représentation distordue de la
structure cristalline du matériau et ne peut etre utilisé pour caractériser le champ de
contraintes. Cependant, une version suréchantillonée du cristal peut etre reconstruite
depuis I'hologramme en utilisant certaines hypotheses. L'hologramme devient donc une
source fiable pour la caractériser la contrainte dans le matériau faisant naitre une nou-
velle méthode de caractérisation de contrainte, appellée STEM Moire GPA (SMG), basée
sur 'utilisation la méthode d’analyse de phase geométrique (GPA). Aprés une descrip-
tion théorique de la methode SMG, la technique est validée expérimentallement en la
comparant a d’autres méthodes de référence et a des simulations par éléments finis. Les
caratéristiques de la methode SMG (résolution, précision et justesse) sont ensuite detail-
lées, et pour finir, la méthode est appliquée sur des materiaux semiconditeurs afin de
presenter des cas typiques ot la technique est particulierement adaptée.
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Chapter 1

Introduction

Anthropological studies often relates technological breakthroughs to mankind evolu-
tion, and those breakthroughs are generally paired with mastering the knowledge of a
material. The three-age system is, for example, dividing the prehistoric era of mankind
into three time periods associated to the materials used to fabricate their relics (Stone Age,
Bronze Age and Iron Age [1]). Relating mankind development with materials science is
still somewhat pertinent today. The discovery of semiconductor materials is naturally re-
lated to the current computational power shaping our society. However, a future anthro-
pologist might have a hard time classifying present era into a single family of materials.
The link between human development and mastering materials behaviour is probably
more complex today, but the necessity to create novel materials capable of overcoming
current challenges still prevails.

To represent the behaviour of materials in a certain environment, materials scientists
have been defining a vast variety of properties (elasticity, absorbance, electrical conduc-
tivity, thermal conductivity, viscosity, etc.). Methods are in parallel developed to obtain
quantitative measurements of those materials properties. The characterization methods
are using the outcomes from interactions between the sample and external stimuli. The
experimental results are then translated, using physical models, into a measurement of a
property. The characteristics of a measurement (e.g. its accuracy, sensitivity, resolution,
applicability ...) are permanently pushed to their limit. Such extensive work leads some-
times to breakthroughs that contribute to the observation of unknown behaviours. The
new behaviour also gives birth to new materials properties and models that need to be
again measured. Materials characterization and materials science are, therefore, part of a
virtuous circle defining and measuring materials properties.

The human fascination to look at the infinitesimally small motivated the develop-
ment of equipment and techniques to microscope the world. From simple magnifying
glasses to full dedicated microscopes, instruments have been develop to see the deep in-
side of matter. Extraordinary aspects of materials science have been revealed by linking
macroscopic properties to microscopic arangement of matter. More recentely, the atom-
istic description of matter pushed the nanoscale world to be massively characterized.
Among the corpuscles (or particles) interacting with matter at such length scale, the elec-
tron emerged as one of the most practical to use. Electron microscopes managed to reach
the atomic resolution in the previous century [2] and are nowadays massively used in
materials science.
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The thesis proposes to focus on one narrow aspect of the nano-world characterization,
by proposing a method to measure the deformation of a crystalline material in a transmis-
sion electron microscope. In this chapter, a brief introduction of Transmission Electron
Microscopy (TEM) and materials deformation is presented to set the background knowl-
edge for the thesis.

1.1 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) refers to a microscopy technique using high
velocity electrons transmitted through a thin sample to image its properties. As in any
microscope, the TEM magnifies a sample behaviour at microscopic scale to make it visible
to the human eye. The particularity of TEM is to resolve the atomic nature of matter
through complex interactions. Numerous textbooks introducing the concepts of TEM are
already available [3, 4]. Only a brief introduction mainly focusing on the relevant content
for the thesis is here proposed.

1.1.1 Interest of electrons

The electron is a subatomic particle carrying a mass and a negative elementary charge.
It is one fundamental cohesive constituent of an atom as part of the electronic cloud sur-
rounding the positively charged nucleus. The electrons play also a major role in the
atomic arrangement of matter by contributing to the bounding between atoms. One in-
terest of using electrons becomes apparent, since a charged particle is expected to interact
with a material composed of a set of positively and negatively charged elements follow-
ing Maxwell’s equations (or quantum electrodynamics principles for a more accurate
description). Another aspect of electrons makes them particularly adapted to probe the
atomic world. Considering the De Broglie duality [5], the wavelength of an electron with
a kinetic energy of 200 keV is around 2 pm. The theoretical resolving power of electrons
could reveal the atomic structure of matter at Angstroms length scale using the scattering
properties of diffraction.

On a practical aspect, electrons trajectories requried to be controlled in order to probe
and magnify the relevant area of the sample. Using a simple picture, an electromagnetic
field interacts with an electron by applying a force known as the Lorentz force [6]. The

Lorentz force m can be described as function of the electric field E the magnetic field
?, the negative elementary charge ¢ and the velocity of the electron 7/, as the following:

Fro = q(E+ T AB) (1.1)

In Newtonian mechanics, an electron with an energy of 200 keV has a velocity close to
0.9 x ¢ considering c to be the velocity of light in vacuum. Therefore, relativistic mechan-
ics has to be considered for a proper description of the electron dynamics in an electro-
magnetic field. The physics around the electron has been a widely studied in early stages
of the past century. The theoretical descriptions contributed in highlighting the possi-
bility to design an electron based microscope to characterize matter at atomic scale. The
ability to control the electron motion in a confined environment is key in current success
of electron microscopy.
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1.1.2 The microscope

The technological ability to generate localized electromagnetic fields to create optical
lenses for electrons has been the center of electron microscopy development. Tremendous
effort has been put to design an electron convergent lens following the rules of geometri-
cal optics with the goal to imitate the design of optical microscopes. The analogy between
electron and geometrical optics has been made so close, that an electron microscope can
be compared to a slide projector as shown in fig. 1.1. In the slide projector, a source of
light is illuminating a small slide (like a thin transparent photographic film) and the im-
age is projected on a white screen. For the electron microscope, the light source and the
optical lenses are equivalent to the electron source and the electromagnetic lenses respec-
tively. The major difference is in the thickness of the samples (thinner by a few order of
magnitude than the photographic film) to be partially electron transparent.

Condenser Projection

y Optical Optical
Source .
lens Sample lens
~100 um
Photon

Observer

Electron , .
_ Sample
EM " 100 nm
lens lens
Thin ]
sample Screen

Figure 1.1: Graphical representation of a transmission electron microscope by comparing the microscope to
a slide projector.

Theoretical physicists initiated the field of electron optics and performed numerous
calculations of electrons’ trajectories in various electromagnetic fields. From their study,
it has been demonstrated that an inhomegenous rotationally symmetric magnetic field,
can theoretically focus and electron beam [7, 8, 9]. Such results contributes in laying out
a convergent lens for electrons and subsequently to the first transmission electron micro-
scope [10, 11]. The design of the microscope was relatively simple with an electron gun as
a source of electrons, one condenser electromagnetic lens to shape the electron beam on
the sample, one objective and one projection electromagnetic lens to magnify and project
the transmitted beam on a fluorescent screen. The first results obtained were encour-
aging, but were not surpassing optical microscopes capabilities. Various instrumental
challenges followed the development of TEM [2]. Nowadays electron microscopes are
more complicated in their design (aberration correctors, detectors, deflectors, etc.), how-
ever the same principles still apply: a source of electrons followed by a condenser stage
to shape the electron beam, and a projection system after the sample to collect the trans-
mitted beam.
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1.1.3 Electron source

As mentioned in section 1.1.1, the electron is one important constituent of an atom.
Since matter is composed of a large number of atoms, the matter itself possess a large
number of electrons that can be potentially used. With an energy greater than the work
function, electrons can be extracted from the matter making any material a source of elec-
trons. The choice of a material and its design is dependent on the following parameters:
brightness of the source, spatial and temporal coherence. The brightness corresponds to
the intensity emitted per unit surface per solid angle. A high brightness source opens
the prospect of obtaining a good contrast from the electron-matter interactions and some
freedom in designing the shape of the beam illuminating the sample. Temporal and spa-
tial coherence are respectively related to the energy spread of the source and the physical
size of the source. The coherence is of major importance in order to illuminate the sam-
ple with electrons having similar properties. An important variation of the spatial or
temporal coherence demands the design of the microscope to be very flexible to a large
set of different electron properties. Moreover, the interaction with the sample might be-
come too complex to interpret, since the parameters of source have to be accounted for.
Therefore, a good quality electron source maximizes both brightness and coherence.

A variety of electrons sources exist, however the Field Emission Gun (FEG) design
emerged as the most popular one. The physical principle of the electron extraction is
based on the use of an electric field between a sharp tip (cathode) and an anode coupled
with some heat. The shape of the sharp tip (very high curvature radius) contributes to en-
hance the strength of the electric field locally and favour the electron emission. Another
anode below the extracted electrons is added to accelerate the extracted electron to the
desired velocity. Tungsten is commonly used in the FEG design, since the material can be
shaped into a fine needle with a tip radius lower than 0.1 pm. To improve the emission
characteristics a ZrO, thin layer is deposited on the surface of the tungsten tip lowering
the energy barier through the Schottky effect. A Schottky FEG type design operating
at 100keV typical reaches a brightness of 102 A=2 sr—! with an energy spread of 0.7eV
and a source size of 15nm [12]. The design of an electron source is a research topic on
its own, therefore various design favouring chosen characteristics exist (high brightness,
high spatial coherence, ...). Different sources can be chosen depending on the application
of the transmission electron microscope.

1.1.4 Electron lens

Once the electrons are extracted from the source, a system is required to shape the
electron beam and project the image of the source on the sample. In the slide projector
example (fig. 1.1), an optical lens is collimating the incident beam to offer a parallel il-
lumination of the sample. Optical geometric rules are driving the design of the optical
system such as lenses modifying the ray paths of light. In the thin lens approximation,
it is possible to predict the image formation properties of an object going through a con-
vergent lens (fig. 1.2).
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Figure 1.2: Representation of the image formation properties from a convergent lens as a function of the
focal length f. In blue, the configuration demagnifying the object AB is presented (condenser lens). In red,
the configuration magnifying the object AB is shown (objective or projection lens).

Two properties are specifically of interest in a microscope: the position of the im-
age plane and the magnification (or demagnification) of the object size. Using egs. (1.2)
and (1.3), a link appears between the focal length f of the lens, the geometry (the image
plane position A’, the position of the lens O and the position of the object A in fig. 1.2)

and the magnification M.
1 1 1

04 om f 1.2)
N A
M = _(())i (1.3)

In a fixed geometry, a change in a focal length of a lens can magnify the size of an object to
image its inner feature at larger length scale (configuration in red in fig. 1.2). An opposite
change would demagnify the size of an object (a source) to condense it on a smaller area
(configuration illustrated in blue in fig. 1.2). The collimation example in the slide projec-
tor corresponds to the case where the object plane matches the focal object plane. The
flexibility the properties of the optical lenses offers, is key for the design of a microscope.

For electrons, the design of an electromagnetic lens follows, to some extent, the op-
tical geometry rules for a convergent lens [11]. In the expression of the Lorentz force,
both an electric and a magnetic field can affect the electrons’ trajectories eq. (1.1). Mag-
netic electron lenses have been chosen as the technological solution, since their focusing
power are higher than electrostatic lenses for electrons drifting at high velocity [13]. A
typical magnetic lens in a TEM is a hollow cylindrical element composed of a metallic
coil surrounded by a magnetic shield with a small gap (see fig. 1.3). The current going
through the solenoid is generating a magnetic field of strength proportional to the cur-
rent. The material surrounding the metallic coils is localizing the magnetic field around
the gap. Therefore, a localized magnetic field is present in the hole of the cylinder (where
the electrons are going through) and the thinner is the gap, the closer the lens can be
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Figure 1.3: Original figure from [14] (with permission) representing a rotationally symmetric magnetic
lens. (e) correponds to the electon, W to the metallic wires forming the solenoid and C to the surrounding
material (pole piece) localizing the magnetic field in the gap. Near the gap are represented the magnetic field
lines that modify the electron trajectory with the Lorentz force.

approximate to a thin lens. The distribution of the magnetic field is the key element
enabling the optical geometric laws to be applicable on magnetic electron lenses.

Since the magnetic force is a cross product with the velocity (7 A ?), the electrons not
parallel to B are trapped along the magnetic field lines and describe an helical trajectory.
The focusing power of the magnetic lens is related to spatial distribution of the magnetic
field and its strength. For example, the stronger the magnetic field is, the smaller the
radius of the helical movement is (the stronger the trapping is). The angle between the
velocity and the magnetic vectors plays also a major role, since the higher the inclination
angle is, the stronger the Lorentz force is. All together, the magnetic lens is acting as an
optical convergent lens. The electrons’ trajectory can be thus modified to condense (or
spread) the electron beam, or magnify (or demagnify) an image by adjusting the current
going through the solenoid changing the strength of the magnetic field. The focal length
of the magnetic lens f is related to the current / in the solenoid as follows:

1
focp (1.4)
The simplicity of eq. (1.4) helps in designing key parts of the microscope:

1. The condenser stage composed of one or multiple convergent lenses to demagnify
the electron source and condense (or collimate) the beam on the sample.

2. The objective lens around the sample to capture and magnify the interaction of the
electron beam with the sample.

3. The projection system with one or multiple convergent lenses to project at the
proper length scale on a screen the interaction collected from the objective lens.

A specific mention has to be added regarding the magnetic lens. An unavoidable im-
perfection exists in the dependence of the electrons’ trajectory with the inclination angle.

6
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The electrons arriving at high angles through the lens are more strongly focused by the
magnetic force than electrons arriving at low angles. The difference in focusing location
leads to an inevitable spread of the focal point that corresponds to spherical aberrations.
The spherical aberrations of the objective lens is a major limiting factor of the electron
microscope resolution.

1.1.5 Imaging modes in a TEM

The specificities of the electron-matter interaction paired with the aberrations issued
from the rotationally symmetric magnetic lenses make the imaging characteristics in a
transmission electron microscope relatively different from an optical microscope. This as-
pect gave rise to a prolific research field modelling the contrast mechanism collected in an
electron micrograph. One major interest of the electron microscope is to probe the atomic
scale of matter, nevertheless the link between the contrast in an electron micrograph and
the position of the atoms is not straight forward. Two modes are mostly used for imaging
purposes which are the Conventional Transmission Electron Microcopy (CTEM) and the
Scanning Transmission Electron Microscopy (STEM). Both imaging modes are briefly de-
scribed below to highlight their interest and the contrast mechanism from the interaction
of the electron beam with the sample. The following aspects are research topics on their
own, therefore only basics of the contrast mechanism are approached. More details are
available on dedicated publications and/or textbooks [3, 4].

1.1.51 CTEM

The CTEM configuration [15] is equivalent to the slide projector example described in
tig. 1.1 for electrons. A parallel beam is first collimated on the sample by the condenser
lens. Then, the transmitted beam, resulting from the interaction with the specimen, is
captured by the objective lens and projected on a screen. A variety of electron matter in-
teractions contribute to the contrast of the electron micrograph, however two major ones
can be identified: absorption and diffraction. The absorption is contributing to the mass-
thickness contrast and the diffraction is contributing the phase contrast revealing the
atomic structure. With a thin sample, the phase contrast is the dominant contrast mecha-
nism at atomic scale and is highlighted in fig. 1.4. The parallel primary beam, considered

as a plane wave with the wave vector ko, is illuminating a thin sample and undergoes
diffraction following Bragg’s Law. All the diffracted beams with their respective wave

vectors /f_; have a specific phase shift compare to the primary beam. The objective lens,
modelled as the convergent lens, brings all the diffracted beam into interference in the
viewing screen, and the coherent interference reveals the atomic structure. It is interest-
ing to notice that each diffracted beam has a specific signature in the back focal plane and
act as a source for the interference pattern.
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Figure 1.4: Representation of the CTEM imaging mode inspired from [15]. A parallel beam with a wave
vector ko, represented in green, is illuminating a thin sample. Two diffracted beams issued from the in-
teraction of the electron beam with the sample are shown in red for kg, and in blue for k_,. The objective

lens converges all the diffracted beams into diffraction spots in the back focal plane and projects them on the
viewing screem.

The objective lens has non-negligible effects in the CTEM contrast mechanism espe-
cially on the diffracted beams at high angles (or on the phase component at high fre-
quency) (section 1.1.4). The spherical aberrations of the lens influence the trajectory of
the diffracted beam and thus modify the resulting interference. In the wave description,

the aberrations of the objective lens are said to add phase shifts on strongly deviated k:_;.
Therefore, the properties of the objective lens such as defocus, spherical aberration, and
numerical aperture (or acceptance angle) are heavily affecting the phase contrast reveal-
ing the atomic structure. It is possible to quantitatively estimate the effect of the objective
lens using the contrast transfer function (CTF) concept [15]. In short, the CTF highlights
the frequencies (or the incident angles of the diffracted beams in the objective lens) that
are transmitted and the ones that are blocked by the objective lens. If the CTF is zero
(or close to zero), there is no information transfer for that specific spatial frequency. In
the opposite case, the spatial frequency contributes in the contrast of the electron micro-
graph. It is interesting to note that the microscope is not acting like a simple pass-band.
The aberrations brought on the diffraction beams make the interpretation of a high res-
olution electron micrograph in CTEM complex. Those aspects are research projects on
their own, and some of them will be briefly commented in the literature review section
chapter 2.
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1.1.5.2 STEM

The STEM imaging mode [16] corresponds to a collection of a set of electrons issued
from the interaction of a finite convergent probe with a sample. The probe is first formed
by the condenser lens demagnifying the source. Then, the objective lens focuses the elec-
tron probe directly on the sample as shown in fig. 1.5. The electrons that propagated
through the sample are collected by a detector in the diffraction plane (Annular Dark
Field, Bright Field, ...). The convergent probe is then moved at the next location with
scanning coils (not represented in fig. 1.5), and the collection process is repeated until the
STEM electron micrograph is formed. Again, various types of interactions occur between
the electron beam and the sample exist, but two main components are contributing to the
contrast: the Rutherford scattered electrons and the diffracted electrons.

For the diffraction interaction, the process is similar to the CTEM mode considering
a set of plane waves with their respective wave vectors instead of a unique plane wave
with a unique wave vector. As a result, the diffraction pattern is composed of disks with
a radius fixed by the convergence angle. The spatial arrangement of the disks in diffrac-

lllumination aperture

Objective lens <

>

| Thin sample

Detector plane Diffraction pattern

Figure 1.5: Representation of the STEM imaging mode inspired from [16]. A convergent beam, represented
in green, is focused on a thin sample using the objective lens with the illumination aperture defining the
convergence angle. The STEM probe can be seen as small CTEM beams with a set of wave vectors defining
a cone. Two diffracted beams issued from the interaction of the electron beam with the sample are shown in

red for kg and in blue for k_4. In addition, the scattering inside the sample increases the angle of the beam
after interaction (collection angle).
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tion space is related to the crystal structure of the sample. When the disks overlap, the
diffracted beams interfere with each other revealing the lattice fringes similarly to the
CTEM imaging process. However the contrast between the atomic column only appears
if the coherence of the interference is preserved. The aberrations of the objective lens
limits the size of the probe formed on the sample and, thus affects the phase coherence
of the probe along the radius of the diffracted disks. Therefore, the aberrations of the
objective lens can (and are very often) the limiting factor regarding the spatial resolution
of the STEM probe. Regarding the Rutherford scattering interaction, the electron is devi-
ated from its original path through the Coulomb interaction between the electron and the
positively charged nucleus crossed at proximity. Rutherford scattering electrons mostly
contributes to the background of the electron micrograph at the location of the STEM
probe. The higher is the atomic number Z and the closer is the electron with respect to
the nucleus, the stronger is the deviation. It is important to note that, both diffraction
and Rutherford scattering angles overlap, however the intensity of the diffracted beams
at high angle is usually lower than the Rutherford ones, and can be partially separated.

Based on the mechanisms previously described, the information collected in a STEM
electron micrograph depends on the position and the size of the detector in the diffrac-
tion plane. It is possible to enhance, for example, the "Z-type contrast" (Z representing the
atomic number) information by collecting only the electrons scattered at high angles. It is
also possible to enhance the contrast from a particular set of diffraction planes by collect-
ing only a specific range of angles for the electron scattered. A variety of STEM imaging
techniques exist depending on which electrons are collected. The HAADF STEM imaging
technique is mostly used nowadays by collecting the electrons scattered at high angles
with an ADF detector (High Angle Annular Dark Field - HAADF) positionned relatively
close to the sample. The HAADF signal scales with the atomic number Z of the material
revealing a chemical contrast at the location of the STEM probe while keeping the phase
contrast from the diffracted beam (atomic resolution). In addition, the incoherence of the
HAADF STEM imaging mode facilitates the interpretation of the STEM electron micro-
graph more robust to thickness and defocus variation compared to CTEM electron mi-
crograph [17]. Technically the HAADF STEM imaging mode has an equivalent in CTEM
using the principle of reciprocity [18], nevertheless the experimental setup is significantly
easier in STEM. The interpretability of a STEM electron micrograph explains the current
popularity of STEM characterization based methods in materials science.

1.2 Materials deformation

A physical body under forces undergoes a deformation materialized by a modifica-
tion of the body’s geometry. The changes of the body can be described using various
theories such as continuum mechanics. The particularity of continuum mechanics is to
consider the matter as a continuum which opens the use of the infinitesimal description
of the geometry changes. The equilibrium of forces and momentums is first applied on
an infinetismal volume of the body to describe the geometry changes locally. The modi-
fication of the geometry is modelled by a displacement field of the body at infinitesimal
level. Then, the variation of the the body displacement field is related to a deforma-
tion of the body at infinitesimal level. Finally, by integrating the equations on the whole
body, the equilibrium is propagated to the macroscopic scale giving rise to the consti-
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tutive laws linking deformation to forces (or stresses). The continuum concept was a
key enabler of past theories, since the constitutive laws link the behaviour of a material
at macroscopic scale to a microscopic scale equilibrium and vice-versa. With nowadays
atomistic description of matter, the elegant continuum formalism can be directely applied
under some considerations. In the following subsections, a brief theoretical description is
proposed to highlight the effect of considering matter as a discrete set (atoms) on the con-
tinuum theory. The mathematical formalism and figures used are inspired from various
textbooks and publications [19, 20, 21, 22] with significant simplifications.

1.2.1 Continuum mechanics

The deformation of a continuous body is first studied following the formalism of con-
tinuum mechanics formalism. Figure 1.6 presents the evolution of a 2D continuous body
I’ with the time ¢. Each elements of the body at the instant ¢, X3, is localized in the 2D
orthonormal base B = (O, ef, e3) with their set of coordinates (z,1;). From ¢ = t; to
t = ty, I is evolving from I't, to I';, along individual path-lines for every elements of
I';. The displacement along path lines enables a one-to-one correspondence to be consid-
ered between X, = (74, y1,) and X;, = (@,,y:,). Therefore any elements in I'; can be
expressed as a continuous function f of I';, and time as shown in eq. (1.5) (Lagrangian
description)

Vt € [tosts], VXy € Ty, Xi = (2, ye) = [( Xt t) = f(@tg5 Ytos ) (1.5)

Equivalently, any elements from I';, can be expressed as a function of I'; and time as
shown in eq. (1.6) (Euler description).

Vt € [tosts], VXiy € Doy Xig = (Tags Yto) = f~H(Xest) = £ e,y 1) (1.6)

The displacement vector @ of one element of the body is defined as the difference be-
—— ———
tween Oth and OXy,.

Vit € [to; ty], VX4 € Dy, u(Xzy) = OX; — OXyy (1.7)

To simplify the notations, the vectors are written in bold format. Therefore, eq. (1.7) is
transformed as follows:

Vt € [to;tf], \V/Xto S Fto, U(Xto) =X — Xto (18)

Figure 1.6: Macroscopic representation of the spatial evolution of a 2D continuous body with time.
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Figure 1.7: Representation of the spatial evolution of a body with respect to time at infinitesimal level

A displacement without deformation can occur when the displacement vector is the
same for every X;, of I'y,. If a local deformation is present during the displacement a
local change in the displacement vector appears (fig. 1.7). Since matter is considered
continuous, the variation of the displacement vector can be evaluated at an infinitesimal
level by considering the tensor of the displacement field gradient Vu. It is important to
notice that Vu is function of the position X;, in I'y, but can be described by a function
of the position X;, in I';, using egs. (1.5) and (1.6). For clarity the dependence of the
following equations with the position X, is omitted.

Ouy  Ouy
oz dy

Oxy  Oxy
_ | ox oy | _
e I

or oy

Oug  Oug
Vt € [to;tys], VXy €Ty, Vu = [3“? ,ay]
(1.9)

In eq. (1.9), it is possible to recognize the gradient of deformation tensor VX; and the
equation simplifies as follows:

Vt € [tosts], VXyy €Ty, Vu=VXy — 1 (1.10)

Strain, by definition, corresponds to the measure of a relative elongation 4¢. To apply

it on the object I'; locally, the relative elongation needs to be evaluated at an infinitesimal

level du = d X, — d X4, in all directions of space (fig. 1.7). For mathematical reasons, dif-

ferent definition of strain exists leading to different strain tensor expressions (Lagrange,

Euler, Green-Cauchy,Almansi, Finger, True strain,...). Nevertheless, in the case of small

strains, all definitions lead to relatively similar strain tensor expressions. Considering the
Lagrangian formalism, the strain tensor €7, on I'; is defined as the following [23].

1
Vt € [to;ts], VXt € Ty, €L = i(VXtTVXt -1 (1.11)

Applying the small strain conditions, eq. (1.11) becomes eq. (1.12) which is linking the
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variation of the displacement field to a measure of the Lagrangian strain.

1
vt € [tosts], VXoy € Ty, e = S (Vu+ NT(Vu+1)-1)
1
Vt € [tosty], VX4, € Ty €L = i(VuT + Vu + Vu Vu) (1.12)

1
Wt € [to;tg], VXig € Ty, €0~ 5 (Vu+ Vu')

The Lagrangian definition of strain in eq. (1.11) is derived from the infinitesimal de-
scription of deformation dX;, = V X¢,d X, and a few transformations highlighted be-
low to make appear an expression close to a relative elongation.

dXy,dXy, = VX, dX, VX dXy,
dXy,dXy, = dX, VX, "V Xy, dXy,

The quadratic difference between between dX; and dXo can be expressed (eq. (1.13))
and the expression of the Lagrangian strain can be recognized.

def —dX} = dXy (VX' VXy, — IdXy, (1.13)

dX}, — dX; = dXi,2ed Xy, (1.14)

Equation eq. (1.14) is physically relating each coefficient of Lagrangian strain tensor to a
measure of a relative elongation along their corresponding axis. If eq. (1.13) is simplified
for a 1D case the strain measured from the Lagrangian formalism is very close to the
macroscopic definition % as highlighted in eq. (1.15).

o dX}, —dXj, _ AdXy N AdX?
FToaxz T odx,, | 2dX2

(1.15)

1.2.2 Deformation at atomic scale in single crystals

The continuum formalism briefly described above is one classic approach to char-
acterize the strain at macroscopic and microscopic scale. However, when reaching the
atomic level the continuum assumption needs to be commented. Since matter is com-
posed of individual atoms, the body becomes discrete and the deformation can only be
evaluated on where the atoms are (fig. 1.8 a)). In single crystal materials, the periodic
atomic arrangement can be seen as a grid meshing the continuum that evaluates the de-
formation field locally in small steps.
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Figure 1.8: Representation of the spatial evolution of a body with respect to time at atomic scale. a) Diagram
showing the periodic arrangement of atoms from a single crystal body on multiple unit cells. b) Schematic
showing the deformation in 2D of one unit cell with the body at to in red, and the same body at ty in blue,
brought to the same origin O.

The periodicity of a single crystal can be used to estimate the strain by decomposing
the deformation of a unit cell level into translations, rotations and elongations (or con-
tractions) along non collinear directions [22] as shown in fig. 1.8 b). Such decomposition
is also valid in continuum mechanics at infinitesimal level. Only the partial derivatives
are not allowed to be used at atomic scale anymore. Nevertheless, if the deformation is
small and the variation of the strain is not too abrupt, the continuum between atoms can
be interpolated and the constitutive laws can be also applied. Using the variables high-
lighted in fig. 1.8 b), the strain and the rotation are related to the atomic spacings and
orientations as follows:

Ajiqy Aijiq
o — Jiia — Giiy
i i,
Qijy  Qjig 1
L P P Y 116
Y, a2 (110
iy = 224 Wiz Ly g)
;= ~
T au, a2

The atoms from the crystalline structure act as local strain gauges. The measure of
the atoms’ positions is, therefore, a direct measure of strain. However, it is important
to notice that the strain in matter appears when the atoms are not in their equilibrium
position (in the expected position from their unit cell). The unstrained positions are here
postulated by considering the atomic arrangement at equilibrium to be perfectly periodic
and following the geometric rules of the unit cell. Any disarrangement is, in this case,
considered as a consequence of a deformation.

1.2.3 Elastic strain in epitaxial growth

One configuration bringing strain in a system at nanometre scale is the epitaxial
growth. A crystalline layer is grown on a crystalline substrate by bringing chemical el-
ements near the surface that will adsorb on the surface and arrange themselves. The
substrate imposes to the epitaxial layer some constraints (bonding environment, crys-
talline structure) that are in general different from the stable configuration of the grown
layer. To accommodate to the substrate constraints, the epitaxial layer will undergo a
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Figure 1.9: Graphical representation of epitaxial growth. On the left side, the lattice matched SiGe grown
layer in blue on a Si substrate in red is presented. On the right side, the same SiGe grown layer in blue from
the left-hand side and a fully relaxed substrate in green with the same alloying composition just underneath
is shown.

deformation first elastic and potentially plastic. A variety of growths can results from the
epitaxy process. In the context of this thesis, only simple layer by layer heteroepitaxial
growths are studied. In this case, the resulting epitaxial growth results with a thin film
(from a few nanometres to a few hundreds of nanometre) on a thick substrate (from a few
micrometres to millimetres). A classic well studied epitaxial growth is a Si;—,Ge, layer
on a Si substrate. It is proposed in the following to describe the Si;_,Ge, /Si system with
the atomistic formalism detailed in section 1.2.2 to discuss its interpretation.

Ge and Si both share the same diamond cubic crystalline structure with a lattice con-
stant of 5.658 A and 5.431 A respectively [24]. Ge is known to incorporate in the substi-
tutional sites of the Si lattice forming a random Si;_,Ge, alloy. Such similar properties
between the two elements lead to high quality epitaxy for thicknesses below a critical
thickness [25]. To quantify the strain in the Si;_,Ge, layer (and in general in any het-
eroepitaxial system) using eq. (1.16), some precautions must be taken. Considering the
2D SiGe/Si epitaxial growth described in the fig. 1.9, the Si imposes to the SiGe the lattice
parameter along u;. Applying eq. (1.16), the strain ¢, along u, is 0 since a5}, = a3,
Such result can be misleading since €,, = 0 doesn’t not correspond to no strain is present
in the system. Such conclusion is only valid in homoepitaxial growth. In heteroepitaxial
growth, the strain in the grown layer, as defined in section 1.2.2, corresponds to the vari-
ation of the lattice parameter compared to the equilibrium state (or relaxed state) of the
epitaxial layer. The equilibrium state of the SiGe example correspond to the green lattice
in fig. 1.9. In this case, the strain is calculated as follows:

aSiGe _ agixcerel

_ Y (1.17)

iGe
a rel

Here, £,, < 0 which corresponds to a compressive strain in the epitaxial SiGe layer. The

compressive strain is expected since a3, < a5s®e  the Si substrate imposes its lattice
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parameter by forcing a compression to the lattice parameter of the SiGe layer along .
Similar precautions must be taken for the other components of the strain tensor. Even if
£yy is positive for both the epitaxy on the Si substrate and the comparison with relaxed
state cases, the strain along u; is different as shown in eq. (1.18) since apy
from ai

is different

vy
SiGe _ ,Si SiGe _ , SiGere
- Gyy Gy ) Gy Ayy _ el (1.18)
vy = Si SiGery = Eyy :
a Tel
Yy Ayy

As described above, the quantitative interpretation of strain at atomic scale can be
misleading because of the unclear (or even unknown) initial state of the system. To over-
come the potential ambiguity in the strain definition, the concept of reference is going to
be used in the rest of manuscript. The reference corresponds to the state the strained
layer is compared to. The reference can be in the material (like the Si in the SiGe/Si
epitaxy example) or theoretical (like the relaxed state of SiGe on the non lattice matched
growth example). Very often, a reference in the material is chosen, since the reference
strain state can be directly measured. By comparing the deformation to a reference, the
strain measurement becomes thus a relative measurement. The absolute strain can be
recovered using a theoretical model, or by measuring precisely the absolute strain state
of the reference. The main advantage to not measure the strain in absolute is to mitigate
the uncertainty brought by the calibration of the system in the measure.

1.3 Thesis overview

The concept of TEM and materials deformation introduced, the core of the thesis
proposing a STEM based strain characterization using Moiré interferometry is further
developed. Chapter 2 presents first a literature review of a variety of strain characteriza-
tion methods in a transmission electron microscope. In addition, the recent advances of a
technique called STEM Moiré fringes (SMF) using the same principles as the method de-
tailed in this thesis, are presented. In the following, Chapter 3 describes theoretically the
concept of Moiré sampling, and its application in STEM imaging to uncover a new imag-
ing mode called STEM Moiré interferometry (SMI). In addition, a method is presented
to recover a STEM electron micrograph representing the crystalline lattice from a STEM
Moiré hologram with explicit prior knowledge. Using the theory developed, Chapter 4
proposes a combination of STEM Moiré interferometry and the Geometric Phase Analy-
sis (GPA) method to create a legitimate and unique strain characterization method bap-
tised STEM Moiré GPA (SMG). As any characterization method, its characteristics such
as resolution, precision and sensitivity are then assessed in Chapter 5, and examples of
SMG application on semiconductor devices are highlighted in Chapter 6. Finally, Chap-
ter 7 provides conclusions of the thesis and a set of perspectives as the concept of Moiré
sampling can be applied in other research fields.
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Chapter 2

Strain characterization literature
review

As seen in section 1.2.2, strain characterization at atomic scale is related to the mea-
sure of the relative position of the atoms in the material. Imaging precisely the position
of the atoms and determine directly the strain on the electron micrograph seems to be the
natural go to method (direct method). Nevertheless, a certain number of limitations, de-
scribed later in this chapter, triggered some interest in developing strain characterization
methods that are not imaging the position of the atoms directly (indirect method). While
the thesis is oriented towards indirect methods, both approaches are of interest, since
similarities exist in their digital processing method. It must be pointed that all strain
characterization techniques benefited from the past decades hardware development that
are not detailed in this manuscript. Only a subjective review, centred on key strengths
and weaknesses of several methods, is presented in this chapter.

2.1 Direct strain characterization methods

Strain characterization methods extracting the strain from the relative position of the
atoms on the electron micrograph are categorized as direct methods. Since atomic reso-
lution is required for such purpose, the techniques are referred as high resolution (HR)
imaging techniques such as HR-(C)TEM or HR-STEM. As highlighted in sections 1.1.5.1
and 1.1.5.2, the contrast mechanism revealing the atomic structure is strongly affected by
aberrations of the objective lens and the contrast transfer function. Therefore, it is tech-
nically not valid to consider the acquired contrast on the electron micrograph to be fully
corresponding to the atomic structure. Nevertheless, by considering that any change in
contrast is affected uniformly on the electron micrograph, the deformation of a periodic
pattern, that is not necessarily the atomic structure, could be link to a relative strain mea-
surement. Any geometric measurement can be related to a strain measurement when
comparing the measured shape to an original unstrained reference (like strain gauges).
In our context, mapping the distribution of one element of the 2D strain field tensor on
a finite 2D region is considered as a strain characterization technique. This definition
involves a precise localization of a strain measurement and its evolution in space.
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2.1.1 Origin of direct strain characterization in a TEM

With respect to the capabilities of the electron microscopes, characterization of strain
in a material, as defined above, is relatively recent. While being able to observe lattice
fringes in the 1950s, the characterizaion of a strain field on the entire electron micrograph
at nanometer scale has been only reported from the 1980s. It might be possible that the
lack of automated processing methods was making the strain measurement tedious from
an electron micrograph directly. Some examples of local measurements of lattice spacing
variation have been nevertheless reported in the end of the 1970s to determine the vari-
ation of the chemical composition [26, 27]. Different methods were used to extract the
lattice spacing on photographs such as:

¢ the generation of Moiré fringes by superposing the lattice with a periodic grid to
analyse the fringe spacing manually.

¢ a microdensitometry measurement using a translating table (which can be assisted
with very basic computing processing) to record the lattice spacing along one axis.

e the creation of Fourier transform with an optical bench to analyse the frequency of
the lattice imaged.

With respect to the complexity of the method used, the level of details obtained was
remarkable, since a relative lattice spacing below 1 % was detectable. However, the tech-
niques were mostly based on averaging similar areas in order to get sufficient contrast (or
signal). The greater is the area averaged, the more sensitive is the lattice spacing measure-
ment and sometimes the entire electron micrograph was even used to get the averaged
lattice spacing. 1D lattice spacing profiles were still plotted which can be considered as
an atomic scale strain characterization. However, the 2D aspect was not approached,
making the previous work slightly unaccomplished for the context of thesis.

The initial interest to measure a 2D displacement field seemed to not be initiated by
the strain topic itself, but by the motivation to improve the resolution obtained on beam
sensitive samples. For the case of biological materials, radiation damages make the ac-
quisition of a high magnification electron micrograph challenging. Either the contrast is
too poor with a low acquisition time or the sample is too severely damaged with a high
one. The improvement in resolution to get close to the theoretical limit of roughly 2 A
(at that time) was achieved by cross correlating and averaging similar periodic features
from a low magnification electron micrograph. The resulting signal on noise ratio (SNR)
of the superimposed periodic element was greatly increased revealing some inner struc-
ture of the molecule studied [28, 29, 30]. The strain measurement became of importance,
since the periodic structures on the whole electron micrograph were slightly distorted
with respect to each other. Sample preparation and the electron optics were claimed to
be the source of the distortions. The artefacts were thus corrected on each individual
period in order to average properly the periodic structure [31, 32, 33]. While not being
used as a method to characterize directly the strain property of the material analysed,
displacement field mappings were displayed making their work a legitimate 2D strain
characterization technique [33, 34]. An example of displacement map calculated on each
molecule is shown in fig. 2.1.
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Figure 2.1: Adapted figure from [34] (with permission) representing the 2D displacement field from an
electron micrograph recorded on an hexagonally packed intermediate layer of a bacteria’s cell envelop. On
the left side, the CTEM electron micrograph with a diffraction pattern inset recorded from the circled area
are represented. On the right side, the 2D displacement field (black lines, magnified 5 times) on each
molecule imaged (marked by black dots) from the circled area on the CTEM electron micrograph is shown.

Those methods were not strictly at atomic scale, but were using the same principles as
the one described in section 1.2.2 in which the periodic arrangement of atoms is replaced
by a periodic arrangement of group of atoms. Various biological samples benefited from
the “strain correction” method [35], however the strain state of the material itself was not
exploited.

2.1.2 Quantitative characterization of strain as a property of matter

The improvement in electron optics, computing power, and electronics capabilities
(such as the charged coupled device to record electron micrographs) contributed in char-
acterizing strain, as a property of matter itself, in CTEM directly. Strain is not seen as an
artefact anymore and naturally, similar methodologies as for the strain correction method
from Saxton et al. [34] were applied on atomically resolved electron micrographs.

A pivotal work from Bierwolf and al. [36] enabled 2D strain characterization from a
CTEM High Resolution Electron Micrograph (HREM) to be directly usable with an ele-
gant visualization. The concept uses a numerical overlap between one area of the electron
micrograph used as a reference and the area analysed. The overlap is generating sets of
Moiré fringes with frequencies directly representing the displacement field between the
two crystal lattices overlapped. Each primitive cell of the crystalline lattice in the HREM
can be mapped with their local displacement with respect to the reference (as shown in
fig. 2.2). The local 2D strain tensor components can be deduced by taking the local varia-
tion of the displacement along two non collinear directions. With respect to the definition
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Figure 2.2: Original figure from [36] (with permission) representing the displacement field recorded from
HR-CTEM electron micrographs on 3 monoloayers InAs film buried in GaAs. The bottom left image is
the Fourier filtered version of the top left HR-CTEM. The top right map displays the displacement field
(enhanced by a factor 3) of each atoms with respect the reference in the rectangle area. The bottom right
map corresponds to the derivative of the displacement map above along the [001] direction. The derivative
is related to uniaxial strain component along the [001] direction.

stated in section section 2.1, Bierwolf et al. work could be considered as the original di-
rect strain characterization strain method at atomic scale. The easiness and elegance of
Bierworlf et al. method is remarkable and inspired the future of strain characterization
techniques development.

In the meantime, the strain characterization at atomic scale was formalized theoreti-
cally [22] using the theory of elasticity and continuum mechanics. The major result was
to determine invariant variables able to quantify the local distortions analogous to the
invariant variables in macroscale continuum mechanics. Crystal distortions captured by
the relative positions of the atoms are now related to the physical displacement field of
matter and, therefore, to a strain property of matter (as seen in section 1.2.2). All the
terminologies, concepts and mathematical formalism used in classical continuum me-
chanics were transferred to atomically scaled mechanics. A more visual demonstration
of the analogy can be observed in fig. 2.3 [37] where any arrangement of the crystal lat-
tice is generically decomposed into a displacement, a rotation and a deformation. This
decomposition is demonstrated to be also valid in classic continuum mechanics.

20



Ph.D. Thesis - Alexandre Pofelski McMaster University - Materials Science

!
Imperfection

(5N (4 \ —

Rotation

deformation rotation - | Deformation
Magnification

rotation deformation

Figure 2.3: Adapted figure from [22, 37] (with permission) highlighting the 2D decomposition of a crystal
arrangement into elementary displacements, deformations and rotation. On the left, the generic decom-
position of a crystal structure with a deformation and a rotation is presented. On the right, a similar
decomposition adding a displacement, and decomposing the deformation into magnification and elongation
is displayed.

2.1.3 Development of direct strain characterization techniques

The first sets of development were targeting to improve the precision and the sensi-
tivity of Bierwolf and al. method [36] by estimating the atomic spacing at sub-pixel level.
Fitting methods to determine the position of the atomic column (peak position fitting)
were subsequently developed improving gradually the performance of the strain charac-
terization method. In the mean time, another original approach proposed to extract the
strain information by considering the Fourier series decomposition of the periodic crys-
talline lattice [38]. The strain field is embedded in the complex coefficients of the Fourier
series which can be determined on each pixel of the electron micrograph. The strain can
be thus also characterized in the space between atoms and not only at the atoms loca-
tions as for the classic fitting methods. The two different approaches led to two distinct
families of direct strain characterization techniques and are described in the following.

It is important to note that the development of direct strain characterization tech-
niques is also paired with hardware improvements in the transmission electron micro-
scopes. Aberration correctors, better electromagnetic lens control, novel electron de-
tection systems (Charged Coupled Devices) are a few examples of technological break-
throughs that contributed in increasing drastically the quality of HREMs (better SNR),
and the precision in the atoms location determination (resolution). Nowadays, STEM
based techniques are mostly as used direct strain characterization methods because of
the development of probe aberrations correctors. While of major importance, none of the
hardware aspects are approached in this thesis. The reason is to highlight the influence
of the established algorithms on current strain characterization techniques development.
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2.1.3.1 Peak position fitting methods

Since the strain measure is dependent on the atoms’ location, the first approaches
tried to improve the measure of the atomic position on a HREM. One obvious limitation
on any HREM is the discretization process, since the information is only available on the
pixel collecting the signal intensity. Therefore, analytical models were first developed to
extrapolate the collected intensity within one pixel by using the signal in the neighbour-
ing pixels. Various models were proposed with a goal to be the best fit of the HREM
intensity distribution. The position of the atomic columns can be then determined on the
analytical model directly at a desired precision. Finally, the Bierwolf and al. method was
applied on the modelled atomic column position to map the strain field. While the pre-
cision and the sensitivity are improved by the model, the resolution of the peak position
fitting method is still limited by the atomic column spacing, since the displacement field
is only evaluated where the atoms are. The evaluation of strain on the atom location is a
generic limitation described in section 1.2.2, therefore only the sensitivity and the preci-
sion can be improved for any fitting method in real space. Numerous sub-pixel analytical
models were developed. Only a subjective selection is proposed below:

e Center of mass model [39], [40]
The two dimensional center of mass of the HREM intensity near an atom is pro-
posed to represent the position of the atomic column. Some Fourier filtering were
often added to remove (or mitigate) the noise contribution in the HREM.

¢ Maximum of 2D parabolas model [41]
Fit of four parabola rotated by 45° and crossing the pixel of maximum intensity. The
four parabola defines a 2D model from which the maximum is taken to determine
the sub-pixel maximum value.

e [terative determination of the center of a circle [42]
The location of the atom is first defined at the maximum intensity. Then a series
of N line profiles crossing the maxima with different orientation are generated. In
each profile, the points crossing a fraction of the maximum intensity are recorded.
The set of points describe a circle (or an ellipse) with a center defining the new
position of the atomic column. Iteratively, the algorithm converges to the supposed
location of the atomic column at sub-pixel level.

¢ Determination of the best numerical test function [43]
A set of tests functions are generated from strain simulations and are fitted to the
experimental data. The test functions are designed with flexible fitting parameters,
and the best fit is chosen by minimizing the error (residual). The best function with
the best fit parameters is finally used to define the position of atomic column and
the strain level.

The different models revealed to be relatively equivalent with respect to sensitivity
[43]. An elegant step in peak finding methods, called PPA (Peak Pairs Algorithm), was
provided by Galindo et al. [44]. First, the position of the atomic column is determined
at sub-pixel level using a 2D quadratic model on the pixel of maximum intensity and
its 8 connected neighbourhood pixels. Then, an area of reference is selected on which

-,

a base composed of an origin and two non-collinear vectors B = (O, d,b) is defined.
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Figure 2.4: Adapted figure from [44] (with permission) displaying strain maps using PPA algorithm. a)
Schematic of the pairs selection process minimizing the Euclidean distance. b) Schematic of the displace-

ment field determination by considering a reference point (xg,yo), the vectors @ and b, and the pairs
(z1,y1) and (xg,yz) closest to the affine transformation. The mismatch with the affine transformation
corresponds to the displacement from its "unstrained” location. c) CTEM electron micrograph of a CdTe
film grown by MBE on a GaAs substrate. d) HR-CTEM electron micrograph near the interface. e) PPA
uniaxial strain map along the horizontal direction calculated from d). f) PPA shear map calculated from d).

The base sets the unitary position of the atoms in this unstrained reference. Using the
periodicity a undistorted crystal, any atoms located on the HREM can be described as a
linear combination of @ and b (called affine transformation by the author). The strain is
finally captured by the vector difference between the experimental position of the atom
and the unstrained position (calculated with the affine transformation). The Peak Pairs
Algorithm comes in place after performing the affine transformation when a decision is
made to select the atom to characterize in its surrounding. The closest atom (minimizing
the Euclidean distance) is selected as the paired atom from which the displacement vector
can be characterized. The process is summarized in fig. 2.4 a) and b) with the vector @
and v highlighting the 2D displacement field in the two non collinear directions.

For each paired-peaks, the distortion matrix D, the strain tensor ¢ and the rotation
tensor w are determined as follows:

-1
o] 0
D— 5 8_;; _ |Gz Gy Ug Uy
B R R F U A
or Oy T Y Uz Uy

= loiom) @y
w = %(D — D7)

Since the strain and rotation tensors are only determined on the each atomic column,
the continuous deformation field is interpolated between the atoms. Examples of strain
maps are shown in fig. 2.4 on a CdTe film grown by MBE (Molecular Beam Epitaxy) on a
[100] oriented GaAs substrate with 2 monolayers of ZnTe on top. The presence of disloca-
tions with their associated strain field distribution around them were successfully char-
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acterized using the PPA method. The originality of the pairing algorithm is particularly
beneficial in highly distorted crystal (such as near a dislocation). An extra atom added
(or missing) affects locally the periodic lattice arrangement and were not easily captured
by the available fitting algorithms. The PPA revealed to be an important advance in real
space fitting method targeting both slightly and highly distorted crystals.

2.1.3.2 Geometric Phase Analysis (GPA) approach

In a meantime, another approach was proposed by Hytch et al [38] with a very elegant
and powerful method based on Durr’s continuum and Fourier series decomposition. A
detailed description is proposed here, since the GPA method is one central element of the
strain characterization technique presented in this thesis. For readability, the same math-
ematical notations as in [38] are used in the following description of GPA. In particular, a
vector 1 is represented in bold font .

To get the strain or displacement field from an HREM, the signal is first described in
Fourier series since the atomic arrangement highlights a 2D periodic pattern. If the crystal
is perfectly periodic the complex Fourier coefficient is constant on the entire HREM. In
the case of a deformation, the coefficient locally changes where the displacement from its
“original perfect” position is located. Equation (3) from [38] is describing the distribution
of the intensity collected on an HREM I(r) function of the position r, the crystalline wave
vector g and the complex Fourier coefficient Hg(r) as shown below in eq. (2.2).

I(r) =Y Hg(r)e*™sm 2.2)
g

The novelty of Hytch and al. method is to track the continuous evolution of the com-
plex coefficient Hy(r) = Ay(r)e’’s(") of one extracted set of lattice fringes associated to g.
The phase 27g - r + P,(r) embeds the structural properties of the crystal. To extract the
phase, a Fourier transform F7 is first performed on eq. (2.2) to display the discrete fre-
quencies in the reciprocal space k. Equation (5) from [38] (shown in eq. (2.3)) highlights
the resulting Fourier transform with ¢ representing the Dirac function.

FTU(r)) =1(k) =Y Hy(k) «(k —g) = Y Hg(k — g) (2.3)
g g

Then a mask M (k) is applied in order to isolate one specific g (one element of the sum in
eq. (2.3)), leading to eq. (2.4), corresponding to e<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>