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

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 (SMG), 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.
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Résumé

La caractérisation des contraintes dans un microscope électronique en transmission
est aujourd’hui courament appliquée. À l’échelle atomique, la contrainte est caractérisée
par la déformation de la maille primitive du cristal. Visualiser la structure atomique de
la matière requiert au système d’échantillonage du microscope de suréchantilloner les
distances interatomiques et, automatiquement, limite le champ de vue de l’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 thèse participe a l’éffort de développement de méthodes aux champs de
vue larges. Elle est basée sur l’intereférence constructive entre la grille d’échantillonage et
la structure cristalline du matériau dans un microscope électronique à balayage en trans-
mission. L’hologramme résultant de l’inteférence intègre les propriétés structurelles du
matériau comme par exemple un champ de contraintes. La formation de l’hologramme
peut etre élégamment décrite en liant l’éffet Moiré avec le phénomène de sous échan-
tillonage. Les franges de l’hologramme (franges de Moiré) sont le résultat de l’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 l’hologramme en utilisant certaines hypothèses. 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 l’utilisation la méthode d’analyse de phase geométrique (GPA). Après une descrip-
tion théorique de la methode SMG, la technique est validée expérimentallement en la
comparant à d’autres méthodes de référence et à 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 où la technique est particulièrement 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 Angströms 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

−−→
FLor can be described as function of the electric field

−→
E the magnetic field

−→
B , the negative elementary charge q and the velocity of the electron −→v , as the following:

−−→
FLor = q(

−→
E +−→v ∧

−→
B ) (1.1)

In Newtonian mechanics, an electron with an energy of 200 keV has a velocity close to
0.9× c 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.

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 µm. To improve the emission
characteristics a ZrO2 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 100 keV typical reaches a brightness of 1012 A−2 sr−1 with an energy spread of 0.7 eV
and a source size of 15 nm [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 eqs. (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

OA
+

1

OA′
=

1

f
(1.2)

M = −OA
′

OA
(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 (−→v ∧
−→
B ), 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 I in the solenoid as follows:

f ∝ 1

I2
(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.
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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].

1.1.5.1 CTEM

The CTEM configuration [15] is equivalent to the slide projector example described in
fig. 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

−→
k0, is illuminating a thin sample and undergoes

diffraction following Bragg’s Law. All the diffracted beams with their respective wave
vectors

−→
kg 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

−→
k0, 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−g . The objective

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

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

−→
kg .

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-

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−g . 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
Γ with the time t. Each elements of the body at the instant t, Xt, is localized in the 2D
orthonormal base B = (O,−→e1 ,

−→e2) with their set of coordinates (xt, yt). From t = t0 to
t = tf , Γ is evolving from Γt0 to Γtf along individual path-lines for every elements of
Γt. The displacement along path lines enables a one-to-one correspondence to be consid-
ered between Xt0 = (xt0 , yt0) and Xtf = (xtf , ytf ). Therefore any elements in Γt can be
expressed as a continuous function f of Γt0 and time as shown in eq. (1.5) (Lagrangian
description)

∀t ∈ [t0; tf ], ∀Xt ∈ Γt, Xt = (xt, yt) = f(Xt0 , t) = f(xt0 , yt0 , t) (1.5)

Equivalently, any elements from Γt0 can be expressed as a function of Γt and time as
shown in eq. (1.6) (Euler description).

∀t ∈ [t0; tf ], ∀Xt0 ∈ Γt0 , Xt0 = (xt0 , yt0) = f−1(Xt, t) = f−1(xt, yt, t) (1.6)

The displacement vector −→u of one element of the body is defined as the difference be-
tween

−−−→
OXtf and

−−−→
OXt0 .

∀t ∈ [t0; tf ], ∀Xt0 ∈ Γt0 ,
−−−−→
u(Xt0) =

−−→
OXt −

−−−→
OXt0 (1.7)

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

∀t ∈ [t0; tf ], ∀Xt0 ∈ Γt0 , u(Xt0) = Xt −Xt0 (1.8)

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 Xt0 of Γt0 . 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∇u. It is important to
notice that ∇u is function of the position Xt0 in Γt0 but can be described by a function
of the position Xtf in Γtf using eqs. (1.5) and (1.6). For clarity the dependence of the
following equations with the position Xt0 is omitted.

∀t ∈ [t0; tf ], ∀Xt0 ∈ Γt0 , ∇u =

[
∂ux
∂x

∂ux
∂y

∂uy
∂x

∂uy
∂y

]

∇u =

[
∂xt
∂x

∂xt
∂y

∂yt
∂x

∂yt
∂y

]
− I

(1.9)

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

∀t ∈ [t0; tf ], ∀Xt0 ∈ Γt0 , ∇u =∇Xt − I (1.10)

Strain, by definition, corresponds to the measure of a relative elongation ∆l
l . To apply

it on the object Γt locally, the relative elongation needs to be evaluated at an infinitesimal
level du = dXtf −dXt0 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 εL on Γt is defined as the following [23].

∀t ∈ [t0; tf ], ∀Xt0 ∈ Γt0 , εL =
1

2
(∇Xt

T∇Xt − I) (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.

∀t ∈ [t0; tf ], ∀Xt0 ∈ Γt0 , εL =
1

2
((∇u + I)T (∇u + I)− I)

∀t ∈ [t0; tf ], ∀Xt0 ∈ Γt0 , εL =
1

2
(∇uT +∇u +∇uT∇u)

∀t ∈ [t0; tf ], ∀Xt0 ∈ Γt0 , εL ≈
1

2
(∇u +∇uT )

(1.12)

The Lagrangian definition of strain in eq. (1.11) is derived from the infinitesimal de-
scription of deformation dXtf = ∇XtfdXt0 and a few transformations highlighted be-
low to make appear an expression close to a relative elongation.

dXtfdXtf =∇XtfdXt0∇XtfdXt0

dXtfdXtf = dXt0∇Xtf
T∇XtfdXt0

The quadratic difference between between dXt and dXt0 can be expressed (eq. (1.13))
and the expression of the Lagrangian strain can be recognized.

dX2
tf
− dX2

t0 = dXt0(∇Xtf
T∇Xtf − I)dXt0 (1.13)

dX2
tf
− dX2

t0 = dXt02εLdXt0 (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 ∆l

l as highlighted in eq. (1.15).

εL =
dX2

tf
− dX2

t0

2dX2
t0

=
∆dXt0

dXt0

+
∆dX2

t0

2dX2
t0

(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 t0 in red, and the same body at tf 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:

εii =
aii2 − aii1

aii1

εij =
aij2
aii1
− aji2
aii1
≈ 1

2
(ψ − θ)

ωij =
aij2
aii1

+
aji2
aii1
≈ 1

2
(ψ + θ)

(1.16)

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 Si1−xGex layer
on a Si substrate. It is proposed in the following to describe the Si1−xGex/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 5.658Å and 5.431Å respectively [24]. Ge is known to incorporate in the substi-
tutional sites of the Si lattice forming a random Si1−xGex 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 Si1−xGex 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 −→ux. Applying eq. (1.16), the strain εxx along −→ux is 0 since aSi

xx = aSiGe
xx .

Such result can be misleading since εxx = 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:

εxx =
aSiGe
xx − a

SiGerel
xx

a
SiGerel
xx

(1.17)

Here, εxx < 0 which corresponds to a compressive strain in the epitaxial SiGe layer. The
compressive strain is expected since aSi

xx < a
SiGerel
xx , the Si substrate imposes its lattice
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parameter by forcing a compression to the lattice parameter of the SiGe layer along −→ux.
Similar precautions must be taken for the other components of the strain tensor. Even if
εyy is positive for both the epitaxy on the Si substrate and the comparison with relaxed
state cases, the strain along −→uy is different as shown in eq. (1.18) since aSiGerel

yy is different
from aSi

yy.

εyy =
aSiGe
yy − aSi

yy

aSi
yy

6=
aSiGe
yy − a

SiGerel
yy

a
SiGerel
yy

= εrel
yy (1.18)

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.

• 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 2Å
(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.
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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:

• 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.

• Iterative 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,~a,~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 (x0 , y0 ), the vectors ~a and ~b, and the pairs
(x1 , y1 ) and (x2 , y2 ) 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 ~a 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 ~u
and ~v highlighting the 2D displacement field in the two non collinear directions.

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

D =

[
∂u
∂x

∂u
∂y

∂v
∂x

∂v
∂y

]
=

[
ax ay

bx by

]−1 [
ux uy

vx vy

]

ε =
1

2
(D +DT )

ω =
1

2
(D −DT )

(2.1)

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 −→u is represented in bold font u.

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) =
∑
g

Hg(r)e2iπg·r (2.2)

The novelty of Hytch and al. method is to track the continuous evolution of the com-
plex coefficient Hg(r) = Ag(r)eiPg(r) of one extracted set of lattice fringes associated to g.
The phase 2πg · r + Pg(r) embeds the structural properties of the crystal. To extract the
phase, a Fourier transform FT 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 δ representing the Dirac function.

FT (I(r)) = Ĩ(k) =
∑
g

H̃g(k) ∗ δ(k − g) =
∑
g

H̃g(k− g) (2.3)

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 equation (9) from [38].

Ĩ(k)M(k) = H̃g(k− g)

⇒ ˜I(k + g)M(k) = H̃g(k)
(2.4)

Performing an inverse Fourier transform on eq. (2.4) enables Hg(r) to be determined as a
function of the position in the HREM. Equation (2.5) highlights the real part of the inverse
Fourier transform of eq. (2.4) that corresponds the lattice fringes Ig(r) from the crystalline
wave vector g.

Ig(r) = Ag(r) cos (2iπgR · r + Pg(r)) (2.5)

In a perfect periodic structure, Ag and Pg are constant. If the periodicity in the g direction
is slightly modified by a small displacement locally, the frequency of the periodicity is
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also slightly changed at the same location. The change in frequency is translated by a
phase shift in eq. (2.5) if the change is relatively small. Equation (2.6) highlights the link
between the phase and a variation of the crystalline wave vector ∆g such that g=gR+∆g
(cf. equation (16) from [38]).

Pg(r) = 2π∆g · r (2.6)

By taking the derivative of the phase, as done in eq. (2.7), the variation of the crystalline
wave vector can be deduced considering that ∆g is not abruptly varying in space (equa-
tion (17) from [38]).

∇Pg(r) ≈ 2π∆g (2.7)

The link between the gradient of the phase and the displacement along the crystalline
wave vector embedded in ∆g is key in the GPA method. Such simple and concise ex-
pression is remarkable and makes the application of the GPA algorithm both simple and
visual. For example, it is possible to observe the variation of the crystalline wave vector
g by just displaying the phase Pg(r). Figure 2.5 is an example of a GPA analysis on a
HREM from which the phase variation is displayed along two non collinear directions.
After isolating two crystalline wave vectors (as shown in b)), the phase from respective
Hg(r)e2iπgR·r is calculated (in c) and d)) images from fig. 2.5). The contribution of gR is
then removed by setting gR ·r = 0 in a chosen area (often called reference). The variation
of the phase related to ∆g can be finally appreciated in fig. 2.5 e) and f).

Two phases images from two non collinear g crystalline wave vectors (such as done
in fig. 2.5), are required to calculate the two dimensional strain tensor on each pixel of the
HREM. First, the matrix ∆G tracking the variation of the crystalline wave vector in two
directions is calculated as shown in eq. (2.8).

∆G =

[
∆g1x ∆g1y

∆g2x ∆g2y

]
(2.8)

Then, the area in the HREM set as the reference for the phase image (considered as the
unstrained state) is used to extract the corresponding crystalline wave vectors gRi and
form the reference unstrained matrix Gref as highlighted in eq. (2.9).

Gref =

[
gR1 x gR1 y
gR2 x gR2 y

]
(2.9)

Combining eqs. (2.8) and (2.9), the distortion matrix can be evaluated and linked to the
strain and the rotation tensors as shown in eq. (2.10) with Id representing the identity
matrix, ε the strain tensor and ω the rotation tensor (see appendix D in [38] and equation
(30) in [45]). It is intersting to note that eq. (2.10) is determined using the continuum
formalism from Durr et al. [22] briefly described in sections 1.2.2 and 2.1.1. The interest
of eq. (2.10) is to express strain using parameters from the reciprocal space only.

D = ((Gref + ∆G)T )−1Gref
T − Id

ε =
1

2
(D +DT )

ω =
1

2
(D −DT )

(2.10)
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Figure 2.5: Adapted figure from [38] (with permission) showing the application of the GPA algorithm to get
the phase image related to the variation of the crystalline wave vector. a) HR-CTEM electron micrograph
recorded on a ferroelastic-ferroelectric domain wall in PbTiO3. b) Fourier transform of a). c) Phase image
from the reflection (101). d) Phase image fron the reflection (001). e) Phase image with the contribution of
g[101] removed. f) Phase image with the contribution of g[001] removed.
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Figure 2.6: Adapted figure from [46] (with permission) showing the application of the GPA method on an
edge dislocation. The upper left electron micrograph has been recorded on a [11̄0] oriented silicon on an
edge dislocation drawn in white with the Burgers vector b = 1

2 [110]. The strain maps are displayed in
pairs with each pairs representing one element on the 2D strain tensor. In each pair, the top map is obtained
using the GPA method and the bottom map is theoretically determined using the anisotropic elastic strain
theory and plane strain condition.
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While the strain is evaluated on each pixel using the GPA approach, the physical area
from which the strain is calculated is not limited to the single pixel. This is a consequence
of the masking process that uses a small fraction of the Fourier space. The entire Fourier
space is required to localize the information into one pixel. Therefore, the strain obtained
on each pixel is a kind of average obtained on a couple of fringes [45]. Such spatial aver-
aging is not completely prejudicial, since it provides robutness to noise. In addition, GPA
is not applicable on abrupt changes of strain requiring an aggressive resolution, such as
interfaces or point defects (necessary hypothesis to get eq. (2.7)). However, the resolution
limitation did not stop the GPA method to demonstrate its capabilities by characteriz-
ing the strain field around an edge dislocation [46]. A summary of Hytch et al. results
are shown in fig. 2.6. The resolution of strain maps obtained with GPA was estimated
to 2 nm. The strain field in the vicinity of the dislocations matches well the strain field
obtained with simulation. Only the core of the dislocation and its very close proximity
is not properly characterized (noticeable in εxx and εxy deformation maps) in accordance
to the estimated resolution.

One great interest of Hytch et al. method is to be able to process lattice fringes spac-
ing down to 3 pixels with a sufficient sensitivity. Whereas the real space methods have a
tendency to oversample the lattice spacing to have a lots of pixel for the fitting process,
the GPA method can withstand worse sampling conditions and thus map the strain field
on slightly larger field of view (about 100 nm). It must be pointed out that the GPA pro-
cessing is not free of artefacts. For example, the masking process isolating a crystalline
reflection can be performed with various functions (Gaussian mask, cosine mask, Loren-
tizan mask, Heaviside mask, ...) and all of them are generating specific noise in the phase
image. It is also interesting to notice that the local lattice fringe analysis method devel-
oped in the late 1970s [27] was relatively close to the GPA method when considering some
theoretical aspects developed in the dicussions section. An interference equation from a
two beam condition was mentioned in [27] relating the frequency of the lattice spacing
into a phase. The computational complexity of the approach to extract the phase and
the amplitude probably prevented further work from the author. With current computa-
tional power, the GPA method reveals to be one of the most used method to characterize
the strain at atomic length scale.

2.1.3.3 From CTEM to STEM strain characterization

The strain characterization methods generated discussions about the validity of the
strain results because of the effect of the defocus and sample thickness to the distribu-
tion of contrast in CTEM. The transfer function (detailed in section 1.1.5.1) coupled with
the delocalisation effect [15] led to some legitimate questions on the imaged position of
the atomic column. Through focus series methods were developed to take into account
the effect of the defocus for strain application [47, 48], however a precise control of the
defocus parameter is required. In parallel, STEM performance drastically improved and
demonstrated the ability to resolve the atomic spacing from a crystalline sample [49].
Aberrations correctors coupled with automated method to correct aberrations [50, 51]
were also developed enabling the STEM probe to resolve lattice periodicities down to 50
pm [52, 53]. The interest of the incoherent contrast mechanism made the STEM HREM
easier to interpret and more robust through focus or thickness variations [16]. Subse-
quently, the same methodologies applied on CTEM HREM were transferred to STEM
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Figure 2.7: Visualisation of STEM artefacts in HR imaging. a) Portion of a figure from [54] (used with per-
mission) showing typical low frequency scanning distortions in a HRSTEM electron micrograph revealing
the crystalline lattice. b) Portion of a figure from [55] highlighting typical high frequency distortions in a
HR-STEM electron micrograph revealing the crystalline lattice.

HREM to characterize the strain. The first strain results obtained from a STEM HREM
were not fully satisfactory [54]. Scanning distortions and sample drift during acquisi-
tion revealed to be the limiting factors regarding the resolution and the precision of the
strain maps. Examples of artefacts observed on a STEM HREM (or HR-STEM electron
micrograph) are shown in fig. 2.7. Both local and long range distortions are interpreted
as strain field using the processing methods described before.

Various corrections methods were, therefore, developed in order to get artefact free
strain maps in the STEM HREMs (coupled with hardware improvement of the scanning
unit). The flyback artefact, corresponding to a parasitic beam shift between two scanning
lines, is one of the most prominent artefact in the STEM electron micrograph acquisition
process. Making the assumption that the flyback artefact is systematic, it is possible to
remove its contribution by recording the scanning distortions on a strain free sample [54]
or on a strain free area of the sample [56]. An improvment of the STEM HREM quality
is noticeable after the flyback correcction, however the higher frequency non systematic
distortions (or instabilities) [55] are still present and potentially limiting the resolution.
Finer method looking at the close proximity of each pixel were then implemented using
the correlation property by considering each neighbour pixels to be relatively similar if
the sampling is fine enough [55, 57]. Nevertheless, such methods require the features
imaged in the STEM HREM to be similar for the correlation to not fail.

A major breakthrough in STEM HR imaging was brought by the multi frames acqui-
sition approach. Instead of acquiring the STEM HREM is one single frame, the electron
probe scans the same area multiple times and combine all the micrographs to make the
final STEM HREM. If the sample can withstand the radiation damages, the sample can be
considered to be identical between each frames. Using the cross correlation between all
frames, the individual electron micrographs can be aligned with each other and summed
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Figure 2.8: Adapted figure from [59] (with permission) showing the benefit of the multi frame approach in
HR-STEM imaging using non-rigid registration. a-b) Schematics of the rigid registration and non-rigid
registration concepts respectively. b) One HAADF HR-STEM electron micrograph recorded on silicon
oriented along the [11̄0] direction. c) Average image of a series of HAADF HR-STEM electron micrographs
recorded on the same sample with the distortions corrected using the non-rigid registration.

improving drastically the SNR [58] of the STEM HREM. Moreover, the multi frames ap-
proach has another interest, since the non systematic distortions will appear differently in
each frames. Therefore, part of the systematic and non systematic distortions are decou-
pled (statistically) and the information can be used to correct the non systematic scanning
distortions. Experimental evidence of distortions removal using rigid and non-rigid reg-
istration transformations are presented in fig. 2.8.

The rigid registration refers to a linear global transformation (translation, rotation,
shear, ...) on the whole micrograph while the non rigid one refers to a local warping of a
small section of an image. The rigid registration can be performed with a classic cross cor-
relation and iterating on the linear transformation for the correction. For the non-rigid
registration a more complex approach is needed to evaluate the local deformation be-
tween frames. A few examples are proposed in [59, 60, 61] by considering the difference
between the gradient of two frames to characterize the direction and the amplitude of the
distortions (gradient descent algorithm). Iteratively, the deformation field, correspond-
ing to the distortions, is applied on the initial image and the difference of the gradient
is calculated again. A convergence criterion is defined to get the two images registered
meaning that one frame (the source) is aligned with the second frame (the target). The
complete mathematical description is out of the scope of the manuscript. More informa-
tion is avaialble in Berkels et al. work [60] and another non-rigid registration correction
algorithm is proposed in Jones et al. article [61]. Spectacular results were demonstrated
with the multi frame approach as shown in fig. 2.8.

It is worth mentioning that other methods exist such as the Revolving STEM [62] ac-
quiring series of STEM HREM by rotating the scanning grid by a known amount. Part of
the instabilities are kept in the same direction, while other are following the scanning grid
rotation. By combining the information from the different micrographs, some distortions
and the sample drift are fully suppressed leading to a great increase of the STEM HREM
quality (see fig. 2.9). A precision down to the picometer level with sub-pixel algorithms
was demonstrated by the multi frame approaches. The recent STEM improvements are
so important that real space direct strain measurement using STEM, is probably going to
reappear as the most precise method to characterize the strain for very low field of view
micrographs [63, 64].
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Figure 2.9: Adapted figure from [62] (with permission) showing the benefit of the multi frame approach in
STEM imaging using RevSTEM. One HAADF HRSTEM electron micrograph recorded on silicon oriented
along the [110] direction. b) Average image of a series of HAADF HR-STEM electron micrographs recorded
on a same location with the distortions corrected using the RevSTEM method.

2.1.4 Inherent limit of direct strain characterization method

Whatever imaging technique is used to acquire a HREM for strain application, an in-
herent limit for direct strain characterization methods is the discretization process. An
electron micrograph is composed of individual pixels on which an intensity is collected.
The discrete distribution of the intensity is then used to determine the location of the
atomic column. To get a proper representation of the lattice spacing, a minimum of 2 pix-
els per periodicity is required in the acquisition process (Whittaker Nyquist Kotel’nikov
Shannon sampling theorem [65, 66, 67, 68] detailed in section 3.1.2.1). Fixing the number
of pixels per periodicity is setting a maximum field of view (FOV), since the total number
of pixels of an electron micrograph is limited by the detection system.

As a consequence the field of view of the recorded electron micrograph is, in practice,
limited to roughly 150 nm for direct strain methods. Keeping the same methodology, the
only way to increase the field of view is to increase the number of pixels of the electron
micrograph (requiring a change of hardware) or to stitch several electron micrographs
with each other. However, both solutions increase drastically the size of the data to pro-
cess requiring more computational power. Such limitation justifies the development of
alternative methods (indirect method) to characterize the strain.

2.2 Indirect strain characterization methods

The direct strain characterization methods are based on collecting and measuring
the relative position of the atoms directly on the electron micrograph. As stated in sec-
tion 2.1.4, the FOV of direct strain methods is relatively low. To overcome the FOV limita-
tion, the philosophy of the direct approach needs to be modified by measuring the strain
property on a couple of units cells from the crystalline lattice. Such approaches are clas-
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sified, in this thesis, as indirect strain methods. The indirect terminology in our context
refers to any strain method that does not use directly an HREM representing the atomic
column relative position. The strain is no longer localized in one unit cell, therefore the
resolution is worse compared to direct strain methods. However, accepting to loose some
resolution offers the option to gain in FOV. Indirect strain characterization methods can
be regrouped in two families: diffraction and interferometry methods. Both families are
physically related to each other, however the differences in the data processing justify to
describe them separately.

2.2.1 Diffraction

Diffraction strain characterization methods are based on collecting and interpreting
the intensity distribution of the electron beam in the diffraction plane. The indirect aspect
is highlighted by the fact that a large area can be illuminated at once to provide a single
diffraction pattern. The diffraction pattern embeds the structural properties such as the
strain. A large variety of diffraction strain based technique exists nowadays, therefore
only the most relevant one is discussed here.

2.2.1.1 Nano Beam Electron (Precession) Electron Diffraction (NB(P)ED)

In a similar manner as in CTEM, the NBED method uses a nearly parallel beam to
illuminate an area of the sample. The localized electron beam diffracts through the pe-
riodic crystal and the diffraction pattern, representing the intensity distribution in the
diffraction plane, is recorded. The scanning coils of the nearly parallel STEM probe are
then used to move the beam on the next area to analyse. Each diffraction spots from
the diffraction pattern is related to a set of crystallographic planes, and their relative ar-
rangement (angle and spacing) is related to the crystal structure of the sample. Taking
one diffraction pattern as a reference, the relative deformation from one diffraction pat-
tern can be quantitatively characterized by comparing it to the reference.

From the reference diffraction pattern, two non collinear g vectors can be extracted
to form the same Gref matrix as in GPA. Then, on each diffraction pattern, the same g
vectors can be extracted again to determine their respective ∆g vectors compared to the
reference and form the same ∆G matrix as in the GPA method. Since diffraction is the
representation of the crystal in reciprocal space, it is possible to directly use eq. (2.10)
from the GPA method to calculate the relative strain and rotation tensors on each diffrac-
tion pattern. The example in fig. 2.10 from [69]) highlights a typical NBED result on a
Si/SiGe/Si system. The line profile extends to 1.2 µm showing the capability of NBED to
acquire strain information on large areas.

The area illuminated by the nearly parallel beam is fixed by the condenser aperture
and the intensity in the condenser lens. Usually the NBED technique requires a small
aperture to limit the convergence angle (nearly parallel beam) and get the smallest pos-
sible diffractions spots. However, the smaller is the aperture, the more the electron beam
diffracts through the same aperture. As a consequence, the beam is more spread when
focused on the sample affecting the spatial resolution. A way to reduce the probe size
is to converge slightly the electron probe using a larger condenser aperture. Diffraction
spots appear as diffraction disks in the diffraction pattern with a non uniform intensity
distribution (see fig. 2.11 a)) making the processing more difficult. The intensity can be
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Figure 2.10: Adapted figure from [69] (with permission) showing the application of the NBED strain
characterization technique. a) Electron micrograph recorded on a silicon sample highlighting the size of the
nearly parallel probe. The size of the probe defines the spatial resolution of the NBED technique. b) Electron
diffraction pattern recorded in the bulk silicon a). c) STEM electron microgprah showing the Si/SiGe/Si
stack characterized with NBED. The dotted line shows the line profile on which the information is collected
by the probe. d) Relative strain profiles from c) showing the 2D uniaxial and the shear deformations.
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Figure 2.11: Adapted figure from [70] (with permission) highlighting the effect of precession on the in-
tensity distribution inside the disks of the diffraction pattern. Each frame presents the diffraction pattern
recorded from the probe shown in their respective inset. a) Diffraction pattern recorded with a small probe
with semi-convergence angle of 2.2 mrad. b) Diffraction pattern recorded with a large probe with a semi-
convergence angle of 0.6 mrad. Diffraction pattern recorded with precession using the same configuration
as in a). d) Diffraction pattern recorded with precession using the same configuration as in b).

made “uniform” by letting the beam describe an hollow cone movement (precession) at
high frequency. The hollow cone trajectory helps in generating a set of slightly different
incident wave vector averaging partially the dynamical effects. The recorded diffraction
pattern is then composed of nearly uniform disks, (see fig. 2.11 c)) easy to process with
curve fitting methods. A comparison between a NBED and a NBPED probe is proposed
in [70] and is summarized in fig. 2.11 with their respective probe sizes and convergence
angles. Adding a slight convergence to the electron beam enables the resolution to be
improved compared to the NBED case. Currently a sensitivity down to 2 × 10−4 with a
resolution of 2 nm has been reported [71]. An example of NBPED map on a semiconduc-
tor device is highlight in fig. 2.12.

The interest of the NB(P)ED method relies on the flexibility in choosing the size of the
area to analyse. The FOV obtained with such technique can go up to a few microns and is
mostly limited by the precision of the scanning coils moving the electron beam without
distortion. A few hundreds of milliseconds are required to record one diffraction pattern,
therefore another parameter to consider for the NB(P)ED technique is the time needed
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Figure 2.12: Reprinted (and adapted) with permission from David Cooper, Nicolas Bernier, and Jean-
Luc Rouvière, Nano Letters 2015 15 (8), 5289-5294 [71], showing the application of the NBPED strain
characterization technique on SiGe/Si device. On the left side is presented the STEM electron micrograph of
the device characterized. On the right side are displayed the relative strain maps from the 2D strain tensor
with respectively a) εxx the horizontal uniaxial strain, b) εxy the shear strain, c) εyy the vertical uniaxial
strain and d) θxy the rotation. Copyright (2015) American Chemical Society

to record a complete map. Another issue to overcome is the size of the generated data
cube (a 2D electron micrograph in reciprocal space is recorded at each pixel) making the
processing relatively long if not optimized. The research on diffraction based techniques
is very dynamic recently with the development of very fast cameras reducing drastically
the acquisition time of diffraction maps. Novel diffraction based strain technique might
appear in a near future because of the fast cameras breakthrough.

2.2.2 Interferometry

Interferometry regroups a set of techniques using the principle of wave superposition
generating an interference pattern (or a hologram). One interest of interferometry is to
characterize the phase of the waves brought into interference. In the electron microscopy
context, the electron beam is treated as a wave with an amplitude and a phase that are
modified when crossing the sample.

For strain characterization methods, only the structural properties are of interest. The
crystal lattice modifies the phase of the electron beam (geometric phase) through the
diffraction phenomenon. Technically an HREM in CTEM is already a hologram, since the
contrast mechanism is based on an interference between all the diffracted beams issued
from the interaction of the primary electron beam with the sample. Nevertheless, the
indirect interferometry strain techniques differ from the HREM GPA method described
in section 2.1.3.2 by designing a specific interference that can be displayed on a large field
of view (FOV) and accepting a loss in resolution.
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2.2.2.1 Dark-Field Electron Holograhy (DFEH)

Electron holography in a TEM [72, 73, 74] has been widely used in order to retrieve
the phase of the electron beam. Sources of phase shifts such as an electromagnetic field,
or the potential of a specimen, have been experimentally characterized using electron
holography. For strain characterization, the phase shift caused by the diffracted beam
is of interest. Figure 2.13 shows a set of interferometry setup to generate Moiré fringes
to sense the structural properties. On the left of fig. 2.13, an interference is created by
overlaping two different crystals one above the other. Each crystal has its own structural
configuration with its own diffraction condition (Bragg’s law). The interference between
the diffracted beams from each crystal is imaging the difference of diffraction conditions
between them. In the middle of fig. 2.13, an interference is performed after the electron
beam interacted with the sample. The Möllenstedt biprism [73] (represented in red in the
figure) splits and bends the electron beam on each side of it. The split beams are brought
into interference to generate a hologram underneath the sample. In this specific case,
the non diffracted beam is used for the intereference. To get the inteference between diff-
fracted beams, Hytch et al. [75] proposed the option on the right of fig. 2.13 by combining
the two previous setups. The diffracted beam is indeed sensitive to the geometric phase
and thus to the deformation. Two crystals A and B (or the same crystal with different
strain condition) are positioned above the biprism to obtain a Moiré hologram sensitive
the difference of the diffractions conditions between A and B. If A and B are the same
crystal, the difference in diffraction conditions corresponds to the difference of their crys-
talline wave vector. The technique is referred as Dark-Field Electron Holography (DFEH)
and is used to map the 2D strain field on FOVs up to a few micrometers.

The dark-field hologram resulting from the DFEH setup is showing the geometric
phase difference between the two areas brought in interference. The geometric phase is
the same as the one described in section 2.1.3.2, therefore the geometric phase difference
can be linked into strain with the same approach. The dark-field hologram can be mod-

Figure 2.13: Adapted figure from [75] (with permission) showing different configuration generating Moiré
fringes. On the left, the Moiré fringes generation when positioning two crystalline samples above each
other in a transmission electron microscope is presented. In the middle, the off-axis electron holography
set-up is shown where the beam in vacuum is brought in interference with the beam crossing the sample.
On the right the DFEH set-up combining both the Moiré technique and the off-axis electron holography is
detailed by bringing in interference a diffracted beam from two different areas.
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elled as follows with I(r) representing the intensity distributed along the space r, q the
frequency carrier of the hologram (dependant on experimental parameters and geometry
of the microscope), and ∆g(r) the geometric phase difference from the areas interfering
with each other.

I(r) = A2
1 +A2

2 + 2A1A2 cos (2iπ[q · r + ∆g · r]) (2.11)

Since eq. (2.5) and eq. (2.11) are similar, the GPA algorithm can be directly used in DFEH
to retrieve the phase information. However, in DFEH, gR is replaced by q, an experimen-
tal parameter that is not related to the sample crystalline structure. Therefore, gR is an
unknown in DFEH and must be provided to get the quantitative deformation maps. gR

can be deduced knowing the crystal structure and the diffracted beam used to acquire the
dark-field hologram. Once provided, an unstrained reference where ∆g =

−→
0 is selected

in one area of the sample, and the GPA algorithm is applied to map ∆g on the hologram.

An example of the geometric phase extraction from a dark field hologram is shown in
fig. 2.14 on a strained Si/SiGe periodic arrangement. The SiGe pockets are compressing
laterally the Si on its side due to its higher lattice parameter. As highlighted by fig. 2.14 a),
the Si/SiGe area is brought in interference with the silicon bulk using the (220) diffracted
beam. Since the Si/SiGe region is strained, the local lattice parameter is different from the
silicon bulk. Therefore, the geometric phase embedded in the electron wave crossing the
sample is different in those two regions. Figure 2.14 b) shows qualitatively how strain
is visible in the hologram. The three different regions labelled as 1, 2 and 3 highlight
three different fringe spacings and orientations configuration. Since the lattice spacing
is different in those three regions, ∆g is different and adds a contribution locally in the
frequency of the hologram (eq. (2.11)). The silicon below the Si/SiGe structure can be
considered unstrained and is thus used as the reference (white rectangle area in fig. 2.14
d). Therefore, in the dark-field hologram fig. 2.14 c), ∆g =

−→
0 in the Si+Si Bulk area

and q can be deduced and removed. Finally, the variation of the geometric phase is
quantitatively displayed on the entire FOV as shown in fig. 2.14 d).

Figure 2.14: Geometric phase extraction in DFEH. a) Schematic of the sample with the Si/SiGe pockets
and the Si Bulk regions brought into interference by positioning both areas on each side of the biprism.
The arrow shows the direction of the [220] crystalline wave vector. b) Schematic of the interference pattern
obtained with the DFEH setup from a). Area 1, 2 and 3 refers respectively to Si + Si Bulk, Si pocket + Si
Bulk and SiGe pocket + Si Bulk. The dark lines are illustrating the fringe spacing and orientation in the
3 areas. c) (220) Dark-field hologram acquired in a transmission electron microscope. d) Geometric phase
map highlighting the variation of the (220) crystalline wave vector. The white rectangle corresponds to the
reference area.
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Figure 2.15: Adapted figure from [75] (with permission) showing typical 2D relative deformation maps
obtained with DFEH. On top, a CTEM electron micrograph on a semiconductor device with a SiGe source
(S) and drain (D), a silicon channel (C) and polycrystalline silicon gate (G) is shown. On the bottom, the
DFEH relative deformation (uniaxial and shear strain) and rotation maps are displayed .

Once the difference of phase extracted and the reference chosen, the gradient of the
phase can be quantitatively determined. In a similar manner as in section 2.1.3.2, by con-
sidering two dark-field holograms from two non-collinear directions, the ∆G matrix can
be calculated. The Gref matrix is, in the DFEH case, provided by the user. With both ma-
trices and using eqs. (2.9) and (2.10) all the elements of the 2D strain and rotation tensor
can be mapped as shown in fig. 2.15. The sample used is similar to the one in fig. 2.14. It
is possible to notice the silicon channel region being compressed by the SiGe pockets. It
is important to remember that the deformations maps are relative to a reference which is
an unstrained silicon in that case. As stated in section 1.2.2, the SiGe deformation results
to be positive, however the SiGe pockets are compressed. Such strain artefact is classic in
relative strain characterization techniques.

The great interest of the interferometry techniques is to visualize a physical phe-
nomenon at a different length scale from which it originates. A few picometers difference
in lattice spacing between a strained and an unstrained region can be displayed over a
few micrometers region. That is why, DFEH can be seen as a technique magnifying the
local difference lattice spacing between the two areas brought into interference. The lo-
cal variation of the lattice spacing is then translated into a deformation by adding some
prior knowledge of the crystal analysed. The interferometry mechanism is at the hearth
of FOV extension capabilities. Another interest is the great sensitivity of DFEH, claimed
to be around 10−4 [76].
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Figure 2.16: Adapted figure from [77] (with permission) describing the Moiré pattern generation when
overlapping two similar periodic structures. a) Superposition of two periodic patterns with a slightly
different periodicity b) Superposition of two periodic pattern with same periodicity with a small mistilt
between the two structures. c) Combination of a) and b) showing that the Moiré fringe periodicity and
orientation is not linear with the change in periodicity and rotation.

2.2.2.2 Scanning Moiré Fringes (SMF)

Scanning Moiré fringes (SMF) or STEM Moiré interferometry (SMI) is a recent un-
conventional interferometry technique in which the interference is designed before the
electron beam interacts with the crystalline sample. The principle is based on the gener-
ation of Moiré fringes by overlapping the scanning grid of the STEM beam raster with
the crystalline lattice. The concept is very close to the left schematic in fig. 2.13 with A
representing the scanning grid and B the sample. The interaction in SMF is performed
in real space, and is the result of a sampling artefact (called aliasing) transforming high
frequencies into lower ones. The terminology Moiré makes reference to the general for-
mation of an holographic pattern when two periodic features with close periodicities are
brought into interference. Figure 2.16 is highlighting a classic example of Moiré patterns
formation.

The Moiré concept in CTEM is not new, however its application in STEM is not com-
mon. STEM electron micrographs, especially in high resolution, are usually oversam-
pling the features to image them properly. STEM Moiré interferometry is based on the
opposite concept by undersampling a periodic feature in order to interfere with it. Su et
al. reported the first experimental STEM Moiré fringes and an attempt to link the period-
icities of the Moiré fringes and the periodicities of the crystal lattice [78]. Considering two
1D sinusoidal functions to model the scanning periodicity of the beam raster fs and the
lattice periodicity fl respectively, their sum was considered to represent their interference
as follows:

sin(2πfsx) + sin(2πflx) = 2 cos(π(fs − fl)x) sin(π(fs + fl)x) (2.12)

The results of eq. (2.12) are highlighted in fig. 2.17 a) with the formation of a new fre-
quency after interference fs − fl. Since fs represents the scanning frequency, only fre-
quencies lower than fs can be collected in the STEM electron micrograph. In eq. (2.12),
only the frequency fs − fl (corresponding to the Moiré fringes) is resolved, so only the
purple signal from fig. 2.17 a) is collected on the electron micrograph. This principle has
been applied on a SrTiO3 sample [78] and an experimental result is shown in fig. 2.17 c).
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Figure 2.17: Figure adapted from [78] (with permission) showing a theoretical and a practical demon-
stration of SMI. a) Superposition (addition) of two sine functions f1 and f2 with different frequencies to
generate Moiré fringes. fs and fl represent respectively the scanning frequency of the beam raster and the
frequency of the lattice periodicity f1 and f2. b) HRSTEM electron micrograph resolving the crystalline
lattice (oversampling condition) of a SrTiO3 sample. c) STEM Moiré hologram revealing Moiré features in
two dimensions after under sampling the crystalline lattice in both horizontal and vertical directions.

Later on, a more complete quantitative relationship in real space has been proposed
between the Moiré fringe spacing d, the lattice spacing dl, the scanning spacing ds and β
the angle between the scaning grid and specimen lattice using eq. (2.12) [77].

d =
dsdl√

(ds − dl)2 + dsdlβ2
(2.13)

While the one dimensional theoretical model is relatively limited, the principle has been
successfully applied to retrieve the uniaxial strain distribution on Si/SiGe epitixially
grown layers [79]. The structure characterized is described in fig. 2.18 a) and by inter-
fering the lattice spacing associated with −−→g220 crystalline wave vector with the scanning
grid, the STEM Moiré hologram in fig. 2.18 b) is acquired. The variation of the Moiré
fringes spacings is translated into strain using eq. (2.13) to form the deformation profile
in fig. 2.18 c).

In same manner as for DFEH, the major interest of an interferometry based technique
is to increase the field of view of the information displayed. In fig. 2.19, a STEM Moiré

Figure 2.18: Adapted figure from [79] (with permission) showing the determination of the [220] uniaxial
strain on Si/SiGe multilayers. a) Schematic diagram describing the composition and the arangment of the
SiGe multilayers. b) STEM Moiré hologram recorded on the Si/SiGe structure. dl and ds refers respectively
to the lattice spacing and scanning grid spacing in real space. c) Variation of the lattice spacing profile along
the vertical direction for both cases dl < ds and dl > ds. Simulation of the Moiré fringes formation using
the experimental value obtained in c) and eq. (2.13).
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Figure 2.19: Adapted figure from [82] (with permission) displaying a STEM Moiré hologram from the
[220] crystalline wave vector recorded on multiple semiconductor devices (p-MOSFET). The bright areas
are SiGe pockets compressing the silicon channel on their side to improve the mobility of holes. The fringe
space and orientation is embedding the variation of the [220] lattice spacing and rotation. The technologic
solution used in the semiconductor device is typical for 28 nm CMOS technology with a pitch (smallest
distance between two device) of roughly 100 nm.

hologram (SMH) has been acquired on multiple strain semiconductor devices. The scale
is not displayed for confidentiality purposes, but according to the technology used in
the sample, the field of view can be estimated to be around 400 nm.The simplicity of the
technique makes it a good complement to DFEH. A software called sMoiré [80] based on
sampling theory [81] demonstrated theoretically the possibility to quantitatively calculate
all the elements of the 2D strain tensor from a STEM Moiré hologram. Based on the
user guide, two STEM Moiré holograms acquired along two non collinear directions are
required to characterize the strain field. Once aligned with each other, and the aliasing
artefact corrected, the GPA algorithm is used to determine the 2D strain field on each
pixel of the STEM Moiré holograms.

2.3 Conclusions of the chapter

In this short literature review, a couple of contributions made by the research com-
munity to develop strain characterization methods in a transmission electron microscope
were presented. From the direct strain measurement on a high resolution electron mi-
crograph, to the indirect measure of the deformation on a large field of view electron
hologram, a large variety of methods are nowadays available to characterize a various
set of materials and devices.

Among all the methods developed, two are particularly used today: HR-STEM GPA
for HR electron micrographs and NB(P)ED for large field of view application. The sim-
plicity of both techniques is one major aspect explaining their popularity. In this context,
STEM Moiré interferometry techniques, targeting large field of view application, arrives
on a relative competitive research field. SMI has, nevertheless, some advantages to of-
fer. One is the simplicity, since acquiring a STEM Moiré hologram is nearly as easy as
acquiring an HR-STEM electron micrograph. However, the experimental simplicity is
hidden by a complex image formation process. A complete theory explaining the STEM
Moiré fringes arrangement is required to mitigate their apparent complexity. Once the
complexity is captured by equations, the user can only focus on its experimental aspect.
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STEM Moiré interferometry is still at its early stage of development and requires a
demonstration of its potential. In the following chapter a theoretical description of the
STEM Moiré hologram formation is proposed using the concept of Moiré sampling. The
effect of sampling will be then used to design a strain characterization method, called
STEM Moiré GPA (SMG), mapping all the elements of the 2D strain tensor on a large
field of view from a single STEM Moiré hologram. Experimental evidences will be also
provided to demonstrate that SMG is a legitimate strain characterization method. At the
time of the thesis redaction, multiple uses of STEM Moiré interferometry to characterize
the strain field on crystalline samples have been reported [83, 84, 85, 86, 87, 88]. Signifi-
cant progress were done from Su et al. work [78], and the thesis provides an up to date
status of STEM Moiré interferometry. All directions of development cannot be detailed
in this thesis. The path towards the application of GPA on STEM Moiré holograms is
favoured, however other strategies of equivalent interest exist.
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Chapter 3

Moiré sampling in STEM

As described in section 2.2.2.2, the Moiré fringes observed in a STEM electron mi-
crograph are the result of an undersampling artifact. The pixel spacing of the scanning
grid is too large with respect to the lattice spacings resulting to a misrepresentation of the
crystal periodicities. The scanning grid is said to interfere with the crystal lattice when
their respective periodicities are close to each other. While the physical description is
satisfactory, the theoretical description is incomplete. The notion of interference under
some conditions for the pixel spacing is underlying the concept of Moiré sampling. The
aim of the chapter is to provide a complete theoretical description of the STEM Moiré
hologram formation by linking it to sampling theory. The theoretical description is then
used to provide a method to recover the crystal lattice from a STEM Moiré hologram. The
dedicated recovery method is using a set of prior knowledge that are usually not consid-
ered in classic sampling theory. Therefore, the method diverges significantly from the
classic signal reconstruction methods and justifies a dedicated chapter. Table 3.2 details
the mathematical notations used in the rest of the thesis.
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Symbol Description
B 2D orthonormal base (O,−→ux,−→uy) in real space (or Fourier space)

δ(−→r ) Dirac delta function
dCk Lattice spacing related to the kth crystalline wave vector
FT Fourier transform
−→
gCk kth crystalline wave vector
−→
gMk kth Moiré wave vector
−→
gXkθ kth wave vector of the element X rotated by the angle −θ

IX(−→r ) Intensity of the element X at the position −→r
ĨX(−→ν ) Fourier transform of the function IX at the position −→ν
kl Index of the last crystalline wave vector resolved
N Set of natural numbers
−→ν Position vector in Fourier space such that −→ν = νx

−→ux + νy
−→uy

gCk kth crystal reflection related to the kth crystalline wave vector
−→
gCk

gMk kth Moiré reflection related to the kth crystalline wave vector
−→
gCk

Γp 1D frequency interval such that Γp = [−1
2p ,

1
2p ]

Γp2 2D frequency interval such that Γp2 = [−1
2p ,

1
2p ]2

p Pixel spacing, p ∈ R+∗

P (−→r ) STEM probe function at the position −→r
−−→qn,m or −→q Sampling vector such that −−→qn,m = n−→ux +m−→uy, (n,m) ∈ Z2

Q Set of sampling vector, Q = {−−→qn,m ∈ V |−−→qn,m = n−→ux +m−→uy, (n,m) ∈ Z2}
QM QM ⊂ Q such that QM = {−−→qn,m ∈ Q|(

−→
gCk +

−−→qn,m
p ) ∈ Γp2 , ∀k ∈ [−kl, kl]}

−→r Position vector in the base B such that ~r = x−→ux + y−→uy
R Set of real numbers

(x, y) coordinates in B, (x, y) ∈ R2

(νx, νy) coordinates in Fourier space, (x, y) ∈ R2

Sp(
−→r ) 2D sampler function with a periodicity p at the position −→r

SMH STEM Moiré Hologram
θ Rotation of the scanning grid in B, θ ∈ [0, 2π[

V Vector space of dimension 2
Z Set of integer numbers
∗ Convolution product
? Cross-correlation

Table 3.2: Table of symbols and notations. In addition, the mathematical operators | (such that), ∀ (for all),
∃ (there exist), ∈ (in), ⊂ (included), ∧ (and), ∪ (union), and ∩ (intersection) are used to shorten the length
of the mathematical expressions.
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3.1 Signal sampling and recovery

3.1.1 Discrete evaluation of a continuous function

To visualize a continuous function on a physical device, the function is evaluated (or
measured) at certain locations and displayed to the observer. The choice of the locations
to evaluate the function is of major of importance, since the measurements are supposed
to represent properly the properties of the continuous function. Intuitively, it is possible
to anticipate that if the measurement points are too spread from each other, the evaluation
process might miss some local variations of the function. Therefore, a blind choice of
points on a complete unknown function would probably lead to a misrepresentation of
the function.

The notion of sampling has been developed in statistics to provide a method to esti-
mate the property of a set. The estimation becomes a truth when all the elements of the
set are characterized. The estimation can be made good enough by evaluating the prop-
erties on part of the set only. Knowing the properties of the other parts of the set will not
significantly modify the estimation. A similar approach can be used to evaluate a contin-
uous function. Applying some prior knowledge on the function makes it possible to find
a proper finite set of locations for its evaluation. The entire continuum is not required to
be mapped anymore to represent the general behaviour of a function.

One classic sampler used to evaluate a function is a Dirac comb function composed of
a set of periodic Dirac delta functions. For simplicity, only one dimension functions de-
fined in real space are considered. In this case, The Dirac comb sampler can be expressed
as in eq. (3.1) with p the periodicity of the sampler (pixel spacing).

∀x ∈ R, Sp(x) =
∑
n∈Z

δ(x− np) (3.1)

Using the Dirac comb, the function f is evaluated at the periodic location of the delta
functions. The measure is encoded in If (detailed in eq. (3.2)) and displayed to the ob-
server.

∀x ∈ R, If (x) = f(x)×
∑
n∈Z

δ(x− np) =
∑
n∈Z

f(np)δ(x− np) (3.2)

If is the discrete representation of the the continuous function f with p the smallest step
between two measurements. If is said to be the sampled version of f with the sampling
parameter p. An example of the discretization process is highlighted in fig. 3.1.

Figure 3.1: Diagram showing the sampling process of a continuous function f with a sampler Sp
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3.1.2 Recovery of a bandwidth limited function

3.1.2.1 Lossless recovery (oversampling)

Lossless recovery of a bandwidth limited fuction from its sampled version is possible
following the Whittaker Nyquist Kotel’nikov Shannon sampling theorem (WNKS) [65,
66, 67, 68]. WNKS sampling theorem states as follows (original quote from [68]):

Theorem 1 “If a function f(t) contains no frequencies higher than W cps, it is completely de-
termined by giving its ordinates at a series of points spaced 1/2W seconds apart.”

In other words, if 1/p is higher than twice the maximum frequency of f , the measure
If , as described in eq. (3.2) completely determines f . The WNKS sampling theorem im-
plies that f can be fully recovered from If using eq. (3.3) with sinc representing the sine
cardinal function:

∀x ∈ R, f(x) =
∑
n∈Z

f(np)× sinc(x/p− n) (3.3)

The ability to fully recover the original function (or signal) from its sampled version led
to the following terminologies regarding signal processing. If the signal is oversampled,
the signal can be recovered following WNKS sampling theorem. Else, the signal is said
to be undersampled. Another representation of Th. 1 can be made in Fourier space. Let
consider fB to be a continuous function with a finite bandwidthB = [−Fmax, Fmax] (Fmax
represents the maximum frequency of f ). The description of f in Fourier space is as
follows: {

∀x ∈ R, ∀ν ∈ R, f̃B(ν) = FT {fB(x)}
∀ν /∈ B, f̃B(ν) = 0

(3.4)

Considering fB is sampled with a Dirac comb of periodicity p (as done in eq. (3.2)), the
Fourier transform of IfB can be determined as below:

∀x ∈ R, ∀ν ∈ R, ĨfB (ν) = FT [
∑
n∈Z

δ(x− np)× f(x)]

∀ν ∈ R, ĨfB (ν) =
1

p

∑
n∈Z

δ(ν − n

p
) ∗ f̃B(ν)

∀ν ∈ R, ĨfB (ν) =
1

p

∑
n∈Z

f̃B(ν − n

p
)

(3.5)

Equation (3.5) corresponds to a sum with infinite terms of f̃B(ν) shifted by n/p in Fourier
space. The frequency shifts originated by the sampling process is the cause of the mis-
representation of the original function when undersampled. A visual representation of
eq. (3.5) is proposed in fig. 3.2.

The WNKS sampling theorem states that fB can be recovered if the function is over-
sampled. The oversampling condition corresponds to a pixel spacing p smaller than
1/2Fmax (or 1/p > 2 × Fmax). In this case, ĨfB in B is not overlapping with any n/p

shifted versions of f̃B (see the top part of fig. 3.2). The Fourier transform of the sampled
function can be related to the Fourier transform of the original function as follows:{

∀ν ∈ B, ĨfB (ν) = f̃B(ν)/p

∀ν /∈ B, ĨfB (ν) 6= f̃B(ν)/p
(3.6)
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Figure 3.2: Illustration of the sampling shifts in Fourier space. On the left is presented the signal distribu-
tion in Fourier space of a bandwidth limited function fB . On the right is shown the signal distribution in
Fourier space of IfB (the sampled version of fB). The top part represents the oversampling case with no
overlap between the shifted signals in Fourier space. The bottom part represents the undersamlping case
with overlaps in Fourier space of the shifted signals with the original one. The area in purple corresponds
to the distortions brought by the sampling process.

In eq. (3.6), the function fB is still not fully reconstructed. By applying a function mask
M cutting all the signal of ĨfB outside of Γp = [−1

2p ,
1
2p ] (∀ν ∈ Γp,M(ν) = p elseM(ν) = 0),

the following relations can be expressed:
B ⊂ Γp

∀ν ∈ B,M × ĨfB (ν) = f̃B(ν)

∀ν /∈ B,M × ĨfB (ν) = 0 = f̃B(ν)

⇒ ∀ν ∈ R,M × ĨfB (ν) = f̃B(ν) (3.7)

Equation (3.7) demonstrates that the original signal can be reconstructed by taking the
inverse Fourier transform of M × ĨfB . A mask function needs to be applied in Fourier
space for the reconstruction to be effective and lossless. The masking process is equiv-
alent to the sine cardinal interpolation function in real space from Th. 1. The strength
and the elegance of WNKS theorem is remarkable, since mathematically an equality is
demonstrated between a continuous function and its sampled version.

By contrast, the undersampling condition corresponds to a pixel spacing p greater
than 1/2Fmax (or 1/p < 2 × Fmax). In this case, The n/p shifted versions of f̃B are over-
lapping with ĨfB in B. As a result, the sampled function is distorted (as seen in bottom
part of fig. 3.2) and no transformation without additional prior knowledge can recover
the original signal from its undersampled one (ĨfB 6= f̃B)). Nevertheless, under certain
circumstances, the original function can be estimated from its undersampled version.
Such methods are part of the compressed sensing research field and is briefly described
in section 3.1.2.2.
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In the context of the thesis, the simple version of WNKS theorem (Th. 1) is sufficient.
It is worth noting that WNKS sampling theorem has been extended to different samplers
using a vast variety of interpolation functions [89]. An entire research field is dedicated
to the sampling topic (digital processing) and signal recovery. All concepts won’t be
approached in this thesis. Instead, the application of the sampling theorem will be chal-
lenged on a specific context targeting only sparse periodic and bandwidth limited functions.
From the discussion, an unconventional recovery method will be presented section 3.1.3
and will be then related to STEM imaging in section 3.2.

3.1.2.2 Compressed sensing recovery

Compressed sensing (CS) is a popular recovery method estimating a signal from its
undersampled version. The complete mathematical demonstration of CS is out of the
scope of the current thesis. However, a brief introduction of the principles is proposed
to appreciate the differences between CS and the recovery method developed in the the-
sis. CS recovery methods are based on iterative algorithms minimizing a quantity to
estimate the undersampled funtion. An estimation is technically not a reconstruction,
but the estimation can be made good enough for the estimated signal to be considered
fully recovered. Such consideration can be troublesome, since the recovery method us-
ing WKNS sampling theorem is exact. Nevertheless, in practice, the presence of noise in
the sampled signal is also leading to imperfections in the classic oversampling recovery
process. That is why, compressed sensing methods are also considered as exact recovery
methods. It is important to note that while the recovery of an undersampled signal is
possible, WNKS sampling theorem still stands. Additional knowledge is required on the
sampler and the original signal is required for CS methods to be effective and are listed
below [90]:

1. The original signal must be sparse.
2. The sampler must be incoherent with the signal.

Sparsity

A function is said sparse if it can be expressed with a finite set of separate compo-
nents. Generally, CS methods assumes that the function is expressed as a linear combi-
nation of other functions that form an orthonormal base. In this decomposition the more
coefficients are null, the more the function is qualified as sparse in that specific base.
Let assume an orthonormal basis of function (ψ1, ψ2, ..., ψn) (such as a wavelet basis) in
which f can be linearly decomposed. Examples of wavelet bases are the Fourier basis
(1, e2πix/P , ..., e2πinx/P ) or the Haar wavelet basis [91, 92]. With a wavelet basis, follow-
ing generic relations can be written with δij being the Kronecker delta:

∀x ∈ R, f(x) =
∑n

k=1 akψk(x)

∀(k, j) ∈ [1, n]2, ψk · φj =
∫
ψk(x)ψ∗j (x)dx = δij

∀k ∈ [1, n], ak =
∫
f(x)ψ∗k(x)dx

(3.8)

In CS context, the more coefficients ak are close to 0, the more the function f is sparse
and the easier the recovery from its undersampled version is. A function is said s-sparse
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when S coefficients out of n are non-zero. An example of a 1-sparse function in Fourier
basis is the cosine function. In this case, all the ak coefficients are 0 except a2 = 1.

Coherence

The coherence is a property measuring the correlation between two elements. In the
CS context, the correlation of the sampling wave with the function f is of interest. Intu-
itively, using a sampler that is correlated to the function would include the contribution
of correlation when sampling. By contrast, using a sampler that is totally independent
from the function f would let the sampler sampling the function. Since the goal is to sam-
ple the function to get a proper representation of it, a sampler that is incoherent to the
function sampled seems the proper choice. The coherence Cfg between two functions
f and g is calculated using the the cross spectral density function Pfg and both power
spectra densities Pff , Pgg as follows [93]:

Cfg(ν) =
Pfg(ν)√

Pff (ν)
√
Pgg(ν)

Pff (ν) = |FT {f}(ν)|2

Pgg(ν) = |FT {g}(ν)|2

Pfg = FT {f ? g}(ν)

(3.9)

From eq. (3.9), two parameters can be extracted, the amplitude coherence function ACfg
and the phase coherence function PCfg as follows:

ACfg(ν) = |Cfg(ν)|2 =
|Pfg(ν)|2

Pff (ν)Pgg(ν)

PCfg(ν) = arg[Cfg(ν)] = arg[
Pfg(ν)√

Pff (ν)
√
Pgg(ν)

]

(3.10)

The amplitude of the coherence function is characterizing the similarities between two
functions, and the phase of the coherence function is capturing the delay between them.

From the definitions above, getting a fully incoherent sampler with the function sam-
pled is a difficult task (even impossible in practice). Since the definition of the orthonor-
mal basis is flexible, design a sampler that is minimizing the coherence with the basis
will insure to be partially incoherent to the function to sample. A typical example is a
sampling wave composed of real space Dirac delta functions expressed in the Fourier
basis. As the delta includes all the frequencies, its expression in Fourier base cannot be
fully coherent.

Minimization of the L1 norm [90, 94]

The wavelet basis (ψ1, ..., ψn) and the sampling wave chosen, a s-sparse function f
can be decomposed into a set of coefficients in the wavelet basis a = (a1, ..., an). As
the interest is to recover an undersampled version of f a subset asub of a is considered
as the set of measure (card(asub) = l < n). Using this subset, it is possible to form
a reconstructed version f ′ =

∑k=l
k=1 a

′
kψk(x) of f with the new set a′ = asub. Since a
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variety of f ′ depending on asub can be generated, the subset that minimizes the L1 norm
of the coefficient sequence asub is chosen. Mathematically, the minimization process is
expressed as follows [90]:

||a||L1 =
n∑
k=1

|ak|

min
a′∈Rl

||a′||L1 such that ak = ψk · f ′ ∀k ∈ {1, ..., l}
(3.11)

It is possible to demonstrate that from a certain number of measurement m (number of
coefficients in the sequence asub), the reconstruction in eq. (3.11) of a s-sparsed function f
is exact with an “overwhelming probability” [90]. The condition is stated as follows with
C a positive small constant and ACSψ the amplitude coherence function of a sampler S
in the wavelet base ψ:

m ≥ C ×ACSψ × s× log n (3.12)

Equation (3.12) reveals the effect of coherence and the sparsity in the CS reconstruction
process. The more sparse is f and the more the sampling wave is incoherent with the
orthonormal basis, the less measurements m are required. CS methods have been suc-
cessfully applied in electron microscopy field [95, 96] with a potential application for
beam sensitive material. By using a drastic lower number of pixels in electron micro-
graph, the entire electron micrograph can be reconstructed with a significant reduction
of electron dose.

3.1.3 Recovery of an undersampled sparse periodic bandwidth limited
function

In a similar manner as in CS, the WKNS sampling theorem can be extended to make
possible the lossless reconstruction of specific undersampled functions at the condition
of adding prior knowledge on the signal sampled. Here, it is proposed to explore the case
of sparse periodic bandwidth limited functions reconstruction. The motivation for such
specific and unusual recovery method is unclear at this stage of the manuscript. Its use
will become apparent in chapter 4 when applying the recovery method to characterize
the strain field from a STEM Moiré hologram.

A simple sparse periodic bandwidth limited function is the sine function. Interesting
observations can be made when reconstructing the sine function from its sampled ver-
sion. Since the sine function is bandwidth limited, the lossless recovery from its sampled
version is possible according to WKNS theorem. An example of the recovery process is
highlighted in fig. 3.3. As expected the reconstruction from the oversampling case per-
fectly matches the original signal. The same recovery process on the undersampled signal
confirmed to fail, however the sinusoidal behaviour is properly reconstructed. Only the
frequency of the sine function seems to differ. If the frequency can be corrected system-
atically, a recovery method of an undersampled sine function could be demonstrated. In
the following, the reconstruction of the sine function is first described using two differ-
ent methods as a simple case of study. Then, the recovery methods are generalized for
any sparse periodic bandwidth limited functions. To conclude, a key theorem is stated
and will be used to develop a dedicated strain characterization method in a scanning
transmission electron microscope.
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Figure 3.3: Illustration of the the recovery process when applying the lossless recovery method (detailed
in section 3.1.2.1) when oversampling and undersampling a sine function. In orange is represented the
original function, and in dark arrows the evaluation of the Dirac comb sampling on the original function.
The dashed blue lines represent the reconstructed signal from the sampled version.

3.1.3.1 Recovery of an undersampled sine function

Let consider a sine function f of periodicity 1/α with a ∈ R+∗ that is sampled with
the same Dirac comb function as detailed in eq. (3.2).

∀x ∈ R, If (x) = sin(2παx)×
∑
n∈Z

δ(x− np) (3.13)

Considering the Fourier series expression for both the sine and the Dirac comb functions,
eq. (3.13) is modified as follows:

∀x ∈ R, If (x) = (
1

2i
e2iπαx − 1

2i
e−2iπαx)× 1

p

∑
n∈Z

e2iπnx/p

∀x ∈ R, If (x) =
1

2ip
[
∑
n∈Z

e2iπx(α+n/p) −
∑
n∈Z

e−2iπx(α+n/p)]

∀x ∈ R, If (x) =
1

p

∑
n∈Z

sin (2πx(α+
n

p
))

(3.14)
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Figure 3.4: Illustration of the undersampling effect of a sine function creating an infinite set of sine func-
tions. a) Representation in Fourier space of the Γp frequency range undersampling a sine function of
periodicity 1/α before sampling. b) Same representation as a) after sampling. The sampler shifts the origi-
nal yellow frequencies by all possible integer multiples of 1/p. Families of sine functions are paired with the
same colour. c) Representation of the possible sine functions that could be solution of the recovery process
following the same colour code as in b).

Equation (3.14) corresponds to a series of sine functions with different periodicities. The
sampler, after sampling, is adding additional sine functions with periodicities shifted by
n/p. This conclusion is in accordance with eq. (3.5) highlighting the same the n/p shifts
of the fB in Fourier space.

A visualization of eq. (3.14) is proposed in fig. 3.4. Instead of showing the sum of
the sine functions, each component of the sine series is displayed individually to high-
light the effect of a periodic sampler. Figure 3.4 a) shows the configuration before sam-
pling in Fourier space. When undersampling, the Γp frequency range doesn’t include
the frequency α. As a consequence, the frequency of the original signal is technically
not be captured by the sampler. However, eq. (3.14) states that the sampler shifts the
frequency of the original sine function when undersampling. One set of shifts (-1/p and
1/p) brings the original orange frequencies α and−α in the Γp = [−1/2p, 1/2p] frequency
range. Once the frequencies in Γp, the signal is collected and displayed to the observer.
Those shifts give rise to a sine function with a frequency of α − 1/p that corresponds to
the blue signal in fig. 3.3 and in fig. 3.4 c). The shift of frequency from the original to
its undersampled version is here explicit and corresponds to the aliasing (or the Moiré
fringes) artefact commonly known in digital processing. The intentional generation of
Moiré fringes artefact by undersampling a periodic function is often referred as Moiré
sampling and will be broadly used in the rest of the thesis.
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The aliasing artefact can be corrected, since the transformation is a basic frequency
shift and is fully reversible. From the aliased frequency, the original frequency can be
deduced by performing the opposite frequency shift. For such process to be possible, the
shift needs to be known and then, the sampled signal must not overlap with any other
part of the sampled signal in Fourier space. The shift correction indeed only applies on
one isolated frequency. Such characteristic that looks for isolated frequencies in Fourier
space corresponds to the sparsity of the function. With no overlap and with the periodic-
ity spacing p known, the recovery of the orange frequency from the blue signal is possible.
However, because of the multiple integer 1/p shifts, an infinite set of sines functions of
periodicity α − k/p with k ∈ Z are generated during sampling. As shown in fig. 3.4 c),
the red, the green and the orange sine functions give the same results if sampled with
periodic Dirac comb function of periodicity p. There is no mathematical argument that
favour one of the signals in fig. 3.4 c) to be the original signal. An additional informa-
tion is required to extend the WKNS sampling theorem and recover undersampled sine
functions.

In the follwing, two strategies are proposed for the recovery an undersampled pe-
riodic sparse bandwidth limited function: one requiring some prior knowledge on the
original function, and another without any prior knowledge. The reasoning of the prior
knowledge method will become apparent, once applied in STEM imaging and in STEM
Moiré GPA context. The method will be then generalized for any sparse periodic band-
width limited function.

3.1.3.1.1 Undersampling recovery using uniform sampling and prior knowledge on
the periodicity of the function being sampled

The first method proposed to recover an undersampled sine function is based on a
prior knowledge on the frequency of the original signal α. As stated by eq. (3.14), the
sampling process is generating sets of sine functions of periodicity α + k/p with k ∈ Z.
As a consequence,

∃!kα ∈ Z, α+
kα
p
∈ Γp (3.15)

If kα is known, the original frequency of the sine function α is determined (and vice
versa). The condition of existence can be exploited as follows:

α+
kα
p
∈ Γp ⇔

−1

2p
≤ α+

kα
p
≤ 1

2p
⇔ 2kα + 1

2p
≥ α ≥ 2kα − 1

2p
(3.16)

Equation (3.16) suggests that if α is known with an 1/2p uncertainty, kα is fully de-
termined. The frequency α doesn’t need to be strictly known for the undersampling
recovery to be effective. The knowledge of alpha on a sufficiently small frequency range
fixes all the possible frequency shifts into a single one. In this context, the WKNS the-
orem can be extended to undersampled sine functions. The recovery is realized using
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mask function Mkα in Fourier space defined in eq. (3.17).{
if 2kα−1

2p ≤ α ≤ kα
p , Γkαp = [−kαp , −2kα+1

2p ] ∪ [2kα−1
2p , kαp ]

else, Γkαp = [−2kα−1
p , −kαp ] ∪ [kαp ,

2kα+1
p ]{

∀ν ∈ Γkαp , Mkα(ν) = p

∀ν /∈ Γkαp , Mkα(ν) = 0

(3.17)

With the mask Mkα applied on the Fourier transform of the sampled function If , the
original sine function is reconstructed as shown below:

∀x ∈ R, (FT −1[Mkα ] ∗ If )(x) = sin (2παx) (3.18)

An example of the masking process is highlighted in fig. 3.4 b). In this case, if the
frequency α is known to be somewhere in the areas highlighted in orange, the lossless
recovery of the orange signal from the blue one is possible, since only one set of shift can
transform the blue signal into the orange frequency ranges. The transformation is a pure
frequency shift of 1/p for the α− 1/p frequency and of −1/p for the α+ 1/p frequency. It
is possible to notice that the mask is, in practice, split into two separate parts in fig. 3.4 b).
In such case, the frequency range of the uncertainty on alpha is slightly restrained. An
uncertainty 1/4p is now required to choose the proper Γkαp in eq. (3.17).

3.1.3.1.2 Undersampling recovery using uniform sampling from two different sam-
plers

The second method proposed to recover an undersampled sine function is based on
sampling multiple times the same sine function with different samplers. Using two sam-
plers of different periodicities, it is indeed possible to remove the prior knowledge re-
quirement of the previous method, and make the recovery process become a single pos-
sible operation. To demonstrate the effect of an additional sampler, let consider the same
sine function of periodicity 1/α undersampled by two periodic samplers of periodici-
ties p1 and p2 (p1 6= p2). Equation (3.19) highlights the results of both experiments after
undersampling.

∀x ∈ R, I1
f (x) =

1

p1

∑
n∈Z

sin (2πx(α+
n

p1
))

∀x ∈ R, I2
f (x) =

1

p2

∑
n∈Z

sin (2πx(α+
n

p2
))

(3.19)

In both sine series I1
f and I2

f , the only term in common is the original function sin (2παx).
All the other sine functions are different from each other, since p1 6= p2. Such property
can be used to find the frequency of the original function by filtering all the frequencies
that are different in both series. By collecting the frequencies αMx in their respective Γpx
interval, all the possible frequencies Fx for the recovery can be calculated for each Ixf :

F1 = {∀k ∈ Z, αkM1
= αM1 + k/p1}

F2 = {∀k ∈ Z, αkM2
= αM2 + k/p2}

(3.20)
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Figure 3.5: Diagram showing the lossless recovery of a sine function from two undersampled signals with
different periodicity. a) Fourier space configuration before sampling for the sampler 1 with a periodicity p1

undersampling the sine function of periodicity α. b) Fourier space representation of the undersampled sine
function with the sampler 1 after sampling. c) Fourier space configuration before sampling for the sampler
2 with a periodicity p2 undersampling the same sine function as in a). d) Fourier space representation of
the undersampled sine function with the sampler 2 after sampling.

From these two sets of frequencies, there is only one frequency that exits in both sets as
stated in eq. (3.19). That common frequency corresponds to the original frequency of the
sine function.

∃!(k1, k2) ∈ Z2, αk1M1
= αk2M2

= α (3.21)

Once the original frequency known, the frequency shift in Fourier space is also known for
both samplers. Therefore, the reconstruction can be performed on either undersampled
signal as in eq. (3.17). It must be pointed out that eq. (3.20) is valid only if both functions
Ixf are sparse in Γpx . The isolation of the αMx frequency is required to determine all the
possible frequency shifts.

Figure 3.5 is a graphical representation of the recovery method using two different
samplers. The relative position of their respective Γpx frequency range with respect to
the frequency α is shown in fig. 3.5 a) and c). The results after undersampling is high-
lighted in fig. 3.5 b) and d). It is possible to notice that all the frequencies issued from the
sampling process using the pixel spacing p1 and p2 are indeed different at the exception
of α. By filtering, the frequencies that are different in both fig. 3.5 b) and d), the frequency
of the original is determined and therefore, the original function is recovered.

As demonstrated in this section, the frequency of the original sine function is possi-
ble to be recovered from two undersampled signals of the same original sine function
with different periodicity. In this context, WKNS sampling theorem is again extended to
undersampled sine functions function.
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3.1.3.2 Generalization for sparse periodic bandwidth limited functions

In the previous section, WKNS sampling theorem has been extended to undersam-
pled sine functions at the condition of knowing some information on the periodicity,
or by undersampling the sine function twice with different sampling periodicities. The
sampling theorem extension is applicable to any sparse periodic bandwidth limited func-
tions, since any periodic function can be decomposed in Fourier series. To demonstrate
it, let consider f a periodic function of period T . Since f is periodic, the function can
be decomposed in Fourier series as shown in eq. (3.22). In addition, knowing that f is
bandwidth limited allows the Fourier series decomposition to end at a certain index ml.

∀x ∈ R, f(x) =

ml∑
m=−ml

ame
2iπxm/T

∀n ∈ [−ml,ml], am =

∫
T
f(x)e−2iπxm/Tdx

(3.22)

Applying the sampling process on f , If results in the following equation:

∀x ∈ R, If (x) =

ml∑
m=−ml

ame
2iπxm/T ×

∑
n∈Z

δ(x− np)

∀x ∈ R, If (x) =

ml∑
m=−ml

ame
2iπxm/T × 1

p

∑
n∈Z

e2iπxn/p

∀x ∈ R, If (x) =
1

p

ml∑
m=−ml

∑
n∈Z

ame
2iπx(m

T
+n
p

)

(3.23)

For the oversampling case, the situation is analog to the sine example. Using the same
mask M , the lossless reconstruction of the original signal is possible. For the under-
sampling case, additional precautions are needed for the lossless reconstruction. Equa-
tion (3.23) is set of sampled sine and cosine functions with different frequencies all at
once. Since all cosine and sine functions are separated in Fourier space, the same protocol
as for the single sine function can be applied on all functions individually. An additional
care is required in the design of the mask. It is indeed possible that the mask defined in
eq. (3.17) includes the frequency from another sine or cosine function. Here, the notion
of sparsity is an absolute requirement to guarantee that the frequency components are
isolated in Fourier space over a frequency range.

Let assume that the sparsity of the function f is such that all frequencies of the Fourier
decomposition are isolated around an interval [−β/2, β/2]. The Mβ

km
mask defined in

eq. (3.24) is including only one frequency and the recovery becomes analogue to the sin-
gle sine function case performed on each sampled frequency individually.{

∀ν ∈ [−β/2, β/2],Mβ
km

(ν − (mT + km
p )) = p

∀ν /∈ [−β/2, β/2],Mβ
km

(ν − (mT + km
p )) = 0

(3.24)

The shifts km/p are either determined using the prior knowledge or the two sampling
method. Finally, considering all the masks and shifts at once, the original signal is re-
covered taking the inverse Fourier transform of the masked Fourier transform of the
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Figure 3.6: Illustration of the sparsity requirement to recover an undersampled sum of two sine function. a)
Representation in Fourier space of the Γp frequency range with respect to the sum of the two sine functions
of frequency α1 and α2 before sampling. b) Same representation as a) after sampling. The families of sine
functions are paired with the same colour code. In addition, all the orange/yellow frequencies are related to
the sine function of frequency α1 and the blue frequencies are related to the sine function of frequency α2.
c) Same representation as b) with the blue and the orange/yellow set of frequencies separated.

undersampled function as shown below:

∀x ∈ R, (FT −1[

ml∑
m=−ml

Mβ
km

] ∗ If )(x) =

ml∑
m=−ml

ame
2iπxm/T = f(x) (3.25)

Figure 3.6 shows an example of undersampling process of a function f being the sum
of two sine functions of periodicity α1 and α2. Before sampling, the sparsity of f assures
that there is a frequency separation β = α2 − α1 between the two frequencies (see fig. 3.6
a)). After undersampling, the frequency separation β is conserved, so the frequencies are
still separated in Γp with the same separation β (fig. 3.6 b). Each frequency can be thus
isolated with a mask of range [−β/2, β/2] and the recovery process can be performed on
each frequency separately (see fig. 3.6 c)). It is worth noting that the size of the mask
[−β/2, β/2] range is usually significantly smaller than the 1/2p mask range defined for
the single sine function case detailed in fig. 3.5. It is also important to mention some
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extreme cases like α2 = 2 × α1 superimposes the frequencies after undersampling in Γp.
In this example, no mask can be found to isolate them (β = 0), and the recovery of the
original function is impossible. Nevertheless, for the vast majority of cases, both recovery
methods (prior knowledge based § 3.1.3.1.1, or multiple samplers based § 3.1.3.1.2) are
generalized to any bandwidth limited periodic and sparse functions.

3.1.3.3 Moiré sampling recovery theorem

The generalization detailed in the previous subsection leads to the following Moiré
sampling recovery theorem, extending the application of the WKNS sampling theorem
detailed in Th. 1:

Theorem 2 “A lossless recovery of an undersampled periodic bandwidth limited function us-
ing a sampler of periodicity p ∈ R+∗ is possible, if the undersampled signal is sparse in the
[−1/2p, 1/2p] frequency range”

The reader is warned that Th. 2 is not technically a theorem following mathemati-
cal standards. The term sparse in Th. 2 is indeed not precise enough to get an undis-
puted statement of the theorem. The sparsity of a function can be described mathemat-
ically, but such level of details is out of the scope of the thesis. Unfortunately no simple
reading demonstrating such specific theorem or recovery methods have been found in
the microscopy literature. Nevertheless, it is highly probable that the recovery of un-
dersampled periodic sparse bandwidth limited was already properly demonstrated in
specialized journal. Petersen et al. work is worth to be mentioned here as describing
mathematically the frequency shift caused by sampling in an N-dimensional Euclidean
spaces [97]. The potential of undersampling recovery using the sparsity of the signal was
nonetheless not approached. Additional articles detailing and using the Moiré sampling
concept are also providing good complements to the description of the aliasing artefact
when undersampling [98, 99, 100]. Regrettably, the Moiré sampling is mostly studied to
get a deformation field and avoids the recovery of the original signal. To not overload
the thesis content, Th. 2 is considered to be true, even if a formal mathematical proof is
not provided in the manuscript. At current state, the application of the Moiré sampling
recovery theorem requires some tolerance from reader as some sporadic extreme cases
contradicting Th. 2 exist.

3.2 Sampling in STEM

As described in section 1.1.5.2, the STEM image formation corresponds to the sequen-
tial acquisition of signals collected on a Annular Dark Field (ADF) detector issued from
a convergent beam focused on the sample. The sequential acquisition process is fixed by
the scanning grid of the beam raster defining thus the sampling scheme. As the sampling
scheme affects the representation of the sampled signal, the sampling process in STEM
is studied in this section to differentiate two imaging modes: the classic High-Resolution
(HR) STEM imaging and the unconventional STEM Moiré interferometry. For the rest of
the thesis, only single crystal with potentially a deformation field are considered.
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3.2.1 2D Sampling of a single crystal material

3.2.1.1 Unstrained crystal

Limiting the case of study in 2D and on single crystals (IC), the intensity collected on
the ADF dectector to form the STEM electron micrograph ISTEM is described in eq. (3.26)
considering the STEM probe P , a 2D Dirac comb sampler Sp of periodicity p and with a
scanning rotation of θ and the variables defined in table 3.2. The generic description of
the sampler in the base B is detailed in fig. 3.7.

∀~r ∈ R2, ISTEM(~r) = [IC ∗ P ](~r)× Sp(~r)

∀~r ∈ R2, ISTEM(~r) = [IC ∗ P ](~r)×
∑
~q∈Q

δ(~r − p~q, θ) (3.26)

As done in eq. (3.22), the crystal lattice is decomposed into Fourier series with the crys-

talline wave vector
−→
gC
k .

∀~r ∈ R2, IC(~r) =
∑
k∈Z

Ake
2iπ
−→
gC
k ·~r (3.27)

The STEM probe formed on the sample has a non-trivial shape when including the con-
tribution of the diffraction through the condenser aperture, the aberrations brought by
the objective lens and the propagation of the same probe within the crystal. For simplifi-
cation purposes, the STEM probe is considered as a perfect passband resolving uniformly

the spatial frequencies from ||−
−→
gC
kl
|| to ||

−→
gC
kl
||. The passband STEM probe, when convolved

with IC, is fixing a limit to the Fourier series to the index kl. IC ∗P becomes a bandwidth
limited function as shown in eq. (3.28).

∀~r ∈ R2, IC ∗ P (~r) =

kl∑
k=−kl

Ake
2iπ
−→
gC
k ·~r (3.28)

The generic description of the sampler consider an angle θ with respect to the base B.
It is possible to remove the dependence θ by rotating the base to align it to the periodic

Figure 3.7: Representation of the sampling basis with respect to the crystal lattice. The red dots corresponds
to the position of the atomic column forming the crystal and in grey is drawn the scanning grid. Each
intersection of the grey lines corresponds to the position of the Dirac delta function sampling the crystal
lattice. The entire sampling grid forms a 2D Dirac comb function. On the left, the base B is aligned to the
crystal symmetry and on the right the base B is aligned to the sampling grid.
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and orthogonal sampler. As a result, the crystalline wave vectors are rotated by an angle
−θ in the rotated base B as detailed in right part of fig. 3.7. To consider the rotation of −θ
of the crystalline wave vector

−→
gC
k is modified into its rotated one

−→
gC
kθ

.

Then, since the sampler is also periodic, its Fourier decomposition is considered and
combined with IC ∗ P to reveal the effect of sampling in the STEM imaging process.

∀~r ∈ R2, ISTEM(~r) =

kl∑
k=−kl

Ake
2iπ
−→
gC
kθ
·~r × 1

p2

∑
~q∈Q

e
2iπ ~q

p
·~r

∀~r ∈ R2, ISTEM(~r) =
1

p2

kl∑
k=−kl

∑
~q∈Q

Ake
2iπ(
−→
gC
kθ

+ ~q
p

)·~r

(3.29)

Equation (3.29) is the generalization of eq. (3.23) in two dimensions. The sampling pro-

cess is modifying the crystalline wave vector into an effective wave vector (
−→
geff
kθ

=
−→
gC
kθ

+ ~q
p ),

in the same manner as the sampling process was modifying the frequency of the sine
functions in 1D. In the following, the oversampling and undersampling cases are disso-
ciated to reveal two different imaging modes.

At this stage of the description, the detection system has to be included in the imaging
process. The signal collected on a detector at the location of the sampler with a periodicity
p can only resolve the Γp2 = [−1

2p ,
1
2p ]2 frequency range. This limitation corresponds to a

passband filter applied in Fourier space. Any displayed STEM electron micrograph has
indeed a mask M defined in eq. (3.30) applied on the Fourier transform of the sampled
crystal lattice. {

∀~ν ∈ Γp2 ,M(~ν) = 1

∀~ν /∈ Γp2 ,M(~ν) = 0
(3.30)

Therefore, the displayed STEM electron micrograph ID
STEM is determined as follows

∀~r ∈ R2, ID
STEM = (FT −1[M ] ∗ ISTEM)(~r)

∀~r ∈ R2, ID
STEM = FT −1[M ](~r) ∗ 1

p2

kl∑
k=−kl

∑
~q∈Q

Ake
2iπ(
−→
gC
kθ

+ ~q
p

)·~r (3.31)

To not carry the mask function M in all equations, a set QM can be defined as a subset of

Q that only considers the −→q vectors transforming the crystalline wave vectors
−→
gC
kθ

in Γp2 .

QM = {−−→qn,m ∈ V | (
−→
gC
kθ

+
−−→qn,m
p

) ∈ Γp2 , ∀k ∈ [−kl, kl]} (3.32)

With the set QM , ID
STEM simplifies as follows:

∀~r ∈ R2, ID
STEM =

1

p2

kl∑
k=−kl

∑
−→qk∈QM

Ake
2iπ(
−→
gC
kθ

+
−→qk
p

)·~r (3.33)

It is important to note that the sampling vector −→qk is function of the index k, since there
is only one ~q ∈ Q that transform one crystalline wave vector into Γp2 . Equation (3.33)
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is the final description of the STEM imaging process on a crystalline sample including
the effect of sampling. The complete description includes the angle θ that will be used
later when changing the rotation of the scanning grid. For clarity, the subscript θ is not
mentioned in the following of the chapter.

3.2.1.2 Strained crystal

Strain can be seen as a small variation of the lattice periodicities ∆
−→
gC
k (~r) where the

deformation is located. As done in GPA (eq. (2.2)), the strain is modelled in the phase of
the Fourier series decomposition of the crystal lattices as follows (for clarity, the probe P
is omitted in eq. (3.34) but its effect is still present by setting boundaries in the sum):

∀~r ∈ R2, IC(~r) =

kl∑
k=−kl

Ake
2iπ(
−→
gC
k+∆

−→
gC
k (~r))·~r

∀~r ∈ R2, IC(~r) =

kl∑
k=−kl

Ake
2iπ
−→
gC
k ·~r+iPgC

k
(~r)

(3.34)

Applying the sampling process, it is possible to evaluate its effect on the phase PgC
k

.

∀~r ∈ R2, ISTEM(~r) =

kl∑
k=−kl

Ake
2iπ
−→
gC
k ·~r+iPgC

k
(~r)
× 1

p2

∑
~q∈Q

e
2iπ ~q

p
·~r

∀~r ∈ R2, ISTEM(~r) =
1

p2

kl∑
k=−kl

∑
~q∈Q

Ake
2iπ(
−→
gC
k+ ~q

p
)·~r+iP

gC
k

(~r)

(3.35)

Equation (3.35) demonstrates that the phase is fully conserved through the sampling pro-
cess meaning that the variations of the periodicities are not distorted in the transforma-
tion. Such conclusion is convenient to calculate the strain field from a STEM Moiré holo-
gram and will be use later. It must be noted that the description of the strain field, as
a variation of the phase in the Fourier series decomposition, is only valid if the strain
is small. The final displayed STEM electron micrograph of the strained crystal is deter-
mined in a similar way than in eq. (3.33).

∀~r ∈ R2, ID
STEM(~r) =

1

p2

kl∑
k=−kl

∑
−→qk∈QM

Ake
2iπ(
−→
gC
k+
−→qk
p

)·~r+iP
gC
k

(~r)
(3.36)

3.2.2 High Resolution STEM imaging

In the HR-STEM imaging mode, the crystalline structure of the samples needs to be
first resolved, then the signal on the ADF is collected, and finally the data is displayed
on a screen. In the imaging process, the resolution is fixed by the probe size P and the
data acquisition is conditioned by the sampler Sp. In this subsection, it is assumed that
the STEM probe is small enough to resolve a couple of lattice spacings. A proper rep-
resentation of the crystal periodicities is expected in the HR-STEM electron micrograph.
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Following the WKNS sampling theorem, the crystal lattices must be oversampled to be
able to recover the same crystal lattices from its sampled version. The HR-STEM electron
micrograph is, therefore, the oversampled discrete representation of the crystal lattices. If
the smallest lattice spacing is oversampled, all the lattice spacing resolved are oversam-
pled. Therefore, the oversampling condition can be stated as follows:

1

2p
> max

k
||
−→
gC
k || (3.37)

The oversampling condition implies that the Fourier transform of ISTEM doesn’t overlap
with any shifted version the sampled version in Γp2 . Therefore, ∀k ∈ [−kl, kl],−→qk =

−→
0 .

In this case, the final displayed STEM electron micrograph reveals to be the expected
lossless recovered version of IC (scaled by 1

p2
).

∀~r ∈ R2, ID
STEM(~r) =

1

p2

kl∑
k=−kl

∑
−→qk∈QM

Ake
2iπ(
−→
gC
k+
−→qk
p

)·~r+iP
gC
k

(~r)

∀~r ∈ R2, ID
STEM(~r) =

1

p2

kl∑
k=−kl

Ake
2iπ
−→
gC
k ·~r+iPgC

k
(~r)

=
IC(~r)

p2

(3.38)

The results are in accordance with the oversampled sine function example detailed in
section 3.1.3.1. When oversampling, the sampling process is not affecting the frequency
distribution of IC in Γp2 . The oversampling process in Fourier space is summarized in
fig. 3.8. All the higher shifted frequencies are not reachable by the detection system,
therefore the displayed STEM electron micrograph is a proper representation of the crys-
tal structure and is identified as an HR-STEM electron micrograph.

Figure 3.8: HR-STEM electron micrograph recorded on a silicon sample oriented along the [11̄1] direction.
a) Electron micrograph recorded with 2048 × 2048 pixels, a pixel spacing of 5.3 pm and a dwell time of
4 µs. The STEM probe size was estimated to around 100 pm b) Fourier transform of the electron micrograph
in a) showing the crystal periodicities resolved and confirming the oversampling condition.
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3.2.3 STEM Moiré interferometry (STEM Moiré sampling)

By contrast to the HR-STEM imaging formation, the STEM Moiré hologram is defined
as a STEM electron micrograph with at least one crystalline wave vector undersampled
by the sampler. In this case, the crystal structure is not properly represented in ID

STEM, and
a reconstruction is required to retrieve the information from the crystal structure. The
undersampling condition for the STEM Moiré hologram formation is defined as follows:

∃k ∈ [−kl, kl], (gC
k +
−→qk
p

) ∈ Γp2 ∧ −→qk 6=
−→
0 (3.39)

In such case, the effective wave vector is not the crystalline wave vector anymore, and
will be called the Moiré wave vector as being the result of the undersampling transfor-
mation caused by the sampler (Moiré sampling). The set of Moiré wave vectors form
together the STEM Moiré hologram ISMH and is described as follows in eq. (3.40).
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k ·~r+iPgC

k
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(3.40)

Figure 3.9 shows a STEM Moiré hologram recorded on a silicon crystal and its Fourier
transform. A quick observation could identify some similarities between the oversam-
pled and undersampled Si lattice arrangement in Fourier space. However, such simple
picture is misleading as it is difficult to anticipate the sampling vector in eq. (3.40) that
is dependent on the sampling parameters (p and θ). Moreover, the sampling vector is
different for each crystalline wave vector suggesting that a systematic approach is here
preferred to anticipate the STEM Moiré hologram formation.

Figure 3.9: STEM Moiré hologram recorded on a silicon oriented along the [11̄1] direction. On the left, a
STEM Moiré hologram recorded with 512 × 512 pixels, a pixel spacing of 329 pm and a dwell time of 40 µs

is shown. On the right, the Fourier transform of the STEM Moiré hologram is displayed.
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Figure 3.10: Illustration of the interference between the scanning grid (located at the intersection of the grey
lines) and the atomic columns (red dots) resulting in the STEM Moiré hologram (“greyscale” green dots)
for the case p < dC . Considering a Z-contrast mechanism only, the brightness of the green dots represents
the intensity collected by the HAADF detector at this specific location. Each quadrant represents a relative
strain state compared to the unstrained case displayed in the upper left section: upper right for stretched in
the x direction, bottom left for stretched in the y direction and bottom right for stretched in both directions.

Nevertheless, a graphical representation of simple crystal structures can still provide
some qualitative insights on the SMH formation. Figure 3.10 presents an illustration
of the SMH image formation in real space. In a similar manner as in holography tech-
niques, the coherent interference between the crystal lattice and the scanning grid of the
beam raster gives rise to Moiré fringes. In the simple cubic example detailed in fig. 3.10,
the STEM Moiré fringes follow the same geometry as the crystal structure with different
periodicities. Under uniaxial deformations (causing a change in the crystal periodicities),
the general geometry of the STEM Moiré hologram is kept, and just the periodicities are
modified. It seems that a simple geometrical transformation is linking the STEM Moiré
fringes from the crystal lattice. However, the simple description is misleading as shown
in fig. 3.11 when visualizing the effect of a shear deformation on the same simple cubic
example. Inner frequencies are appearing and the original geometry from the crystal is
lost. In general, the description of the STEM Moiré hologram formation is not straight
forward in real space. Nevertheless, figs. 3.10 and 3.11 provide a qualitative and intu-
itive description of the apparition of the STEM Moiré fringes when undersampling a
crystalline sample.

In the same manner as in HR-STEM imaging, the effect of the detector is included in
the STEM Moiré hologram formation process by applying a Γp2 passband. The resulting
signal collected on the detector ID

SMH is detailed below.

ID
SMH(~r) =

1

p2

kl∑
k=−kl

∑
~q∈QM

Ake
2iπ
−→
gM
k ·~r+iPgC

k
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(3.41)
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Figure 3.11: Illustration of the interference between the scanning grid (located at the intersection of the
grey lines) and the atomic columns (red dots) resulting in the STEM Moiré hologram (“greyscale” green
and cyan dots) for the case p < dC . The brightness of the green dots behaves the same as in fig. 3.10. The
cyan dots highlight the maximum intensity (i.e. perfect correspondence between the atom position and the
scanning grid) to show the Moiré pattern evolution with shear strain. Each quadrant represents a relative
strain state compared to the unstrained case displayed in the upper left section: upper right for a shear in
the x direction, bottom left for a shear in the y direction and bottom right for a rotation.

The main difference between ID
STEM in eq. (3.38) and ID

SMH in eq. (3.41) is that the set QM

is not empty (existence of at least one element that is not
−→
0 is guaranteed by eq. (3.39)).

The sum of over the sampling vector inQM translates the interference between the crystal
lattice and the periodic sampling grid undersampling at least one lattice spacing.

3.3 Recovery of the crystal lattices from a STEM Moiré
hologram

In the context of the thesis, the signal to be recovered is the crystal lattice IC con-
volved with the STEM probe P . Such function is periodic and bandwidth limited, there-
fore Th. 2 is applicable if IC ∗ P is sparse. In this case, two methods were proposed to
recover the original periodic bandwidth limited function from its sampled version: the
prior knowledge method (detailed in § 3.1.3.1.1) and the multiple samplers one (detailed
in§ 3.1.3.1.2). Both methods are theoretically equivalent, however the prior knowledge
based one is easier to implement and will be detailed in the following.

The choice of the prior knowledge recovery method might appear controversial, since
the crystal structure of the sample analysed (so as their spatial periodicities) is in practice
often known. Either the lattice spacings are known theoretically or a simple HR-STEM
electron micrograph of the same sample reveal the 2D crystal arrangement. Therefore, the
recovery of the original spatial frequency from the STEM Moiré hologram is in practice of
very limited interest. Nevertheless, the local small variations of the crystal periodicities
associated with a deformation field are unknown. The recovery of those variations would
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enable the 2D strain field to be characterized on the entire field of view of the STEM Moiré
hologram which corresponds to the key component of the thesis.

It is worth noting that the knowledge of the crystal structure is not an absolute ne-
cessity. As described in Th. 2, the sparsity of the original periodic bandwidth function is
the only requirement to perform a lossless recovery. A reference-less recovery method is
totally applicable but won’t be approached in this thesis. The prior knowledge method
proposed in the following is applied in a context that is even too restrictive compared to
the requirements suggested by the theory. The reasons are mostly practical and will be
revealed when the deformation is directly calculated from the STEM Moiré hologram in
chapter 4.

3.3.1 STEM Moiré hologram formation in Fourier space

To introduce the recovery method of a STEM Moiré hologram into crystal lattices,
the effect of sampling is first illustrated in 2D. In a similar manner as in section 3.1.3, the
visualization of the STEM Moiré formation reveals elegantly the implementation strategy
for the recovery method. In the following, the terminology reflection will be used to refer
to the position of one crystal periodicity in Fourier space. Each crystalline (or Moiré)
wave vector is associated to a reflection. Depending on the preferred description, the
reflection may be used instead of the crystalline wave vector.

The STEM Moiré hologram formation in Fourier space is detailed in fig. 3.12. When
the sampling parameter of the sampler is chosen, the extent of Γp2 in Fourier space is
set. If Γp2 includes a crystal reflection, the associated lattice spacing is oversampled.
When Γp2 is not including a crystal reflection (as shown on the left part of fig. 3.12), its
corresponding lattice spacing is undersampled. In the undersampling case, eq. (3.40)
details the transformation of the crystalline wave vectors into their corresponding Moiré
wave vectors through the sampling vector−→qk . The STEM Moiré fringes forming the STEM
Moire hologram results from the translation of all the resolved crystalline reflections into
their corresponding Moiré reflections in Γp2 (see middle part of fig. 3.12).

Figure 3.12: Diagram detailing the undersampling process. The crystal reflections in Fourier space are
shown in red, the Moire reflections in Γp2 in green and all the other reflections caused by the sampling
process are displayed in purple. When defining the pixel spacing, the Γp2 frequency range is defined as
shown on the left side. In the middle, the shifting process cause by the sampling vector in Γp2 is highlighted.
On the right side, a fraction of the Fourier space after the sampling process is presented.
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The STEM Moiré hologram formation process is thus reduced to a set of sampling
vectors −→qk translations applied on all resolved crystalline reflections. Knowing the sam-
pling vectors sets all the properties (fringe spacing and orientation) of the STEM Moiré
hologram. Another interest of knowing the sampling the vectors is that the crystal reflec-
tions’ translations can be easily reverted by applying the opposite of the sampling vector
translation. In this case, each Moiré reflection is transformed into their corresponding
crystalline reflection. The reversal of the sampling vector is the implementation strategy
proposed for the recovery process. The only requirement for such implementation to be
effective is to have a one to one correspondence between the crystal and the Moiré reflec-
tions. Such condition is satisfied if no Moiré reflections overlap with each other in Γp2
(sparsity in Γp2).

It is important to note that the theoretical description of the STEM Moiré hologram
formation in eq. (3.40) is not limited in Γp2 . Technically, all the sampling vectors in the
set Q are considered in the sampling process. With such considerations, the reflections’
distribution in Fourier space after sampling is illustrated on the right side of fig. 3.12. The
purple reflections are the undesired products of all the sampling vectors transforming a
crystalline reflection into all regions other than Γp2 . The presence of the purple reflec-
tions make the recovery of the crystal reflections from the Moiré ones nearly impossible
without a prior knowledge on the crystal reflections. For example, if the position of the
crystal reflections in Fourier space are known, the sampling vectors−→qk for each crystalline
reflections can be determined for any sampling parameter. In this case, the recovery of
the lattice fringes can be performed by reverting all the sampling vectors participating in
the formation of the STEM Moiré hologram.

3.3.2 Consideration of strain and sparsity

The recovery strategy based on the reversal of the sampling vectors previously de-
scribed did not consider explicitly the sparsity of the STEM Moiré hologram in Γp2 . When
the Moiré reflections are not overlapped with each other in Γp2 , it is implied that the func-
tion is sparse, and therefore, section 3.1.3 is applicable. Nevertheless, the sparsity must be
considered, since a deformation is materialized in the vicinity of each resolved reflection
and affects directly the sparsity of the STEM Moire hologram.

As stated in eq. (3.34), the strain corresponds to a local variation of the crystal lattice
at the location of the deformation. The variation corresponds, therefore, to a small shift
of crystal reflection in Fourier space. An example of an uniaxial deformation in both real
and Fourier space is detailed in fig. 3.13. The variation of the crystalline lattice ∆g are
translated by the sampling process in Γp2 without any distortions. The conservation of
∆g was already noticed in eq. (3.35) with the phase staying unaffected when sampled.
The property of keeping the variation of the crystalline lattice is related to the common
saying on the Moiré fringes to magnify the variations or to be sensitive to variations. It is
actually its property to not distort the local distortions that makes the Moiré effect visible
over a large field of view.

In the recovery context, the vicinity of each crystalline reflection has to be considered,
since the strain is present there. As a consequence, a small bandwidth around each reflec-
tion must be included in the recovery strategy. To assure a one to one correspondence be-
tween the crystal and Moiré reflections, each Moiré reflection with their associated small
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Figure 3.13: Schematic illustrating the effect of strain on the Moiré fringes following the same colorcode as
in fig. 3.10. On the top is shown the Moiré fringes evolution real space with an uniaxial deformation and
on the bottom is highlighted one Moiré reflection displacement under the same uniaxial deformation.

bandwidth must not overlap with each other. Such new consideration has an important
impact in the practical use of STEM Moiré interferometry to characterize the strain field.
With no deformation, it is relatively unrealistic, in practice, to find sampling parameters
to perfectly overlap the Moiré reflections. Including a strain field, ranges of sampling pa-
rameters could now make a STEM Moiré hologram not sparse in Γp2 . Such aspects will
be discussed in details in chapter 4 of the thesis.

3.3.3 Determination of the sampling vectors for each Moiré wave vector

Since sampling is causing spatial frequency shifts (as shown in fig. 3.12), perform the
recovery in Fourier space is relatively convenient. The shits are indeed simple transla-
tions in reciprocal space and are easy to realize numerically. Here, an approach is pro-
posed to determine the sampling vectors for each Moiré reflection. To be generic, it is
convenient to define an entity that is shifted with one unique sampling sampling vector
when sampled. That is why, 2D frequency intervals (called tiles in the following) are
considered instead of each individual crystalline reflections. The tiles concept becomes
apparent by considering the Fourier transform of eq. (3.35) IC as follows.
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Figure 3.14: Schematic of the tiles definition in the undersampling process following the same colour-code
as in fig. 3.12. Each reflection in T k,l

p2 tile shares the same −→qk,l sampling vector in Γp2 .
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ĨC(~ν −
−→q
p

)

(3.42)

Equation (3.42) is the 2D generalization of the 1D shifts described in eq. (3.6). Let define
a tile, T k,l

p2
as follows:

∀(k, l) ∈ Z2, T k,l
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= [k − 1
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2p
]× [l − 1

2p
, l +

1
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With the tiles definition stated in eq. (3.43), all the crystalline reflections inside the kth ×
lth tile share the same sampling vector −→qk,l in Γp2 . It is interesting to notice that Γp2 =
T 0
p2 and that all the tiles have the same size as Γp2 . The description with tiles is now

independent of the crystalline wave vector and is illustrated in fig. 3.14. Finding the
sampling vectors for each crystalline Moiré reflections corresponds now to identifying all
the Moiré wave vectors and finding in which tiles their corresponding crystalline wave
vectors are present.

A demonstration of the utility of the tiles description is presented in fig. 3.15. The
STEM Moiré hologram formation of the STEM Moiré hologram from fig. 3.9 is repro-
duced. First, the HRSTEM electron micrograph from fig. 3.15 recorded in Silicon is used
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Figure 3.15: Simulation of the STEM Moiré hologram formation rpocess for an unstrained silicon sampled
view along the [11̄0] zone-axis. a) STEM Moiré hologram from fig. 3.9. b) Electron micrograph recorded
on the same area at 910 kx magnification resolving the silicon lattice dumbbells (2048 × 2048 pixels, pixel
spacing 42 pm, dwell time 4 µs). c) 2D Fourier transform of the hologram a). d) 2D Fourier transform of
the electron micrograph b) decomposed in tiles following eq. (3.43). e) Representation of d) as separated
tiles with a color code grouping the reflections from the same families. Some specific sampling vectors
are highlighted and their respective reflection position changes are tracked with their respective coloured
arrows. f) Reconstructed Fourier transform of the STEM Moiré hologram obtained by summing all the
separate tiles from figure e). Some gCk reflections are identified to their corresponding unique gMk reflections
using the same colour code as in e).

as a reference setting the crystal periodicities. The HR-STEM reference corresponds to
the prior knowledge requirement to determine the sampling vectors. Then, the Fourier
transform of the reference is separated in tiles, as done in fig. 3.15 d), using the pixel
spacing that has been used to record the STEM Moiré hologram in fig. 3.15 a). Next, each
tiles is shifted using their corresponding sampling vectors in the central tile Γp2 as shown
in fig. 3.15 e). Finally, all tiles are summed together leading to the Fourier transform
displayed in fig. 3.15 f).

Comparing the STEM Moiré hologram Fourier transform in fig. 3.15 c) and the simu-
lated one in fig. 3.15 f), it is possible to observe that the positions of the Moiré reflections
match. The STEM Moiré hologram formation is properly described by digitally sam-
pling the silicon reference and using the tiles translations. The simulation of the STEM
Moiré hologram here contributes in identifying the Moiré reflections by assigning them
to their respective lattice planes (one to one correspondence). Adding to the identifica-
tion, the sampling vectors are also determined in fig. 3.15 e) for each Moiré vectors. All
the required information is now available to recover the crystalline wave vector from the
STEM Moiré hologram.
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3.3.4 Application of the recovery process

In the example detailed in fig. 3.15, a HR-STEM electron micrograph is used to de-
termine the sampling vectors for each Moiré reflection from the STEM Moiré hologram.
Knowing the sampling vectors, the recovery of the same HR-STEM electron micrograph
is realized from the experimental STEM Moiré hologram in fig. 3.15 a) using the rever-
sal of the sampling vectors. The recovery is here only a demonstrator of the recovery
method since the HR-STEM electron micrograph is already known. The application of
the recovery method for strain characterization will be applied in the next chapter.

Using the sparsity of the STEM Moiré hologram Fourier transform in Γp2 and, the
Fourier transform in fig. 3.16 b) of the experimental STEM Moiré hologram in fig. 3.16 a)
is decomposed into separated bandwidths around each Moiré reflection. The isolation
process is a two dimensional masking process equivalent to the one dimensional mask-
ing process realized in eq. (3.24) and in fig. 3.6. Using the information in both fig. 3.15 e)
and f), each Moiré reflection is translated with the opposite of their respective sampling
vector. The reversal of the sampling vector is illustrated in fig. 3.16 c) and executed in
fig. 3.16 d) setting the Fourier transform extent to 1/plim. Since the Fourier transform in
fig. 3.16 d) is oversampled, any pixel spacing smaller than plim can be used to recover the
electron micrograph in real space. Two reconstruction of the Silicon HR-STEM elecron
micrograph are proposed in fig. 3.16 e) and f) using a pixel spacing of 47 pm and 22 pm
respectively. To choose a pixel spacing smaller than plim, the FOV on the reconstructed
Fourier transform is extended by adding zeros in the outer range. Therefore, fig. 3.16 e)
and f) carry the same information in Fourier space but appears visually different in real
space. The difference of the reflections’ relative position in Fourier explains the differ-
ences observed.

The recovered electron micrographs are then compared to the experimental HR-STEM
micrograph in fig. 3.17. Overall, the recovery of the HR-STEM electron micrograph from
the STEM Moiré hologram. is successful. The general structure of the silicon crystal struc-
ture is easily recognizable. Even the silicon dumbles are resolved confirming the small
size of the STEM probe. Some small parasitic phase ramps are, nevertheless, still present
in the reconstruction suggesting that some of the reconstructed reflections are slightly
mispositioned. The implementation of the recovery method is relatively imprecise as no
sub-pixel strategy were used when shifting the reflection. In addition, small errors from
each calculations steps propagate through the reconstruction. Other strategies can be ex-
plored to improve the quality of the reconstruction, but in the context of the thesis, the
current implementation of the recovery method is considered acceptable.

An actual reconstruction of an undersampled STEM electron micrograph is demon-
strated here using a dedicated reconstruction method based on the Moiré sampling re-
covery theorem Th. 2. One key interest of undersampling is to increase the FOV of the
STEM micrograph without losing information or to reduce the total dose exposure as
done in compressed sensing.
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Figure 3.16: Illustration of the HR-STEM electron micrograph recovery from a STEM Moiré hologram.
a) STEM Moiré hologram from fig. 3.9. b) Fourier transform of a). On each reflection is considered a
bandwidth that isolates the reflection from the other ones. The colour code is grouping the reflection from
the same families. d) Tiles representation from fig. 3.15 e) with the sampling vector reverted to show the
recovery process by shifting the Moiré reflection from the center tile. d) Reconstructed Fourier transform
after the shifting all the reflection from b) using the reverted sampling vectors from c). All the space between
reflections is set to 0. e) Inverse Fourier transform from d) with a pixel spacing of 47 pm and 3584 × 3584
pixels in the electron micrograph. f) Inverse Fourier transform from d) with a pixel spacing of 22 pm and
7680 × 7680 pixels in the electron micrograph.
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Figure 3.17: Comparison between experimental and reconstructed HR-STEM electron micrographs on a
silicon oriented along the [11̄0] zone-axis. On the left column, the same experimental HR-STEM electron
micrograph recorded with a pixel spacing of 5.3 pm and cropped at different FOVs are shown. On the
middle column, the reconstructed HR-STEM electron micrographs from fig. 3.16 e) cropped at the same
FOVs as the experimental micrographs are presented. On the left column, the reconstructed HR-STEM
electron micrographs from fig. 3.16 f) with the same cropping pattern are displayed.
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3.4 Conclusions of the chapter

After a brief overview of sampling theory, it has been demonstrated that specific un-
dersampled signals can be recovered without loss of information. For more than 50 years,
compress sensing research field has been pushing the boundaries of the WNKS sampling
theorem by developing various methods to recover undersampled signals. In the context
of the thesis, the set of functions to recover has been limited to the sparse periodic band-
width limited ones (Moiré sampling recovery theorem). Analytical methods were then
proposed to recover the original signal from its undersampled version.

In the following sections, the effect of sampling in the STEM imaging process on crys-
talline materials has been presented. When the crystal lattices are resolved and oversam-
pled, the STEM electron micrograph is a HR-STEM electron micrograph. When at least
one resolved crystal lattice is undersampled, the STEM electron micrograph becomes a
STEM Moiré hologram. The STEM Moiré hologram is demonstrated to be the result of
the coherent interference of the scanning grid with the crystal periodicities (Moiré sam-
pling).

Finally, the Moiré sampling recovery theorem has been applied on the STEM Moiré
hologram (being a sparse periodic bandwidth limited function) to recover a HR-STEM
micrograph on the same area. A prior knowledge recovery method has been successfully
applied on an unstrained silicon example.
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Chapter 4

STEM Moiré GPA

In this chapter, the application of the STEM Moiré interferometry on a crystalline ma-
terial to characterize the 2D strain field is presented. As discussed in chapter 3, a STEM
Moiré hologram can be transformed, with some prior knowledge, into a HR-STEM elec-
tron micrograph displaying the crystal lattices over the entire field of view (FOV). On the
recovered HR-STEM electron micrograph, the strain maps can be calculated using any
direct strain methods described in section 2.1. In this chapter, the STEM Moiré sampling
theory introduced in chapter 3 is proposed to be coupled with the Geometric Phase Anal-
ysis (GPA) algorithm to reveal a dedicated strain characterization method called STEM
Moiré GPA (SMG). The specific interest of the SMG method is to obtain strain maps di-
rectly from a STEM Moiré hologram (SMH) and avoid the complete reconstruction of
a HR-STEM electron micrograph. After exploring the theory of SMG, the technique is
proposed to be applied on a simple case of study and evaluated in comparison with
HR-STEM GPA and REC-GPA (GPA applied on a reconstructed HR-STEM electron mi-
crograph). Experimental aspects of SMG are then studied to design a protocol applicable
on any single crystal material. Finally, the interest of the SMG technique as a strain char-
acterization method in a transmission electron microscope is discussed.

4.1 Introduction of STEM Moiré GPA

At first, the interest of a specific implementation to characterize the strain from a
STEM Moiré hologram (SMH) seems to be unnecessary. As demonstrated in chapter 3,
an electron micrograph representing the crystalline lattice can be recovered from its un-
dersampled version (the STEM Moiré hologram) with some prior knowledge. Then, to
characterize the 2D strain field, it is possible to apply GPA directly on the recovered elec-
tron micrograph. However, such approach is not optimal, since the high number of pixels
on the recovered electron micrograph requires a lot of memory for the GPA process. In
addition, the recovery method proposed in chapter 3 is using numerous calculation steps
cumulating small errors, affecting the sensitivity and the precision of the GPA process.
That is why, a dedicated implementation is here proposed to get the strain field from the
SMH directly and minimize the number of operations.
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4.1.1 2D strain field from a STEM Moiré hologram

As detailed in section 3.2.3, the strain field of a crystalline material is embedded in the
STEM Moiré hologram. The variation of the fringes’ spacing and orientation is following
the deformation field in the sample. The link between the strain and the fringes’ arrange-
ment is not straight forward to describe, however, when applying the GPA method on
the SMH, relatively simple relationships can be made. Recalling eqs. (2.7) to (2.9) using
two non collinear crystalline wave vectors,
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and eq. (2.10) to get the strain and rotation tensors,
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an educated link can be made between the classic application of GPA on a HR-STEM
electron micrograph and on a STEM Moiré hologram. ∆GC and GC

ref are the two required
elements to calculate the strain field using GPA (eq. (4.2)). As the phase of the STEM
Moiré hologram is the same as the phase from the HR-STEM electron micrograph (PgC

k

in eq. (4.3)), the variation of the phase for two non collinear Moiré wave vectors matrix
∆GM corresponds directly to the ∆GC matrix (∆GM = ∆GC).
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For the reference matrix GC

ref, an additional operation is needed as the crystalline wave
vector is different from the Moiré wave vector. The link between the Moiré and the crys-
talline wave vectors is made explicit in eq. (4.4) through the sampling vector −→qk . The
relation is used to correct the expression GC

ref to be adapted to a STEM Moiré hologram
as follows with: GM

ref the reference matrix from the STEM Moiré hologram, p the pixel
spacing and Q1,2 the sampling matrix for the two non collinear Moiré wave vectors.
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Using the expression of GC
ref in eq. (4.4), the relations in eq. (4.2) can be used to calcu-

late the strain and rotation tensor from a STEM Moiré hologram directly. With only the
knowledge of the sampling matrix Q1,2, the application of the GPA algorithm on a SMH
is exactly the same as on a HR-STEM electron micrograph. Therefore, the complete re-
covery of the HR-STEM electron micrograph from the STEM Moiré hologram is not re-
quired any more. To obtain the matrix Q1,2 for two non collinear Moiré wave vectors, the
prior knowledge based recovery method described in section 3.3 can be used. The prior
knowledge is simply a HR-STEM electron micrograph representing the crystal lattice of
the sample analysed.

The measure of a strain field directly from the SMH has multiple advantages that will
become apparent in the following sections. The key one visible here is the simplicity of
the additional operation required to be able to directly use the GPA algorithm. The the-
ory described in this section motivated us to develop a dedicated technique. The name
STEM Moiré GPA (SMG) has been chosen to represent the method measuring the 2D
strain field directly from a STEM Moiré hologram. The STEM Moiré GPA terminology
makes reference to the classic HR-STEM GPA method that measures the 2D strain field
directly from a HR-STEM electron micrograph. To visualize the implementation of the
GPA algorithm in the SMG technique, the flow charts of the HR-STEM GPA process, the
GPA algorithm applied on the reconstructed HR-STEM electron micrograph from a SMH
(REC-GPA), and of the SMG method are presented in fig. 4.1. In HR-STEM GPA, two
non collinear crystalline reflections are isolated in Fourier space with a Gaussian mask to
obtain the phase images from each reflection. On the phase images, an area is selected
as the unstrained reference to compute GC

ref. The unstrained reference determined for

Figure 4.1: Flow charts detailing the HR-STEM GPA, the REC-GPA and the SMG processes. The colour
code used in the connectors linking two blocks of the diagram illustrates qualitatively the level of complexity
of the task. The green connector is considered a simple task, the orange one refers to a task of moderate
difficulty and the red connector is a complex task.
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both reflections, the phase images from the variations of each reflections are calculated
to determine ∆GC. The 2D strain and rotation maps are finally evaluated using eq. (4.2).
The REC-GPA method is simply the application of the HR-STEM GPA method on the
reconstructed HR-STEM electron micrograph. The reconstruction process from the SMH
is, nevertheless, not trivial. First, a STEM Moiré hologram in the region of interest, and
a HR-STEM electron micrograph in an unstrained region are acquired. Then, the STEM
Moiré hologram formation process is simulated to determine all the sampling vectors
for all resolved Moiré reflections. All Moiré reflections are manually corrected into their
respective crystalline reflections, and finally, the HR-STEM electron micrograph is recon-
structed. The SMG technique is combining both the HR-STEM GPA method and part of
the REC-GPA reconstruction process. The left part of the SMG flow chart is precisely the
same as the HR-STEM GPA one. The only difference is that SMG applies the GPA algo-
rithm directly on the STEM Moiré hologram. Therefore, all the intermediate processes
(masking, phase images calculations, unstrained reference selection) are performed on
two non collinear Moiré reflections to obtain GM

ref and ∆GM. The right part corresponds
to the reconstruction process only applied on the two chosen (or masked) non collinear
Moiré reflections. The reconstruction is only used to determine the sampling matrixQ1,2.
The tedious task to identify and recover all resolved crystalline reflections from their
Moiré counterparts is removed. The sampling matrix is then applied on the unstrained
reference to transform GM

ref to GC
ref, just before the 2D strain and rotation maps calcula-

tions. In comparison with the HR-STEM GPA method, only the referenceGM
ref needs to be

recalibrated with the sampling matrix Q1,2 to calculate the strain maps with SMG. There-
fore, the SMG technique is a simplification of the REC-GPA method that only requires a
couple of additional steps to implement compared to the HR-STEM GPA method.

4.1.2 Implementation of STEM Moiré GPA

The application of the STEM Moiré GPA theory to calculate the strain field from a
SMH requires a set of inputs from the user to be effective. First, two non collinear Moiré
reflections must be isolated in Fourier space with a mask function (see section 2.1.3.2 and
fig. 4.1) on each reflection. Then, the sampling matrix Q1,2 must be determined for the
selected reflections. Finally, an area of the STEM Moiré hologram has to be chosen to be
the unstrained reference. The constraints stated above require multiple interactions from
the user with the calculation process. Therefore, the design of a software for the SMG
processing is a necessity. Extensive documentation detailing the requirements, the design
strategy and the implementation of the SMG software following, to some extent, software
engineering principles [101], is available in the following link [102]. Such approach is
a growing trend in scientific computing with the goal to provide trust in the software
developed [103]. The STEM Moiré GPA software is a candid attempt towards transparent
and accessible software with the hope to provide a robust and reproducible data analysis.
For the scope of the thesis, only a very brief overview of the strategic choices for the
implementation is detailed below.

4.1.2.1 Sampling matrix determination

The determination of the sampling matrix for two non collinear Moiré wave vectors is
linked to the STEM Moiré hologram formation detailed in section 3.2.3. The components
of the sampling vector are indeed the coefficients of the sampling matrix for one reflec-
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Figure 4.2: Diagram illustration the use of the recovery method in fig. 3.15 to identify the Moiré reflections
and the associated sampling vectors on a [11̄0] oriented silicon example. a) Representation of the HR-
STEM electron micrograph of reference acquired on silicon sample and represented as separated tiles. b)
Reconstructed Fourier transform of the SMH by summing all the tiles in a). On the Fourier transform
are recognized the Moiré reflections by coupling them to their respective crystal reflection. c) Experimental
Fourier transform of the SMH on which is represented the components along −→ux and −→uy of the sampling
vector associated to each Moiré reflection by looking at the tiles description in a).

tion. In fig. 3.14, the sampling vectors are made explicit for each Moiré (or crystalline)
wave vector. Instead of using the sampling vectors to recover the all the resolved crystal
lattices, the components of the sampling vectors for only two non crystalline vector are
directly used in eq. (4.4) to calculate GC

ref.

Using a STEM Moiré hologram and a HR-STEM electron micrograph acquired on the
same crystal structure of the STEM Moiré hologram with the same scanning rotation, the
SMG software simulates the formation of the STEM Moiré hologram and displays the
Fourier transform of the HR-STEM reference separated in tiles and the simulated Fourier
transform of the SMH. By comparing them to the experimental SMH Fourier transform,
the two chosen reflections are first identified using the simulated Fourier transform, and
then the sampling vectors are read by finding the tiles where the two crystal reflections
are located. An example of sampling vectors determination on a [11̄0] oriented silicon
using the SMG software is presented in fig. 4.2. Five different reflections are tracked
to highlight that the sampling vector determination is not dependant on the reflection
chosen. The SMG software displays both fig. 4.2 a) and fig. 4.2 b). By comparing the
experimental SMH Fourier transform (fig. 4.2 c)) to the simulated one (fig. 4.2 b)), the five
reflections (111), (002), (220), ( ¯331) and ( ¯113) are identified with different colours. Once
the reflections identified, the initial locations of the same reflections in their respective
tiles are found and the sampling vectors for the respective reflections are determined.
For example, the (220) Moiré reflection is first identified on the left side of the Fourier
transform of the SMH (yellow reflection in fig. 4.2). Then, the (220) crystal reflection is
found on the (2; 0) tile considering the center tile is (0, 0) and the base defined in fig. 4.2
c). Therefore, the sampling vector for the (220) reflection (−2; 0) in the same base. The
same process is repeated for another non collinear reflection and the sampling matrix is
fully determined.

It is worth mentioning that the determination of the sampling matrix using specifi-
cally the simulation of the STEM Moiré hologram formation is not a necessity. If the user
knows the sampling vector by other means, SMG is still applicable. The HR-STEM refer-
ence used as a prior knowledge of the crystal structure can be, for example, replaced by
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a theoretical crystal structure representing the sample. It is also possible to use another
STEM Moiré hologram acquired on the same area with another pixel spacing to retrieve
the sampling vectors. The key elements to obtain here are the sampling vectors for two
non collinear reflections to the sampling matrix Q1,2. The method used to determine Q1,2

has no influence on the application of SMG.

4.1.2.2 External inputs

4.1.2.2.1 Isolation of two non collinear Moiré reflection
In addition to the STEM Moiré hologram itself, and the knowledge of the sampling vec-
tor, the two chosen Moiré reflections need to be isolated by the GPA masking process.
The analyst inputs are performed with an interactive graphical user interface by draw-
ing a circle around the chosen reflection. The radius of the circle defines the resolution
of the subsequent phase images. The masking operation is 2D Gaussian function cen-
tred around the center of the drawn circle and with the radius corresponding to three
times the standard deviation. Once masked, the phase image embedding the variation of
the Moiré wave vector is displayed after performing an inverse Fourier transform. The
masking process is equivalent to the GPA one described in section 2.1.3.2.

4.1.2.2.2 Selection of the unstrained region
On the phase image, another external input is required from the analyst which is the
reference (unstrained) region. Again using an interactive graphical unit interface, the
analyst draw a rectangle on the unstrained region. The software calculate the most ap-

propriate Moiré vector
−→
gM

ref giving no deformation (∆−→g =
−→
0 ) in the selected area using

a linear least square approximation method. The reference Moiré vector
−→
gM

ref is stored for
each Moiré reflection to form the reference matrix GM

ref.

4.1.2.2.3 Moiré to crystal conversion and 2D strain tensor calculation
Once the reference matrix GM

ref and the sampling matrix Q1,2 are determined, the correc-
tion from the Moiré to the crystal reference matrix can be done. The analyst performs
here the last interaction by importing manually the coefficient of the sampling matrix for
the two chosen reflection through the interactive interface. The GC

ref reference matrix is
finally calculated and stored. Once GC

ref and ∆GC are known on each pixel of the STEM
Moiré hologram, the strain map can be calculated using eq. (4.2) on the entire field of
view

4.1.2.3 Calibration independent implementation

As suggested by Hytch et al [38] (Appendix A), the GPA method can be made inde-
pendent of the calibration by expressing, in Fourier space, the crystalline wave vector (or
reflection) in pixel−1. Another option is to divide the crystalline wave vector components
by the 1/p (p being the pixel spacing) to normalize the components between -1 and 1.
Since the frequency extent of Γp2 is 1/p, expressing the position of the reflections in Γp2
in a [−1, 1]2 space is equivalent to the 1/p normalization. With this simple method, the
calibration of the HR-STEM electron micrograph is not needed any longer.

By applying the 1/p normalization in the SMH Fourier transform, the SMG process
can be applied as in the classic GPA method. One operation requires, however, a spe-
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cific care. The correction from the Moiré to the crystalline wave vector is involving the
sampling vector and the pixel spacing as shown in eq. (4.5).

−→
gC
k =
−→
gM
k −

−→qk
p

(4.5)

By normalizing eq. (4.5) by 1/p, the conversion equation is elegantly simplified as high-
lighted below.

−→
gC
k =
−→
gM
k −
−→qk (4.6)

In eq. (4.6), the pixel spacing is no longer present, the components of the Moiré wave

vectors
−→
gM
k are expressed between -1 and 1, and the components of the sampling vectors

−→qk are integer values. The 1/p normalization makes the Moiré to crystal wave vector
correction independent of the calibration. The final expression of the crystalline wave
vector is, therefore, dimensionless as in the classic HR-STEM GPA method.

The independence of SMG to the calibration is a real advantage that reduces the prop-
agation of errors in the strain maps. For example, DFEH is not independent of the cal-
ibration, since there is no access to GC

ref experimentally. The crystal structure and the
calibration of the hologram must be provided to obtain quantitative strain maps. It must
be mentioned that the method proposed to determine the sampling matrix for SMG is
still dependent on the calibration. However, the calibration is only used to display the
sampling vectors, not to perform a calculation of the strain maps. Therefore, SMG is
equivalently independent of the calibration as the HR-STEM GPA method.

4.2 Materials and methods

After describing the theoretical and practical implementation of SMG, the technique
can be tested experimentally on crystalline sample with a deformation field and com-
pared to HR-STEM GPA method. In the following, the materials and methods for the
whole chapter are described.

4.2.1 Calibration sample

While the influence of the experimental parameters on the application of SMG will be
described generically, its visualization will be facilitated on a simple case of study. One
simple system embedding a strain field at nanometer length scale is a thin film grown by
epitaxy on a substrate. If the chemical composition of the thin film is chosen properly, an
elastically strained layer can be grown on a substrate by matching their corresponding
lattice spacings (see the SiGe/Si system briefly described in section 1.2.3). If the thickness
of the grown layer is not greater than a critical thickness, the growth can be, theoreti-
cally, free of defects keeping entirely the elastic energy in the grown layer. To appreciate
the characteristics of the SMG technique, a relatively thick layer is targeted for the film
(around 50 nm). The stack will be referred, in the following, as the calibration sample to
evaluate the SMG method.

The design of the calibration sample resulted to the following stack grown by Molec-
ular Beam Epitaxy (MBE): InP (500 µm substrate) / InP (buffer) / InAs1−xPx / InP (cap).
The composition of the InAs1−xPx layer was set to 35% of As (atomic concentration
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x = 0.65 on the group V sublattice) corresponding to a lattice mismatch of 1.12 %. Such
lattice mismatch enables the grown layer to be elastically strained with a not too small
critical thickness. Figure 4.3 highlights the geometry of the system.

Figure 4.3: Schematic of the calibration sam-
ple oriented along the [11̄0] direction.

The InP crystal lattice follows the Zinc
Blende crystal structure with a lattice spacing of
aInP = 5.87Å [104]. The substrate and buffer
layer are both oriented along the [001] direc-
tion defining the growth direction (c-axis). Since
the relaxed lattice parameter of the InAs1−xPx
layer is larger than the InP crystal, a compres-
sive strain in the grown layer is expected in the
in-plane directions ([110] and [11̄0]). In addition,
a tensile strain along the growth direction (out
of plane direction [001]) is also expected to bal-
ance the in-plane compression. Referring to the
relative strain definition in section 1.2.3, the rel-
ative strain in the InAs1−xPx layer is anticipated
to be 0 along the in-plane directions and positive
along the out of plane direction considering the
InP buffer as the unstrained reference (eq. (4.7)).

1 = [110], 2 = [11̄0], 3 = [001]


a

InAs1−xPx
11 = a

InAs1−xPx
22 = aInP

11

a
InAs1−xPx
33 > aInP

33

∀i, j ∈ {1, 2, 3}, i 6= j, a
InAs1−xPx
ij = 0

⇒



ε11 = ε22 =
a

InAs1−xPx
11 − aInP

11

aInP
11

= 0

ε33 =
a

InAs1−xPx
33 − aInP

33

aInP
33

> 0

∀i, j ∈ {1, 2, 3}, i 6= j, εij = 0

(4.7)

With such simple system, only an uniform deformation along the growth direction is
expected to be measured with a magnitude depending on the content of As. In a case
of bi-axial stress conditions and with 35% of As in the InAs1−xPx layer, the relative de-
formation ε33 is predicted to be 2.38 % (appendix A). For clarity, the InAs1−xPx layer is
sometimes labelled InAsP for the rest of the chapter.

4.2.2 Sample preparation

An electron transparent thin foil sectioned perpendicular to the [11̄0] direction was
prepared with focused ion beam (FIB) milling using a Zeiss NVision 40 dual-beam in-
strument operating at 30 keV. Prior to the FIB cut, a protection layer, first of carbon and
then tungsten, was deposited on the top of the sample (see fig. 4.4 a)). An in-situ lift-out
was then performed to extract a small volume from the bulk sample. In the following,
the sample was fixed to a support and thinned locally to obtain 3 windows of differ-
ent thicknesses of roughly 100 nm, 150 nm and 200 nm. A final clean-up process at 5 keV
was performed to remove some of the amorphous material on both sides of the lamella
(fig. 4.4 b)).
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Figure 4.4: FIB sample preparation of the calibration sample. a) Stack of layer deposited on the top of the
calibration layer for protection purposes during the FIB cut. b) SEM electron micrograph at 5 keV using
the SESI detector (secondary electrons collected on a detector positioned on one side of the chamber) of the
sample after FIB thinning.

4.2.3 Sample observation

4.2.3.1 HR-STEM

As a point of reference, the deformation field on the InP/InAs1−xPx/InP sample is
characterized using the established HR-STEM GPA method. For that purpose, the HR-
STEM observations were performed on a FEI Titan Cubed 80-300 equipped with CEOS
correctors on both the probe and image forming lens systems operating at 200 keV, with
a probe current of 100 pA, a probe size of approximately 1Å, and a semi-convergence an-
gle of 19.8 mrad. The HR-STEM acquisition conditions were set to obtain Z-contrast type
electron micrographs with inner/outer angles of the Fischione annular dark field (ADF)
detector of 63.8 mrad and 200 mrad respectively. The calibration of the FEI STEM scan-
ning unit was performed using a MAG*I*CAL calibration sample composed of Si/SiGe
multilayers [105]. As mentioned in section 3.2.2, the HR-STEM imaging mode must over-
sample all the resolved crystalline lattice fringes. With a 100 pm probe size, the pixel spac-
ing of the STEM scanning grid must be smaller than 50 pm to satisfy the oversampling
condition. In addition, to limit the scanning distortions a short dwell time (between 1 µs
to 4 µs) are typically used in HR-STEM imaging.

4.2.3.2 STEM Moiré Interferometry

As described in section 3.2.3, STEM Moiré interferometry is a specific case of STEM
imaging when at least one of the crystal periodicities is undersampled. Such condition is
respected when the pixel spacing at least larger than half of the smallest lattice spacing
resolved. In addition to the FEI scanning unit, the Gatan STEM scanning unit was also
used to generate the STEM Moiré hologram. The choice of another scanning unit is moti-
vated by the convenient customisation options offered. For example, a custom number of
pixels in a set field of view (FOV) can be set prior to the acquisition process. Such custom
options are very convenient in choosing a particular pixel spacing. In the case of the FEI
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scanning unit that only offers 2n number of pixels, a change in the magnification is often
required to select a specific pixel spacing. Depending on the application, one scanning
unit will be favoured. It is important to mention that the choice of a scanning unit is only
a convenience. Whatever calibrated and stable scanning unit used, identical STEM Moiré
holograms are generated with the same pixel spacing and scanning rotation.

Since the beam propagation through the sample is the same between HR-STEM imag-
ing and STEM Moiré interferometry (same scattering mechanisms), the same imaging pa-
rameters are used to get a Z-contrast type electron micrographs (probe semi-convergence
angle, inner-outer HAADF angles, probe size and current). However, the contrast be-
tween the STEM Moiré fringes is usually lower than between the lattice fringes in an
HR-STEM electron micrograph. To reveal the STEM Moiré fringes, long dwell time are
usually used for the acquisition process (between 10 µs to 200 µs). Such dwell times re-
quires to have a relatively stable scanning unit and limited sample drift. It is worth men-
tioning that the use of a probe corrector is not an absolute necessity, since one theoretical
requirement to resolve lattice fringes is to resolve a couple of lattice fringes. Uncorrected
STEM microscope such as the FEI Osiris already demonstrated the capability to resolve
lattice fringes so as STEM Moiré fringes [86]. Nevertheless, with a probe corrector, the
contrast of the STEM Moiré fringes is drastically improved and the overall experimental
experience is facilitated (such as setting the focus manually or correcting the astigma-
tism).

4.2.4 Processing methods

4.2.4.1 Geometrical Phase Analysis

The HR-STEM GPA analysis was performed using the GPA plug-in for Digital Mi-
crograph from HREM Research Inc (v2.1). The details of the parameters used for the
processing will be presented in the study on a case by case basis.

4.2.4.2 STEM Moiré GPA

Using the theory developed in section 4.1, an open-source python software was de-
veloped to transform STEM Moiré hologram into deformation maps. The STEM Moiré
GPA software is based on the following libraries:

• Numpy [106], providing N-dimension array objects and a large set of mathematical
operations.

• matplotlib [107], providing an interactive plotting environment used as a graphical
user interface.

• pyDM3reader, capable of importing Digital Micrograph file format (.dm3) into a
2D Numpy array.

• scikit-image [108], providing image processing algorithms not available in Numpy
such as a phase unwrapping algorithm.

An effort has been dedicated in testing the proper execution of SMG, however not all
the functions have been tested. Only some core functions were evaluated and the results
are documented in the repository. The SMG software is, therefore, an unfinished project
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with respect to the methodology briefly presented in section 4.1.2. Nevertheless, even
the little testing performed is providing good insights about the application of the GPA
algorithm and its limits. The sensitivity or the precision are sometimes linked to the al-
gorithm used in the data processing and its implementation. However, those important
aspects won’t be approached in detail in the thesis. The complete evaluation of the ef-
fect of GPA algorithm on SMG is a research topic on its own that cannot be approached
without a dedicated study. While not deeply discussed, it is important to keep in mind
that the software implementation itself has non negligible effects on the properties of the
strain maps.

4.3 Strain characterization results on the calibrated sample

In this section, the strain results on the calibration samples are presented successively
for three techniques: HR-STEM GPA, reconstructed electron micrograph GPA (REC-
GPA) and SMG. As a reminder, the flow charts detailing the three techniques processes
are presented in fig. 4.1. The HR-STEM GPA method is the established strain character-
ization technique, and is used as the experimental reference to assess the validity of the
two other methods.

4.3.1 HR-STEM GPA

The HR-STEM GPA results obtained on the calibration sample are detailed in fig. 4.5.
The HR-STEM electron micrograph in fig. 4.5 a) has been rotated by 90° clockwise to
limit the most prominent scanning distortions (fly back) in the deformation map along
the growth direction (εzz). The GPA strain maps in fig. 4.5 b), c), d) and e) were obtained
using the (111) and the (1̄1̄1) reflections with a resolution of 2 nm. As expected, only a

Figure 4.5: HR-STEM GPA results on the calibration sample. a) HR-STEM electron micrograph recorded
with 2048 × 2048 pixels at 910kx magnification (pixel spacing 42 pm) and a dwell time of 4 µs. b)-e) GPA
strain maps in the following order εxx, εzz , εxz and ωxz from the HR-STEM micrograph a) using the (111)
and the (1̄1̄1) reflections with a resolution of 2 nm and the reference taken in the green rectangle region.

85



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

deformation along the growth direction is observed. Therefore, only the εzz deformation
map is of interest for the comparison with SMG.

It is important to note that the GPA method is not free of artefacts. The most common
one is the relationship between the resolution and the precision (or sensitivity) [45, 109].
Stated briefly, the better is the resolution, the worse is the precision. The complete de-
scription of the link is not straight forward, since the precision is also depending on
choices made in the implementation made in the GPA algorithm (type of mask). The
thesis won’t focus quantitatively on the precision-resolution relationship, but its effect is
still discussed qualitatively in chapter 5.

Focusing on the εzz deformation map, different mask radii are used in the GPA pro-
cess corresponding to 4 different resolutions: 1 nm, 2 nm, 4 nm and 10 nm. The εzz defor-
mation maps and selected line profiles along the growth direction are shown in fig. 4.6.
Qualitatively, the link previously described between the resolution and the precision is
confirmed in the εzz deformation maps in fig. 4.6 a) b) c) and d). Such variations make
the comparison between experimental results difficult. Therefore, a method to mitigate
the noise is required. Since the deformation field is expected to be uniform along the in-
plane directions, averaged line profiles are used to diminish the noise contribution from
the GPA process. The reduction of the noise with different line profiles width are high-
lighted in fig. 4.6 e) f) g) and h). Above a certain threshold, the results averaged over
a few times the resolution are similar to the each other and converge towards a single
solution. For comparison purposes, the lines profiles averaged over 3/4 of the FOV are
considered to be most reliable solution. Such choice contributes in removing partially the
effect of the resolution in the experimental data.

Figure 4.6: HR-STEM GPA εzz maps results of the calibration sample with different resolutions. a)-d) εzz
GPA maps with the following resolutions 1 nm, 2 nm, 4 nm and 10 nm. e)-h) Averaged line profiles from
their respective εzz maps a)-d) along the [001] direction. The width (1×, 3×, 6× the resolution, half and 3/4
of the FOV) of the line profiles are detailed in d) and h).

86



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

Figure 4.7: Summary of the HR-STEM GPA εzz results of the calibration sample. a) εzz 3/4*FOV averaged
line profile along [001] direction for all resolutions and compared to the biaxial model. b) εzz averaged, on
about the InAsP layer, line profiles along the [110] direction for all resolutions and compared to the biaxial
model.

A summary of the GPA results are presented in fig. 4.7. The 3/4 FOV averaged line
profiles along the growth direction in fig. 4.7 a) and the line profiles along the in-plane
direction in the InAsP layer in fig. 4.7 b) state the deformation in the InAsP layer to be
around 2.3 % ± 0.2 %. While all the line profiles are similar, the effect of the resolution is
still visible. The noise is still strongly present in the 1 nm averaged line profile and the
definition of the InP/InAsP interface is blurred in the 10 nm averaged line profile. Such
variations in the experimental results are well known in the GPA method and require
caution when interpreting them.

One last step to consider is to average the deformation from the lines profiles as
shown in fig. 4.7 a) and b) in the InAsP layer. Based on the biaxial strain model, the
deformation level along the growth direction in the InAsP layer is supposed to be con-
stant, so the averaging process is justified. In addition, the in-plane deformation in the
InAsP layer is also supposed to be constant, therefore averaging on the entire InAsP layer
the εzz deformation profile along the [110] is also justified. Table 4.1 summarizes the εzz
results obtained by GPA along the [001] and [110] directions in the InAsP layer.

It is interesting to notice that all the deformation values are in average slightly lower
than the calculated deformation in the bi-axial fully strained model of 2.38 %. The lower
experimental values are expected, since the calibration sample is experiencing strain re-
laxation on each free side of lamella. Nevertheless, the differences with the theoretical

Average [001] Stdev [001] Average [110] Stdev [110]

1 nm 2.32 % 0.22 % 2.32 % 0.08 %

2 nm 2.26 % 0.11 % 2.26 % 0.06 %

4 nm 2.23 % 0.07 % 2.22 % 0.05 %

10 nm 2.29 % 0.04 % 2.27 % 0.04 %

Table 4.1: Summary of GPA results on the calibration sample. Average and standard deviation (Stdev) of
εzz line profiles in the InAsP layer along 001] and [110] directions.
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model are relatively low suggesting that the strain relaxation is limited. The relatively
small strain relaxation is surprising, since it is anticipated that the bi-axial fully strained
model is unrealistic with such thin sample (around 100 nm). A more in-depth comparison
of the experimental results with the FEM mechanical simulation on the lamella geometry
is proposed in the next chapter when assessing SMG, and will provide an explanations
for such high HR-STEM GPA results.

4.3.2 GPA on reconstructed electron micrograph (REC-GPA)

The REC-GPA method refers to the HR-STEM GPA method applied on a HR-STEM
electron micrograph reconstructed from a STEM Moiré hologram (SMH) (see fig. 4.1). To
apply REC-GPA on the calibration sample, a SMH is first acquired on the same sample.
As discussed in section 3.2.3 and in section 4.2.3.2, a STEM Moiré hologram is a simple
STEM electron micrograph undersampling at least one crystal lattice. An example of a
SMH on the calibration sample is shown in fig. 4.8 a) with a pixel spacing of 466 pm.
With such large pixel spacing, nearly all lattice spacings are undersampled revealing
the STEM Moiré fringes in the electron micrograph. Then, the SMH is converted into
its corresponding HR-STEM electron micrograph using the recovery method detailed in
section 3.3. For that purpose, an HR-STEM electron micrograph oversampling the re-

Figure 4.8: Identification of the Moiré reflection in a SMH recorded on the calibration sample to perform the
recovery of the lattice fringes. a) STEM Moiré hologram recorded with 1024 × 1024 pixels, a pixel spacing
of 466 pm (160kx magnification) and a dwell time of 40 µs. b) HR-STEM electron micrograph of the InP
substrate recorded with 2048 × 2048 pixels, a pixel spacing of 42 pm (910kx magnification) and a dwell
time of 4 µs. c) Fourier transform of the SMH a). d) Fourier transform of the HR-STEM b) decomposed in
tiles of size Γp2 . e) Same representation of d) with tiles separated. 5 crystal reflections with their sampling
vectors are represented. f) Reconstructed Fourier transform of the SMH by summing all the tiles from e).
The 5 reflections from e) are identified in f).
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Figure 4.9: Reconstructed HR-STEM electron micrographs from the SMH fig. 4.8 a) On each micrograph
is represented a Fourier Transform inset and a magnified picture of the lattice spacing (blue rectangle). The
yellow rectangle correspond to the cropping performed to fulfill GPA plug-in constraints. a) Reconstructed
HR-STEM micrograph with 5120 × 5120 pixels and a 93 pm pixel spacing. b) Reconstructed HR-STEM
micrograph with 7168 × 7168 pixels and a 67 pm pixel spacing. c) Reconstructed HR-STEM micrograph
with 8192 × 8192 pixels and a 52 pm pixel spacing.

solved InP crystal lattices is acquired (fig. 4.8 b)) and digitally sampled to simulate the
STEM Moiré hologram formation process. With the simulated Fourier transform of the
SMH and the Fourier transform (fig. 4.8 f)) of the HR-STEM reference (fig. 4.8 f)), the
sampling vectors for all resolved Moiré reflections are determined in the experimental
SMH Fourier transform (fig. 4.8 c)). Finally, the same procedure as in fig. 3.16 is exe-
cuted, by repositioning all the Moiré reflections using their respective sampling vectors
on the experimental Fourier transform of the SMH, to reconstruct the HR-STEM electron
micrograph.

For the recovery process, all the resolved reflections in the SMH were used. Three re-
constructions were performed with different pixel spacings p/5, p/7 and p/9 correspond-
ing to 93 pm, 67 pm and 52 pm respectively (p being the SMH pixel spacing). The recon-
structions resulted in three HR-STEM electron micrographs with the same FOV (shown
in fig. 4.9 a) b) and c)) on which GPA can be applied. The GPA plug-in in Digital Micro-
graph imposes several constraints. First, the electron micrograph must be in 2k×2k pixels
format. Then, the electron micrograph cannot exceed 4096×4096 pixels because of mem-
ory limitation. Finally, the file must be converted into .dm3 format. To fulfil the plug-in
requirements, the reconstructed micrographs were converted into text file, imported into
digital micrograph and cropped following the yellow dashed lines in fig. 4.9 to obtain
4096 × 4096 pixels electron micrographs. As a result, the three cropped reconstructed
micrographs don’t have the same FOV.

The 93 pm pixel spacing reconstructed micrograph was first processed using GPA.
Figure 4.10 summarizes the strain maps obtained using the (1̄1̄1) and (111) reflections
and a resolution of 4 nm. Qualitatively, the deformation maps match the expected be-
haviour from an epitaxial growth with a positive deformation along the growth direction
and no deformation in the in-plane directions. An important noise level is observed in
the bottom left corner of the strain maps, and is related to the loss of contrast of the
STEM Moiré fringes in the same area (see fig. 4.10 a)). The loss of contrast can be related
to inhomogeneities of the sample thickness and orientation or to a loss of resolution.
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Figure 4.10: HRSTEM GPA results on a reconstructed HR-STEM electron micrograph. a) Reconstructed
HR-STEM micrograph from fig. 4.9 a). b)-e) εxx, εzz , εxz and ωxz GPA strain maps from the HR-STEM
micrograph a) using the (111) and the (1̄1̄1) reflections with a resolution of 4 nm and the reference taken in
the green rectangle region.

The same reconstructed micrograph was then processed with different resolutions
(1 nm, 2 nm, 4 nm and 10 nm). Results, highlighted in fig. 4.11, suggest that the noise is
reduced with increasing resolution as expected when using GPA. However, the results
seem to be nearly identical for the 1 nm and 2 nm cases. Such behaviour is explained
by the reconstruction process letting lots of zeros in Fourier space between the resolved
reflection. Looking in the Fourier transform inset in fig. 4.11 a), the areas in grey are the
only regions in Fourier space that are not zero. As only small sections around the Moiré
reflections are translated during the reconstruction process, a lot of space is still empty
in the reconstructed HR-STEM Fourier transform. Therefore, increasing the mask radius
above the gray area around the reflection doesn’t add any additional information in the
phase image and doesn’t improve the resolution.

Figure 4.11: HR-STEM GPA εzz maps results of the reconstructed HR-STEM micrograph from fig. 4.10 a)
with different resolution. a)-d) εzz strain maps with the following resolution 1 nm, 2 nm, 4 nm and 10 nm.
e) 3/4 FOV averaged line profiles from their respective εzz maps a)-d) along the [001] direction.
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Finally, the three reconstructed micrographs were processed with GPA and compared
with each other. Figure 4.12 summarizes the results obtained using the (1̄1̄1) and (111) re-
flections and a resolution of 4 nm. The line profiles along the growth direction in fig. 4.12
d) and e) are close to each other. The small differences observed can be related to the
different areas used for the reference (green rectangle in fig. 4.12 a), b) and c)). As done
in HR-STEM GPA method, table 4.2 summarizes all the REC-GPA obtained in the InAsP
layer along the [001] and [110] directions. The similarities observed in the strain maps
obtained from the three reconstructed micrographs suggest that there is no benefit in
adding pixels in the reconstruction process for GPA. The addition of pixels is here based
on extending the frequency range of the Fourier space by adding zeros in higher spatial
frequencies. Since GPA is a Fourier based process, the shortest extent in Fourier space
resolving the crystalline lattices is enough to calculate the strain maps.

Res Average [001] Stdev [001] Average [110] Stdev [110]

REC-GPA 1

1 nm 2.20 % 0.09 % 2.18 % 0.08 %

2 nm 2.19 % 0.09 % 2.17 % 0.08 %

4 nm 2.19 % 0.08 % 2.17 % 0.08 %

10 nm 2.20 % 0.07 % 2.16 % 0.06 %

REC-GPA 2

1 nm 2.19 % 0.09 % 2.21 % 0.07 %

2 nm 2.16 % 0.09 % 2.19 % 0.07 %

4 nm 2.22 % 0.08 % 2.24 % 0.07 %

10 nm 2.22 % 0.07 % 2.23 % 0.05 %

REC-GPA 3

1 nm 2.31 % 0.08 % 2.28 % 0.06 %

2 nm 2.33 % 0.08 % 2.30 % 0.06 %

4 nm 2.31 % 0.08 % 2.28 % 0.06 %

10 nm 2.29 % 0.08 % 2.27 % 0.05 %

Table 4.2: Summary of REC-GPA results on the calibration sample. Average and standard deviation (Stdev)
of εzz line profiles in the InAsP layer along [001] and [110] directions.

The REC-GPA results suggest that the deformation field in a STEM Moiré hologram
can be characterized using the recovery method proposed in section 3.3. In addition,
the link between resolution and noise is similar to the behaviour observed in the classic
application of GPA on HR-STEM micrograph. The only new behaviour brought by the
reconstruction process is a limit in the resolution of the GPA method, since there is no
more gain in increasing the radius of the mask from a given point. The addition of pix-
els extending the FOV of the Fourier space is unnecessary when using GPA. Only real
space methods such as PPA would benefit from a large number of pixels reconstruction
to determine the position of the atomic columns precisely.
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Figure 4.12: HR-STEM GPA εzz results of the 3 reconstructed HR-STEM micrographs from fig. 4.10.
a)-c) εzz maps from the 93 pm, 67 pm and 52 pm reconstructed micrograph respectively with a resolution
of 4 nm. d) 3/4 FOV averaged line profiles along the [001] from the εzz maps in a)-c) compared to the
bi-axial model. e) εzz averaged line profile, in the InAsP layer, along the [110] direction for the three εzz
maps in a)-c) and compared to the bi-axial model (in black).

4.3.3 SMG

As suggested in section 4.1, the deformation maps can be characterized from a SMH
without the necessity to reconstruct the complete electron micrograph. The STEM Moiré
GPA (SMG) method is based on finding the matrix Q1,2 eq. (4.4) for two non collinear
Moiré wave vectors to calculate their corresponding crystalline wave vectors. Once Q1,2

known, the relative deformation maps from the 2D strain and rotation tensors are calcu-
lated using the following procedure (and detailed in fig. 4.1):

1. Extract the variation of the Moiré wave vectors (phase image) masking the Moiré
wave vectors in Fourier space as done in GPA.

2. Define one area as the unstrained reference as done in GPA.
3. Correct the Moiré reference to a crystal reference using sampling matrix Q1,2.
4. Apply the final GPA calculation (eq. (4.2)) on the phase images and the non collinear

couple of unstrained crystalline wave vectors.

The SMG process on the calibration sample is detailed in fig. 4.13. Using the same
SMH and the same recovery protocol as in the REC-GPA section (highlighted in fig. 4.8),
the matrixQ1,2 is determined for two non collinear Moiré wave vectors. The same couple
of reflections as in HR-STEM GPA and in REC-GPA are used for the SMG process. For the
SMH in fig. 4.13 a), the sampling matrix Q1,2 using the subscript 1 for the (1̄1̄1) reflection
and the subscript 2 for the (111) reflection is detailed in eq. (4.8).

Q1,2 =

[
1 −1

−1 −1

]
(4.8)

The Fourier transform of the SMH is masked around the two chosen Moiré reflections
(fig. 4.13 b)). The sampling matrix will be applied on the components of the chosen Moiré
wave vector. Recalling that the variation of the crystalline and the Moiré wave vectors
are identical, only the reference matrix needs to be corrected by Q1,2. The correction
is shown in fig. 4.13 c), d), e) and f) for the (1̄1̄1) reflection only. After masking the
(1̄1̄1) Moiré reflection, the components of its corresponding wave vector is displayed
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Figure 4.13: Illustration of the Moiré to crystalline wave vector conversion using the sampling matrix
Q1,2. a) Same SMH as in REC-GPA (fig. 4.8 a)). b) Fourier transform of the SMH a). c)-d) Maps of the
−−→
gM

1̄1̄1
projected along −→ux and along −→uz respectively. e)-f) Maps of the

−−→
gC

1̄1̄1
projected along −→ux and along −→uz

respectively by applying the correction on the (1̄1̄1) projected Moiré wave vector c) and d).

Figure 4.14: SMG strain maps of the calibration sample from the
SMH in fig. 4.13 a) using the (111) and (1̄1̄1) reflections with a
resolution of 4 nm. a)-d) εxx, εzz , εxz and ωxz strain maps with
the reference taken in the green rectangle region.

on each pixel of fig. 4.13 c)
and d). The unstrained refer-
ence is positioned on the green
rectangle setting the components
of the Moiré wave vector at
their unstrained state. The blue-
white-red colourmap is centred
on the unstrained component of
the Moiré wave vector to high-
light its variation. Therefore,

the components of ∆
−→
gM1 are vis-

ible through the intensity of the
colourmap. The components of
the sampling matrix 1 and −1
are applied on each component
of the Moiré vector to determine
the components of the crystalline

wave vector
−→
gC1 . From there, the

data is suitable for the GPA strain
calculation.

It is interesting to note that the Moiré and the crystalline wave vector components
look identical. Only their respective scale on the colourmap changes. Such observation is
confirming that the variation of the crystalline wave vector are conserved after sampling.
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Average [001] Stdev [001] Average [110] Stdev [110]

1 nm – – – –
2 nm – – – –
4 nm 2.26 % 0.06 % 2.30 % 0.07 %

10 nm 2.16 % 0.06 % 2.28 % 0.06 %

Table 4.3: Summary of SMG results on the calibration sample. Average and standard deviation (Stdev) of
εzz line profiles in the InAsP layer along [001] and [110] directions.

The conversion from the Moiré to the crystalline wave vector is only a recalibration of
the reference. The entire reconstruction of the STEM electron micrograph from its SMH
is not needed, since all the necessary information for the GPA calculations are provided
with the SMG process.

Applying the same process on the (111) reflection, the relative deformation and rota-
tion maps are finally calculated. Figure 4.14 summarizes the deformation maps obtained
by SMG on the calibration sample using a resolution of 4 nm. The strain results are qual-
itatively respecting the expected behaviour of an epitaxial growth as for the HR-STEM
GPA and the REC-GPA cases. In the εzz line profiles along the growth direction in fig. 4.15
a), only the 4 nm and 10 nm are presented. The mask radii for the 2 nm resolution and
below are including neighbour reflections and are not suitable for SMG. Regarding the
strain magnitude, SMG results are slightly below the bi-axial strained model as expected
because of the strain relaxation. In addition, a small negative deformation in the InP bulk
is observed. Some variations in the in the εzz line profiles are also noticed along the [001]
direction. The variations are qualitatively matching the ones observed in REC-GPA and
are for the moment unexplained. As for HR-STEM GPA and REC-GPA, a comparison
with a theoretical model including the strain relaxation phenomenon is needed to asses
thr SMG results (chapter 5). SMG data are finally summarized in table 4.3 considering
the average and the standard deviation of the lines profiles.

Figure 4.15: Summary of the SMG εzz results of the calibration sample. a) εzz 3/4*FOV averaged line
profile along [001] direction for all possible resolutions and compared to the biaxial model. b) εzz averaged,
on about the InAsP layer, line profiles along the [110] direction for all possible resolutions and compared to
the biaxial model.
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4.3.4 Discussion

In this section, the HRSTEM-GPA, REC-GPA and SMG results from the calibration
sample are compared to each other. The comparison with the theoretical model is de-
ferred to the next chapter as the bi-axial model is not including the strain relaxation on
each free surfaces of the thin lamella. Figure 4.16 compares the εzz deformation profiles
on the calibration sample from the different strain methods with 4 nm and 10 nm reso-
lution. Globally, the deformation profiles are similar in the InAsP layer for all methods,
suggesting that REC-GPA and SMG may be trusted to determine quantitatively the strain
field in two dimensions.

However, the comparison with HR-STEM GPA is not completely sufficient to fully
validate the SMG and the REC-GPA methods. In both SMG and REC-GPA, a small com-
pression along the [001] direction is visible just below the InAsP layer. The HR-STEM
GPA method can’t confirm or deny the observation as the FOV is too limited in the HR-
STEM electron micrograph. The comparison with another method is here required to be
conclusive and will be done in chapter 5.

Another conclusion can be taken from the comparison in fig. 4.16. The very close
similarities between the REC-GPA and the SMG results imply that both methods are
equivalent. The complete reconstruction of the electron micrograph from the SMH is
confirmed to not be needed to characterize the 2D strain field from the SMH. The conver-
sion of two non collinear Moiré wave vectors with their appropriate sampling vectors is
sufficient for the GPA process. The more restrictive choice of mask radii in SMG because
of the proximity between the Moiré reflections could be argued as a specific limitation
the technique when compared to REC-GPA. However, the same limitation is in practice
applicable for REC-GPA as shown in this study. The 1 nm and 2 nm resolution deforma-
tion maps are identical to the 4 nm one. There is indeed no additional information in the
reconstructed Fourier transform compared to the Fourier transform of the SMH. While

Figure 4.16: εzz averaged line profiles summarizing HR-STEM GPA, REC-GPA and SMG results on the
calibration sample.
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technically, the resolution can be improved in REC-GPA because of the additional space
between the crystal reflections, there is no gain when processing the data. As a result, in a
strain characterization context, the SMG method is a clear simplification of the REC-GPA
one.

While the comparison with HR-STEM GPA is not fully validating SMG, it is still rea-
sonable here to consider that SMG is a legitimate method to characterize the strain field
in a crystalline material. In addition to the experimental results matching, the successful
reconstruction of the HR-STEM micrographs from one SMH and the effective applica-
tion of the Moiré wave vector correction using the sampling matrix are also validating
the theory developed in section 3.3 and in section 4.1.1. Having both experimental and
theoretical agreement contributes in providing trust towards the SMG method.

4.4 Experimental considerations of STEM Moiré GPA

After partially validating the correctness of the SMG method, the technique is chal-
lenged, in this section, on its experimental side. A characterization method is of inter-
est when it provides to the user a certain freedom (a range of experimental parameters)
to adapt the experiment to the sample constraints. In addition, a legitimate technique
needs to demonstrate robustness when using similar and different experimental param-
eters. Once the method trusted, an experimental protocol optimizing its outcome can be
designed.

To challenge the SMG method, the experimental parameters need to be first clearly
identified. In SMG, the experimental parameters are solely related to the STEM Moiré
interferometry imaging properties. The formation of the STEM Moiré hologram is indeed
the result of the coherent interference of the STEM scanning grid with the crystalline
lattice of the sample. Limiting the case of study to 2D uniform and orthogonal samplers,
two experimental parameters are available: the pixel spacing p and the scanning rotation
θ as stated in section 3.2.1. The two parameters are proposed to be studied in the context
of strain characterization.

Then, to evaluate the performance of one set of experimental parameters, the prop-
erties of interest of the SMG strain maps need to be established. The precision, the reso-
lution and the accuracy are the typical characteristics that are valued when performing
an experiment. In SMG, the precision and the resolution is defined during the masking
process in Fourier space. The larger is the mask, the better is the resolution and the worse
is the precision. The resolution appears to be the critical parameter, since the extension of
the mask radius can’t be infinite because of the presence of multiple reflections in Γp2 . On
the other hand, the precision can be improved by reducing the mask radius and is techni-
cally limited to one pixel. No experimental parameters (at the exception of the noise) can
improve the precision. Therefore, the evaluation of the SMG experimental parameters is
performed by targeting the best possible resolution that assure a proper accuracy.

From the evaluation process, it is possible to identify the key processes influencing
the selected properties of the strain maps and focus on them. The accuracy of the SMG
method is assured if a unique reflection is isolated during the GPA masking process (GPA
constraint). Therefore, the arrangement of the Moiré reflections in Fourier space is of
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major importance for the SMG method. Since the Moiré reflections arrangement is de-
pendent on the experimental parameters p and θ, it is possible to anticipate that some
experimental parameters are more suitable than others. Such prediction justifies to first
describe quantitatively the effect of the experimental parameters on the Moiré reflection
distribution, and then to design an experimental protocol for an optimized application
of SMG. The experimental protocol will be detailed and finally tested on the calibra-
tion sample. In the coming sections, figures (as a whole or parts of it) and the text is
largely adapted and/or copied rightfully from the Ultramicroscopy article describing an
optimization protocol for SMG [110].

4.4.1 Effect of the pixel spacing

4.4.1.1 Simulation of the Moiré reflection position with pixel spacing

The position of the crystal (or Moiré) reflections in Fourier space is first simulated
using the STEM Moiré hologram formation equation (eq. (3.41)), on a known crystal with
varying pixel spacing. Since the calibration sample will be used to test the experimental
protocol, it is proposed to visualize the effect of the pixel spacing on the InP zinc blende
crystal structure.

The positions of the InP crystal reflections oriented along the [11̄0] direction are sim-
ulated on a range of pixel spacings going from 50 pm to 250 pm. Results are highlighted
in fig. 4.17. To not overload the figure, only the position of five non-collinear reflections
are studied ((220), (111), (002), (113) and (331)). The simulation is obviously applicable
for all resolved reflections. Two equivalent methods to display the position of the reflec-
tion in Fourier space are proposed. The first method is displaying the absolute position
of the reflection in Fourier space in nm−1 (fig. 4.17 a)), and the other one is showing the

Figure 4.17: Diagram representing the evolution in Fourier space of the (220), (111), (002), (113) and (331)
reflections from an InP crystal structure with different pixel spacings in the STEM acquisition process.(a)
and (b) Simulated positions of the five selected InP reflections in Fourier space for a pixel size is varying
from 50 pm (p1) to 250 pm (pn) in 50 equal steps (following the arithmetic progression law pn = p1 +
200/49(n− 1)), represented respectively in absolute position and relative position in Γp2 .
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relative position of the same reflections in Γp2 in a normalized [−1, 1]2 space (fig. 4.17
b)). The addition of a relative position representation is providing a more common vi-
sualization of the Fourier space. Γp2 indeed represents the frequency space mapped by
a Fourier transform of a 2D discrete micrograph of periodicity p. Therefore, the Fourier
transform of a STEM Moiré hologram represented in relative [−1, 1]2 space corresponds
to the experimental one.

Looking at the absolute position of the reflections in fig. 4.17 a), it is possible to notice
that for the five crystal reflections, the positions don’t change for a range of pixel spacings.
For example, the (002) reflection position is not modified from pixel spacing label 1 to 24.
For all the five reflections, their respective pixel spacing range on which the position is not
changing correspond to the oversampling condition. Such observation is in agreement
that a STEM electron micrograph is a true discrete representation of the crystal structure.
The HR-STEM imaging process is not modifying the arrangement of the different lattice
planes. From the first pixel spacing undersampling their corresponding lattice spacing,
the position of their respective reflections changes abruptly. For example, the position of
the (002) reflection is suddenly modified at the pixel spacing label 25. In addition, from
the pixel spacing label 25, the position of the (002) reflection is always changing with
increasing pixel spacing. The first abrupt change in the position, coupled with a non static
position in fig. 4.17 a) with increasing pixel spacing, corresponds to the undersampling
condition. In this case, the Moiré reflection replaces the crystal reflection and its position
changes with different pixel spacing.

The absolute representation shows that the position of the Moiré reflections can be
predicted. However, the data representation shows a complex behaviour difficult to de-
scribe qualitatively. The relative representation provides a simple and elegant description
of reflections position variation with pixel spacing. In the relative representation fig. 4.17
b), the positions of the reflections now always change with the pixel spacing. Such ob-
servation is in agreement with the expected behaviour even for a HR-STEM electron mi-
crograph. When changing the pixel spacing, the number of pixel per fringes is modified,
since the physical lattice spacing is constant. Therefore, in the relative representation,
the position of the reflection will change on a fixed slope with increasing pixel spacing.
Nevertheless, the change of position along the slope reaches the edge of Γp2 at a given
pixel spacing. The next simulated the pixel spacing makes the same reflection appears
on the other side (left/right or top/bottom) of Γp2 . Such transformation is explained by
a change in the sampling vector −−→qn,m each time a reflection reaches the edge of Γp2 . As an
example, the (002) reflection position changes from the top to the bottom of Γp2 between
pixel spacing labelled 24 and 25. The top to bottom transition of the (002) reflection in
fig. 4.17 b) corresponds to the same transition observed for the (002) reflection in fig. 4.17
a). All changes of sides for all reflections in the relative description correspond to their
respective abrupt position changes in the absolute representation. The first instance of
side changing corresponds to the transition from oversampling to undersampling. Disre-
garding the transitions, it is worth noting that the positions of all reflections vary linearly
with the pixel spacing. The slope on which the position of the reflection is varying is also
kept after a transition on Γp2 sides. The relative description brings here its full value by
showing a pattern that makes the evolution of Moiré reflections predictable (even quali-
tatively).
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4.4.1.2 Experimental assessment of the Moiré reflection position simulation with
pixel spacing

The prediction of Moiré reflections position with pixel spacing is, in the following, as-
sessed experimentally. For that purpose, various STEM Moiré holograms were recorded
using different pixel spacings on the calibration sample. The pixel spacing was modi-
fied by either changing the field of view (FOV) while keeping the same number of pixels
(done with the FEI scanning unit), or by changing the number of pixels of the electron
micrograph while keeping the same FOV (done with the Gatan scanning unit). The pixel
spacings used for both experiments are detailed in table 4.4. For the experiment using
the FEI scanning unit, the pixel spacings are directly reported from the MAG*I*CAL cal-
ibration. For the experiment using the Gatan scanning unit, the pixel spacings have been
calibrated on the STEM Moiré holograms directly using the thickness of the InAsP of
39.5 nm (measured at 910kx magnification with the FEI scanning unit and 2048 × 2048
pixels).

Mag (FEI) 910kx 840kx 790kx 740kx 690kx 640kx 600kx 560kx 520kx 490kx 450kx
p (pm) 42 45 48 51 55 59 63 68 73 77 82

Mag (FEI) 390kx 340kx 320kx 300kx 260kx 225kx 195kx 170kx 160kx 150kx
p (pm) 97 111 117 126 146 165 194 222 233 252

N (Gatan) 2000 1800 1600 1400 1200 1000 900 800 700 600 500
p (pm) 62 73 79 91 107 130 142 164 186 214 256

Table 4.4: List of the pixel spacings used for the experimental evaluation of the Moiré reflections’ positions
variations with pixel spacing. Mag refers to the magnification when using the FEI scanning unit and N to
the number of pixels of the micrograph when using the Gatan scanning unit. The pixel spacing has been
rounded to the closer pm value.

Figure 4.18 a) shows an example of a STEM Moiré hologram and its associated Fourier
transform in fig. 4.18 e). The identification of (220),(111), (002), (113) and (331) crystal
reflections to be compared with the simulation (or Moiré wave reflections depending
on the pixel spacing) has been done using the method proposed fig. 3.15 on a HR-STEM
electron micrograph reference taken in the bulk InP region (not represented in the figure).
The Fourier transform of the HR-STEM electron micrograph reference is represented in
fig. 4.18 b) and c). The annotations in fig. 4.18 c) show the sampling conditions used
for the STEM Moiré hologram in frequency tiles including their respective sampling vec-
tors −−→qn,m. The simulated STEM Moiré hologram Fourier transform in fig. 4.18 d) is used
to identify the Moiré reflections in Γp2 . The positions of the identified reflections from
fig. 4.18 e) were manually recorded by finding the local maximum of intensity in Fourier
space region for each reflection. The same process was repeated for all recorded STEM
Moiré holograms. Figure 4.18 f) and g) highlight the evolution of the recorded reflections
with the same FOV (or magnification) and with the same numbers of pixels respectively.
The reflections from the 225kx experiment in fig. 4.18 a) are circled in fig. 4.18 f). The FOV
and number of pixels experiments cover a pixel spacing range from 41 pm to 252 pm and
from 61 pm to 256 pm respectively.

In both experiments, the predicted and the experimental positions of the five tracked
reflections are in good agreement with each other. It is reasonable to consider that the
prediction of the Moiré reflection positions with pixel spacing using eq. (3.41) is correct.
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Figure 4.18: Experimental results highlighting the evolution of the (220),(111), (002), (113) and (331)
InP crystal reflections from the bulk region with increasing pixel size. a) STEM Moiré hologram recorded
at the 225kx magnification with 2048 × 2048 pixels (corresponding to a pixel size p of 165 pm) with a dwell
time of 50 µs. b) Fourier transform of an HR-STEM electron micrograph recorded on the InP bulk region
at 910kx magnification with 2048 × 2048 pixels (corresponding to a pixel size pRef of 42 pm) with a dwell
time of 4 µs. The image b) is used as the reference to simulate the STEM Moiré hologram and make the
correspondence between the crystalline and Moiré reflections. The green rectangle represents Γp2 and the
rectangle in purple represents the tiles that will undergo the sampling effect through their corresponding
sampling vector −−→qn,m. c) Representation of b) with separated tiles and the five crystal reflections identified
(using the color code from fig. 4.17). Each tile has a unique color to follow its transformation through
sampling. d) Simulated STEM Moiré hologram Fourier transform on which the five Moiré reflections are
identified. e) Fourier transform of the experimental STEM Moiré hologram a) from which are collected the
position of the five identified reflections. f) Representation of the relative position in Γp2 of the five InP
reflections with varying pixel size by changing the FOV. g) Representation of the relative position in Γp2

of the five InP reflections with varying pixel spacing by changing the number of pixels. For both f) and g),
the crosses and the dots correspond respectively to the experimental and theoretical data.
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Therefore, it is possible to position the Moiré reflections in Γp2 by choosing a specific
pixel spacing. Such conclusion highlights an experimental parameter influencing the
STEM Moiré hologram formation and, thus providing a certain freedom to the user.

4.4.2 Effect of the scanning rotation

4.4.2.1 Simulation of the Moiré reflection position with scanning rotation

In the following section, the effect of the scanning rotation is investigated in the STEM
Moiré hologram formation. The same process as in the pixel spacing study is applied for
the scanning rotation. The same equation and the same InP crystal structure oriented
along the [11̄0] direction are used for the simulation. To not overload the visualization,
the STEM Moiré hologram formation is simulated for the (220) reflection only with a
pixel spacing of 180 pm.

Figure 4.19 shows the variation of the (220) Moiré reflection with the scanning rota-
tion varying from 0° to 360°. The same absolute and relative descriptions as in the pixel
spacing experiment is proposed for the scanning rotation. Before sampling, the crystal
reflection position follows a perfect circle as shown in fig. 4.19 a). Once undersampled,
the circle is squeezed into a smaller frequency range, and the same transition process on
the edge of Γp2 as in the pixel spacing study is applicable here. Looking on the geometry
described by the undersampled (220) reflection at different scanning rotation in fig. 4.19
b), a large portion of Γp2 is covered. Coupled with the pixel spacing, both sampling pa-
rameters can be used to nearly cover the entire Γp2 frequency range. Such option offers
potentially a nearly total freedom in choosing an adapted sampling parameter for one
reflection.

Figure 4.19: Diagram showing the evolution in Fourier space of the (220) InP crystal reflection with
different scanning rotation conditions. a) Representation of the absolute position of the (220) reflection
at different scanning rotation angles (in degrees) before sampling (outside of the white dashed rectangle),
and after sampling (inside the rectangle) with a pixel size of 180 pm. The white rectangle represents the
frequency range Γp2 . b) Representation of the relative position of the (220) InP crystal reflection in Γp2

after sampling.
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Figure 4.20: Experimental results highlighting the evolution of the (220), (111), (002), (113), (331),
(004), (111), (113), and (331) InP crystal reflections from the bulk region with different scanning rotation.
a) STEM Moiré hologram recorded at 390kx magnification with 1024 × 1024 pixels (corresponding to a
pixel spacing of 194 pm) with a dwell time of 50 µs and a scanning rotation of 10°. b) Fourier transform of a
HR-STEM electron micrograph recorded on the InP bulk region at 910kx magnification with 2048 × 2048
pixels (corresponding to a pixel size of 42 pm) with a dwell time of 4 µs and a scanning rotation of 10°. The
image b) is used as the reference to simulate the STEM Moiré hologram formation. c) Representation of b)
with separated tiles and nine crystal reflections. d) Simulated STEM Moiré hologram Fourier transform
on which are identified the nine Moiré reflections. e) Fourier transform of the experimental STEM Moiré
hologram a) from which are collected the positions of the nine identified reflections. f) Representation of
the absolute positions of the nine InP reflections with varying scanning rotation (from 0° to 30°). g)
Representation of the relative position in Γp2 of the nine InP reflections with varying scanning rotation.
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4.4.2.2 Experimental assessment of the Moiré reflection position simulation with
scanning rotation

To confirm the potential of the scanning rotation as an additional sampling param-
eter, the prediction of the Moiré reflections position with scanning rotation is verified
experimentally. For that purpose, a set of STEM Moiré holograms were recorded on
the calibration with a pixel spacing p of 194 pm at different scanning rotation conditions
(successively 0, 5, 10, 15, 17, 20, 22, 25 and 30° with 1024 × 1024 pixels) using the FEI
scanning unit. The experimental results were compared to their simulated counterparts
with the same conditions realized on the following nine reflections: (220), (111), (002),
(113), (331), (004), (1̄1̄1), (1̄1̄3) and (3̄3̄1).

Figure 4.20 a) shows an example of a STEM Moiré hologram recorded with a scanning
angle of 10°. Figure 4.20 e) highlights the Fourier transform of the STEM Moiré hologram
in fig. 4.20 a). In a similar manner as in Figure 4.18, the identification of the nine re-
flections in Fourier space were done using a reference (HR-STEM electron micrograph
in the InP bulk region) recorded with the same scanning rotation as in fig. 4.20 a). The
identification of the reflections is summarized in fig. 4.20 b)-e). Figure 4.20 f) illustrates
the absolute positions of the reflections in Fourier space before being sampled with the
Γp2 frequency range (white dashed rectangle) fixed by the pixel spacing of 194 pm. All
the reflections that are not inside Γp2 are undersampled and are modified by the Moiré
effect. Figure 4.20 g) reports both the positions of the experimental and theoretical Moiré
reflections in Γp2 .

The experimental positions are in reasonably good agreement with the predicted
ones. The small mismatch observed is attributed to a slight calibration error of the micro-
scope at this specific magnification. The scanning rotation appears to drastically modify
the arrangement of the Moiré reflections. Whereas the position of the Moiré reflections
with varying pixel spacing can be predicted qualitatively, the evolution of the same re-
flections with scanning rotation is difficult to foresee without simulations. Nevertheless,
if used carefully, the scanning rotation is an additional sampling parameter affecting the
STEM Moiré hologram formation, and potentially, an additional source of freedom to
position the Moiré reflection in Γp2 frequency range.

4.4.3 Constraints from GPA

From sections 4.4.1 and 4.4.2, the pixel spacing and the scanning rotation combined
offers a nearly total freedom in positioning the Moiré reflections in a desired area of Γp2 .
The arrangement of the Moiré reflections is of major importance, since the SMG method
is based on the application of the GPA algorithm. The properties of the strain maps
(sensitivity, resolution) are indeed dependent on the size and the type of mask used when
isolating a crystalline frequency [45, 109]. With the freedom offered by the experimental
parameters, constraints from GPA are imposed to define an optimized set of sampling
parameters for the application of SMG.

A complete theoretical description of GPA dependence with resolution and sensitivity
is out of the scope of this chapter. Instead, two simple criteria are considered to preserve
(or optimize) the quality of the strain maps through the GPA processing:
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• To avoid any interaction with the lower frequency components in Fourier space,
a set of STEM Moiré fringes should be imaged between 2 and 4 pixels (frequency
condition).

• The Moiré reflections should be isolated from each other by a minimum distance
defined by the user to be able to realize the GPA masking operation (proximity
condition).

Figure 4.21: Diagram illustrating the frequency and
the proximity conditions for the SMG method. Any
reflection in the grey region has a fringe spacing
greater than 4 pixels per fringe in real space (the ra-
tio between the pixel spacing and the lattice spacing
is lower than 1/4) and is not recommended to be used.
In addition, a minimum distance around each reflec-
tion is advised to be set based on the expected res-
olution for the SMG deformation maps. The insets
are 64 × 64 pixels simulated STEM Moiré holograms
from their corresponding couple of Moiré reflections
(in yellow proper frequency and proximity conditions,
in brown improper frequency condition, and in or-
ange improper proximity condition).

The upper limit of 4 pixels per fringe
spacing should not be considered as a
strict condition, but more like an empirical
guideline. Depending on the distribution
of the Moiré reflections in Γp2 , it might
be still possible to obtain low frequency
Moiré fringes suitable for GPA processing.
However, low frequency Moiré fringes are
often more difficult to separate from each
other and from the zero frequency (with
the GPA masking process). The real in-
terest of GPA is to process fringe spac-
ing intensities with a relatively small num-
ber of pixels, since real space methods
are not suited to process challenging sam-
pling condition. Such consideration justi-
fies the empirical limit of roughly 4 pixels
per fringe spacing. The proximity condi-
tion defines the best resolution possible to
obtain in SMG strain maps. The resolution
is improved by increasing the distance be-
tween the Moiré reflections, since a larger
mask can be used.

Figure 4.21 graphically illustrates the
two conditions stated above (frequency
and proximity conditions). The non
greyed-out area highlights the recom-
mended frequency region of 2 to 4 pix-
els per fringe spacing in Γp2 (STEM Moiré
hologram Fourier transform). Two non-
colinear reflections at three different sam-
pling conditions are represented in fig. 4.21. The first example in brown corresponds
to an inappropriate frequency case (in the greyed-out area), the second, in orange, to
an inappropriate proximity case (the two reflections are too close to each other) and the
third case, in yellow, to a suitable choice of sampling parameters that allows both Moiré
reflections to be used for the GPA calculation.

Applying the GPA constraints on the STEM Moiré hologram process suggest that
some sampling parameters are more appropriate than others for the application of SMG.
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Since the effect of the pixel spacing and the scanning rotation on the STEM Moiré holo-
gram formation can be simulated, suitable sampling parameters can be defined prior to
the experiment. Such conclusion will be used in the following section to design the SMG
experimental protocol.

4.4.4 Design of the SMG experimental protocol

Reflection Sampling range (pm)

{111} [107, 250]

{002} [74, 217]

{220} [54, 152]

{113} [50, 250]

{222} [54, 217]

{004} [50, 107] ∪ [185, 250]

{331} [50, 103] ∪ [148, 250]

Table 4.5: Pixel spacing range respecting the frequency
condition for all the InP crystal reflections resolved with
a 120 pm STEM probe. The sampling range has been
rounded to the closest pm integer.

Combining the quantitative de-
scription of the sampling effect on
the STEM Moiré hologram formation
with the constraints of GPA, enables a
protocol to be designed for the exclu-
sive application of SMG. Before jump-
ing in the description of the protocol,
the effect of the GPA constraints on
the determination of a suitable range
of pixel spacing is first presented. The
InP crystal structure oriented along
the [11̄0] direction is considered, in
the following, as our case of study.
With a STEM probe of roughly 120 pm
in size, the following families of re-
flections are resolved: {111}, {002},
{220}, {113}, {222}, {004} and {331}. Using a 2D periodic sampler of periodicity p rang-
ing from 50 pm to 250 pm, the frequency condition restricts the sampling range for each
reflection. Suitable sampling spacing ranges for each reflection family are described in
table 4.5. Depending on the relative position of each reflection in Γp2 the frequency con-
dition can already significantly affect the usable pixel spacing as shown for the 004 and
220 families of reflections.

Reflection Sampling range (pm)

{111} [50, 91] ∪ [119, 127]

{002} [50, 86] ∪ [111, 168]

{220} [50, 250]

{113} [50, 119] ∪ [172, 176] ∪ [217, 225]

{222} [50, 119] ∪ [135, 160]

{004} [50, 86] ∪ [111, 119] ∪ [135, 176] ∪ [217, 225]

{331} [50, 91] ∪ [135, 160]

Table 4.6: Sampling range considering a proximity condition provid-
ing a maximum resolution of 1 nm. The pixel spacing range has been
rounded to the closest pm integer.

The other GPA constraint
is a proximity condition that
is related to the best resolu-
tion reachable. Such resolu-
tion corresponds to the max-
imum radius of the mask in
Fourier space. As an ex-
ample, by selecting a maxi-
mum resolution of 1 nm, the
suitable pixel spacing ranges
for the families of reflec-
tions resolved by a 120 pm
STEM probe for the InP crys-
tal structure is shown on Ta-
ble table 4.6. The proximity

condition can be very restrictive when a high resolution is required, since the distance
between all the reflections with each other need to be considered. As a result, the suit-
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able sampling range can result into a succession of small continuous intervals like for the
{004} families of reflections for the InP case.

Both GPA constraints are finally considered together to define the final suitable sam-
pling range. Since the GPA method requires at least two non collinear reflections to be
used, the results from table 4.5 and table 4.6 need to be considered for a couple of re-
flections. As an example, when selecting the (002) and (220) couple of reflections, the
intersection between [74; 217], [54; 152], [50; 86] ∪ [111; 168] and [50; 225] is considered. In
this case, the suitable pixel spacing range is [74; 86] ∪ [111; 152]. All the possible suit-
able pixel spacing ranges respecting the GPA constraints for all the possible couples of
reflections are listed in table table 4.7.

It is worth noting in table 4.7 that some couples of reflections are not usable in the
50 pm to 250 pm pixel spacing range with the chosen constraints. The (111)/(004) couple
of reflections is, for example, not meeting both the frequency and proximity conditions.
However, the results in table 4.7 don’t include the effect of the scanning rotation. A
couple of degree can significantly change the Moiré reflection arrangement as seen in
fig. 4.20 and could be used to make an ill-adapted pixel spacing for a couple of reflection
becoming suitable for SMG. Looking to the example in fig. 4.20 g), that corresponds to
the pixel spacing of 194 pm, the (220)/(002) couple of reflection is not suitable for SMG,
since the (220) reflection is not respecting the frequency condition (in the grayed-out area
area). Table 4.7 confirms that the pixel spacing of 194 pm is indeed not included in the
suitable pixel spacing range. However, with a scanning rotation of 22° the (220) reflection
is leaving the grayed-out area, and thus respects the frequency condition. In this specific
case, the (220)/(002) couple of reflections becomes usable with a pixel of 194 pm and
a scanning rotation of 22°. It is possible to include the scanning rotation as a flexible
parameters prior to the experiment and determine suitable pixel ranges at each scanning
rotation condition. Nevertheless, such level of information might overwhelm the user.
As the pixel spacing is already providing a relative large set of suitable experimental
condition, it is advised to use the scanning rotation as a fine adjustment of the position of
the Moiré reflection.

Based on the knowledge gained on the construction of table 4.7 to obtain a suitable set
of pixel spacing and considering the scanning rotation as fine experimental adjustment,
the following procedure is proposed to determine the experimental parameter for SMG.

1. Simulate the STEM Moiré hologram formation for all resolved crystalline wave vec-
tors of the crystal analysed on a large pixel spacing range.

2. Define a minimum distance between all the reflections (proximity condition).

3. Determine the pixel spacing ranges for each individual reflection that position the
reflection in the recommended region of Γp2 (frequency condition) and respect the
proximity condition (maximum resolution for the SMG strain maps).

4. Determine the final suitable pixel spacing ranges for any possible couples of non-
collinear reflections.

5. If needed, use the rotation as a fine adjustment tool to position finely the reflec-
tions. The rotation can be also used to bring an ill adapted reflection into the rec-
ommended area of Γp2 (frequency condition).

106



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

(111), (1̄1̄1) (002), (002̄)

(111̄), (1̄1̄1̄) [119; 127] [119; 127]

(002), (002̄) [119; 127] –
(220), (2̄2̄0) [119; 127] [74; 86] ∪ [111; 152]

(1̄1̄3̄), (113̄) ∅ [74; 86] ∪ [111; 119]

(222̄), (2̄2̄2̄) ∅ [74; 86] ∪ [111; 119] ∪ [135; 160]

(004), (004̄) ∅ –
(331̄), (3̄3̄1̄) ∅ [74; 86] ∪ [148; 160]

(220), (2̄2̄0) (113), (1̄1̄3)

(111̄), (1̄1̄1̄) [119; 127] ∅
(002), (002̄) [74; 86] ∪ [111; 152] [74; 86] ∪ [111; 119]

(220), (2̄2̄0) – [54; 119]

(1̄1̄3̄), (113̄) [54; 119] [50; 119] ∪ [172; 176] ∪ [217; 225]

(222̄), (2̄2̄2̄) [54; 119] ∪ [135; 152] [54; 119]

(004), (004̄) [54; 86] [54; 86] ∪ [148; 160]

(331̄), (3̄3̄1̄) [54; 90] ∪ [148; 152] [50; 90]

(222), (2̄2̄2) (004), (004̄)

(111̄), (1̄1̄1̄) ∅ ∅
(002), (002̄) [74; 86] ∪ [111; 119] ∪ [135; 160] –
(220), (2̄2̄0) [54; 119] ∪ [135; 152] [54; 86]

(1̄1̄3̄), (113̄) [54; 119] [50; 86] ∪ [217; 225]

(222̄), (2̄2̄2̄) [54; 119] ∪ [135; 160] [54; 86]

(004), (004̄) [217; 225] –
(331̄), (3̄3̄1̄)) [54; 90] ∪ [148; 160] [50; 86]

(331), (3̄3̄1)

(111̄), (1̄1̄1̄) ∅
(002), (002̄) [74; 86] ∪ [148; 160]

(220), (2̄2̄0) [54; 90] ∪ [148; 152]

(1̄1̄3̄), (113̄) [50; 90]

(222̄), (2̄2̄2̄) [54; 90] ∪ [148; 160]

(004), (004̄) [50; 86]

(331̄), (3̄3̄1̄) [54; 90] ∪ [148; 160]

Table 4.7: Usable pixel spacing range for SMG application for all couples of reflections resolved by combin-
ing the information from table 4.5 and table 4.6.
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In addition to the SMG protocol previously detailed, a simplified and qualitative pro-
cedure can be also considered to obtain an idea of the proper sampling parameters for
SMG without heavy calculations. In most cases, if at least one reflection respects the
frequency condition, it is very likely that another non-collinear reflection also respects it
for symmetry considerations (as for example with the {111}, {331} and {113} families of
reflections in the cubic case). Therefore, it is possible to intuitively choose a pixel spac-
ing that would positions at least one of the crystalline wave vectors in the recommended
region of Fourier space of the STEM Moiré hologram (see fig. 4.21). Its symmetric non-
collinear reflection would also respect the frequency condition on the opposite side of
Γp2 . If the distance between the two Moiré reflections is too small for the GPA process,
the scanning rotation can be finally used as a fine adjustment to separate the selected
reflections.

4.5 Application of the SMG protocol on the calibration sample

In this section, the SMG protocol on the calibration sample is applied. To judge the
validity of the protocol, the SMG results are compared to each other and to the estab-
lished HR-STEM GPA method. Regarding HR-STEM GPA, a HR-STEM micrograph at
the magnification of 910kx (pixel spacing 42 pm) including all the the MBE grown layers
in the field of view, and oversampling the shortest lattice spacing resolved (STEM probe
size around 120 pm) was acquired (see fig. 4.22 a) and b)). The (220) and (002) reflections
were used for the GPA process. Since no relative deformation along the [110] direction
was observed, only the deformation along the [001] is represented (corresponding to εzz
in fig. 4.22 c)) choosing the InP bulk crystal as the unstrained reference.

4.5.1 Determination of suitable sampling ranges

Following the protocol, the InP crystal structure in its relaxed state is first used to sim-
ulate the evolution of the reflections’ positions on a sampling range from 40 pm to 260 pm.
The simulation is applied for all the resolved reflections regrouped in their respective
families {111}, {002}, {220}, {113}, {222}, {004} and {331}. The next step of the protocol
is to choose a proximity condition. To estimate the effect of the resolution, two resolution
are studied; 2 nm and 4 nm. Then, the suitable pixel spacing ranges respecting the pixel
spacing and the proximity condition are calculated for each reflections. To not overload
the study, only the two most used couples of reflection are considered ((111)/(111̄) and
(002)/(220)). With the chosen couple of reflections, the final suitable pixel spacing ranges
are shown in table 4.8 following the fourth step of the protocol.

Reflections Sampling range (pm) - 2 nm Sampling range (pm) - 4 nm

(111)/(111̄) [111, 135] ∪ [160, 184] ∪ [233, 260] [107, 138] ∪ [156, 196] ∪ [221, 260]

(002)/(220) [74, 90] ∪ [103, 152] [74, 94] ∪ [103, 152]

Table 4.8: Usable pixel spacing range for SMG application on the calibration sample for 2 nm and 4 nm
resolution using the (111)/(111̄) and (002)/(220) couples of reflections.
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The last step of the protocol suggests the use of the scanning rotation as a fine ad-
justment tool to position the reflections if needed. With our initial choices, the protocol
already provides a reasonable set of pixel spacings to use. To still estimate the effect of
the scanning rotation on the SMG strain maps, an additional experiment is considered
that includes a scanning rotation parameter different of 0°. The experiment detailed in
section 4.4.4, with a pixel spacing of 194 pm, a scanning rotation of 22°, and using the
(220)/(002) couple reflections is studied. Qualitatively, both reflections seems to be iso-
lated enough to respect the proximity conditions for 2 nm and 4 nm. A proper simulation
considering all the resolved reflections should be performed to verify the proximity con-
dition. As the scanning rotation is just a test here, it is assumed (and will be eventually
verified) that the pixel spacing 194 pm with a scanning rotation of 22° respects both the
proximity condition for 2 nm and 4 nm resolution.

4.5.2 Comparison of SMG results using different sampling parameters

To evaluate the experimental protocol, a set of SMG experiments are performed fol-
lowing the calculated suitable pixel spacing ranges for the chosen couple of reflection
from the protocol. The experimental condition are detailed in table 4.9. One STEM Moiré
hologram is highlighted as an example in fig. 4.22 d) and e).

Reflections Pixel spacing Scan rot

SMG #1 (002)/(220) 77 pm 0°

SMG #2 (002)/(220) 106 pm 0°

SMG #3 (002)/(220) 116 pm 0°

SMG #4 (002)/(220) 130 pm 0°

SMG #5 (111)/(111̄) 130 pm 0°

SMG #6 (111)/(111̄) 165 pm 0°

SMG #7 (002)/(220) 194 pm 22°

SMG #8 (111)/(111̄) 252 pm 0°

SMG #9 (111)/(111̄) 256 pm 0°

Table 4.9: List of SMG experimental parameters tested on the calibration sample.

The HR-STEM GPA and SMG εzz maps are compared to each other. Examples of de-
formation maps are shown in fig. 4.22 c) and f). Averaged line profiles (over 3/4 of the
field of view) taken on all εzz deformation maps with their respective resolution of 2 nm
and 4 nm are highlighted in fig. 4.22 g) and h). The SMG results reveal to be relatively
close to the deformation profile obtained with HR-STEM GPA. Such close behaviour of
HR-STEM GPA and SMG methods confirms the results presented in fig. 4.16. The in-
teresting addition here is the robustness of SMG method with experimental parameters
provided by the experimental protocol.
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Figure 4.22: SMG results with various experimental parameters from the calibration sample and compared
to HR-STEM GPA ones. a) HR-STEM electron micrograph recorded with 2048 × 2048 pixels, a pixel
spacing of 42 pm and a dwell time of 4 µs. b) Enlarged view from a small region in a). c) εzz relative
deformation map applying GPA with a resolution of 4 nm on the HR-STEM electron micrograph a) using
the bulk InP as the reference. d) STEM Moiré hologram recorded with 2048 × 2048 pixels, a pixel spacing
of 116 pm and a dwell time of 50 µs. e) Enlarged view from a small region in b). f) SMG εzz relative
deformation map from the STEM Moiré hologram d) using the bulk InP as the reference with a resolution
of 4 nm. g) and h) Averaged line profiles collected from various εzz relative deformation maps with the
sampling parameters listed in the legend using a resolution of 2 nm and 4 nm respectively.

4.5.3 Discussion

Following the experimental protocol proposed in section 4.4.4, the SMG results are
consistent with the HR-STEM GPA ones for all determined sampling conditions (even
for the scanning rotation example). Both the pixel spacing and the scanning rotation do
not highlight any additional effect to the behaviour already observed in HR-STEM GPA
regarding noise, sensitivity and resolution. It is reasonable to conclude that the experi-
mental protocol provides a reliable set of pixel spacings for the robust application of the
SMG method. The position of the Moiré reflections and, more importantly, the spacing
between them are indeed the only experimental elements of interest for the GPA process-
ing. Since the distribution of the Moiré reflections in Fourier space can be simulated, the
definition of suitable pixel spacing ranges for any couple of non-collinear Moiré reflec-
tion can be performed prior to the experiment. With the procedure proposed, the user
can focus on just finding a suitable dwell time to clearly image the Moiré fringes based
on the stability of the scanning unit and the sample drift. It is interesting to note that
any sampling parameter provides, theoretically, a STEM electron micrograph or a STEM

110



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

Moiré hologram with two isolated non collinear reflections (except in some very unusual
cases). The need to identify a practical sampling range is only due to the constraints de-
fined by the GPA method and the discretization process. It must be mentioned that the
sampling range determination is also facing the limitations of the microscope (scanning
unit stability, sample drift) that are not included in the procedure. Any technical progress
in the STEM scanning unit or sample holders would bring SMG closer to its theoretical
description from which the procedure is based on.

While the validity of the SMG protocol has been demonstrated, some small differ-
ences between the SMG and HR-STEM GPA line profiles are still noticeable in fig. 4.22.
As detailed in section 4.1.2.3, the SMG and HR-STEM GPA techniques are both equiva-
lently independent of the calibration. Consequently, the differences observed cannot be
interpreted as processing artefacts. A first explanation would consider the reference used
for the GPA calculation. As the FOV of all εzz deformation maps is different, the reference
area used for all the maps is not identical. Therefore, to do a fair comparison, the strain
level should be corrected by considering the difference of deformation of their respective
reference. However, even accounting for the difference of references does not explain all
the disparities. For example, in the 252 pm pixel spacing case (SMG #9), the difference
between the reference strain state of the SMG and the HR-STEM GPA εzz maps could
account for the discrepancy observed in the InAsP layer. However, for some other cases,
such as the 116 pm pixel spacing in (SMG #3), the reference correction would increase
their difference with the HR-STEM GPA profiles. The origin of these differences is not
clear at this stage of the discussion. An explanation will be presented in chapter 5 after
considering the strain relaxation of the calibration sample as a thin foil.

Overall, the differences observed in fig. 4.22 are relatively small and do not invali-
date SMG as a strain characterization method with experimental flexibility. The nearly
total freedom to position the Moiré reflections in Fourier space suggests that it is nearly
always possible to find a suitable set of sampling parameters (pixel spacing, scanning
rotation and dwell time) for the SMG application. In addition to the technical restrictions
(stability of the scanning unit and/or sample drift), theoretical limits exist and will be
detailed in the following chapter chapter 5. Current experimental limits are mostly re-
lated to the FOV of the STEM Moiré hologram. Beyond a couple of microns in FOV, the
frequency extent Γp2 becomes relatively small and makes it difficult to separate the Moiré
reflections.

4.6 Conclusions of the chapter

In this chapter, STEM Moiré GPA is first demonstrated to be a legitimate 2D strain
characterization method by comparing it to HR-STEM GPA. The STEM Moiré sampling
concept applied in a context of strain characterization makes it possible to map the 2D
strain field on a large area (a couple of micron in size). The sparsity of the STEM Moiré
hologram in Fourier space (or the separation of the Moiré reflections) is the key element
to be able to apply the SMG method. If the sparsity is not guaranteed (for the case of
very large FOV or any illadapted sampling parameters), the method described in this
chapter cannot be executed. However, the SMG technique remains a robust strain char-
acterization method, that is relatively easy to apply and only requires a stable transmis-
sion electron microscope with a high-quality STEM scanning unit capable of resolving,
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at least, a couple of non collinear lattice spacings (a setup already available in modern
STEM electron microscopes).

In addition, two experimental parameters of STEM Moiré interferometry were stud-
ied to optimize the SMG strain maps. The specific effect of the pixel spacing and the
scanning rotation on the arrangement of the Moiré reflection provides to the user free-
dom to adapt the STEM Moiré hologram FOV to the size of the sample measured. Using
the STEM Moiré sampling theory, the Moiré arrangement with sampling parameters can
be easily simulated leading to the possibility to design the experiment beforehand. By
adding the constraints from the GPA algorithm, a set of experimental parameters can be
proposed to the user to guarantee the quality of the strain maps at a given resolution for
two non collinear couple of reflections. Such experimental flexibility makes any single
crystal material suitable for SMG characterization with a reasonable resolution.
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Chapter 5

Assessment of SMG

After demonstrating the principles and the feasibility of SMG, the technique’s perfor-
mance is proposed to be assessed in this chapter. Three parameters are usually of interest
in any characterization method: the resolution, the precision and the accuracy. Some of
these characteristics were briefly approached in chapter 4. For example, the accuracy of
SMG was judged by comparing SMG results to HRSTEM-GPA ones. In addition, the res-
olution of SMG strain maps was used as a criterion to design an experimental protocol to
facilitate to use of SMG. Nevertheless, the previous study was designed to demonstrate
the applicability of SMG and not target its limits. The following study aims in providing
a clearer view of SMG capabilities in a context of strain characterization.

For that purpose, the chapter is divided into three sections. First, the accuracy of SMG
is thoroughly assessed by comparing SMG to Dark-Field Electron Holography (DFEH),
a complementary strain characterization method to SMG, and to Finite Element Method
mechanical simulations. The motivation is to complement the comparison done in chap-
ter 4 by overcoming the limitations in FOV from the HR-STEM GPA method. Then, the
resolution and the precision of SMG are studied to obtain of a better view of the GPA
algorithm effect when processing a STEM Moiré hologram. Finally, additional practi-
cal and theoretical limits of the SMG method are presented and development paths are
briefly discussed.

5.1 Qualitative assessment of accuracy

In chapter 4, the SMG accuracy was assessed by comparing the SMG strain results
to the HR-STEM GPA ones on the calibration sample. The well established HR-STEM
GPA technique is often considered as a reliable reference strain characterization method.
The good matching between experimental data suggested that SMG is qualitatively as
accurate as HR-STEM GPA. However, the reliability of the HR-STEM GPA accuracy in
chapter 4 can be argued. The FOV of a HR-STEM electron micrograph is significantly
limited compared to a STEM Moiré hologram. Consequently, the reference used in the
HR-STEM GPA experiments on the calibration sample was forced to be taken just below
the strained InAsP layer, and the quality of the unstrained state of the reference can be le-
gitimately questioned. In addition, since both the SMG and the HR-STEM GPA methods
share the the same beam propagation behaviour through the sample (same STEM probe),
both carry the same bias and could be both inaccurate. As the deformation field is antic-
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ipated to be non uniform in the sample because of strain relaxation, it is not guaranteed
that even the HR-STEM GPA results provides a proper representation of the sample strain
state. To provide a more comprehensive picture of the SMG accuracy, two other sources
of comparison for the SMG technique are detailed in the following section. First, a com-
parison of SMG with Dark-Field Electron Holography, a strain characterization method
that is based on the CTEM contrast mechanism, is detailed. The STEM probe propaga-
tion bias is thus removed with the DFEH study. Finally, a comparison with Finite Element
Method mechanical simulation is performed to estimate the strain field distribution in-
side the thin foil calibration sample and judge the relevance of the SMG technique.

5.1.1 SMG comparison with Dark-Field Electron Holography (DFEH)

DFEH is a strain characterization method typically used to obtain large field of view
strain maps see section 2.2.2.1), similarly to SMG. The limitation in FOV of HR-STEM
GPA is here removed, and the same unstrained reference region can be used for both
DFEH and SMG. In addition, the sensitivity of DFEH is by one order of magnitude better
than HR-STEM GPA sensitivity, leading to a more precise evaluation of the SMG accu-
racy. Therefore, the DFEH technique offers an interesting perspective to the assessment
of the SMG accuracy. In the following, DFEH strain characterization results on the same
calibration sample as in chapter 4 are detailed, and the comparison of the experimental
data with SMG is presented and discussed.

5.1.1.1 Methods

The DFEH experiments were performed on a FEI Titan 80-300 low based configu-
ration with a CEOS image corrector. The microscope is equipped with a Lorentz lens
(used to increase the field of view in the context of DFEH) and a Mollenstedt biprism in
the Selected Area (SA) aperture. The Dual Lens configuration [111] (combining Lorentz
and objective lens in Free Lens mode) with the microscope operating at 300 keV was
used to obtain additional flexibility in setting the FOV. Typical dark-field holograms were
recorded from the {002}, {220} and {111} families of diffracted beams with an acquisition
time from 5 s to 30 s using a biprism voltage between 120 V and 190 V depending on the
magnification. The holograms were recorded on a CCD positioned after a Gatan Imaging
Filter removing the contribution of the inelastically scattered electrons (10 eV slit). While
reducing the number of counts, the contrast of hologram fringes is significantly improved
leading to a net gain in the quality of the strain maps.

5.1.1.2 Processing

In DFEH, the information from two non collinear dark-field holograms are combined
to obtain the 2D relative deformation maps. Similarly to STEM Moiré GPA software,
an open-source python script, called Darkholo, was written for the context of the thesis.
Since many calculations steps are shared with SMG, the same libraries as in section 4.2.4.2
were used for the software. The Darkholo code, that was used to process all DFEH data
in this thesis, is available at the following repository [112]. Since the Darkholo software
was not the center of the PhD research, the level of details in the documentation, the
comments and the code tests is significantly lower compared to the SMG software.
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Figure 5.1: Dark-field electron holography results from the calibration sample. a)-b) Dark- field holograms
from the (220) and the (002) diffracted beam respectively. The location and the orientation of the layer with
respect to the holograms are illustrated in yellow. c)-f) εxx, εzz , εxz and ωxz DFEH strain maps calculated
from the holograms a) and b) and a resolution of 4 nm. The black arrows point to carbon contamination
artefact present in the sample.

5.1.1.3 Results

Figure 5.1 presents the DFEH results from the calibration sample. Two dark-field elec-
tron holograms from the (220) and (002) diffracted beams (displayed in fig. 5.1 a) and b)
respectively) were acquired and processed using the Darkholo software. The fringe spac-
ing was set to obtain a contrast between 10 % and 20 % for the holographic fringes on a
relatively large field FOV (around 400−500 nm). With such contrast and FOV require-
ments, the best resolution achieved was 4 nm. Figure 5.1 c)-f) show the relative strain
maps from the two holograms. The expected behaviour of the three layers grown by
MBE is confirmed with a deformation field only present along the growth direction (εzz)
in the InAsP layer. Couple of artefacts are, nevertheless, noticeable in the strain maps
(pointed by the black arrows in fig. 5.1). Those areas correspond to the carbon contami-
nation left by the STEM probe when performing the fine alignment for SMG experiment.
The averaged line profiles in fig. 5.2 a) highlight the distribution of εzz along the growth

Figure 5.2: DFEH εzz averaged line profiles from the calibration sample. a-b) Line profiles from 4 nm and
10 nm resolution εzz strain maps along the [001] and the [110] directions respectively.
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Average [001] Stdev [001] Average [110] Stdev [110]

4 nm 1.84 % 0.07 % 1.80 % 0.06 %

10 nm 1.83 % 0.08 % 1.78 % 0.06 %

Table 5.1: Summary of DFEH results on the calibration sample. Average and standard deviation (Stdev) of
εzz line profiles in the InAsP layer along the [001] and [110] directions.

direction. It is interesting to notice the great sensitivity of DFEH by observing the low
level of noise in the InP bulk region. Experimental results suggest that εzz is not constant
in the InAsP layer and in the InP regions at close proximity. In addition, fluctuations of
εzz are also observed in fig. 5.2 b) along the [110] direction. Overall, εzz in the middle of
the InAsP layer is estimated between 1.7 % and 1.9 %. Table 5.1 summarizes the DFEH
results obtained on the calibration sample.

5.1.1.4 Comparison with SMG

Figure 5.3 and table 5.2 present a comparison between all εzz results from all the
strain characterization methods applied on the calibration sample. As HR-STEM GPA,
REC-GPA and SMG results are similar (results discussed in chapter 4), the three methods
are regrouped into one set and referred as STEM strain methods. In general, STEM strain
results qualitatively match DFEH ones with a positive deformation for εzz in the InAsP
layer. Quantitatively, some differences, not included in the statistical error, are neverthe-
less noticeable in both the InAsP layer and in its vicinity. In both the InAsP layer and
the vicinity, the magnitude of DFEH results are significantly lower than the STEM strain
ones. The differences are not only related to the magnitude. The distribution of the defor-
mation profiles are also different. The combination of both magnitude and distribution
differences (inside and below the InAsP layer) makes it impossible to find a fitting factor

Figure 5.3: εzz averaged line profiles of HR-STEM GPA, REC-GPA, SMG and DFEH strain results ob-
tained on the calibration sample for 4 nm and 10 nm.
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4 nm res Average [001] Stdev [001] Average [110] Stdev [110]

HR-STEM GPA 2.23 % 0.07 % 2.22 % 0.05 %

REC-GPA 2.22 % 0.08 % 2.24 % 0.07 %

SMG 2.26 % 0.06 % 2.30 % 0.07 %

DFEH 1.84 % 0.07 % 1.80 % 0.06 %

10 nm res Average [001] Stdev [001] Average [110] Stdev [110]

HR-STEM GPA 2.29 % 0.04 % 2.27 % 0.04 %

REC-GPA 2.31 % 0.08 % 2.28 % 0.06 %

SMG 2.16 % 0.06 % 2.28 % 0.06 %

DFEH 1.83 % 0.08 % 1.78 % 0.06 %

Table 5.2: Summary of DFEH results on the calibration sample. Average and standard deviation (Stdev) of
εzz line profiles in the InAsP layer along [001] and [110] directions.

to match the DFEH and the STEM strain methods line profiles, or even consider an ex-
perimental error like a miss-calibration. The differences measured suggest that different
strain states were characterized by DFEH and STEM strain methods in the same sample.

As a consequence, non uniformity on the strain distribution in the calibration sample
must be considered. Either the sample is not uniformly strained along the [110] direction
or the same sample is non uniformly strained along the [11̄0] (direction of the electron
beam propagation). Any non uniformity along the [110] direction is not expected, since
the MBE growth is lattice matched and no defects were observed in the sample. In ad-
dition, the data presented in this section are consistent with all the other experiments
realized on different areas of the calibration sample (not mentioned in the thesis to not
overload the manuscript). Non uniformity along the [11̄0] direction is, however, antici-
pated as the sample is very thin along the [11̄0] direction (roughly 100 nm) and is sensitive
to strain relaxation along the same direction. Additional information are required to be
conclusive on the DFEH and STEM strain methods comparison and justifies the use of
mechanical simulations to estimate the 3D strain distribution in the sample.

5.1.2 FEM strain distribution simulation

In this section, the strain distribution in the calibration sample is simulated using
Finite Element Method (FEM). For the study, the geometry after the FIB thinning detailed
in section 4.2.1 is considered. In any epitaxial growth, the sides of the structure experience
strain relaxation due to the presence of a free surface. Usually, the relaxation of the elastic
deformation is limited to the first couple of microns from the side of the structure (or
wafer). Because of the geometry of the thin foil (roughly 100 nm in thickness), the InAsP
layer in the calibration sample is totally or partially relaxed even in the middle of the
lamella. Therefore, comparing the strain results obtained on the calibration sample to
the theoretical biaxial model is inaccurate. A Finite Element Method (FEM) simulation is
required to determine the deformation in the InAsP from the thin foil geometry.

Numerous studies simulating the strain relaxation phenomenon on MBE growth stack
prepared as a thin foil have been performed in the literature. Therefore, the thesis will
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not present in details the implementation of the mechanical simulation. The following
study is heavily inspired from Clement’s PhD thesis [113, Chapter 2] in which all the
details are elegantly presented. Part of the work in the following sections were realized
by Viraj Whabi during his summer research project within our group. For the purpose
of the simulation, the substrate and the buffer layer in fig. 4.3 are fused together as the
substrate. The stack simplifies into a three layers stack, InP substrate / InAs1−xPx / InP
cap referred as A, B and C respectively.

5.1.2.1 System of differential equations

A set of differential equations are required to perform the FEM calculations. First,
the equilibrium of forces and momentum is used at infinitesimal level defining the rela-
tionship between the stress and the external forces. In the calibration sample example,
no external forces are applied and only an internal stress from the misfit accommodation
in layer B is present. Then, the linear elastic Hook’s law is used to link the stress to the
strain. Finally, the strain is considered to be small to define the final relationship between
strain with the displacement field. Based on the above considerations, the following sys-
tem of equations are defined for the FEM calculations with; U the displacement vector,
ε the strain tensor, σ the strain tensor, C the compliance tensor and σ0 the internal stress
tensor. 

∇ · (σ − σ0) = 0

σ = C ⊗ ε

ε = 0.5× (∇(U) +∇(U)T )

(5.1)

The compliance tensor for the InP material (A and C) layer were set to the following
values [114] in the ([100], [010], [001]) base.

∀X ∈ {A,C},


∀i ∈ {1, 2, 3}, CX

iiii = 101.1 GPa

∀i, j ∈ {1, 2, 3}, i 6= j, CX
iijj = 56.1 GPa

∀i, j ∈ {1, 2, 3}, i 6= j, CX
ijij = 45.6 GPa

otherwise, CX
ijkl = 0 GPa

(5.2)

For the InAs1−xPx material (B layer), the compliance tensor was calculated with a linear
interpolation between the InP [114] and the InAs [115] compliance tensors.

∀i ∈ {1, 2, 3}, CB
iiii = 94.9 GPa

∀i, j ∈ {1, 2, 3}, i 6= j, CB
iijj = 52.4 GPa

∀i, j ∈ {1, 2, 3}, i 6= j, CB
ijij = 43.5 GPa

otherwise, CB
ijkl = 0 GPa

(5.3)

Both compliance tensors need to be expressed in the ([110], [11̄0], [001]) base to match the
base of the structure simulated. The change of base corresponds to a rotation of π/4 about
the [001] direction (matrixR in eq. (5.4)). The operation is then applied on the compliance
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tensor to obtain the rotated compliance tensor CXR for all X ∈ {A,B,C}.

R =

r11 r12 r13

r21 r22 r23

r31 r32 r33

 =

 cos(π/4) sin(π/4) 0

− sin(π/4) cos(π/4) 0

0 0 1


∀X ∈ {A,B,C}, CXR

ijkl =
3∑

m=1

3∑
n=1

3∑
o=1

3∑
p=1

rimrjnrkorlpC
X
mnop

(5.4)

The last element to express is the internal stress brought by the MBE process in layer
B. The origin of the stress is due to the lattice mismatch m between the InAs1−xPx layer
and the InP substrate. Using the linear Hook’s law, σX0 is determined as a function of m
in eq. (5.5) with δij the Kronecker delta.{

∀X ∈ {A,C}, σX0 = 0

σB0 = CB ⊗ (m× δij)

m =
aInP − aInAs1−xPx

aInAs1−xPx

(5.5)

Providing the compliance tensors and the misfit (1.12 % between the InAsP and the
InP), the FEM method can solve the system of equations presented in eq. (5.1) for the dis-
placement on a specific geometry applying the boundary conditions. It is the definition
of the geometry and the boundaries conditions that make the displacement of the system
of equation converge to its unique solution. The strain and the stress are then calculated
using the simulated displacement following the equations in eq. (5.1).

5.1.2.2 Geometry and Boundary conditions

The geometry of the sample after the FIB sample preparation (shown in fig. 4.4) is
a parallelepiped in which three areas (windows) were thinned to three different thick-
nessess. To simplify the study, only a parallelepiped with a single thin window is con-
sidered as illustrated in fig. 5.4 a). As boundary conditions, the bottom of the structure
is considered as fixed and all the other surfaces are free. One challenge of such geome-
try is the relative small size of the InAs1−xPx layer in comparison to the entire structure.
As the strain field is expected to be localized in the InAs1−xPx and its close surround-
ings, a very fine mesh is required for the FEM calculations. The mesh density targeted
is, therefore, on the order of 1 nm−3. Keeping such density of the whole structure leads
with an absurd number of nodes making the FEM calculation very long. To respect the
mesh density requirement while keeping a reasonable number of nodes, the geometry
has been simplified by focusing the mechanical simulation study on the window area
and using proper bounding conditions [113, Chapter 2]. The thin window is modelled
as a rectangular parallelepiped of 1 µm by 1 µm by t the thickness of the foil. Usually, the
thickness is one order of magnitude smaller than the size of the window (around 100 nm).
An example of geometry is shown in fig. 5.4 b).

For the boundary conditions, the faces 1 and 2 in fig. 5.4 b) with their normal vec-
tors aligned along the [11̄0] direction are both set are free surfaces (no constraint on the
displacement). The bottom of the window referred as face 3 in fig. 5.4 b) is considered
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Figure 5.4: Geometries used for the FEM mechanical simulation. a) 3D geometry modelling the calibration
sample after FIB sample preparation with one window. b) 3D geometry of the window area only. c) 2D
geometry representing the window area from b) in the (O,−→e2 ,

−→e3) base. In all three geometries, the approx-
imative location of the InAs1−xPx of roughly 40 nm thick is represented in green. The convergent electron
beam is drawn in yellow to indicate propagation of the electron beam through the sample (along the [11̄0]
direction). The electron beam is crossing the thinnest part of the geometry with a collection (or divergence)
angle greater than the convergence angle because of scattering events in the sample.

fixed (displacement
−→
U =

−→
0 ). The top of the window, face 4 in fig. 5.4 b), is a free surface

with no constraint on the displacement. New constraints on the thin window geometry
are applied on faces 5 and 6 in fig. 5.4 b), since they are indeed connected to the rest of
the FIB sample structure. A good estimate of the mechanical behaviour is to impose no
displacement along the [110] direction on both faces 5 and 6 [113, Chapter 2]. In this case,
−→
U · −→e2 = 0 on their respective boundaries. The boundary condition on faces 5 and 6
has another consequence. In the window geometry, the displacement becomes uniform
along the [110] direction. Therefore, only a slice of the parallelepiped is sufficient to obtain
a complete representation of the mechanical behaviour of the stack. The final geometry
used for the FEM calculation is shown in fig. 5.4 c) and is now only in two dimensions.
The thickness t is flexible parameters that varies between 100 nm and 175 nm.

5.1.2.3 Implementation

The FEM calculations presented in this thesis has been implemented using a python
open-source library called FEniCS [116, 117]. FEniCS provides an environment to solve
sets of partial derivative equations by translating the equations into a finite element code.
The python script simulating the strain distribution in the 150 nm thick 2D geometry is
made available at the following repository [118].

For the mesh generator, a non uniform mesh density has been designed focusing the
meshing nodes on the InAs1−xPx layers and its vicinity. The mesh density requirement
is indeed only required on the top part of the sample, as no deformation is expected far
away from the InAs1−xPx layer. Such custom meshing strategy has been realized with a
python based script executed with SALOME software [119]. Various meshes from 5×104

to 106 nodes were designed depending on the accuracy wished for the FEM calculations.
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The goal of the mesh generator is to reduce the total number of nodes in the geometry and
gain in calculation time. It is important to mention that the visualization of the simulation
results from non uniform mesh requires an additional processing step to display it on a
uniform grid. A cubic spline interpolation method has been used to represent the FEM
simulations data on a fine and uniformly distributed mesh.

5.1.2.4 FEM simulations results

As mentioned in section 5.1.2.2, the 3D mechanical simulation of the complete struc-
ture with a fine mesh is facing the memory limit of the computer used for the calculation.
The geometry was therefore simplified into a 2D model focused on the window area. The
plane deformation simplification is commonly applied, however the model is valid if the
length of the window is infinite. Since the length of the window is usually from 1 µm to
couple of microns, it is interesting to visualize the differences between the 3D model and
the simplified 2D model.

5.1.2.4.1 Geometry consideration

The mechanical behaviour of the FIB prepared calibration sample has been first simu-
lated in 3D on the entire structure. Knowing the memory limitation, the mesh used for the
simulation is intentionally not optimum (poor density). The quantitative aspect of such
simulations are obviously questionable, however qualitative trends can be commented.
Figure 5.5 shows the FEM simulation results obtained on the 3D FIB sample. The geom-
etry is divided in three sections: left pillar, window and right pillar (fig. 5.5 a) and b)).
The pillars regions are undergoing the largest displacement of the entire structure and

Figure 5.5: FEM results showing the displacement of the 3D calibration sample with one window. a) 3D
view of the displacement magnitude. b) 2D slice of the 3D object a) perpendicular to the [11̄0] direction
showing the displacement magnitude in the middle of the window region. c)-e) Same 2D slices as b) showing
each components of the displacement U : Ux along the [110] direction, Uy along the [11̄0] direction and Uz

along the [001] direction. f) Displacement line profiles along the [110] direction from the slices b)-e) in the
middle of the InAsP layer. The dark arrows in a) and b) show the location of the lines profiles.
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the magnitude of the displacement is maximized on the edges of the pillars. The elastic
energy stored in the InAsP layer is released by the free surfaces allowing the structure to
relax the strain from the edges. The sectioned views (fig. 5.5 b) c) d) and e)) perpendicular
to the [11̄0] direction and in the center of the lamella confirm the previous statement. The
line profiles (fig. 5.5 f)) at the mid height of the InAsP layer highlight the contribution of
each component to the displacement. The displacement Uy is constant and close to zero
all along the profile. Since the FEM results are here sectioned in the middle the lamella
and the strain relaxation is expected to be symmetric with a symmetric geometry, the
zero displacement in the middle of the lamella is not a surprised. The slight mismatch
from 0 could be explained from the poor mesh density missing the precise position of the
middle of the thin foil. In the pillar regions, the displacement Ux is the main contributor
to the magnitude of the displacement and confirms the lateral strain relaxation from the
edges of the pillar. In the window region, the main contributor to the magnitude is Uz
and corresponds to the elastic response of the InAsP layer grown on the InP substrate by
MBE. The lattice matching in both [110] and [11̄0] directions causes the elongation of the
InAsP lattice spacing in the [001] direction.

The interesting result of the simulation is that the displacement Ux is close to zero
in the window region and is a minor contributor to the displacement magnitude). In
addition, both Uy and Uz are constant along the [110] direction the in the window region.
The pillars inhibit indeed the lateral strain relaxation of the window region by fixing its
the side along the [110] direction. The lateral constraint is used to justify a simplification
of the geometry. The 3D FIB structure is first simplified into a 3D window structure by
fixing the side of the window along the [110] direction (no displacement along the [110]
direction as a boundary condition). The geometry is displayed in fig. 5.6 a). Since no
displacement is allowed along the [110] direction, the window structure is uniform along
the [110] direction. Therefore, the 3D geometry simplifies into the 2D geometry shown in
fig. 5.6 b). The 2D geometry has the great advantage to either reduce the total number
of nodes, or increase the mesh density in the InAsP layer and its vicinity. The hope is to
overcome the poor mesh density of the 3D FIB geometry and provide a more trustworthy
simulation. With our memory limitation, the consideration of the 2D geometry becomes
a necessity. Therefore, an assessment of the boundary conditions to simplify is advised.

The strain results from the three geometries are compared with each other in fig. 5.6
c) and d) to discuss the geometry simplifications. Overall, the strain results from the
three geometries are qualitatively consistent with each other. As expected, εzz is positive
and εyy = 0 in the InAsP layer. εxx is also positive for all three geometries in the same
layer confirming that a partial strain relaxation occurred in the system (more details are
provided in the following section). Nevertheless, a clear difference is observed between
the 3D FIB geometry and the 3D window in the strain magnitude. The sparse mesh of the
3D FIB geometry in the InAsP layer might question the precision of the FEM calculations.
Naturally, a higher trust is given for the 3D window results. However, small mismatches
between the 3D and the 2D window model are still observed that are, at current stage,
unexplained. Therefore, it is unclear which geometry is closer to a proper representation
of the strain relaxation in a TEM lamella. Some other criteria like the convergence of the
FEM simulation might be interesting to be studied. The configuration with the higher
mesh density is arbitrary favoured. Consequently, the 2D window geometry is preferred
for the comparison with the strain characterization results.
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Figure 5.6: FEM strain simulation of the FIB sample considering different geometry simplifications. a)
Magnitude of the displacement from the 3D window geometry. As additional information, the STEM
convergent probe, used in STEM strain method, is illustrated in yellow with the direction of propagation
parallel to the [11̄0] direction. b) Magnitude of the displacement from the 2D window geometry. The
InAsP layer is approximately located between the green dotted lines. A simple approximation of the STEM
electron beam propagation through the thin sample is qualitatively illustrated in yellow. c) Deformation
line profiles (εxx, εyy and εzz) along the [001] direction (dark arrow in a)) for the three different geometries:
Full 3D, Window 3D and Window 2D. d) Deformation line profiles (εxx and εzz) along the [11̄0] direction
in the mid height of the InAsP layer (dark arrow in b) for the three geometries.
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5.1.2.4.2 Strain relaxation in a TEM lamella

The strain distribution simulated on a 105 nm thick lamella using the 2D window ge-
ometry is detailed in fig. 5.7. The strain is calculated considering the InP bulk as the ref-
erence strain state in the same manner as in the experimental strain results. In εyy results
fig. 5.7, a positive deformation is observed in the InAsP layer. Therefore, the in-plane lat-
tice spacing of the InAsP layer is slightly greater than the in-plane lattice spacing of the
InP bulk layer. In a perfect bi-axial MBE growth, the in-plane lattice spacing between the
InP and the InAsP layer should match. The lattice mismatch observed suggests that the
InAsP layer is not fully strained. Similar conclusions can be drawn with the εzz results.
The bi-axial model estimates εzz to be 2.38 % and uniformly distributed in the InAsP
layer. Qualitatively, εzz in the InAsP layer is not uniformly distributed in both [110] and
[001] directions suggesting that the InAsP layer is not in the biaxial fully strained state.
Because of the small thickness, strain relaxation occurs from the free surfaces on each
side of the lamella. As a result, the three layers stack in the lamella structure is in its own
strain state depending on its geometry (thickness of the lamella) and the elastic energy in
the grown layer (lattice mismatch between the substrate and the grown layer). The the-
oretical bi-axial model presented in chapter 4 (and in appendix A) reveals to be incorrect
to properly estimate the strain state of the calibration sample thinned by the FIB to be
electron transparent.

The strain relaxation phenomena is also affecting the strain distribution in the calibra-
tion sample along the beam propagation direction. All deformation maps in fig. 5.7 are
indeed not uniform along the thickness of the lamella. Such results are potentially prob-
lematic, since the TEM projects the information along the beam propagation direction
into a 2D plane to form an image (2D electron micrograph). In the context of the thesis,
the 2D electron micrograph, is included in the plane defined by the [110] and the [001]

Figure 5.7: FEM strain results from the 2D geometry with a thickness of 105 nm showing εyy , εzz , εyz
and ωyz deformation and rotation maps.
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Figure 5.8: Various εyy and εzz line profiles from different area of the 2D geometry. a) Position of the
vertical (along [001] direction) and horizontal (along [11̄0] direction) line profiles. b)-c) Horizontal line
profiles from εyy and εzz maps respectively, following the position and colour code as in a). d)-e) Vertical
line profiles from εzz and εyy maps respectively, following the position and colour code as in a).
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directions. Therefore, the strain characterization methods, presented in this thesis, only
capture εxx, εzz , εxz , and ωxz in the 2D plane defined by the [110] and the [001] directions.
εyy, εxy, εyz , ωxy, ωyz and all information along the beam propagation direction (like the
εzz strain map in fig. 5.7) are missed. However, the CTEM and the STEM contrast mech-
anisms are still dependent on the crystal potential along the beam propagation direction.
As a consequence, the 3D strain distribution in the sample has an effect on the contrast
obtained in their respective electron 2D micrographs, and in their subsequent 2D strain
maps. The knowledge of the strain distribution along the beam direction for all compo-
nents of the strain tensor becomes of major importance to compare strain characterization
results with FEM simulations.

To visualize the strain distribution along the beam propagation, several line profiles
were extracted from different part of εyy and εzz strain maps (the location of the line pro-
files are shown in fig. 5.8 a)). In the horizontal line profiles in the InAsP layer fig. 5.8 b)
and c), strong variations are observed in the strain distribution depending on the position
of the line profile. In a classic bilayer epitaxy, the structure relaxes towards its equilibrium
state on the edge of the lamella (fully relaxed state by increasing εyy and reducing εzz).
However, in the first and last 20 nm, εzz increases drastically and εyy decreases signifi-
cantly. Such results indicate the presence of another source of stress restraining the strain
relaxation. The InP capping layer on top is precisely affecting the strain distribution of
the InAsP layer on its side. Since the InAsP layer is laterally expanding, the InP capping
layer is under tensile strain and is, simultaneously, impeding the InAsP relaxation. As
a result, the three layers system grown by MBE reveals to embed a relatively complex
strain distribution once thinned to be electron transparent.

To further highlight the complexity of the strain distribution, vertical line profiles
(similar to the experimental data) are also extracted at different area of the lamella in
fig. 5.8 d) and e). Focusing on εzz , it is interesting to notice that the deformation profile
located on the side of the lamella looks significantly different from the one located on
the center of the lamella (up to 20 % of difference in magnitude in the InAsP layer). In
addition, the strain state from the both InP cap and the InP substrate show also some
non negligible variations depending on the position of the line profile. One interesting
example is the distribution of the εzz deformation profile in the InP bulk region just un-
derneath the InAsP layer (InP (bulk) insets from fig. 5.8 d) and e)). On the side of the
lamella, the deformation is first positive and then negative (black line profile). On the
center of the same lamella, the deformation stays negative all along the line profile (blue
line profile). When interpreting experimental data from the calibration sample, it be-
comes crucial to know to which part of the lamella the technique is sensitive to, since the
simulation results suggest significant variations in the strain distribution even along the
beam propagation direction.

5.1.2.4.3 Effect of thickness in the strain distribution

As stated in the previous section, the TEM lamella with the three layers grown by
MBE is in its own strain state that depends on the geometry on the structure, and, thus,
on its thickness t. Physically, the thicker is the lamella, the closer is the system to its
biaxial model. Therefore, it is expected for the system to tend to its fully strained state
with increasing thickness (εzz = 2.38 % and εyy = 0). Such behaviour is confirmed in
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Figure 5.9: Various εyy and εzz horizontal line profiles (along [11̄0] direction) from different thicknesses
at different location of the 2D geometry. Each quadrant represents a set of line profiles extracted at the
distance labelled (2.5 nm, 5 nm, 10 nm and 20 nm for center) from the bottom of the InAsP layer.
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Figure 5.10: Various εyy and εzz vertical line profiles (along [001] direction) from different thicknesses
at different location of the 2D geometry. Each quadrant represents a set of line profiles extracted at the
distance labelled (5 nm, 20 nm, 1/4 thickness of the lamella and half thickness of the lamella for center) from
the side of the lamella.
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fig. 5.9 presenting a variety of horizontal line profiles in different areas of the structure
for different lamella thicknesses. In general, εzz increases and εyy decreases in the center
of the lamella with increasing thickness. However, in the range of thickness studied, no
areas in the sample reaches the fully strained state. On the side of the lamella (near the
surfaces), all the deformation profiles look similar to each other regarding their distri-
bution and magnitude. The strain state near the surfaces of the lamella is unaffected by
the thickness (or just slightly). The strain relaxation pushes indeed the system to its fully
relaxed state and is only located near the edge of the lamella. The capping layer on top
is restraining the strain relaxation, and its effect is also mostly localized on the side of
the lamella. An interesting discrepancy between the center and the edge of the lamella is
observed regarding their mechanical behaviour with different thicknesses.

While the horizontal deformation profiles in fig. 5.9 are of interest to visualize the
effect of thickness in the strain distribution, they are not captured by the strain charac-
terization methods presented in this thesis. To estimate the potential center/side effect
of different thicknesses on the experiments, vertical line profiles are presented in fig. 5.10
from the edge to the center of the lamella for different thicknesses. When considering a
relative location with respect to the thickness of the lamella, the deformation profiles are
indeed different for varying thicknesses. The 1/4 thickness and center vertical deforma-
tion profiles are indeed varying when changing thicknesses. Looking on the line profiles
near the edges of the lamella (5 nm and 20 nm) the deformation profiles are, in this case,
nearly not sensitive to the thickness variation (in the range of thicknesses studied). Re-
sults in figs. 5.9 and 5.10 confirm that the knowledge of the location of the deformation
measured by the characterization method is again crucial for a proper interpretation of
the experimental data. If a technique is sensitive to the center of the lamella, the strain
results would change with thickness, while no changes would be observed on the side
of lamella (in the range of thickness studied). The side/center behaviour difference with
thickness could be even exploited. If one technique can adjust, with a simple experimen-
tal parameter, the area of the lamella the strain results are sensitive to, the thickness of
the lamella could be potentially estimated from the strain results directly.

5.1.2.5 FEM mechanical simulation summary

The FEM mechanical simulation reveals that the FIB prepared calibration sample,
composed of three simple layers grown by MBE and thinned to be electron transparent,
already exhibits a relatively complex strain distribution. The strain relaxation occurring
on the free surfaces of the lamella with the capping layer (and the substrate) restraining it
contributes to non uniformity of the strain distribution. Figure 5.11 provides a summary
of the strain distribution in a TEM lamella at various location for different thicknesses.
The following conclusions can be taken from the simulation study:

1. The strain distribution in the TEM lamella is not uniform along the thickness of the
sample (along the beam propagation direction). The knowledge of the location of
the experimental measure and its depth of field is crucial for a proper interpretation
of the data.

2. The effect of TEM thickness lamella on the strain distribution is not uniformly dis-
tributed in the structure. While the center of the lamella is strongly affected by a
small increase in thickness and get closer to its fully strained state, the edges of the
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Figure 5.11: Summary of strain results in the middle of the InAsP layer at different location of the 2D
geometry from the side of the lamella with increasing thickness.

lamella are nearly not sensitive to the thickness variations. Again the knowledge of
location of the experimental measurement to characterize the strain matters.

It must be pointed out that some differences in the simulated data were observed in
fig. 5.6 when simplifying the 3D FIB geometry into a 2D window. While the poor meshing
density in the complete 3D geometry can explain the differences observed, there is no
clear evidence that the simplification performed from the 3D window to the 2D window
is accurate. In addition, the initial parameters (compliance, lattice mismatch) taken from
the literature are also subjected to uncertainties. The uncertainties were not included in
the FEM simulation study and could have significant effects. It is therefore advised to
temper the quantitative description of the FEM simulation presented in this section and
favour the qualitative picture for the interpretation.

5.1.3 Comparison between FEM simulation and experimental results

In the vast set of data provided by the FEM simulation, the FEM results with a thick-
ness of 105 nm have been chosen as being the closest option with the experimental thick-
ness (thickness estimated with the Electron Energy Loss Spectroscopy log-ratio method
[120] and considering the Inelastic Mean Free Path at 200 keV for the InP material to be
130 nm [121]). By overlapping the FEM strain results and all strain experimental data, an
interesting match is observed in fig. 5.12 a), b) and c) considering that:

• DFEH results are mostly sensitive to the center of the lamella.

• STEM strain results (SMG, REC-GPA and HRSTEM-GPA) are mostly sensitive to
the surface of the lamella (around 5 nm from the surface).
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Figure 5.12: Comparison of all experiemental results with simulated ones. The simulated data are taken
from the 105 nm thick sample considering the center and the edge of the 2D geometry. a) Experimental and
simulated εzz line profiles along the [001] direction. b)-c) magnified view of two sections of the line profiles
in a). d) Diagram illustrating the DOF for DFEH and for STEM based strain characterization method.
The STEM beam propagation through the sample is qualitatively illustrated in yellow. The STEM DOF is
located on the area where the beam lateral size is the smallest.

131



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

The relative good match between the simulation and the experimental data is observed in
both the InAsP layer and in the InP bulk region just below. As discussed in section 5.1.1.4,
DFEH experimental results couldn’t match the STEM strain ones because their deforma-
tion profile distributions are significantly different. The FEM mechanical simulations
bring the additional information liking the experimental results. From the simulations,
the areas near the edges of the lamella are the most sensitive the lateral strain relax-
ation restricted by the capping layer. The center area keeps most of the elastic strain in
the InAsP layer and is a partially relaxed version of the MBE growth. Both regions are,
therefore, sensitive to different mechanisms. The edge of the lamella is more a proper
description of the strain relaxation phenomena while the center part is a more proper
representation of the MBE growth.

The differences in location sensitivity between DFEH and STEM strain methods mo-
tivates to include the concept of depth of field in the data interpretation. In microscopy,
the depth of field (DOF) corresponds to the distance between the closest and the farthest
objects that are kept in focus in the image. In CTEM, the electron beam is parallel to the
optical axis, therefore the CTEM DOF is theoretically infinite. The entire object along its
thickness is in focus and contributes to the phase contrast. In STEM, the convergence of
the probe limits the DOF to a section of the object. The requirement to resolve the atomic
spacing in HR-STEM forces to use a minimum convergence angle that imopses the DOF
to be roughly 1 nm [122] (the DOF varies with the convergence angle, the acceleration
voltage, the energy spread of the electron gun and the resolution of the STEM probe). In
HR-STEM imaging, only a couple of atomic planes are, therefore, in focus in the electron
micrograph. The same behaviour can be expected in STEM Moiré interferometry. It is
important to mention that the intensity distribution in STEM is still dependant on the
entire thickness of the sample. Nevertheless, only the the phase contrast resolving the
atomic lattices is mostly of interest in the context of strain characterization. The CTEM
and STEM DOF are qualitatively illustrated in fig. 5.12 d). For the thesis context, a strain
depth of field (sDOF) is defined as the section of the lamella (along the thickness t) the
strain characterization method is sensitive to. The sDOF will be used as a fine fitting
parameter when comparing DFEH and STEM strain method to FEM simulation data.

5.1.3.0.1 DFEH sDOF

As DFEH is based on the CTEM contrast mechanism, the natural sDOF to consider
for DFEH is the entire thickness (or depth) of the lamella. In fig. 5.13, the DFEH εzz line
profiles along the [001] direction is overlapped with the simulated εzz line profiles, inte-
grating εzz over the entire thickness (pink curve). Qualitatively, both line profiles match
in the InAsP and in the InP bulk region just below and follow similar strain distribu-
tions. Quantitatively, experimental results are slightly lower than simulated data in the
InAsP layer, and vice versa in the InP bulk region just below the InAsP layer. The small
differences inspired to consider a smaller sDOF to reduce the mismatch. DFEH εzz line
profiles along the [001] direction is again overlapped with the simulated εzz line profiles,
integrating εzz over different sDOF in fig. 5.13. The sDOF are all centred on the center
of the lamella and extended to the level shown in fig. 5.13 legend (and illustrated in the
coloured inset of the line profiles). No ideal match were found between experimental and
simulated line profiles. The best qualitative match is observed with a sDOF including half
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Figure 5.13: Comparison of various averaged line profile modelling the DOFs from the simulated data with
experimental DFEH results. The colour code corresponds to the different DOF used for the line profile and
are shown in the inset diagram.

of the thickness of lamella. Increasing the sDOF to include the sides of the lamella is in-
creasing the differences inside and just below the InAsP layer. Even if the quantitative
comparison can be questioned, it is relatively reasonable to consider that DFEH results
match better the simulated data from the center of the lamella.

5.1.3.0.2 STEM strain method sDOF

SMG, REC-GPA, and HR-STEM GPA are based on the STEM contrast mechanism
in which the crystalline lattices (or Moiré fringes) are resolved from a couple of atomic
planes along the thickness of the lamella. The same STEM DOF of 1 nm is, therefore, con-
sidered for the STEM strain methods sDOF. Larger sDOF could be considered, but such
option was not approach in this study, since inaccuracies exist in the simulation making
a complete quantitative comparison not meaningful. As the STEM strain results are rela-
tively high in the InAsP layer (significantly higher than DFEH), only the region near the
edges of the lamella are targeted for the sDOF, as the simulated εzz distribution is the
highest near the same edges.Figure 5.14 highlights the STEM strain εzz line profiles along
the [001] direction overlapped with the simulated εzz line profiles, integrating εzz over
1 nm at different depths from the surface. From the simulated data, the STEM probe lo-
cated at 1 nm from the top surface match better the experimental profiles in the InP bulk
region just underneath the InAsP layer. However, in the InAsP layer, the STEM probe
locations between 4 nm and 6 nm from the top surface match better the experimental re-
sults. A clear answer matching both the results in the InAsP layer and just underneath it
is not possible to find. Nevertheless, STEM based characterization methods match better
the simulation results when considering the deformation from the edges of calibration
sample lamella (approximately in the first five nanometres).

133



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

Figure 5.14: Comparison of various averaged line profile STEM based strain characterization results. Line
profiles comparing experimental data to simulated ones with a sDOF of 1 nm at different depth from the
surface (from 1 nm to 6 nm). The locations of the line profiles are qualitatively shown in the inset diagram.

5.1.3.0.3 Discussion

The comparison between the experimental and simulated data provides an explana-
tion in the difference observed between DFEH and STEM based characterization method
(HR-STEM GPA, REC-GPA and SMG). DFEH technique seems to be more sensitive to
the center part of the lamella while STEM methods are more collecting the strain from
the side of the calibration sample (5 nm from the surface). In addition, the sDOF length
seems to be significantly different with a very small sDOF for STEM strain method (1 nm)
and a large sDOF for DFEH (roughly half of the thickness of the lamella).

Nevertheless, the conclusions from the simulations between the experimental results
and the FEM simulations must be tempered. First, the simulations results are subjected
to variations caused by the uncertainties on the input parameters and on the validity of
the 2D model. Then, the propagation of the electron beam through a crystalline sample is
not a linear process through through the thickness. The sDOF concept that only consid-
ers the integration over the depth of the deformation field is a very simple approximation
of the beam propagation mechanism. In both TEM and STEM contrast mechanisms, the
intensity distribution in their respective electron micrographs are dependent on the inter-
actions between the electron beam and the periodic potential, on the aberrations brought
by the microscope and on the detection system used. As an example, the geometric phase
propagation in DFEH can be model as a weight function that considers a variable sen-
sitivity through different sections of the sample [123]. The concept of DOF (or sDOF)
is here much more complex and includes experimental parameters such as the defocus
and the deviation from Bragg angle. Finally, some experimental parameters like the ones
mentioned previously were not monitored accurately. Therefore, the experimental re-
sults themselves are also subjected to variations. In chapter 4, Figure 4.22 highlighted
some small differences between the SMG line profiles from the same calibration sample.
Based on the simulation study and the sDOF of the SMG, the defocus or the drift of the
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sample through the direction of beam propagation could explain all the experimental
differences. The experimental variabilities were not accounted in this section. Therefore,
a quantitative match between the experimental results and the simulation data is not a
trustworthy source for correlation. The center-edge difference of sensitivity for DFEH
and STEM strain methods still prevails, but the conclusions on the precise position and
length of the sDOF should consider a relatively large uncertainty.

The qualitative conclusions still have some interests beyond the edge to center dif-
ference of sensitivity between SMG and DFEH. Pushing further the SMG experiments, it
might be possible to match the STEM strain results with the DFEH ones by defocusing
significantly the STEM probe. Such experiment should provide great insights to validate,
for example, the sDOF concept for SMG. In addition, the SMG method could potentially
benefit from the narrow depth sensitivity to measure, at each defocus, the deformation
along the beam propagation direction and potentially reconstruct the 3D deformation
state. Such feature is possible to realize with the CTEM strain technique, but requires a
reconstruction process that is way more complex.

5.1.4 Conclusions on the SMG accuracy

An absolute evaluation of the SMG accuracy is a challenging task because no undis-
puted reference exists to measure it. The sample preparation required to obtain an elec-
tron transparent sample causes strain relaxation affecting the strain distribution in all
three dimensions of sample. Therefore, the strain state of the sample as a thin foil is
unknown. Comparing SMG to other techniques on the same sample is also not fully
conclusive as each technique has its own characteristics. HR-STEM GPA is limited in
FOV and thus cannot be compared to SMG on large FOV examples. DFEH targeting
large FOV application doesn’t share the same image formation process as SMG leading
potential differences in the strain maps. No technique can be used today as undoubted
reference characterizing the strain of a thin sample undergoing strain relaxation.

Accepting a qualitative approach and using multiple imperfect sources for the assess-
ment of SMG accuracy (HR-STEM GPA, DFEH and FEM simulation), two conclusions
can be taken. First, as SMG is based on the STEM contrast mechanism, SMG depth of
focus is relatively narrow (one to a couple of nanometers). As a consequence, the strain
maps are only relevant from a small section of the sample. Second, all the three tech-
niques (DFEH, HR-STEM GPA and SMG) appears equivalent regarding the accuracy
when comparing the strain maps from the calibration sample. In absolute, DFEH and
SMG, with their higher FOV, should be more accurate than HR-STEM GPA because of
the higher flexibility to choose an unstrained reference.

It is important to mention that the comparison between the experimental results from
any strain characterization technique in TEM and the simulated strain state of a thin foil
is inherently ambitious. The image formation process in TEM is indeed dependent on
the electron beam propagation through the periodic potential of the crystal. The strain
relaxation from the free surfaces of the thin foil modifies the geometry of the thin foil and
thus, alter locally the periodic potential. Therefore, to properly estimate the image forma-
tion process, and avoid the sDOF simplification, the geometry of the deformed structure
needs to be known. The only way to know to structure after deformation is to simulate
the strain relaxation phenomena (or to obtain the thin foil geometry from another source
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which is relatively challenging to do as the thin foil is a nano object). As mentioned in
the summary of the FEM results (in section 5.1.2.5), important limitations exist in the
FEM simulations mostly due to the uncertainty of the material properties (composition
of the strained layer, the lattice mismatch, the stiffness coefficients, ...), and to the non
fully validated geometry simplification to the 2D window model. But, more importantly,
the initial geometry before the strain relaxation occurs is itself unknown. The thickness
is, for example, a key unknown that affects the strain distribution in lamella and is not
precisely estimated in this study. Therefore, the FEM simulations are not even trustwor-
thy to provide a proper estimate of the 3D geometry the electron beam is crossing. It is
a paradoxical loop where the experiment requires a simulation to be validated that it-
self requires information from the same experiment to provide a proper simulation. It is
only once the geometry is properly known and the material properties are precisely de-
termined, that an absolute evaluation of a strain characterization method accuracy might
become possible. At current state, the limitations in the evaluation of SMG accuracy are,
therefore, also applicable for HR-STEM GPA and DFEH when using the same methodol-
ogy as in this study.

5.2 Qualitative assessment of resolution and precision

In SMG, the resolution and the precision are defined when applying a mask in Fourier
space to isolate a spatial frequency. In chapter 4, a protocol was designed to provide the
experimental parameters for a maximum resolution. From that point, the choice of the
mask radius to adapt the precision and the resolution of the strain map is only related
to the GPA process. In GPA, the resolution and the precision are linked to each other. In
short, the better is the resolution, the worse is the precision (or the sensitivity). Therefore,
to assess the resolution and the precision of SMG, both must be studied together through
the GPA process. As the masking process in GPA is the key element fixing the properties
of the strain maps, a theoretical description is first proposed and the limits of GPA, in an
ideal case, are presented. Then, the noise is added in the theoretical description, since
the noise significantly affects the precision of the GPA strain maps. In the following, the
results from the GPA study are applied in the SMG context, and the specific effect of sam-
pling reducing the relative noise in the SMG strain maps is detailed. Finally, a qualitative
range of resolution and precision for a classic application of SMG is determined.

5.2.1 Resolution and precision link in GPA

As demonstrated in multiple articles [124, 48, 45, 109, 125] and in section 4.3.1, the
resolution and the precision (or sensitivity) are closely linked to each other during the
GPA masking process. The mask is most often a 2D Gaussian function centred on the
reflection isolating it with a flexible Gaussian width. It is the width of the Gaussian
that defines the resolution. The greater is the width, the better is the resolution. For
the sensitivity, the link is more obscure and is proposed to be discussed in the following
sections. To not completely repeat the previous work, the numerical application of GPA
is also described and tested.
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5.2.1.1 Theoretical description

The theoretical description of the resolution and precision link is highly inspired from
Rouviere et al. work [45] describing the masking process in the discussion section. The
masking process is of importance, since the intensity distribution of the original electron
micrograph is affected. The effect of the mask M is made explicit in eq. (2.4) in the the-
oretical description of GPA. To visualize the effect of the mask, the 2D periodic lattices
from an electron micrograph are simplified to a simple sine function with a periodicity of
1/g displayed on 256 pixels. On the [0; 127] pixels interval, no strain is considered, on the
[128; 255] interval a ∆g strain is implemented. With the considerations above, eq. (2.4) is
simplified as follows with x the variable in real space, ν the variable in reciprocal space,
Im the intensity distribution in real space after the Gaussian masking process, g the spa-
tial frequency of the sine function, ∆g the variation of the spatial frequency, δ the Dirac
delta function and σ the Gaussian width.

FT [Im](ν) = M(ν)×FT [sin (2π(g + ∆g)x)](ν)

FT [Im](ν) = e−
(ν−g)2

2σ2 ×FT [sin (2π(g + ∆g)x)](ν)
(5.6)

Taking the inverse Fourier transform, the intensity Im is distributed as follows with the
constant χ being equal to 1/(2πσ).

Im(x) = (e−2iπgx ×
√

2πσe−2σ2π2x2) ∗ sin (2π(g + ∆g)x)

Im(x) =
χ√
2π
e
−2iπgx− x2

2χ2 ∗ sin (2π(g + ∆g)x)
(5.7)

Equation (5.7) shows that the masking process model as a Gaussian centred on the g spa-
tial reflection in Fourier space results approximately to a Gaussian convolution with the
fringes associated with the periodicity 1/g in real space. A convolution with a Gaus-
sian refers to a blurring filter that roughly averages the intensity distribution over a
region χ. The averaging process defines the GPA resolution as being approximately
R = 3χ = 3/(2πσ) when using a Gaussian width of σ in Fourier space [45]. For sim-
plification, the resolution was estimated to be R = 1/(2σ) in chapter 4.

Regarding the sensitivity or the precision, there is theoretically no limitation as far
as ∆g is included in the masking process. In practice, the discretization process is caus-
ing small inaccuracies that are transferred in each calculations. Nevertheless, the GPA
algorithm can detect sub-pixel information meaning that very low deformation are de-
tectable. To demonstrate the theoretical sensitivity, various sine functions following the
same definition as in eq. (5.6) with different strain level ∆gth have been processed using
the GPA method. Recalling eqs. (2.5) to (2.7) from the literature review chapter, the GPA
method displays the phase of the isolated spatial frequency, and by taking the gradient
of the phase and removing the contribution of g, the variation of the spatial frequency
∆gGPA is determined. To evaluate the GPA process a variable ξ is defined in eq. (5.8) that
corresponds to the error between the theoretical strain and the one calculated using GPA.

ξ =
√

(∆gth −∆gGPA)2 (5.8)

Figure 5.15 summarizes the GPA results by highlighting the error ξ for six different
cases (six different level of strain) and using four different mask radii. The GPA process
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Figure 5.15: Plots of the GPA error ξ for low levels of deformation. Each plot highlights the error at each
pixel position considering no strain in the [0; 127] pixel interval and a uniform deformation in the [128;
255] pixel interval with a strain magnitude of 10−12 , 10−13 , 10−14 , 10−15 , 10−16 , 10−17 respectively.
The colour of each plot refers to a different GPA mask radius in pixels detailed in the legend.

is satisfactory when the error ξ is 0. Each plot from each case is divided in two sections.
On the left part of the plot ([0; 127] interval), the unstrained region with 4 pixels per
fringes is presented, and on the right part ([128; 255] interval) the strained region with
a strain level detailed in the figure is modelled. Using reasonable mask sizes (from 10
to 40 pixels), a strain level down to 10−13 is reliably detected, since the error is smaller
than the level of strain. From the strain level 10−14 and below, the error locally spikes at
certain pixel locations and correspond to floating error points. Nevertheless, a sensitivity
of 10−13 is already remarkable (way below practical limit) and is one key strength of the
GPA algorithm. It is worth noticing that the GPA method is particularly not adapted near
interfaces as the error ξ drastically increases at the precise transition between the strained
and the unstrained region. The larger is the mask, the less spatially extended is the error
spike but the more important is the error magnitude. The deformation spikes at rupture
of periodicities are typical on GPA processed strain maps. The plots in fig. 5.15 provide
good insights to determine the proper use of GPA that minimizes the error.

The great sensitivity of GPA is, however, balanced by a relative poor precision with
very large deformation. As the deformation increases, the magnitude of ∆g increases, so
as the radius of the mask for the GPA process. The extension of the Gaussian mask is
not infinite because of the presence of other reflections. But even, in the simple sine case,
large masks that are close to the 0 frequency add an oscillatory component that greatly
affects the precision. To assess the precision for large deformation, various sine functions
using the same definition as in eq. (5.6) with different high strain level ∆gth have been
processed again using the GPA method. Figure 5.16 presents the GPA results ∆gGPA for
the high level of deformation cases. Each plot from each case of study are divided into
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Figure 5.16: Plots of the deformation calculated by GPA for large deformations. Each plot highlights
the deformation at each pixel position considering no strain in the [0; 127] pixel interval and a uniform
deformation in the [128; 255] pixel interval with a strain level of 0, 0.00025, 0.0025, 0.025, 0.25, 2.5
respectively. The colour of each plot refers to a GPA mask radius in pixels detailed in the legend.

two parts. On the left part of the plot ([0; 127] interval), the GPA results for the unstrained
region are presented. On the right part of the plot ([128; 255] interval), the GPA results
for the strained region are detailed. The level of deformation ∆gth are highlighted in
the figure. A large variety of Gaussian mask widths have been used to highlight the
particular issues for large masks. It is possible to observe that large deformations require
a minimum mask size to include both the unstrained and strained reflections. As shown
in the 0.25 strain case, the mask size of 8 and 10 pixels in width is not including ∆gth
and miss the deformation in the strained part. In parallel, very large masks are adding
a relatively large noise in ∆gGPA profile even in the unstrained region. The noise is the
result of the inclusion of the 0 frequency by the large mask during the GPA process.
Therefore, an upper limit for the mask radius that is not including spatial frequencies
close to 0 also exists. To conclude, large level of deformation fixes a minimum and a
maximum radius for the mask, reducing the range of application of GPA regarding the
resolution. In some cases, as shown in fig. 5.16, the GPA process can be impossible to
pursue and miscalculate the deformation from a strained region.

The miscalculation can be quantitatively assessed by looking on the GPA error ξ on
the large deformation cases as done in fig. 5.17. In addition to be more noisy (less pre-
cise), the GPA examples using large masks are also less accurate. Therefore, the GPA
algorithm is clearly not made for very large deformation field. Real space methods are
more suitable solutions for such cases. Nevertheless, with reasonable mask size, a rel-
ative deformation up to 0.25 (which corresponds to 25 % of relative deformation) with
a large enough mask is reliably calculated by GPA. The restriction of GPA application
for large deformations is an important limitation to remember, since SMG is particularly
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Figure 5.17: Plots of the GPA error ξ for large deformations. Same plots as in fig. 5.16 showing the
deformation error instead of the deformation value.

sensitive to large deformations. The notion of large deformation will be discussed in a
later section, as SMG is even more restrictive than HR-STEM GPA on that topic.

The theoretical study of the sensitivity and the precision of GPA is overall very posi-
tive. Relative deformation from 10−13 to 10−1 are reliably captured by GPA with a relative
precision better than 1 %. Such range of use of GPA is very optimistic when compared to
the practical use of HR-STEM GPA method. Moreover, the link between the resolution
and the precision (worse precision with better resolution) is not visible here. With the ex-
ception of very large mask collecting large deformation, the resolution and the precision
seems to be totally uncorrelated. The experimental noise is a key parameter missing in
the theoretical study. The following section will reveal how the noise has a major effect
in GPA sensitivity and precision and how the resolution is affecting them.

5.2.1.2 Consideration of noise

In the context of GPA, the noise can be decomposed into two components. A noise
in the intensity collected (amplitude) and another noise in the position of the atomic
column (phase) [124]. To simplify, only the phase noise is considered in the following.
The phase noise can be modelled as

−−−→
∆gNi a small variation of −→g that can vary with the

position. The noise can be seen as a small local strain field on top of the deformation field
as shown in fig. 5.18. On each pixel i, the GPA phase from the reflection −→g is composed
of 2 components Pg(−→r ) = 2π(

−→
∆g +

−−−→
∆gNi) · −→r . The effect of the phase noise is relatively

clear and acts as a parasitic strain field in GPA strain maps.
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Figure 5.18: Diagram in Fourier space showing the
components associated to a reflection affecting the
GPA process: the reflection −→g , the strain

−→
∆g and

the noise
−−−→
∆gNi. The white circle shows the averaged

spatial frequency distribution of the noise ∆gN with
a mean of 0 (centred on the g reflection) and standard
deviation corresponding the the radius of the circle.
If ||
−→
∆g|| > ||

−−→
∆gN ||, the strain is visible. Else, the

deformation is only visible if the noise is averaged
enough by the masking process.

The precision of the GPA method with
a phase noise is assessed with the same
methodology as in fig. 5.16 and fig. 5.17
adding a phase noise in the sine function.
A random generator number following a
Gaussian distribution centred on 0 with
a standard deviation of 10−3 models the
phase noise. The standard deviation of
10−3 represents a relative strain level of
2.5 × 10−4 . All the GPA results are sum-
marized in fig. 5.19. As anticipated, the
phase noise is captured by the GPA pro-
cess leading to noisy GPA profiles. How-
ever, the magnitude of the noise is not the
same for different mask radii. The greater
is the radius of the mask, the noisier is the
signal. Such result is matching the prac-
tical observation of the classic HR-STEM
GPA method; the better is the resolution,
the worse is the precision. The explana-
tion for such resolution - precision relation-
ship is the blurring effect in real space by
the Gaussian mask. The smallest is the
Gaussian mask radius in Fourier space, the
greater is the area averaged in real space.
The averaging process tends to converge
the noise towards the average of the Gaussian distribution of the noise which is 0. Ul-
timately it is the noise coupled with the masking process that is behind the paradoxical
link between the resolution and the sensitivity in GPA. It is important to mention that the
noise reduction by averaging in real space is based on the fact that the

−−−→
∆gNi are different

between neighbouring pixels. A systematic or a patterned noise (like the fly back error)
is on the contrary reinforced by the GPA masking process.

The effect of the phase noise on the GPA process revealed, an adjustment of the res-
olution can be now considered to adjust the precision of the GPA process. Figure 5.20 is
representing the GPA error ξ for the same cases as in fig. 5.19. Looking at the 2.5 × 10−4

strain level results (strain level that matches the noise magnitude), the GPA method still
captures precisely and accurately the low level of deformation with masks lower than 20
pixels and greater than 2 pixels. The masking process, that is averaging the noise, makes
it possible to detect deformation level equal to the the noise level (and even lower than
the noise level with some small masks). However, for such averaging process to be pos-
sible, a large area with a constant deformation is required. It is also interesting to note
that by blurring directly the GPA results obtained with a high mask radius, the same de-
formation level as for the small radius masks is found. With the exception of extremely
low and high deformation and very low and very large radius, all GPA results converge
to the same deformation level meaning that all GPA results are accurate. The mask size
is only playing a role on the resolution and the precision of the GPA results.
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Figure 5.19: Plots of the deformation calculated by GPA for large deformations including a phase noise.
Same plots as in fig. 5.16 adding a phase noise in the original sine function. The noise magnitude 10−3

corresponds to a relative strain strain level of 2 × 10−4 .

Figure 5.20: Plots of the GPA error ξ for large deformations including a phase noise. Same plots as in
fig. 5.19 representing this time the GPA error ξ for the same large deformations and with the same phase
noise in the original sine function.
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In practice, if the deformation field is unknown, it is recommended to use large mask
size in Fourier space, to resolve the different areas of the deformation field. Then, if
some large areas are known (or supposed) to have a constant deformation field, the mask
size in Fourier space can be reduced to mitigate the effect of the noise. Obviously, if the
mask size is too small, the deformation field will be too blurred and its interpretation is
compromised. While the noise in the acquisition of the electron micrograph reveals to be
the major limiting factor for the GPA precision, the deformation field distribution of the
sample itself is also in practice limiting the precision of GPA. The strain field is indeed
fixing a minimum mask radius and, therefore, a minimum resolution. In this case, the
possibility to average the noise is limited by the minimum mask radius to capture the
strain field. However, such cases are relatively rare in HR-STEM GPA, since a high level
of strain is required to impose in practice a minumum mask radius (roughly more than
5 %). To conclude, a typical use of HRSTEM GPA with a classic scanning unit leads to a
precision between 10−3 and 10−2 with a resolution from 0.1 nm to 5 nm.

5.2.2 Application to SMG

SMG being very close to HR-STEM GPA, the link between between precision and
resolution in GPA is naturally transferred in SMG. The masking process in SMG with a
Gaussian function is indeed the same as in HR-STEM GPA, therefore, the averaging of
the deformation in real space over Moiré fringes is identical. Nevertheless, the Moiré
effect, that is conserving of the phase when the lattice spacing is undersampled (see sec-
tion 3.2.3), brings specific requirements on the masking process affecting the precision of
SMG. As a result, a dedicated qualitative assessment of SMG is justified. In the follow-
ing, the effect of sampling on the precision is first detailed. Then, the effect of the noise is
studied in SMG context. Finally, the consequence of undersampling on GPA precision is
commented resulting in an interesting application of SMG.

5.2.2.1 Effect of sampling on precision

The effect of sampling is not often commented in HR-STEM GPA as the sampling
parameters are relatively restricted. For large pixel spacing, the HR-STEM electron mi-
crograph becomes a STEM Moiré hologram and the HR-STEM method is not applicable.
For very short pixel spacing, the crystal reflection are very close to each other and to the
0 frequency, restricting heavily the radius of the Gaussian mask. A processing method in
real space like Peak Pairs Analysis (PPA) is much more appropriate than HR-STEM GPA
to map the strain field on largely oversampled electron micrographs. In practice, HR-
STEM GPA reveals to be only applied on a limited pixel spacing range (on a restricted
range of FOV), that mitigates the effect of sampling on the GPA process.

In the SMG method, the applicable pixel spacing range is much greater than in HR-
STEM GPA. The influence of the pixel spacing on the arrangement of the Moiré reflec-
tions’ positions has been already demonstrated in section 4.4. However, the evolution of
the Moiré reflections including the strain field has not yet been commented. To visualize
the effect of sampling on the strain field distribution in Fourier space, the evolution of the
(111) InP reflection’s position in Γp2 is simulated for different strain state along the (111)
lattice periodicity with different pixel spacing. Results of the simulation are presented
in fig. 5.21. The first observation is the increase of separation between the reflections at
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Figure 5.21: Simulation in Fourier space of the (111) InP positions reflection at five different strain states
(detailed in the legend) with the seven following pixel spacings 70 pm, 160 pm, 250 pm, 480 pm, 875 pm,
1.1 nm and 2.4 nm (labelled from 1 to 7 respectively). The colour of the reflection refers to the different
strain states. All reflections from the same pixel spacing experiment are encircled together with a white
dotted oval. The orange circle represents an hypothetical Gaussian phase noise centred on the unstrained
reflection and with a width corresponding to the radius of the circle. The grey dotted lines and the grey
arrows are showing the path the (111) reflection is following with increasing pixel spacing.

different strain state with increasing pixel spacing. For example, the (111) InP reflections
at the different strain states are very close to each other in the experiment #1 representing
a very small pixel spacing. The same (111) InP reflections with at the same strain states
are significantly separated in the experiment #7 representing a very large pixel spacing.
Such behaviour corresponds to the Moiré effect conserving the phase when undersam-
pling. Since the strain is fully transmitted by the sampling vector, its representation in Γp2
is magnified. As a result, the STEM Moiré hologram is more sensitive to the deformation
field than the HR-STEM electron micrograph. The more the pixel spacing increases, the
more the SMH is sensitive to the deformation field.

Nevertheless, the SMH sensitivity to the deformation with the pixel spacing doesn’t
transfer automatically into the SMG process. As demonstrated in section 5.2.1.1, the
GPA precision is, theoretically, limited by the floating-point error without considering
the noise. The same limitation applies for SMG and thus no gain of precision is observed
with increasing pixel spacing. In the same theoretical study of GPA, a large deforma-
tion is also identified as potentially limiting the application of the GPA method because
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of the constraint on the mask radius. Again the same limitation applies for SMG, how-
ever the Moiré effect here restricts even more the application for large deformation cases.
For example, the strain magnitude up 5 × 10−3 can be included with a reasonable mask
radius in the cases from 1 to 4 detailed in fig. 5.21. From cases 5 to 7, the same strain
magnitude cannot be included in a reasonable mask without jeopardizing the precision.
In general, the SMG method requires to increase the mask radius to include the strain
field, since the increase of pixel spacing separate further the strained reflections from its
unstrained position in Fourier space. It is interesting to notice that the evolution of the
strain separation with pixel spacing is not linear. What was considered a moderate de-
formation in HR-STEM GPA (5 × 10−3) can become a very large deformation in SMG.
As a consequence large FOV SMG can be strongly limited by the strain field itself of the
sample analysed. There seems to be no advantages in increasing the pixel spacing of the
SMH when using the GPA algorithm. Only real space methods benefit from the gain of
the strain sensitivity (or precision) by magnifying the deformation in the STEM Moiré
fringes.

5.2.2.2 Noise vs FOV

The effect of sampling on the precision detailed in the previous section did not con-
sider the contribution of the noise in the SMG technique. Following the same methodol-
ogy as in section 5.2.1.2, a phase noise is taken into account in the SMH formation process.
The main difference between HR-STEM imaging and STEM Moiré interferometry is the
dwell time per pixel that is usually one or two order of magnitude greater for the later
one. Changing the dwell time is modifying the noise profile in electron micrograph. Usu-
ally, once the contrast between the crystalline lattices is assured, higher dwell times affect
negatively the HR-STEM GPA method by increasing the noise level in the strain maps.
However, in SMG, the increase of noise in the strain maps is not confirmed experimen-
tally while using a significantly higher dwell time than in HR-STEM GPA. Figures 5.22
and 5.23 present the contribution of the noise at different magnification for HR-STEM
GPA and SMG evaluated on the unstrained InP bulk material of the calibration sample.
Since the mask radius is the same in pixels for all experiments (same relative resolution
in pixels for their respective strain maps), the effect of the masking process on the noise is
identical. Experimental results surprisingly suggest that the noise level in the SMG strain
maps is remarkably lower than in HR-STEM GPA strain maps. The increase in dwell time
is not detrimental for the SMG technique and is actually beneficial to increase the contrast
between the Moiré fringes in the STEM Moiré hologram. Another effect is here observed
that is a relative noise reduction with increasing pixel spacing (or increasing FOV).

The noise reduction with larger pixel spacing is due to the STEM phase noise being
independent of the pixel spacing. The variations of the STEM probe from its ideal posi-
tion, corresponding to the phase noise, are indeed uncorrelated to the absolute position
of the probe, so are also uncorrelated to the pixel spacing. If the level of the phase noise
is in absolute the same for all pixel spacing, its contribution in relative is reduced when
the pixel spacing is increased. This relative effect is illustrated in fig. 5.21 with the orange
circle representing the phase noise. As the phase noise is the same for all pixel spacings,
the radius of the orange circle is conserved for all the cases (from 1 to 7). If the strained
reflection is inside the orange circle, its detection with GPA is compromised. Outside,
the strain level is detected. As the strained reflections are more and more separated from
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Figure 5.22: Illustration of the evolution of the noise with pixel spacing in HR-STEM GPA and SMG. The
noise is visible in the εxx recorded on an unstrained area. a)-b) HR-STEM electron micrographs recorded on
the InP substrate from the calibration sample with 2048 × 2048 pixels, a dwell time of 4 µs, a pixel spacing of
11 pm (corresponding to a magnification of 3600kx or 3M6x) and a pixel spacing of 42 pm (corresponding
to a magnification of 910kx) respectively. On each electron micrograph is presented a 50 × 50 pixels
magnified electron micrograph inset and a cropped version of the εxx deformation map processed by GPA
using the (111)s reflections and a mask radius of 20 pixels. c)-d) STEM Moiré holograms recorded on the
calibration sample with 2048 × 2048 pixels, a dwell time of 50 µs, a pixel spacing of 116 pm (corresponding
to a magnification of 320kx) and a pixel spacing of 233 pm (corresponding to a magnification of 160kx)
respectively. On each electron micrograph is presented a 50 × 50 pixels magnified STEM Moiré hologram
inset and a cropped version of the εxx deformation map processed by SMG using the (111)s reflections and
a mask radius of 20 pixels.
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the unstrained one with increasing pixel spacing, lower levels of deformation become
detectable. For example, the yellow reflection corresponding to a strain of 5× 10−3 is not
detectable in the case number 1 with a pixel spacing of 70 pm and is separated from the
noise for all the other cases, so for any pixel spacing larger than 160 pm. An interesting
property of SMG is revealed here, the larger is the FOV (or the pixel spacing) the more
sensitive and precise is the SMG technique.

Another information can be extracted from fig. 5.22 and fig. 5.23. The noise reduction
with increasing pixel spacing is also visible in the two HR-STEM GPA experiments. The
noise reduction is also confirmed theoretically in fig. 5.21 as the pixel spacing the cases
1 and 2 actually correspond to HR-STEM GPA experiments for the (111) InP reflection.
The cases 3 to 7 are related to the SMG experiments for the same (111) InP reflection.
Consequently, the noise reduction with increasing pixel spacing (or increasing FOV) is
not specific to the SMG method, but is applicable to all methods that uses GPA with a
phase noise independent of the pixel spacing such as HR-STEM GPA and DFEH.

Figure 5.23: Summary of the noise evolution with FOV. Frequency
plot of the relative deformation measured on the εxx strain maps
from fig. 5.22 a) b) c) and d). Each frequency distribution is fitted
to a Gaussian.

While the sensitivity is im-
proved with the pixel spacing
using the same mask radius
in pixels (same relative resolu-
tion), the sensitivity (or the pre-
cision) seems to be the same
for the same absolute resolu-
tion and different pixel spac-
ing (or FOV). The SMG exper-
iments in fig. 4.22 on the cali-
bration sample were performed
with different sampling param-
eters and the same absolute res-
olution (different mask size in
pixels to get the same physical
spatial resolution). The results
suggest that at the same abso-
lute resolution, the noise level
is the same (with the exception
of the profile SMG # 7 that is us-
ing a scanning rotation differ-
ent of 0°). Keeping the same resolution when increasing the FOV requires to increase
the mask size in the GPA process. Increasing the mask size increases the contribution
of the noise in the strain maps as shown in section 5.2.1.2. The increase of sensitivity
with FOV in SMG seems to be fully explained by the loss of resolution in STEM Moiré
interferometry. Surprisingly, the sensitivity-resolution link here is the same as the one
observed in the classic application of GPA. To summarize, if it were possible to acquire
one HR-STEM electron micrograph with a pixel spacing smaller than 50 pm over 1 µm
in FOV, the sensitivity-resolution link for its HR-STEM GPA application would be the
same as for the application of SMG on an equivalent FOV STEM Moiré hologram. The
sensitivity-resolution link seems to be a generic property of GPA that is present in all
technique using the GPA algorithm (such as DFEH).
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As a consequence, an absolute precision (or sensitivity) is clearly not possible to be de-
termined for SMG. The only parameter that properly takes into account the effect of GPA
in SMG is a precision relative to a resolution. Both resolution and precision cannot be dis-
sociated as the masking process defining the resolution is averaging the contribution of
the noise and thus modifying the precision. Interestingly, the behaviour of the precision
and the resolution in GPA is exactly the same as in SMG or as in HR-STEM GPA. Having
a HR-STEM electron micrograph or a STEM Moiré hologram doesn’t change anything
for the GPA process. Such conclusion is not surprising, but is also not trivial because of
the Moiré effect magnifying the deformation field. It is important to mention that other
sources of noise exist that can interfere with the acquisition process. Such noise can be
appear similarly on all electron micrographs at different magnification. In this case, the
noise scales with the pixel spacing and can be hidden at high magnification GPA pro-
cessed strain maps and visible at lower ones. An example where a relative phase noise
is visible presented in the next chapter. The noise evaluation on the calibration sample
is here qualitative and an independent study on a fully unstrained sample is obviously
required to provide a statistical and qualitative assessment from all possible sources of
noise.

Limiting our study to a qualitative assessment, it is possible to conclude that, in gen-
eral, larger pixel spacing SMH (leading to higher FOV and lower resolution of the SMG
strain maps), leads to an improvement of the SMG precision by reducing the relative
contribution of the noise. The noise is, nevertheless, kept the same when using the same
resolution in the GPA process. Ultimately, the reduction of noise with FOV should hit a
limit depending on the scanning unit and the electronics stability, since other sources of
noise might become significant on very large pixel spacing STEM Moiré holograms.

5.2.3 Conclusions on the resolution and precision of SMG

To conclude on the resolution and the precision study, the sensitivity or the precision
of the SMG method is qualitatively estimated to be between 10−4 and 10−3 depending
on the pixel spacing (or the FOV), and the resolution of SMG to be between 1 nm and
50 nm. In comparison, DFEH sensitivity is estimated to be one order of magnitude better
(between 10−5 and 10−4) than SMG with the same resolution mostly because of a lower
noise in the acquisition process. The general rule of GPA stating better resolution worse
precision still applies for SMG and the effect of noise is, in relative, reduced with higher
pixel spacing GPA processed strain maps. The practical use of STEM Moiré GPA reveals
to be somewhat complex if a specific precision and resolution is targeted. The two pa-
rameters are linked to each other requiring a careful appreciation of the technique.

5.3 Limits of STEM Moiré GPA

After detailing the general properties of the SMG method (accuracy, resolution, and
precision), it is proposed in this section to focus on other aspects of the technique, since
both theoretical and practical additional limits of SMG exist. The practical limits are
related to the instrumentation capabilities and could be potentially pushed further, while
the theoretical ones present ultimate boundaries to SMG. By describing the current limits
of SMG, potential development paths will be revealed and briefly discussed.
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5.3.1 Theoretical limits

Figure 5.24: Illustration of the spatial frequency space
Γp2 reduction with increasing pixel spacing. In the back-
ground is presented the diagram from fig. 4.17 a) showing
the variation of fie InP reflections position with increas-
ing pixel spacing in Fourier space (from 50 pm to 250 pm

with fifty equal steps). On top, the frequency extent of Γp2
x

for four different pixel spacings is highlighted as follows:
p1=62 pm, p2=83 pm, p3=125 pm and p4=186 pm.

One limit of the SMG method de-
scribed in section 5.2.2.1, is the strain
field extension in Γp2 that requires a
large mask to isolate the spatial fre-
quency for the GPA process. In addi-
tion to the resolution constraint, an ul-
timate limitation exists for extremely
large FOV SMH. The recovery of the
crystal lattices from the SMH is in-
deed bound to the sparsity of SMH
in Fourier space (Th. 2). As the pixel
spacing increases, the frequency ex-
tent of Γp2 reduces as the inverse
of the pixel spacing (1/p). All the
crystal reflections resolved with their
strain field must coexist separately in
a smaller a smaller frequency space
as the pixel spacing increases. Fig-
ure 5.24 presents the evolution of five
InP reflections with increasing spac-
ing in frequency space (as done in
fig. 4.17). The absolute representation
highlights the drastic reduction of the
frequency range Γp2 , from the light
green to the light blue dotted rectan-
gle. Including the same number of re-
flections in a smaller frequency space affects the sparsity of the SMH in Fourier space. It
is possible to notice that all the five InP reflections are converging towards the center of
the Fourier space with increasing pixel spacing and are, therefore, closer to each other. As
a consequence, the applicability of the undersampling recovery theorem (Th. 2) is more
and more challenged with increasing pixel spacing.

An ultimate limit for the application of SMG can be defined as the condition from
which the sparsity of the SMH in Γp2 is not respected in an absolute manner. A safe
ultimate limit condition would be to consider the smallest pixel spacing from which the
strain field from the largest resolved reflection occupies the entire frequency extent of Γp2 .
The theoretical limit can be summarized in eq. (5.9) with plim, the pixel spacing limit for
SMG application, ν the spatial frequency vector in Fourier space, ∆gC

l the deformation
associated to the largest reflection resolved.

1

2plim
= max−→ν

||
−−→
∆gC

l (−→ν )|| (5.9)

Considering the (111) InP reflection example with a maximum strain of 10−2, the pixel
spacing limit would be 16.94 nm. With a 2048 × 2048 pixels electron micrograph, the
FOV is, therefore, limited to approximately 34.7 µm. For the (004) reflection and the same
strain condition, the FOV becomes limited to 7.33 µm. The theoretical limitation is in prac-
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tice not so unreachable, and indicates that other strain characterization methods might
be more suitable for extremely large FOVs.

It is interesting to mention that the ultimate limit for the SMG application is depen-
dant on the maximum of the strain field and on the STEM probe resolution. Paradoxi-
cally, the better is the STEM resolution, the more SMG is limited in FOV. Consequently,
the SMG technique is more suited to characterize moderate strain field over a large field
of view with an acceptable resolution. The SMG methods is optimized towards an equi-
librium between sensitivity, resolution and field of view. If one characteristics needs to
be pushed to the limit, another method than SMG would be advised. Assuming now that
the SMH acquisition process is noise free, that all the reflections are resolved (to infinity),
and that no deformation is present in the sample, the ultimate limit defined in eq. (5.9) for
the SMG application suddenly vanishes. As each crystal reflection has its own single spa-
tial frequency, the SMH will remain sparse for any pixel spacing. However, assuming that
no deformation is present in the sample makes the use of a strain characterization tech-
nique (like SMG) irrelevant. Even in that absurd case, the discretization process and the
processing method itself cannot ultimately discriminate two very close frequencies even
if there are different (down to the floating-point error). While the practical application
of SMG is limited by the strain field causing a frequency extension of each reflection, the
GPA algorithm and the processing method based on the discretization processh would
be still theoretically limited for extremely large pixel spacing SMH.

5.3.2 Practical limits

The current limiting factor in the practical application of SMG is the noise due to the
scanning unit and lens instabilities. As the GPA algorithm is sensitive to the phase noise,
the SMG strain maps are directly impacted by the miss positioning of the STEM probe at
each pixel of the STEM Moiré hologram. Additional practical limits exist and are detailed
below.

5.3.2.1 Aberrations

In most current transmission electron microscopes setups, the probe corrector, cor-
recting the aberration of the probe formation round lens, acts on the axial aberrations
up to a n-th order. The more advanced is the corrector, the higher order of aberrations
is corrected. Nevertheless, not all the aberrations are dependent on the angle from the
optical axis. The general behaviour of the geometric aberrations includes an off-axial
component with similar order of magnitude as the axial aberrations. These aberrations
are usually not considered in HR-STEM imaging because the off-axis aberrations vanish
on the optical axis. The field of view of the image formed is so small that the isoplanatic
approximation (“the entire field of view is affected by the same transfer function” [126])
stands. However, for large field of view images, the validity of the isoplanicity can be
questioned. With typical properties for a magnetic round lens, the off-axial aberration-
free field is extending to FOV up to roughly 100 nm.

In the anaplanatic case, three off axial aberrations are considered in round electro-
magnetic lenses: off-axis coma, field curvature and image distortions ([126]). On large
FOV application, the off-axis coma, inherently present in a magnetic round lens, is the
dominating aberration and evolves linearly with the size of the FOV [127]. With FOVs
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greater than 10 to 100 times the FOV of HR-STEM electron micrograph, STEM Moiré in-
terferometry might become sensitive to the off-axis coma aberration. A niche research
area is focusing on the partial correction of off-axial aberrations. A dedicated image cor-
rector B-COR has been developed by CEOS (Corrected Optical Electron Systems Gmbh)
to correct the off-axial coma often called B3 [127]. In-situ CTEM [128], electron hologra-
phy and Lorentz microscopy [129, 130, 131, 132] benefited from the recent development.
The application of Cs-corrected STEM on large FOV is currently relatively limited, since
the principal interest of STEM is to probe a very small area of the sample. For large field
of views cases, the STEM Moiré holograms are mostly treated as artifacts and the STEM
Moiré fringes are often removed with a slight defocus. Experimentally, the limitation of
the SMH FOV by the off-axial aberrations has not been yet demonstrated. Some large
FOV SMH are presented in the following chapter, but the sample quality was unfortu-
nately the limiting factor (bent lamella). Dedicated experiments at lower keV (increasing
the contributions of aberrations) with a clean sample should be performed to visualize
the effects of the aberrations on the SMH quality.

5.3.2.2 Sample drift

The sample drift corresponding to the relative displacement of the sample (or the
stage) is one important practical limitation of SMG. As the dwell time is relatively long
(from 50 µs to 100 µs), the acquisition time is in order of couple of minutes. A classic drift
rate for a relatively stable microscope is roughly 1 nm/min or roughly 10 pm/s [55, 133].
Therefore, during the SMH acquisition process, the sample can drift through a couple of
nanometers. As the location of the probe is of major importance to get contrast between
the Moiré fringes, such drift level becomes problematic.

However, it must be pointed out that SMG is a relative strain characterization method,
and thus measures the deformation on each pixel with respect to a reference state. If
the reference state includes the same drift component, the relative measurement of the
deformation is still correct. The crucial aspect is that the drift is constant during the
entire acquisition process. In such cases, the drift could be even corrected directly on the
SMH.

5.3.2.3 Illadapted sampling parameters

In the theoretical limit section, an ultimate condition has been defined that is violating
the sparsity condition for the application of the Moiré sampling recovery theorem. The
sparsity of the SMH in Fourier space can also be affected before the theoretical limit is
reached. For example, two reflections, including their local frequency extents coming
from a strain field, can overlap in same frequency space using an ill-adapted sampling
parameter. Figure 5.25 highlights an example of improper sampling parameter leading to
a non sparse function locally in Γp2 . The AlGaN growth on the GaN nanowire is showing
a spatially extended strain field as observed in the frequency spread of each reflection
in Fourier space (fig. 5.25 b)). In the area circled in red, it is not straight forward to
conclude if the frequency extension is only due to a strain field, or due to an overlap with
other reflections. By simulating the SMH formation process on a HR-STEM micrograph
recorded in the GaN region (fig. 5.25 c)) it is possible to observe in fig. 5.25 d) that, in the
red circled areas, two reflections are nearly overlapping with each other. When including
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Figure 5.25: Diagram showing an illadapted sampling condition affecting the sparsity of the SMH in
Fourier space. a) SMH recorded with 1024 × 1024 pixels, a pixel spacing of 330 pm, a dwell time of 30 µs

and a scanning rotation of 5°. b) Fourier transform of a). c) Fourier transform of a HR-STEM micrograph
represented with separated tiles taken in a GaN region with 2048 × 2048 pixels, a pixel spacing of 42 pm,
a dwell time of 1 µs and a scanning rotation of 5°. d) Reconstructed Fourier transform of the SMH by
summing all the tiles (as done in the recovery method fig. 4.8).
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the frequency extents from the strain field around each reflection, the reflections actually
overlap with each other and the SMG process is no more possible.

The protocol designed in section 4.4.4 is technically avoiding such cases by choos-
ing a minimum distance between reflections (resolution). However, the protocol doesn’t
include the deformation, as the strain field is supposed to be unknown. Therefore, it
is possible to under estimate the necessary resolution and include some improper set of
sampling parameters in the protocol. Another potential issue can appear when the reflec-
tion is close to the edge of Γp2 with part of the strain field appearing on the other side. As
previously discussed in fig. 5.21, the reflections in the experiment #5 cannot be covered
with a simple mask. Unfortunately, the SMG protocol doesn’t cover all the inappropriate
sampling parameters for the application of SMG. Some sporadic cases, as shown above,
limiting the practical application of SMG still exist. The only solution in those cases is
to find another set of sampling parameters. Nevertheless, it is highly unlikely that no
appropriate set of sampling parameters for SMG with a reasonable resolution cannot be
found.

5.4 Conclusions of the chapter

In this chapter, the SMG method has been first tentatively assessed regarding accu-
racy, precision, sensitivity and resolution. As no undisputed references exist to evaluate
the accuracy, and since the GPA method has a specific relationship between the resolu-
tion and the precision, the assessment of the SMG technique results to be only qualita-
tive. Overall, SMG appears to be equivalent to other techniques such as HR-STEM GPA
and DFEH regarding the accuracy. The depth of focus difference between STEM based
technique like SMG and CTEM based technique such as DFEH is transferred into their
respective strain maps. Similarly, for the resolution and the precision (or the sensitivity),
the classic behaviour from HR-STEM GPA is also transferred to SMG. With a better res-
olution, the precision (or the sensitivity) of the SMG strain maps are degraded. For the
SMG technique, the noise from the scanning unit is the most prominent factor limiting its
sensitivity that is estimated to be one order of magnitude worse than DFEH at the same
resolution.

In the following section of the chapter, additional limits of SMG were presented to
complement the qualitative assessment. An ultimate theoretical limit dependent on the
strain field in the sample and on the the STEM probe resolution has been defined. The
ultimate limit fixes the largest usable pixel spacing (or FOV if the number of pixels in the
electron micrograph is fixed). Over that FOV limit, another method than SMG should
be used to characterize the 2D strain field. In addition to the theoretical limit, practi-
cal limitations of SMG such as the aberrations of the STEM probe and the sample drift,
were highlighted. The practical limits are currently restricting the application of the SMG
technique. Any improvement in the instrumentations (especially in the stability of the
scanning unit) would tremendously benefit to expand the range of applicability of SMG.
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Chapter 6

Application of SMG

To showcase the particular interest of SMG, two applications are presented in the
following chapter. The first application is describing an intuitive use of SMG (and of
STEM Moiré interferometry in general) as simple investigation characterization tool par-
ticularly adapted for extended or repeated devices. The goal is to demonstrate that any
STEM microscope with a probe corrector (and even the probe corrector is not an absolute
necessity) can use STEM Moiré interferometry without any additional instrumentation
and specific expertise. The second application is targeting a more strategic approach of
SMG that is pushing the technique to some of its limits. The development of dedicated
method using STEM Moiré interferometry is still open as the potential of the technique
is not fully used yet.

6.1 Basic application of SMG

Finding the proper sampling parameters (pixel spacing, scanning rotation, dwell time)
for SMG could be seen as a tedious task from the user point of view. The STEM Moiré
hologram formation is indeed not so trivial to estimate with varying experimental pa-
rameters. The assistance of a semi-automated protocol helps in mitigating the difficulty
to find a proper the setup by providing suitable experimental parameters for the user.
However, SMG, and more generally STEM Moiré interferometry, can also be used in a
more intuitive approach and provide key information on the sample without taking ex-
cessive care of the sampling parameters. In a similar manner as in HR-STEM imaging,
STEM Moiré interferometry is also a great investigation tool helping in identifying re-
gions of interest. As the STEM Moiré fringes exacerbate the variations of the crystalline
lattices, STEM Moiré holograms are very sensitive to crystalline imperfections. In this
section, a simple example using STEM Moiré interferometry on a semiconductor device
is presented. Part of the text and figures in the following subsections are inspired or
copied rightfully from the Ultramicroscopy article [134].

6.1.1 Materials

The case of study for the simple application of SMG is a set of AlGaN/GaN nanowires
used as Light Emitting Diodes (LEDs). The structure is composed of GaN (wurtzite
crystal structure with relaxed/bulk lattice constants a = 3.189Å and c = 5.185Å [135])
vertical-aligned nanowire arrays, grown on a patterned GaN template on a c-plane sap-

154



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

Figure 6.1: General overview of the AlGaN/GaN LED devices. a)-c) Large FOV STEM electron micro-
graphs recorded at 20kx, 57kx and 320kx magnification respectively. All the images were slightly defocused
to not reveal the STEM Moiré fringes). The yellow arrows in a) highlights the locations where nanowires
are coalesced. In b) and c) colour coded core-loss EELS maps revealing qualitatively the composition of the
layers are shown. The intensity distribution for the Al and Ga components are integrated from the K-edge
at 1560 eV and L2,3-edge at 1115 eV respectively.

phire substrate, using molecular beam epitaxy (MBE) [136]. The GaN nanowires exhibit
prismatic top facets, on top of which an AlxGa1−xN/AlyGa1−yN double heterostructure
has been deposited with nominal contents of x = 0.15 and y = 0.35. The AlxGa1−xN
layer corresponds to the active layer engineered to emit light in the ultraviolet spectral
range. Because of the high ratio of free surfaces available to the volume grown, elas-
tic strain relaxation occurs on the highly lattice mismatched epitaxy, thus avoiding the
formation of dislocations [136].

To make an electron transparent version of the LED devices, the sample (a cleaved
piece of wafer) was first protected with C and W layers deposited on top. Then, an thin
lamella of around 80 nm thick and cross-sectioned perpendicular to the [112̄0] direction
was prepared by focused-ion beam milling using a Zeiss NVision 40 dual-beam system
at 30 keV. A final clean-up at 5 keV was performed to remove part of the amorphized
regions on both sides of the lamella. The sample observation was performed with the
same conditions as for section 4.2.3.

Figure 6.1 provides a general overview of the sample. The MBE growth of the GaN
nanowires from the template shows both a vertical and a horizontal component. The hor-
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izontal growth component is not negligible as some nanowires even coalesce with each
other along the [11̄00] direction (see the yellow arrows in fig. 6.1 a)). The coalescence of
nanowires changes the ratio between the volume of the material storing the elastic energy
of the lattice-matched growth and the free surfaces relaxes the stresses. It is thus possi-
ble to expect some variation in the strain distribution between the nanowires depending
on their coalescence property. The coloured EELS map in fig. 6.1 b) and c) highlights
qualitatively the distribution of Al and Ga in the double heterostructure. The variation
of composition from the GaN nanowire to the top of the heterostructure confirms that a
source of elastic strain is present due to the lattice mismatch between the different lay-
ers. Therefore, local strain variation can also be expected in heterostructure and more
particularly in the active layer itself. The AlGaN/GaN nanowire sample reveals to be
an interesting case of study showing both local and spread source of stresses. Such con-
figuration is particularly challenging to characterize as it requires flexibility in choosing
a particular field of view, a constraint that STEM Moiré interferometry is particularly
adapted to.

6.1.2 HR-STEM GPA

From the couple STEM electron micrographs shown in fig. 6.1, an experienced user
would identify the top part of the nanowire (the double heterostructure) as the area of
the interest regarding strain characterization. A lattice mismatch is indeed present be-
tween all the layers, generating a potential elastic stress in the sample. To apply the
HR-STEM GPA method, an HR-STEM electron micrograph that is oversampling all the
lattice spacings resolved has to be acquired. To respect the oversampling constraint, the
configuration of the STEM microscope limits the magnification to 910kx. Any lower mag-
nification will undersample at least one resolved lattice spacing. As a result, the FOV for
HR-STEM GPA is limited to roughly 86 nm. Figure 6.2 presents two HR-STEM electron
micrographs at 910kx magnification. With respect to the size of the various parts of the
LED nanowires, the FOV is clearly too limited to choose a proper unstrained reference
for the application of GPA.

As a consequence, the HR-STEM GPA maps in fig. 6.2 a) and b) only show the varia-
tion of the deformation field compared to an arbitrary reference (yellow rectangle). The
interpretation of the strain maps are relatively difficult. Nevertheless, it is already possi-
ble to observe that the lattice matching between the GaN nanowire and the AlyGa1−yN
layer is not respected. εxx is indeed not conserved through the GaN and AlyGa1−yN
regions (see fig. 6.2 a)). The double heterostructure is slightly relaxed by reducing the
tensile strain brought by the GaN nanowires just underneath. The εzz maps in fig. 6.2
a) also reveals some differences between GaN nanowire and the AlyGa1−yN layer that
are expected because of the difference of composition. However, as the reference used
is not unstrained, the quantitative aspect of εzz is nearly meaningless. Near the active
layer, the restricted FOV forces to use the AlyGa1−yN as the unstrained reference. The
resulting GPA maps are relatively complex to interpret as the deformation field seems to
be varying everywhere in the FOV. No clear conclusion can be taken on the active layer
using the HRSTEM-GPA method.

The LED example is highlighting a classic limit of HR-STEM GPA. Larger FOV meth-
ods are here required to properly characterize the strain distribution in the entire LED
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Figure 6.2: Application of HR-STEM GPA method on the AlGaN/GaN LED device. a)-b) On the left,
HR-STEM electron micrographs recorded with 2048 × 2048 pixels, a pixel spacing of 42 pm, and a dwell
time 4 µs. On the right, the HR-STEM GPA strain maps (εxx, εzz , εxz and ωxz) from their respective
micrographs using the (11̄00) and (0002) reflections. The yellow rectangle shows the reference used for the
GPA process.
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structure. NB(P)ED and DFEH are the current solutions widely applied for such LED
sample. Both requires to change the configuration of the microscope and make a ded-
icated experiment. An alternative is here proposed using STEM Moiré interferometry
to allow the user to smoothly transition between HR-STEM GPA and SMG techniques
keeping similar microscope conditions.

6.1.3 STEM Moiré GPA

As observed in the previous section, the spatial extent of the LED device forces the use
of large field of view characterization methods. STEM Moiré interferometry is offering
the possibility to increase the FOV of the electron micrograph compared to the HR-STEM
case with a simple change of magnification. The STEM probe is indeed the same for
HR-STEM imaging and STEM Moiré interferometry, therefore, no specific changes are
required from the microscope settings. The transition between the two imaging modes is
smooth and reversible. In the LED case of study, the microscope condition undersamples
the smallest lattice spacing from a magnification lower that 910kx with 2048 × 2048 pix-
els. Therefore, acquiring any STEM electron micrograph at a lower magnification than
910kx would reveal a STEM Moiré hologram (SMH). The SMH might not be optimized
particularly for SMG, however the hologram might still display some features guiding
the analyst towards particular region of interest.

Figure 6.3 a) presents an example of a SMH recorded at 320kx magnification with
512 × 512 pixels leading to FOV of approximately 240 nm. No specific methods were
considered to determine the experimental conditions. The FOV (magnification) was just

Figure 6.3: STEM Moiré hologram recorded on the top part of the LED device. a) SMH with 512 × 512
pixels, a pixel spacing of 466 pm (320kx magnification), a dwell time of 50 µs and a scanning rotation of 0°.
Two insets are provided to reveal better the arrangement of the STEM Moiré fringes. b) Fourier transform
of an HR-STEM electron micrograph recorded in the GaN region and decomposed into tiles to identify
the Moiré reflections in c) and the sampling matrix for the SMG application using the (11̄00) and (0002)
reflections. c) Fourier transform of the SMH a) with the (11̄00) and (0002) reflections highlighted.
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Figure 6.4: On the left, SMG strain maps (εxx, εzz , εxz and ωxz) from the STEM Moiré hologram in fig. 6.3
a) using the (11̄00) and (0002) reflections and a resolution of 10 nm. The purple rectangle shows the area
used as the reference for the GPA calculations. On the right, averaged line profiles from the respective strain
maps following the black arrow in the green rectangle.

adapted to include the entire double heterostructure, the pixel spacing (by changing the
number of pixels of the micrograph) was chosen to only be in an obvious undersampling
condition, and the dwell time was set by eye to get a decent contrast between the Moiré
features. With this simple intuitive approach, the SMH revealed to be rich in information
as the Moiré fringes spacing and orientation strongly vary on the entire field of view.

Looking on the Fourier transform of the SMH in fig. 6.3 c), it is clear that the arrange-
ment of the reflection is not optimized for the application of SMG. The Moiré reflections
are either too close to each other or too close to the zero frequency. The recommendations
from the protocol defined in chapter 4 are not respected. Nevertheless, the reflections are
still separated enough to be isolated through the masking process. Obviously, the choice
of the resolution is relatively restricted by the strain field and the close proximity of the
reflections. Accepting the constraints on the resolution, the SMG process can be pursued.
First, the sampling matrix Q1,2 is determined for two non collinear reflection using an
HR-STEM electron micrograph recorded on the GaN area. The Fourier transform of the
HR-STEM micrograph is shown in fig. 6.3 b) separated in tiles as in section 4.1.2.1. The
two non collinear reflection chosen are the (11̄00) (in purple) and the (0002) (in blue).
With the axis convention shown in fig. 6.3 a), the sampling matrix Q1,2 is detailed in
fig. 6.3 b) and the corresponding Moiré reflections are identified in fig. 6.3 c). Then the
two chosen reflection are used for the GPA process to obtain the strain maps. Includ-
ing the strain field and not including the signal from the neighbour reflections, the GPA
mask radius fixes the resolution to 10 nm. Finally, the SMG strain maps are calculated
considering the GaN region as the unstrained reference (see fig. 6.4).

The FOV in SMG, compared to HR-STEM GPA, facilitates the interpretation of the
strain maps by having one single unstrained reference on whole area of interest. All the
layers of the double heterostructure are visible in one single micrograph and quantitative
conclusions can be taken. For example, at the bottom AlyGa1−yN layer on top of the pyra-
midal GaN base, a clear relative compression is observed in both directions (εxx gradu-
ally decreasing from 0.0 % to −0.8 % and εzz ≈ 2.2 %). The relative compression along
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the growth direction, coupled with the relative compression in the lateral direction, indi-
cates that the epitaxial growth is not perfectly lattice matched with the GaN. Moreover,
the 2D maps shows that the strain distribution is not uniform on the entire AlyGa1−yN
layer in both direction. As a consequence, the active layer is grown on an AlyGa1−yN
that is not fully strained. Interestingly, the SMG maps also show that the same relaxation
phenomenon occurs in the active layer. While being nearly lattice matched in the center
(εxx conserved between the AlyGa1−yN and the active layer), near the edge, the active
layer tends to relax slightly towards its equilibrium strain state. The active layer reveals
to also be in its own strain state (partially relaxed) with a strain distribution not uniform
on the whole layer.

The non-uniform strain distribution in the double heterostructure is the key compo-
nent making the HR-STEM GPA results so difficult to interpret. No regions in the double
heterostructure can be taken as a reliable unstrained reference. With the SMH in fig. 6.3,
the GaN can be used as the unstrained reference. However, the unstrained aspect of
the GaN region on top of the nanowire can also be questioned as being too close to the
heterostructure. An area further away of the top part of the LED would improve the
reliability of the unstrained quality of the reference. The simplicity of STEM Moiré in-
terferometry can be used again by just changing the magnification to increase the FOV.
In addition, if the magnification is reduced by a factor 2 and the number of pixels in the
electron micrograph is multiplied by 4 (2 × 2), the pixel spacing stays exactly the same.
As a consequence, the new SMH has identical properties with a FOV doubled. To demon-
strate the effect, a SMH has been recorded at a magnification of 160kx with 1024 × 1024
pixels on the same LED device (same dwell time and scanning rotation as for the 320kx
example). The SMH is shown in fig. 6.5 a). Qualitatively the 320kx and 160kx SMHs look
similar by looking at their respective insets. Their Fourier transforms are also similar
when comparing the Moiré reflections arrangement. As the pixel spacing is the same in
both SMHs, the STEM Moiré hologram formation is the same, leading to the same tiles

Figure 6.5: STEM Moiré hologram recorded on the LED device by doubling the number of pixels and
reducing the magnification by a factor compared to the SMH in fig. 6.3. a) SMH with 1024 × 1024
pixels, a pixel spacing of 465 pm (160kx magnification), a dwell time of 30 µs and a scanning rotation
of 0°. Two insets are provided to reveal better the arrangement of the STEM Moiré fringes. The green
rectangle represents the FOV of the SMH recorded in fig. 6.3. b) Fourier transform of the SMH in a) and
the sampling matrix associated with the application of SMG using the (11̄00) and (0002) Moiré reflections.
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Figure 6.6: On the left, SMG strain maps (εxx, εzz , εxz and ωxz) from the STEM Moiré hologram in
fig. 6.5 a) using the (11̄00) and (0002) reflections and a resolution of 10 nm. The purple rectangle shows
the area used as the reference for the GPA calculations. On the right, averaged line profiles from εxx and
εzz strain maps following the black arrow in the green rectangle.

decomposition and the same sampling matrix for the two non collinear reflections (11̄00)
and (0002) .

Using the same (11̄00) and the (0002) couple of reflections, the SMG method can be
applied on the 160kx SMH using the same parameters (resolution) as for the 320kx case
taking the unstrained reference in the GaN nanowire further away from the double het-
erostructure. Figure 6.6 highlights the SMG strain maps of the 2D strain tensor and the
line profiles of the uniaxial components. The area marked in cyan in the line profiles
corresponds to the region used in the 320kx SMH as the unstrained reference. The SMG
results indicate that the top of the GaN nanowire is sligthly compressed along the [11̄00]
direction. The pyramidal geometry of the apex associated with the tensile strain brought
in the double heterostructure can explain the small compression observed. As a conse-
quence, the deformation measured in the active layer initially estimated around−0.6 % is
now corrected to −1.0 %. Again, the benefit of an increased FOV is visible here to choose
a proper reference state for the GPA calculations.

The key strength of STEM Moiré interferometry is to follow the same acquisition pro-
cess as in HR-STEM imaging. Changing the magnification in STEM is simply changing
the area scanned by the scanning grid. Therefore, modifying the FOV of the SMH is an
easy process. As shown here, good quality SMHs are recorded by just using the standard
magnifications and changing the number of pixels. In addition, the pixel spacing can be
kept the same by scaling the FOV with the number of pixels and thus keep the same res-
olution of the SMG maps with various FOVs. While the complete description of a STEM
Moiré hologram is complex, the application of SMG to just obtain non-optimized large
view strain maps is finally very simple and can be even based on an intuitive approach.
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6.1.4 Qualitative STEM Moiré interferometry

Getting a STEM Moiré hologram is a simple process that just requires to undersample
a couple of lattice fringes. The simplicity is here explored to propose a qualitative inves-
tigation method by removing all the constraints brought by GPA (resolution, reflection
proximity, sensitivity). As STEM Moiré interferometry is very sensitive to any changes to
crystal periodicities, the SMH could potentially reveal singular properties at a large FOV
like point defects. Using the same AlGaN LED device, large field of view holograms were
acquired on multiple nanowires at once to visualize the similarities or the differences be-
tween them. As the arrangement of the STEM Moiré fringes doesn’t matter anymore,
any low magnification STEM micrograph with a sufficiently high dwell time reveals the
hologram. A set of STEM Moiré holograms are presented in fig. 6.7. In the largest SMH
fig. 6.7 a), the evolution of the Moiré features over the nanowires highlights some no-
ticeable differences for coalesced wires and for non coalesced ones. Even between non
coalesced wires, small differences are also captured indicating that the strain distribution
might slightly differ from one nanowire to the other one. In a context of failure analysis
or process calibration, having a technique that is very sensitive to differences between
devices can help in identifying the defective ones. As seen here, one single large FOV
SMH is enough to show qualitative differences between the different elements.

Playing with the FOV, the coalescence property of the nanowires can be even explored
further. In the SMH fig. 6.7 b), the continuity of the STEM Moiré fringes indicates that the
nanowires are laterally coalesced to each other. On the contrary, the abrupt discontinu-
ities of the STEM Moiré fringes at the coalescence boundary reveals that the nanowires
are separated. In the SMH fig. 6.7 d) and e), it is possible to notice that the coalesced
boundary is mixed. The STEM Moiré fringes are still continuous but are not aligned
along a straight line through the boundary (see yellow arrows). The coalescence is pos-
sibly not be perfect in this region with some strain relaxation occurring. Further studies
are needed to characterize this interface properly, but the STEM Moiré hologram revealed
qualitatively an interesting aspect of the sample that might have been difficult to identify
with small FOV HR-STEM electron micrographs.

In addition to the coalescence state between nanowires, some defects caused by the
significant stress in the double heterostructure are also present in couple of nanowires.
Figure 6.8 focuses on a typical defect observed several times on the of the nanowire near
the AlGaN/GaN interface. The SMHs fig. 6.8 a) and b) are showing a crack that propa-
gated laterally (along the [1100] direction). It is possible to notice how the STEM Moiré
fringes vary near the crack making the defect visible even on a large FOV (fringe spacing
and orientation). Nevertheless, in this example, the crack is also visible without the STEM
Moiré interferometry. The SMHs fig. 6.8 c) and d) focuses on the same area from an-
other nanowire, and displays a similar arrangement of the STEM Moiré fringes as for the
crack. Zooming on the particular area, the HRSTEM micrograph reveals an edge dislo-
cation with a burgers vector along the [0001] direction (one additional plane in the [0001]
direction). A single defect is demonstrated to be easily detectable using STEM Moiré in-
terferometry as the strain field around the defect is magnified by the Moiré fringes. Such
sensitivity is remarkable and make STEM Moiré interferometry a great investigation tool
for any crystalline disparities in a sample.

It is important to note that all the SMHs recorded in the qualitative investigation were
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Figure 6.7: Set of large FOV SMHs recorded on multiple LED devices. a) Large FOV SMH recorded with
512 × 512 pixels, a pixel spacing of 7.525 nm (20kx magnification) and a dwell time of 500 µs. b) SMH
recorded with 512 × 512 pixels, a dwell time of 500 µs and a pixel spacing of 2.614 nm (57kx magnifica-
tion). c) SMH recorded with 512 × 512 pixels, a dwell time of 500 µs and a pixel spacing of 1.318 nm
(115kx magnification). SMHs in b) and c) are recorded from the same area showing a set of fully coalesced
nanowires and separated ones. d) SMH recorded with 1024 × 1024 pixels, a dwell time of 100 µs and a
pixel spacing of 1.307 nm (57kx magnification). e) SMH recorded with 512 × 512 pixels, a dwell time of
500 µs and a pixel spacing of 1.868 nm (80kx magnification). SMHs d) and e) are recorded from the same
region showing a partially coalesced nanowires.
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Figure 6.8: SMHs and HR-STEM electron micrograph recorded on crystal defects from the AlGaN/GaN
LED device. a) SMH recorded with 512 × 512 pixels, a pixel spacing of 466 pm (320kx magnification)
and a dwell time of 100 µs on a crack. b) SMH recorded with 512 × 512 pixels, a pixel spacing of 236 pm
(640kx magnification) and a dwell time of 100 µs on the same crack as in a). c) SMH recorded with 1024
× 1024 pixels, a pixel spacing of 234 pm (320kx magnification) and a dwell time of 50 µs on an edge
dislocation defect. d) HR-STEM electron micrograph recorded with 2048 × 2048 pixels, a pixel spacing
of 7 pm (5100kx magnification) and a dwell time of 4 µs on the same edge dislocation defect as in c). The
crystal defect is highlighted in red.
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done using the standard magnifications of the microscopes. Only the number of pixels
in the micrograph and the dwell time were adjusted to make the STEM Moiré features
visible. As a result, most of the SMH presented here are not suitable for SMG, but are still
rich of valuable information.

6.2 Strategic application of SMG

The predictability of the STEM Moiré hologram formation with sampling parameters
opens the possibility to design a strategic experiment. A protocol focused on the applica-
bility of SMG at a chosen resolution was presented in section 4.4.4 by combining STEM
Moiré interferometry and GPA. Other protocols can be designed as SMG is a flexible
strain characterization method. The complexity of STEM Moiré interferometry becomes
its own strength once mastered. The customability of the Moiré reflections arrangement
with sampling parameters is the key reason explaining the flexibility of SMG. To demon-
strate the versatility of SMG, the following section focuses on qualitatively optimizing
the sensitivity SMG by applying it on a challenging semiconductor device.

6.2.1 Materials

A simplified Vertical-Cavity Surface-Emitting Laser (VCSEL) device is analysed in the
following study. A VCSEL is a semiconductor device emitting light in a specific direction
using a lasing configuration. Figure 6.9 a) present a diagram of a typical VCSEL device.
For the laser light to be emitted, several quantum wells are first embedded between two
Bragg mirrors on each side of the active layer. The Bragg mirrors define the Fabry Perot
cavity contributing to the inversion of population and sets the frequency for the coherent
stimulated emission. Then, the emission is confined by forming an oxide layer blocking
the emission of light underneath. The oxidation process is realized by exposing one rich

Figure 6.9: Diagram of a VCSEL device and of the simplified VCSEL sample. a) Brief description of a
VCSEL device. b) Details of the simplified VCSEL stack studied by SMG.
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Al layer to oxygen from the side of the structure and control the AlGaAsO lateral evolu-
tion with temperature and time. Finally, a difference of potential is applied on metallic
contacts between the top and the bottom of the VCSEL to inject carriers in the quantum
well and operate the laser [137, Chapter 1].

As the complete VCSEL is a relative large device composed of numerous layers, a
simplified version of the VCSEL has been fabricated. Figure 6.9 b) shows the structure of
the simplified VCSEL device fabricated by 3SP Technologies in collaboration with Uni-
versité Rennes I. As SMG is targeting large FOV application, the quantum wells are not
of interest in this study. Focusing on all the other AlxGa1−xAs layers, the challenge for
SMG is to detect their expected low level of deformation. The AlAs and GaAs materials
are indeed very closed to be lattice matched (5.65Å and 5.66Å lattice spacing respectively
[138, 139, 140]),. As a consequence the relative strain of the MBE layers compared to the
GaAs substrate along the growth direction is subjected to be significantly below 1 %. For
such sample, DFEH is the method to use as being the most sensitive strain characteriza-
tion method currently available. Nevertheless, it is propose here to challenge the SMG
sensitivity and investigate strategies to push the technique to its limits.

6.2.2 Large FOV SMG strain maps to maximize sensitivity

As discussed in section 5.2.2.2, increasing the FOV of the STEM Moiré hologram con-
tributes in improving the sensitivity of their respective SMG strain maps. Therefore, the
largest FOV exploitable SMHs are first recorded on the simplified VCSEL stack. Fig-
ure 6.10 a) and c) show two SMHs recorded at two different scanning angles (0° and 90°).
It is interesting to notice that the entire FOV doesn’t seem to be in focus in both SMHs.
The thin lamella is indeed not perfectly flat and could cause the loss of contrast between
the STEM Moiré fringes. Another source affecting the contrast could be the non-axial
aberrations affecting the quality of the STEM probe. Whatever the reason, the FOV of the
SMG strain maps results to be limited by practical considerations.

SMG results from the two 40kx SMHs are detailed in fig. 6.10 d)-i). As expected, the
deformation is zero everywhere for all the strain components except along the growth
direction (001) (see fig. 6.10 e) and i)). A small positive deformation is observed in the
AlGaAs layers compared to the GaAs substrate. Nevertheless, the scanning noise affects
significantly the quality of the strain maps by hiding the low level of deformation. In
HR-STEM GPA, the fly back error, that is miss-positioning the STEM probe on the subse-
quent line scan, is a common artifact showing a strong noise pattern in the strain maps
perpendicular to the scanning direction Therefore, the noise coming from the fly back
in fig. 6.10 e) is expected. To avoid the fly back noise in strain maps, an additional HR-
STEM electron micrograph rotated by 90° is usually acquired. The noise level in along
the scanning direction is indeed much lower in HR-STEM GPA.

However, such solution is no longer applicable in SMG, since a noise pattern is now
noticeable in the strain maps along the scanning direction (see fig. 6.10 i)). Such scanning
distortions are usually not observed in HR-STEM GPA, but on large FOV maps, they
become significant. The εxx map in fig. 6.10 d) confirms the presence of a noise pattern
along the scanning direction. The presence of such periodic noise patterns exclusively in
large FOV strain maps can be explained by considering a component of the noise that is
scaling with the pixel spacing (see section 5.2.2.2). By conserving the magnitude through
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Figure 6.10: Large FOV SMG strain characterization of the VCSEL sample. a) SMH recorded with 2048 ×
2048 pixels, a pixel spacing of 934 pm (40kx magnification) and a dwell time of 50 µs on the VCSEL stack.
b)-e) εxx, εzz , εxz and ωxz SMG strain maps from SMH a) using the (111)s reflections and a resolution
of 20 nm. Reference region is mention in the orange rectangle in e). f) Same SMH as in a) rotated by 90°

with the scanning rotation. g)-j) εxx, εzz , εxz and ωxz SMG strain maps from SMH f) using the (111)s
reflections and a resolution of 20 nm. k) Averaged line profile from εxx maps c) and i).
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all the magnification, the noise pattern can be hidden in the HR-STEM GPA experiments
(low FOV) and becomes only relevant in large FOV experiments. An interference with
another source of noise in the microscope can be also considered. As the dwell time
used in SMH is usually one or two order magnitude greater than in HR-STEM imaging,
the spectrum of noise affecting the electron micrograph can be different. In any case,
a practical limitation caused by the scanning unit is here visible affecting strongly the
sensitivity. The pattern of the noise along and perpendicular to the scanning direction,
is shown in fig. 6.10 b). Any deformation lower than 0.1 % at current conditions can be
considered to be not reliably detectable.

6.2.3 Strategy to limit the contribution of the periodic patterned noise

To limit the magnitude of the noise pattern from the scanning unit in the scanning di-
rection, recording SMH at slightly higher magnification SMH is a first option to consider.
A compromise is targeted between the noise scaling with the pixel spacing and the noise
independent of the magnification. For that purpose, two additional SMHs at different
magnification 80kx and 115kx were recorded. εzz SMG map are presented in fig. 6.11 a)
b) and c). Deformation profiles summarizing the results are shown in fig. 6.11 d). The
magnitude of the periodic noise pattern is slightly mitigated in the 80kx and 115kx results

Figure 6.11: SMG characterization of the VCSEL sample with increased magnification to limit the magni-
tude of the noise pattern. a)-c) SMG εzz strain maps from SMG recorded with 2048 × 2048 pixels, a dwell
time of 50 µs, a scanning rotation of 90° and a pixel spacing of 934 pm, 467 pm and 329 pm respectively.
d) Averaged line profiles from the strain maps a)-c) along the growth direction [001].
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compared to the 40kx ones. From the three options a magnification around 80kx seems to
be a good compromise. However, the noise level is still too high to be conclusive. Some
spikes of deformation might be related to a real deformation from one AlGaAs layer, but
others ones are still purely related to the noise.

As the pattern of the noise is periodic in the scanning direction and the 2D deforma-
tion field is the same in the [110] direction, both are superimposed and added during the
line profile averaging process. If the scanning noise is not aligned with the [110] direction,
the averaging along the same direction will bring down the level of noise while keeping
the deformation information. Here, the scanning rotation can be used to change the rela-
tive orientation of the scanning direction. Using the protocol in section 4.4.4, and focusing
on aligning (111) reflections along the scanning direction (forcing the scanning rotation
to be around 34°), any pixel spacing between 440 pm and 470 pm was determined to be
acceptable for a maximum resolution of 10 nm. From the protocol recommendations, the
following experiments were designed: two SMHs recorded with a scanning rotation of
34° and a pixel spacing of 465 pm (which corresponds to a magnification of approximately
80kx) and one SMH with a scanning rotation of 35.5° and pixel spacing of 449 pm (which
corresponds to a magnification of approximately 83kx).

SMHs and εzz strain maps are highlighted in fig. 6.12 a)-g). In the SMG strain maps
the scanning noise is not aligned with the [110] direction anymore. Line profiles aver-
aged along the [110] direction are shown in fig. 6.12 h). It is clear that the averaging pro-
cess during the line profile mitigates significantly the contribution of the periodic pattern
noise along the scanning direction. The deformation in the 100 nm and the 200 nm Al-
GaAs layers becomes reliably captured. For the thinner layers, the resolution is too poor
for the deformation to be collected. The GPA processing method is not reliable where a
strong gradient of deformation exists. As a consequence, interfaces are usually not con-
sidered suitable for interpretation in GPA strain maps. With a resolution of 20 nm, nearly
the entire layers are seen like interfaces from the GPA perspective and are not reliably
interpretable.

To visualize the deformation field inside the thin AlGaAs layers, the resolution must
be improved. However, improving the resolution is at the cost of affecting the sensitivity.
In the following example, the same SMH as in fig. 6.12 were processed with 10 nm reso-
lution (maximum resolution acceptable with such sampling conditions). Figure 6.13 a) b)
and c) show the SMH on one side and their respective εzz SMG maps on the other side. It
is possible to notice that the spike in the deformation are mostly located in the interfaces
and the deformation seems to be properly captured in the layers. The line profiles in
fig. 6.13 d) confirms that the deformation spikes are at the interface, however the sensi-
tivity and the resolution are still not properly adapted to resolve and capture reliably the
deformation in the thins layers.

Unfortunately, the strategy deployed here to mitigate the effect of the noise in the
SMG strain maps is still not sufficient. Other methods can be explored such as a multi
frame acquisition approach with a lower dwell time for each SMH and using a software
like SmartAlign [61, 141] to remove partially the noise. Ultimately, reducing the noise of
the scanning unit is the most efficient method to improve the sensitivity.
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Figure 6.12: SMG characterization of the VCSEL sample using the scanning rotation to mitigate the noise.
a) SMH recorded with 2048 × 2048 pixels, a pixel spacing of 465 pm, a dwell time of 85 µs and a scanning
rotation of 34°. b) Same SMH as in a) using a dwell time of 20 µs. c) SMH recorded with 2048 × 2048
pixels, a pixel spacing of 449 pm, a dwell time of 20 µs and a scanning rotation of 35.5°. e)-g) SMG εzz
strain maps using the (111)s reflections and a resolution of 20 nm. h) Averaged line profiles from the strain
maps e)-g) along the growth direction. 80kx and 115kx magnification results from fig. 6.11 d) are included
so as the results from a 83kx magnification SMH (not shown) recorded with a scanning rotation of 90°.
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Figure 6.13: SMG strain characterization of the VCSEL sample processed with improved resolution. a)-c)
Same SMH and SMG strain maps from fig. 6.12 processed with a resolution of 10 nm. d) Averaged line
profiles from a)-c) strain maps. Results results from fig. 6.12 h) are also included.
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6.3 Conclusions of the chapter

In this chapter, the application of STEM Moiré interferometry and of STEM Moiré
GPA has been showcased on semiconductor devices. First, a simple approach was pre-
sented that is using the capabilities of STEM Moiré interferometry as an investigation
and analytical tool. By just undersampling the crystal lattices (that can be translated into
use a large pixel spacing), the arrangement of the STEM Moiré fringes were used to char-
acterize the crystalline properties of the LED devices and to measure the strain field in
the AlGaN/GaN double heterostructure. The STEM Moiré fringes are often considered
as a sampling artifact and are most of the time removed by defocusing the STEM probe.
Here, it is proposed to embrace the artifact caused by the coherent sampling of the scan-
ning grid with the crystalline lattice and use it to get insights of the sample analysed
without taking a particular care with the experimental parameters. STEM Moiré interfer-
ometry reveals to be a very simple imaging method, already applicable in most modern
microscopes available today.

In the following section of the chapter, a more complex use of STEM Moiré inter-
ferometry was proposed to mitigate the contribution of the scanning noise in the SMG
strain maps on a challenging sample with low level of deformation. Using the SMG ex-
perimental protocol to find a suitable set of experimental parameters, and by modifying
the distribution of the noise in the strain maps by finely adjusting the pixel spacing and
the scanning rotation, the noise was successfully mitigated in the deformation profiles.
However, the contribution of the noise was still too important to clearly measure the
strain in the thinnest layers of the sample. The interesting aspect of the second appli-
cation is the flexibility that in STEM Moiré interferometry offers to adapt to constraints
brought by the sample. Various SMG strain maps on the same area were recorded with
different outcomes. While the theory of the STEM Moiré hologram formation is now
established, the expertise of the analyst on the microscope is still justified, as not all of
the experimental details are included in the theory. On some aspect, the complexity of
STEM Moiré opens the possibility to develop dedicated methods that are not necessarily
restricted to strain characterization.
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Chapter 7

Conclusions and perspectives

In this thesis, it has been demonstrated that the strain field from a crystalline material
can be characterized using Moiré interferometry in a scanning transmission electron mi-
croscope. The Moiré fringes are generated from the coherent interference of the scanning
grid of the beam raster with the crystalline lattice and embeds all the structural proper-
ties of the sample. In chapter 3, the STEM Moiré hologram formation has been theoret-
ically described as a simple undersampled STEM electron micrograph. The recovery of
the original STEM electron micrograph from its undersampled version is technically im-
possible, since it is violating WKNS sampling theorem. However, it was demonstrated in
some specific cases (sparse, bandwitdh limited and periodic functions), the recovery of an
undersampled signal is possible (Moiré sampling recovery theorem Th. 2). A method has
been then proposed to recover the HR-STEM electron micrograph from a STEM Moiré
hologram using some prior knowledge. Then, in chapter 4, STEM Moiré interferometry
has been successfully applied to characterize the strain field from a test sample. A new
legitimate strain 2D characterization technique baptised STEM Moiré GPA emerged from
that development. Finally, STEM Moiré GPA has been assessed (chapter 5) and applied
(chapter 6) in different contexts to showcase its potential. With respect to the other strain
characterization methods available in a transmission electron microscope, STEM Moiré
GPA is a simple method to characterize the strain field on large field of views with an
acceptable sensitivity and resolution.

The concept of using undersampled signals, like a STEM Moiré hologram, while be-
ing considered as an artefact is really eye-opening. Valuable information can be recov-
ered from undersampled measurements, and in some cases, the original signal can be
recovered with a lossless process. One interesting aspect of this thesis is the possibility
to easily generalize the coherent sampling (or Moiré sampling) concept into all possi-
ble experiments. The theory developed in chapter 3 is technically directly generalizable
into N-dimensions. No specific development is required to even design those experi-
ments, since a vast majority of samplers are all already periodic. The pixel spacing in
STEM or TEM imaging, the energy channel in spectroscopy, or the dwell time in a time-
dependent (stroboscopic) experiment, are examples of sampling parameters that refer to
a periodic sampler. By combining the the data in a N-dimensional space, the sampler in
N-dimensions that is using N periodic samplers is simply a Dirac comb in N-dimension.
For example, time and energy are examples of parameters that can be added into the
3D real space to make a five dimensional space to sample. If the property to measure is
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bandwidth limited sparse and periodic in the this five dimension space, the recovery of
the property from its undersampled characterization is possible. All the advantages de-
scribed for the STEM Moiré GPA method are also present in this hypothetical five dimen-
sions experiment. Some niche methods could strongly benefit from the N-dimensional
undersampling approach.

On a more general note, the thesis also questions the use of periodic samplers in any
characterization techniques. Since periodic samplers are prone to aliasing artefacts, the
experiment needs to be designed to either respect the WKNS sampling theorem (over-
sampling condition), or accept the consequences of undersampling. The notion of an
objective measurement is here challenged as the sampling theorem is based on at least
one prior knowledge; the bandwidth of the signal to sample. It might be possible to ques-
tion if an objective measurement is even possible. Accepting the notion of subjective mea-
surements opens the prospect to design novel methods based on chosen prior knowledge.
The convenient (and unquestioned) periodic samplers can be replaced with less conven-
tional options. Random samplers, are, for example, non conventional means of mea-
suring object that have been successfully implemented in compressed sensing method
for image reconstruction. Such concept can be pushed further by designing samplers
that adapt to the object measured by for example changing locally their periodicity when
needed, or even by creating a fully aperiodic sampler. Obviously, the convenient repre-
sentation of an image with a set of periodic spaced pixels is not usable any more. An
interpolation method could be then implemented to still keep the traditional data visual-
ization and processing, or new methods could be also explored. The human being itself
is a phenomenal example of prior knowledge based measurements to characterize its en-
vironment when using its brain. The mystery behind the human brain should be used
as a source of inspiration to question our current methods of characterizing matter and
develop novel ones.
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Appendix A

Analytical bi-axial fully strained
model

In this appendix, the analytical bi-axial fully strained model is presented to estimate
the deformation distribution in the InAsP layer of the calibration sample used in chap-
ters 4 and 5.

A.1 Bi-axial fully strain model and Hook’s law

The lattice matching condition in a MBE growth is fixing the in-plane lattice spacings
of the grown layer to be identical to the substrate. In the bi-axial fully strained model, the
lattice accommodation is modelled by applying the same stress σB along two orthogonal
in-plane directions. The grown layer is, therefore, considered to respect the plane stress
condition. In the case of the calibration sample described in section 4.2.1, the in-plane
directions refer to the [100] and [010] directions. The stress tensor in the InAsP layer in
the base B0 = (O,−→e1 ,

−→e2 ,
−→e3) = (O, [100], [010], [001]) is expressed as follows using the

same notations as in chapter 4.

σB0 =

σB 0 0

0 σB 0

0 0 0

 (A.1)

Limiting the case of study to cubic crystal structure and using Voigt notation, the
compliance matrix for the InAsP layer is expressed as follows.

CB0 =



C1111 C1122 C1122 0 0 0

C1122 C1111 C1122 0 0 0

C1122 C1122 C1111 0 0 0

0 0 0 C1212 0 0

0 0 0 0 C1212 0

0 0 0 0 0 C1212


(A.2)

Applying the linear Hook’s law (σ = C ⊗ ε) in the bi-axial fully strained model de-
scribed in eq. (A.1), the following relations are made.
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σB = C1111 ε11 + C1122 ε22 + C1122 ε33

σB = C1122 ε11 + C1111 ε22 + C1122 ε33

0 = C1122 ε11 + C1122 ε22 + C1111 ε33

ε12 = 0

ε13 = 0

ε23 = 0

σB = (C1111 + C1122 − 2C1122
2

C1111
) ε11

ε11 = ε22

ε33 = −2 C1122
C1111

ε11

ε12 = 0

ε13 = 0

ε23 = 0

(A.3)

The plane stress in the InAsP layer (strained layer) results in a bi-axial strain along
the [100] and [010] directions (in-plane direction) and an opposite strain modulated by a
coefficient along the growth direction [001]. The stress σB is, nevertheless, still unknown.
The lattice mismatch needs to be considered to determine the strain and stress level in
three dimensions.

A.2 Expression of the strain tensor with the lattice mismatch

In a 3D model, the in-plane lattice spacings is constrained along two orthogonal di-
rection and corresponds to the bi-axial fully strained growth model. In the case of the
calibration sample in chapter 4, the in-plane directions refer to the [100] and [010] direc-
tions. The following relations between the InAsP and the InP lattice spacings layer can be
expressed in the base B = (O,−→e1 ,

−→e2 ,
−→e3) = (O, [100], [010], [001]) using the same notations

as in chapter 4,

1 = [100], 2 = [010], 3 = [001]{
aInAsP

11 = aInAsP
22 = aInPrel

∀i, j ∈ {1, 2, 3}, i 6= j, aInAsP
ij = 0

(A.4)

Since the lattice spacing of the InAsP layer at its relaxed state is greater than the lattice
spacing of the InP substrate, the lattice accommodation is done by elastically compressing
the InAsP layer. A convenient parameter to express the strain is the lattice mismatch m,
representing the lattice spacing relative difference between two materials at their relaxed
states (aX

rel represents the lattice spacing of the material X at its relaxed state).

m =
aInP

rel − a
InAsP
rel

aInAsP
rel

(A.5)

In the Lagrangian description, the strain tensor in the InAsP layer is expressed as
below using the definition of strain in fig. 1.9 and the lattice spacing relations eq. (A.4).
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εB0 =

m 0 0

0 m 0

0 0 ε33

 (A.6)

Equation (A.6) represents the mechanical state of the InAsP layer grown bye MBE.
Such expression is not convenient, since aInAsP

rel is usually not available experimentally.
Therefore, as mentioned in eq. (1.18), the substrate is very often used as a reference state
to measure the deformation. In this case, the strain tensor in the bi-axial fully strained
InAsP layer is expressed as follows.

ε∗B0 =


ε∗11 =

aInAsP
11 −aInP

rel
aInP

rel
0 0

0 ε∗22 =
aInAsP

22 −aInP
rel

aInP
rel

0

0 0 ε∗33 =
aInAsP

33 −aInP
rel

aInP
rel

 =
1

1 +m
(ε−mI3)

ε∗B0 =

0 0 0

0 0 0

0 0 ε33−m
1+m


(A.7)

In eq. (A.7), ε∗33 is directly measured by all strain characterization methods presented
in this manuscript. The bi-axial fully strained model using the InP as the reference state
leads to only a deformation along the growth direction in the InAsP layer. It is important
to note that ε∗11 = ε∗22 = 0 doesn’t mean that there is no strain in the InAsP layer. The
strain components of ε∗ are indeed not physical, but are very convenient to use. The
physical strain tensor ε can be deduced from ε∗ if the lattice mismatch m is known.

A.3 Transformation from base B0 to B1

The base B0 is not the base in which the calibration sample is studied in chapters 4
and 5. The sample is oriented in the base B1 = (O, [110], [11̄0], [001]), therefore all the
stress and strain tensors need to be expressed in the base B1. The matrix transformation
from the base B0 to the base B1 is a simple matrix rotation R detailed below.

R =

r11 r12 r13

r21 r22 r23

r31 r32 r33

 =

 cos(π/4) sin(π/4) 0

− sin(π/4) cos(π/4) 0

0 0 1

 (A.8)

Applying the matrix rotation on the stress and strain tensors results in the following
expressions. In this specific case, the strain and stress tensors are identical in both bases.

189



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

σ′ = σB1 = R σB0 R
T =

σB 0 0

0 σB 0

0 0 0



ε′ = εB1 = R εB0 R
T =

m 0 0

0 m 0

0 0 ε33


(A.9)

The compliance tensor needs also to be expressed in the proper base by rotating the 4th
rank tensor as follows.

C ′ijkl =
3∑

m=1

3∑
n=1

3∑
o=1

3∑
p=1

rimrjnrkorlpCmnop (A.10)

Expressing the compliance tensor in Voigt notation, the following link can be made be-
tween the coefficients of the compliance tensor C ′ijkl from the base B1 and the coefficients
of the compliance tenor Cijkl from the base B0.

CB1 =



C ′1111 C ′1122 C ′1133 0 0 0

C ′1122 C ′2222 C ′2233 0 0 0

C ′1133 C ′2233 C ′3333 0 0 0

0 0 0 C ′1212 0 0

0 0 0 0 C ′1313 0

0 0 0 0 0 C ′2323



CB1 =



C1111+C1122+2C1212
2

C1111+C1122−2C1212
2 C1122 0 0 0

C1111+C1122−2C1212
2

C1111+C1122+2C1212
2 C1122 0 0 0

C1122 C1122 C1111 0 0 0

0 0 0 C1212 0 0

0 0 0 0 C1212 0

0 0 0 0 0 C1111−C1122
2


(A.11)

A.4 Hook’s law in the base B1

Applying Hook’s lay in the base B1, the following expression are written.

σB = C ′1111 ε
′
11 + C ′1122 ε

′
22 + C ′1133 ε

′
33

σB = C ′1122 ε
′
11 + C ′2222 ε

′
22 + C ′2233 ε

′
33

0 = C ′1133 ε
′
11 + C ′2233 ε

′
22 + C ′3333 ε33

ε′12 = 0

ε′13 = 0

ε′23 = 0

(A.12)
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σB = (C1111 + C1122 − 2C1122
2

C1111
) ε′11

ε′11 = ε′22

ε′33 = −2C1122
C1111

ε′11

ε′12 = 0

ε′13 = 0

ε′23 = 0

(A.13)

The relation between the strain and the stress in the base B1 are surprisingly the same
as in the base B0. This is a very specific case that only applies on crystal with cubic
symmetry, with no shear components for the strain and the stress in both bases. Using the
materials properties from eq. (5.3) and the lattice misfit m = −0.0112, the strain tensors
εB1 , and ε∗B1 can be estimated in the bi-axial fully strained InAsP layer.

εB1 =

−0.0112 0 0

0 −0.0112 0

0 0 0.0124



ε∗B1 =

0 0 0

0 0 0

0 0 0.0238


(A.14)

The component along the [001] direction of the strain tensor ε∗B1 is the value 2.38 %
used as the model in chapter 4.

191



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

Appendix B

Copyright Clearance

Licences for all figures and sections requiring a permission for their use in this document
are presented in the following pages.
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