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Abstract

Multidisciplinary Investigations of Chalcogen-based Semiconductor Materials: Structural
Heterogeneity, Strain Analysis, and In-Situ Mechanical Testing

by

Bengisu Sari

Doctor of Philosophy in Engineering- Materials Science & Engineering

University of California, Berkeley

Professor Mary C. Scott, Chair

Thin films with semiconducting properties can be successfully engineered from chalcogen-based
materials, specifically those containing selenium (Se), or/and tellurium (Te). They are vital sub-
jects of study in both their elemental states and various compounds due to their distinct anisotropic
properties. These elements play essential roles in compounds like tellurides and selenides, which
are crucial in semiconductors, photovoltaic devices, and electronics. However,the quick crystal-
lization tendencies observed in amorphous TexSe1 − x thin films restrict their applicability. It is
essential to gain insight into the short- and medium-range structural organization of the amor-
phous state and comprehend the underlying physics driving film crystallization. Therefore, in the
second chapter of the thesis, we provide comprehensive research on the short- to medium-range
ordering in amorphous TexSe1 − x thin films through a combination of experimental studies and
atomic simulations. This study marked the first instance in which we employed fluctuation electron
microscopy (FEM) and Density Functional Theory (DFT) calculations to gain insights into these
structural variations across a wide range of compositions, including pure Te. Within the chain
network structure, we have identified at least two distinct populations that closely resemble the
intrachain distances of Se-Se and Te-Te. In the case of the binary alloy with x greater than 0.61 in
TexSe1 − x, we observe an increase in Te-Te-like populations, implying the potential formation of
Te fragments.

To leverage the anisotropic properties of tellurium, in recent study, the oriented growth of ultra-thin
Te layers on a WSe2 substrate is achieved by using a technique called physical vapor deposition
(PVD). In this configuration, the atomic chains of Te align with the armchair directions of the
substrate, leading to the formation of a moiré superlattice. This superlattice consists of micrometer-
scale Te flakes positioned on the continuous WSe2 film. Here, we explore the exact orientation
relationships and moiré lattices by combining electron microscopy with image simulations. We
also assess the strain evolution and defects in Te-WSe2 heterostructures with the help of scanning
nanodiffraction analysis, shedding light on the complexities of strain transfer and its impact on
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material properties.

In the final chapter of the thesis, we introduce a hybrid approach aimed at addressing challenges
in sample preparation for in-situ mechanical testing. It involves depositing samples on flexible,
electron-transparent substrates, attaching them to macroscopic copper sheets, and mirroring tech-
niques used in the nanomaterials and thin-film community. With the help of this technique, we
were able to study the mechanical responses of sputtered gold (Au) and transition metal dichalco-
genides (TMDC), specifically WS2. This method not only streamlines sample preparation but also
expands our ability to investigate the mechanical properties of materials at the nanoscale.
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Chapter 1

Introduction

1.1 Motivation
A chalcogen refers to an element belonging to the chalcogen group of the periodic table, which
includes oxygen (O), sulfur (S), selenium (Se), tellurium (Te), and polonium (Po). Although they
share similar oxidation states and are grouped under the same family, their chemical and physi-
cal properties vary. Specifically, oxygen, sulfur, and selenium are classified as nonmetals, while
tellurium falls under the category of metalloids. The classification of polonium as a metal or a
metalloid remains uncertain. Chalcogens, when they form compounds by combining with other
elements or compounds, find applications in a wide range of fields. These applications include
photovoltaics, photocatalysis, sensors, fuel cells, and batteries, showcasing their versatile role in
modern technology and research [1]. In the context of this research, our primary emphasis was
placed on investigating the properties and behavior of tellurium and selenium chalcogens, as well
as transition metal dichalcogenides (TMDCs).

Chalcogenide Glasses
Telluride glasses, also known as chalcogenide glasses, are a class of amorphous materials com-
posed primarily of tellurium (Te) combined with elements such as sulfur (S), selenium (Se), and
other chalcogens. These glasses are particularly interesting for their unique properties and applica-
tions in optoelectronic and non-volatile memory devices. One of the key characteristics of telluride
glasses is their ability to switch between amorphous (glassy) and crystalline phases by heating or
electrical stimulation resulting in changes in reflectivity, resistivity, and optical transmission in the
mid-infrared region. These properties enable a range of applications in photonics, electronics, and
sensing technologies[2, 3, 4]. Understanding and developing phase change materials (PCMs) in-
deed involves a deep understanding of their amorphous structure and finding ways to create more
stable amorphous phases. Although there has been an ongoing research on the reasons why some
amorphous alloys are more stable than the others such as amorphous Zr–Cu–Ni–Al alloys, it is
claimed that the short- to medium- range orders affect the crystallization temperature and so the
stability of the amorphous state when the structures of the precipitating phase and the short-range
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order in amorphous are not similar [5]. Therefore, it is critical to reveal the local orders in PCMs
with the help of advanced characterization techniques.

Moiré Structures, Strain, and Defects in Tellurium Films
Throughout history, thin films of tellurium have found applications in electronics, such as thin film
transistors, variable resistors, and sensors [6]. This is due to their notable characteristics, including
high hole mobility and significant photoconductivity[7]. In recent times, there has been a resur-
gence of interest in Te, after it’s orientation-dependent optical/electronic properties have emerged
due to the anisotropic nature of the tellurium crystal. It has been shown that the room-temperature
mobility of tellurium reaches approximately 707 cm2V−1s−1 in Te crystals with a thickness of
merely 16 nanometers, particularly when oriented along the high-mobility axis [8]. In our pre-
vious study, we systematically demonstrated the controlled deposition of Te crystalline films on
transition metal dichalcogenides (TMD), such as WSe2 , WS2 , MoSe2 , and MoS2 [9]. In the
case of WSe2, we note that the c-axis of tellurium aligns with the armchair direction of the sub-
strates.In addition, we unveil the the emergence of moiré lattices resulting from the interaction
between these substrate and the film. The moiré structure exhibits spatial variations, giving rise to
fascinating properties like superconductivity, topological conducting channels, and advanced op-
toelectronic behaviors, as previously documented [10]. Nonetheless, capturing these microscopic
variations through imaging poses a non-trivial challenge. While the potential to tailor the opto-
electronic characteristics of a heterostructure by stacking multiple layers is appealing, it’s crucial
to acknowledge that the transfer of strain between distinct van der Waals layers can result in signif-
icant alterations in a material’s electronic, quantum transport, and photonic properties, especially
as the structural complexity increases, as documented in prior studies [11, 12, 13].

Advanced Strain Platform for In-Situ Mechanical Testing of Thin Films in
TEM
The field of materials science has long investigated the mechanical properties of materials, partic-
ularly how crystalline systems respond to mechanical stress. These responses are tied to elastic
stiffness constants like bulk and shear modulus, providing insights into the nature of chemical
bonding and symmetry elements within crystals[14]. However, excessive strain can lead to crys-
tal defects such as dislocations and twins, which influence a material’s response to stress and may
cause phase transitions or fracture [14, 15]. The transmission electron microscope (TEM) is unique
in its ability to directly visualize the changes in the atomic structure of a material, including the
generation of defects in a crystal lattice under load, and hence, in-situ mechanical deformation has
been a subject of interest for material scientists since the early 1960s [15]. Nonetheless, the main
problem in this research is sample preparation. Existing methods often rely on rigid straining plat-
forms or complex systems involving focused ion beam (FIB) preparation. For thin film community
, the fabrication of macroscopic dog-bone structures for tensile testing was infeasible. To address
these challenges, tensile tests were conducted on thin films deposited on flexible substrates, such
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as polyimide (e.g., poly-imide cited in [16] or Polydimethylsiloxane (PDMS) cited in [17]. How-
ever, both of these systems encounter difficulties in sample preparation. Hence, there’s a demand
for more flexible and simpler methods of sample preparation to study the mechanical behavior of
materials within TEMs.

1.2 Experimental Methods

Four-Dimensional Scanning Transmission Electron Microscopy (4DSTEM)
The materials science tetrahedron emphasizes the five interdependent, distinct aspects of materials
science, with vertices representing processing, structure, properties, performance, and character-
ization at its center. As depicted in the tetrahedron, the ability to understand and control matter
can only be achieved through advanced characterization tools. Imaging, measuring, modeling,
and manipulating matter can be accomplished with the help of Transmission Electron Microscopy
(TEM) [18]. TEM stands out as one of the most powerful and versatile characterization tools used
in nanoscale science, engineering, and technology.

Thanks to advances in detector systems and the high degree of flexibility provided by electro-
magnetic lenses, various modes have emerged. One of the most popular techniques is Scanning
Transmission Electron Microscopy (STEM) due to its ability to perform multiple types of mea-
surements simultaneously. In STEM, a high-energy beam is focused onto a sample surface and
rastered across the sample [19]. In traditional STEM, at every position of the beam, the electrons
are scattered through a detector and populate each pixel to form a two-dimensional image. In fact,
different detector geometries lead to varying image contrast based on their distinct electron scat-
tering processes [20]. The recent invention of pixelated detectors enables researchers to capture
a two-dimensional (2D) image of the diffracted electron beam at each probe position. This tech-
nique is known as 4DSTEM and paves the way for collecting high-resolution real and reciprocal
space information simultaneously, leading to spatially resolved maps of phases[21], grain orien-
tations[22], and lattice strain [23]. Moreover, for non-crystalline samples, local ordering can be
detected using probe sizes similar to the short- or medium-range orders [24] with the assistance of
4DSTEM. This allows for various measurements to be performed from a single 4D-STEM dataset.
By employing the 4DSTEM technique, we have not only revealed the atomic ordering in amor-
phous TexSe1− x alloys but also resolved moiré structures related to strain relaxation mechanisms
in the Te/WSe2 system.

Radial Distribution Function
Defining the amorphous structure is crucial for understanding the order or ”structure” in amorphous
materials. Although the pioneering work in defining the amorphous structure was carried out
by J.D. Bernal, who revealed the cavities within the amorphous structure by filling containers
packed with ball bearings with paint and then studying the contact points from the residual dried
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paint, the most common method involves distribution functions obtained through experimental or
computational studies [25].

The radial distribution function (RDF) illustrates how the density of surrounding matter changes
as a function of distance from a point. In this technique, the relative abundance of interatomic dis-
tances around an arbitrarily chosen atom is measured. The diffracted mean intensity, arising from
independently scattering atoms, deviates as the local density around this arbitrarily chosen atom
alters. To deduce the structural parameters from diffraction data, we should begin with the scat-
tered intensity given by the Debye formula and average it for all directions. Equation 1.1 shows
the scattered intensity:

I(q) = N f 2(q)+4πN f 2(q)
∫

∞

0[g(r)−ρ0]
r
q
− sin(qr)dr (1.1)

where N f 2(q) is the mean intensity term originating from the scattering of atoms, and the other
part depicts the deviation from this mean intensity if the local density at distance r deviates from
the mean density ρ0. In fact, if the amorphous structure lacks structural heterogeneities, the mean
intensity curve would be a parabolic curve without any deviations. To extract the radial distribution
function, g(r) or 4πN f 2(q)(g(r)−ρ0), we define the structure factor or reduced intensity function
term:

φ(q) =
[

I(q)−N f 2(q)
N f 2(q)

]
q (1.2)

Structure factors can be retrieved by removing and dividing the single atom scattering factors
from the mean intensity. Single atom scattering factors are calculated using the parameterization
as described by Lobato [26]. It is also possible to subtract a polynomial function from the mean
intensity to obtain the reduced intensity function. The radial distribution function is then retrieved
by applying a discrete sine transform to the calculated structure factor (Equation 1.3):

G(r) =
∫

∞

0φ(q)sin(qr)dq = 4πN f 2(q)[(g(r)−ρ0)] (1.3)

where G(r) is the reduced RDF, and g(r) is the traditional RDF.
This approach has been widely used to unravel the short-range ordering in amorphous structure

with the help of electron diffraction due to the larger scattering cross-section for electrons [27, 28,
29, 30], the flexibility of imaging the area of interest, and allowing smaller volumes of material to
be investigated [31]. Despite its advantages over other techniques, electron diffraction is suscepti-
ble to multiple scattering. While it does not affect the interatomic distances in RDF results, it does
affect the determination of coordination numbers.

Fluctuation Electron Microscopy
In highly disordered materials, short-range configurational order is established over the scale of
bond distances that can extend to several coordination shells. Information regarding bond lengths,
coordination numbers, interaction potentials can be probed by extended X-ray absorption fine
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structure (EXAFS) [32], X-ray photoelectron spectroscopy (XPS) [33] , nuclear magnetic reso-
nance (NMR) [34], and electron microscopy [28]. One of the common techniques discussed in
Section 1.2 is the radial distribution function.

In the first couple of coordination shells, any technique using partial pair correlation functions
is adequate. However, when attempting to measure the orderings beyond the short-range orders,
the pair correlation functions are not a unique description of the atomic structure since they repre-
sent an average over polar as well as azimuthal angles. In disordered materials, the atomic structure
beyond the short-range ordering (1-3 nm) is called medium-range orders, and higher-order corre-
lation functions are required to reveal the possible structures [24, 35].

Fluctuation Electron Microscopy (FEM) is a quantitative technique to unravel the ordering
beyond the short-range order by using TEM [36]. FEM uses a statistical approach to measure
nanometer-scaled orders from diffraction data and is reported to be sensitive to three- and four-
body correlation functions. It is based on the idea that if a beam size is comparable to the sizes of
the medium-range orders, scattered electrons constructively interfere, resulting in larger diffracted
intensity. To measure the local changes in the diffraction data, we compute the variance of the
intensity distributions:

V (k,Q) =
⟨I2(r,k,Q)⟩−⟨I(r,k,Q)⟩

(⟨I(r,k,Q)⟩)2 (1.4)

where I(r,k,Q) is the spatially averaged diffracted intensity as a function of the sample’s posi-
tion [24]. The reason for using ⟨I2⟩ instead of ⟨I⟩ is because ⟨I2⟩ is sensitive to three- and four-body
correlations.

FEM measurements can be performed by using dark-field imaging in conventional microscopes
[36] or nanobeam diffraction patterns collected using the raster-scanned probe [35, 24, 37]. In this
work, we will focus on the latter method due to its efficient use of electron dosage and time.
Additionally, we are not limited by the physical nature of the objective aperture.

Although FEM is an effective technique, several sources of experimental artifacts, such as sam-
ple thickness, roughness, a distribution of voids, and oxidation, can seriously affect the magnitude
of the variance peaks and lead to misinterpretations [38]. Therefore, care must be taken to collect
high-quality and reproducible data sets.

1.3 Thesis Overview and Contents
In Chapter 2, our research combined experimental studies with atomic simulations to conduct a
comprehensive study uncovering the short- to medium-range ordering in amorphous Te-Se thin
films. We prepared TexSe1− x thin films with varying compositions (x = 0.22,0.61,0.70,0.90,
and 1) through thermal evaporation. Electron diffraction enabled the investigation of short-range
orders (SROs) and medium-range orders (MROs) within these non-crystalline TeSe thin films.
Moreover, measurements of radial distribution functions (RDFs) showcased alterations in bond
lengths associated with compositional changes. Utilizing fluctuation electron microscopy (FEM)
from scanning nanodiffraction data revealed the presence of two distinct MRO populations upon
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introducing selenium (Se) into the amorphous Te thin films. Collaborators performed density
functional theory (DFT) calculations for six compositions, yielding RDFs closely mirroring exper-
imental observations, suggesting varying bond character’s role in evolving MRO populations with
increasing Se content.

Chapter 3 elucidated the orientation relationship between WSe2 and Te, along with the moiré
effect, employing scanning nanodiffraction and image simulations. This revealed a moiré super-
lattice comprising micrometer-sized Te flakes atop continuous WSe2 films. Differential phase
contrast (CoM-DPC) techniques enabled visualizing the moiré lattices for the first time in this ma-
terial system. Understanding strain evolution during thin film growth and post-growth behavior in
Te-WSe2 heterostructures is crucial for broadening their applications. Scanning nanodiffraction
helped assess strain levels and identify defects within Te, revealing non-uniform strain in both Te
and WSe2 films. Additionally, significant rotation and associated dislocations were observed in
specific areas of the Te film.

In Chapter 4, we introduced an approach to overcome challenges in preparing samples for
in-situ mechanical tests in TEM. This method involves placing samples on a flexible substrate
allowing electron passage and bonding them to large copper sheets using Crystalbond. These
copper sheets serve as stress concentrators and specimen carriers, compatible with the Gatan 654
straining holder. This sample preparation process closely resembles conventional TEM methods,
enabling thin films to be applied through spin coating, sputter coating, or wet transfer onto the
flexible substrate. We applied this method to both gold-sputtered thin films and TMDC WS2
flakes.
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Chapter 2

Structural Heterogeneity in Non-Crystalline
Tex Se1−x Thin Films

Rapid crystallization behavior of amorphous TexSe1−x thin films limits the use of these alloys as
coatings and in optoelectronic devices. Understanding the short- and medium-range ordering of
the amorphous structure and the fundamental physics governing the crystallization of the films
is crucial. Although the lack of long range crystalline order restricts the characterization of the
amorphous films, electron microscopy offers a way to extract information about the nanoscale
ordering.

This chapter is devoted to reveal the local ordering of amorphous TexSe1−x thin films with
x = 0.22, 0.61, 0.70, 0.90, 1 by using radial distribution function (RDF) and fluctuation electron
microscopy (FEM) analysis. RDF results show that the nearest-neighbor distances of selenium
(Se) and tellurium (Te) in their crystalline structure are preserved and their bond lengths increase
with the addition of Te. Density functional theory (DFT) calculations predict structures with in-
teratomic distances similar to those measured experimentally. Additionally, fluctuations in atomic
coordination are analyzed. Medium range order (MRO) analysis obtained from FEM and DFT
calculations suggests that there are at least two populations within the chain network structure
which are close to the Se-Se and Te-Te intrachain distances. For the binary alloy with x > 0.61,
TexSe1−x , Te-Te like populations increases and Te fragments might form, suggesting that the glass
forming ability decreases rapidly.This chapter is reproduced from [39], with the permission of AIP
Publishing.

2.1 Introduction
Telluride glasses have recently been the subject of renewed interest for applications in optoelec-
tronic and non-volatile memory devices due to their ability to switch between glassy and crys-
talline phases, which also changes their reflectivity, resistivity, and optical transmission in the mid-
infrared [2, 3, 4]. Although reversible crystallization driven by thermal excitations is desirable for
switching devices, telluride glasses for optical applications must be resistant to crystallization to
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avoid scattering losses. To utilize Te-based glasses for both of these applications, it is crucial to
understand the crystallization kinetics of the glasses to reliably control crystallization and stabilize
amorphous phases.

Lacking long-range crystalline order, it is atomic ordering on shorter scales—termed short-
range order (SRO) or medium-range order (MRO), depending on the length scale of the ordering—
that influences the properties of amorphous materials. For example, it has recently been shown that
SRO in the amorphous matrix affects the glass forming ability and the crystallization in metallic
glasses [27, 40]. Studies have also shown that the crystallization temperature is reduced when
the short and medium range ordering in the melt are similar to those found in the precipitating
crystalline phase [5]. While these previous studies have focused on metallic glasses [41, 42, 35,
43] and amorphous silicon(a-Si) [44, 24, 31], this work will characterize the binary TexSe1−x
system. This material serves as a model system to study phase-change materials (PCM), since it
undergoes reversible phase switching through melting, melt-quenching into an amorphous phase,
and crystallization [45, 46]. Past studies indicate that Se and Te consist of chain-like clusters
in their amorphous states, with atomic structures that resemble their crystalline phases [47, 48].
The main difference between two crystal structures is stemmed from the interchain bond strenght.
Interchain bonding in selenium is mainly van der Waals (vdW) bonds, while Te chains are bonded
relatively stronger with metallic and van-der Waals bonds.

The distribution of the Se and Te atoms within the chain-clusters have been studied in the past
using X-ray and [49, 50] neutron [29] diffraction, nuclear magnetic resonance (NMR) [46, 3], and
Raman spectroscopy [51]. In theory, the Te and Se atoms can be randomly distributed, organized
in a homogeneous arrangement, or organized with a chemical ordering that reflects a preference for
heteropolar bonds. Although no consensus has been reached, the majority of studies claim that Te
and Se atoms are randomly distributed into chains with a slight preference of the heteropolar bonds.
M. Majid & J. Purans also added that intrachain chemical ordering increases with Te content in
the glass for up to x = 0.4 at% Te [50]. Although crystalline Se and Te alloys form a continuous
series of solid solutions because of their similar crystalline structures [52], the characterization
of amorphous Te is more challenging because of its rapid crystallization at room temperature.
Therefore, experimental results of TexSe1−x alloys with higher Te concentrations, including pure
amorphous Te, are still not widely reported in the literature.

Detecting nanoscale ordering in amorphous solids with the help of neutrons and X-rays is
experimentally challenging due to the low scattering cross section, resulting in a small scattered
signal to be used for the study of nanovolumes. The use of characterization techniques reliant on
electron-material interactions increases the scattering cross section compared to x-ray methods and
improves spatial resolution in RDF measurements [53].

In this work, a systematic study of changes in SRO and MRO in TexSe1−x amorphous as a
function of composition is presented. TexSe1−x thin films with x = 0.22, 0.61, 0.70, 0.90, 1 are
prepared by thermal evaporation. The SROs and MROs in non-crystalline SexTe1−x thin films are
investigated using electron diffraction. RDF measurements show alterations in bond lengths with
changes in composition. FEM measurements indicate two populations of MRO that arise as Se is
added. DFT calculations of the amorphous structures are used to help in interpreting experimental
measurements. DFT calculations conducted for six different compositions produce RDFs similar
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to those observed experimentally, and suggest that bond character differences are the origin of the
changing MRO populations with increasing Se content.

2.2 Experimental details

Thermal Evaporation of Amorphous Thin Films
We synthesized TexSe1−x thin films with compositions of x= 0.22, 0.61, 0.70, 0.90, 1 using an Ed-
wards Coating System (E306A thermal evaporator system).The base pressure was approximately
1.6×10−6 mbar. When the pressure reached 2×10−6 mbar, we decreased the substrate tempera-
ture down to −80◦C using a liquid nitrogen flow. We used NORCADA 10nm amorphous Si3N4
grid as substrates and kept their temperature at −80◦C during the deposition to prevent the crystal-
lization. With the exception of pure Te, we allow the substrate temperature to return to room tem-
perature after evaporation. Since pure Te is fully crystallized at room temperatures, we quenched
the sample in liquid nitrogen as soon as the deposition was completed.

The thickness of the films were monitored during the deposition, and were also confirmed
using electron energy loss spectroscopy on an FEI Tecnai operated at 200kV with a C2 aperture
of 150µm, a camera length of 42mm, and an entrance aperture of 2.5mm. We used the zero-
loss peak to calculate the film thickness within the Digital Micrograph software. The Fourier log
deconvolution indicated a t/λ value of 0.185 corresponding to a thickness of 22± 2nm for this
composition of Te-Se. We determined the compositions by energy-dispersive x-ray spectroscopy
(EDS) maps collected from 3 different regions of each film.

Data Collection and Analysis
For RDF analysis, we collected parallel beam diffraction patterns for each composition on an FEI
TitanX, operated at 200keV. Diffraction acquisition parameters were 160mm and 0.1s exposure
times. Pixel sizes were calibrated with a calibration gold sample with known lattice parameter
values for both RDF and FEM analysis. We used custom python scripts in the py4DSTEM package
to obtain the RDF, (g(r)), from the diffraction patterns [20]. The beam stop was removed from the
diffraction patterns and elliptical distortion corrected to obtain the polar mean of the data. The
intensity profile was normalized by the single atom scattering factors which were calculated using
the compositions of Te and Se in the sample according to the parameterization published in Ref.
[26] to retrieve the structure factors. Smaller camera lengths were used for the RDF measurement
to include the high scattering angles, which helps to fit the single scattering factors to the intensity
profiles. It is crucial to provide a masking function to the structure factor to remove the incomplete
tails in the structure factors. Finally, we calculated the radial distribution function g(r) through
a discrete sine transform of the structure factors. We determined the peak positions in RDF by
measuring the positions that correspond to a maximum.

FEM patterns were collected on the TitanX, operated at 200keV with convergence angle 0.51
mrad, a probe diameter of 2.2nm, and a camera length of 245mm. To prevent crystallization



CHAPTER 2. STRUCTURAL HETEROGENEITY IN NON-CRYSTALLINE TEx SE1−x THIN
FILMS 10

and beam damage, and to avoid oversampling, we chose 0.3s exposure times and 5nm step sizes.
For all compositions, to prevent the crystallization driven by electron beam, we collected data
from the regions far away from the places where beam alignment was carried out. Examples of
parallel beam diffraction patterns for amorphous Te before and after the scanning nanodiffraction
experiments are shown in Supplemental Material (SM) Figure 2.5, indicating no beam-induced
crystallization. Since the calculation of the variance is a statistical approach, for each composition
over 2500 scanning nanodiffraction images were collected in one scan. We collected 4 scans for
each of the compositions. For FEM data analysis, the removal of the ellipticity and determination
of the differences in variance as a function of the spatial frequency were performed by a custom
MATLAB script. We determined the peak locations by fitting individual Gaussian functions to
each peak location as shown in the SM Figure 2.6. Standard errors in variance plots were calculated
from the root mean squared deviation for each composition.

Computational procedure
DFT computations were conducted using the Vienna Ab initio Simulation Package [54, 55, 56] ver-
sion 5.4.4. The projected-augmented-wave method was used [57], and the exchange-correlation
energy was modeled using Perdew-Burke-Ernzerhof functional [58]. Starting from a 4×4×4 Te
supercell (a total of 192 atoms), we created SexTe1−x initial structures with x = 0, 0.20, 0.40, 0.50,
0.60, 80 by randomly replacing Te atoms with Se atoms. Using a 600eV cutoff energy for the
plane-wave basis set, a single k-point at Γ, and convergence criteria of 10−4 eV for the electronic
self-consistent cycle, we created five SexTe1−x alloys for each composition as follows: First, classi-
cal molecular dynamics simulations based on DFT computed forces and sampling the NPT ensem-
ble using the Parrinello-Rahman method [59] were performed. The time step was chosen to be 1fs,
and six initial structures, one for each composition, were heated up to 1000K in 200 steps and held
at that temperature for at least 14000 steps. Then, the atomic species in the heated structure were
randomly swapped to create 4 new configurations. Finally, we ran 5 arrangements for 1000 steps
at 1000K before minimizing their configurational energy with a conjugate gradient algorithm. For
all of the simulated systems, the root mean square displacement of the atoms was at least 7Å.

2.3 Results and Discussion
Figure.2.1 shows the RDF analysis for the whole composition range of the non-crystalline Te-Se
system extracted from electron diffraction and DFT calculations. A vertical offset was applied to
the curves to distinguish them easily. There are two distinct peaks in each RDF curve at R(Å) <
3.0 and 3.5< R(Å) <4.5. These two well-defined peaks were also observed in RDF calculations
obtained by our simulations. The first and second peak positions are plotted in Fig. 2.2 (a) and (b)
respectively. The position of the RDF peaks obtained from both the experiment and the simulations
exhibit the same trend: the first peak in the data from the highest Se concentration film is at 2.34Å
and increasing the Te content results in longer distances between the nearest neighbors.
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Figure 2.1: Radial distribution function of TexSe1−x with compositions of x =
0.22, 0.61, 0.70, 0.90, 1 obtained from (a) electron diffraction (b) DFT calculations.

Previous diffraction and spectroscopy studies have shown that amorphous Se (Te) has two
nearest neighbor atoms, at a distance of 2.32Å [60, 61, 62] (2.79Å [28]), corresponding to the
peak observed in the RDF plots at R(Å) < 3.0. These distances are close to twice the covalent
radius of Se and Te, 1.16Å and 1.36Å respectively [63]. The measured RDF peak locations are
also similar to the first and second neighbor distances of the Te and Se crystal structure, shown in
Fig. 2.2. While the first peak position varies roughly from the value of the first neighbor distance
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of crystalline Se at x = 0.2 to that of crystalline Te at x = 1 , the position of the second peak seems
to represent a mixture of the second and third neighbor distances.
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Figure 2.2: Position of (a)the first and (b) the second RDF peaks obtained from the experiments and
an averaging simulated systems of different compositions. Yellow line was obtained by applying
Vegard’s law to crystalline structures35.

As can be seen in Figure.2.2, the first nearest neighbor or the intrachain distances are lower
than their crystalline counterparts. The difference between distances stems from the increase in the
covalent bond strength in the intrachain bonding resulting in the shrinkage of the covalent bonds
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in the amorphous state [64, 50]. Figure. 2.2 also shows that the difference between experimentally
and computationally obtained RDF peak positions is bigger for the second peak than for the first
peak. The dissimilarity in the peak position differences is predicted to come from the relatively
small size of the simulated systems (192 atoms): while the average interatomic distance is more
or less constant in low-energy points of the configuration space, bigger systems may be needed to
better reproduce the second-neighbor distance.

Although the spatial resolution is improved in electron diffraction compared to neutron and
X-ray diffraction, electron diffraction is subject to multiple scattering effects. While for a typical
polycrystalline specimen, multiple scattering does not significantly affect the positions of peaks in
RDF measurements, it does affect the coordination number calculations [31]. Because of this, we
obtain coordination numbers from our simulations. DFT simulations show that for every compo-
sition, the quenched systems also exhibit a chain-like structure. When a bond length of 3Å was
considered, more than 85% of the atoms have a coordination number of 2. Previous computational
studies have shown that Se and SexTe1−x alloys consist of polymeric chains and Se8 ring elements,
their relative fractions depending on the thermal history in the glassy state [65, 66, 67]. Our DFT
and RDF results also indicate that the amorphous alloys adopt a chain-like structure, with covalent
bonding to the first nearest neighbor distances.

To develop an understanding of the local changes and medium-range orders in the alloys, FEM
data was collected (Figure. 2.3). Two distinct peaks, centered around 3.5nm−1 (solid line) and
4.1nm−1 (dashed line), are observed. The second peak at 4.1nm−1 only appears in films with
higher Se content. Based on the interatomic distances in RDF analysis extracted from experiment
and simulation, the peaks correspond to the intrachain distances of Te-Te and Se-Se. The Te-Te
and Se-Se bond lengths in a crystal are plotted as grey lines on the variance curve in Figure. 2.3.

The FEM data therefore indicates that that amorphous structure is composed of at least two
types of MRO: an MRO dominated Te-Te atomic interactions and an MRO dominated by Se-Se
interactions. This gives rise to two populations of MRO in the thin films: one with bond lengths
similar to Te-Te bonds, and one with bond lengths similar to Se-Se bonds. We did not see an
evidence of ordering with bond lengths characteristic of Se-Te bonds. Interestingly, as Te con-
centration increases the intensity of the peak designated as Se-Se intrachain distance decreases,
disappearing at Te concentrations above x > 0.61 . However, the opposite is not true: MRO cor-
responding to Te-Te bond lengths remains for Se concentrations up to x = 0.78. In addition, the
MRO of these alloys do not show significant change below x < 0.22 as can be shown in SM Figure
2.7. We assume that as the composition is closer to pure Se, the amorphous structure becomes
more homogeneous, and heterogeneities are not substantial.

Recent work has claimed that Se and Te atoms are randomly distributed throughout the chains
with a slight preference for Se-Te bonds [51, 3]. Our work indicates that the MRO in Se-Te amor-
phous films adopts bond lengths characteristic of either Se-Se or Te-Te. Other work has shown that
Te fragments consisting of more than two Te atoms lead to the formation of microcrystalline struc-
tures [49], which may explain why the Te-Te type MRO remains even at high Se concentrations.

To better interpret the FEM data, partial RDFs were obtained for all compositions from the DFT
calculations. Se-Se, Te-Te and Se-Te bond lengths obtained from DFT calculations are plotted
alongside the experimental MRO peak positions extracted from the FEM plots. The peak positions
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Figure 2.3: Normalized variance curves of TexSe1−x with compositions of x =
0.22, 0.61, 0.70, 0.90, 1 , show two main peaks placed at 3.5nm−1 as straight line and 4.2nm−1

as dashed line corresponding to the intrachain bond lengths of Te-Te and Se-Se, respectively.

of two MRO populations in the FEM plots agree with the DFT result as shown in Figure. 2.4. Note
that as the Te concentration increases, the Te-Te bond distance increases, while the Se-Se bond
distance remains almost unchanged in both computational and experimental results.

We attribute the observed changes in the interatomic distances to the bonding in chalcogenides.
The crystalline form of both Te and Se is composed of four valence p-electrons, two of which bond
covalently, leaving a lone-pair (LP) at the top of the valence band [68], with atomic chains with
helical conformations placed parallel on a 2D hexagonal lattice. It has been shown that this helical
conformation is affected by the intrachain interaction of neighboring atoms with fully occupied
LP orbitals [68]. Although intrachain bonding both in Te and Se are covalent, the main difference
between the Te and Se crystals is believed to be the nature of their interchain interactions: For Te,
most previous work concludes that this bonding is of a mixed van der Waals and covalent nature,
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Figure 2.4: The peak positions corresponding to Se-Se (dotted line) and Te-Te (dashed line) bond
lengths for all compositions which are extracted from FEM and DFT results.

while in Se crystals it is traditionally assumed to be a weak vdW bond. In fact, the ratio of the
nearest interchain to the intrachain covalent bond length is 1.21 for and 1.45 for crystalline Te
and Se, respectively[34], suggesting that the interchain bonding in Te is stronger than Se. This is
believed to be a due to the lone pairs of electrons of Te atoms participate in forming coordinated
covalent bonds between neighboring chains. In addition, crystalline Se has more pronounced
covalent character of binding than crystalline Te [69, 70]. For this reason, as the Te concentration
increases, the covalent bond strength between first nearest neighbors decreases.

In addition to the intrachain interactions in the local ordering, higher order correlations are
attributed to the first peak in FEM plots at 2.6nm−1 - 2.7nm−1. Although there is still not enough
information regarding the interchain correlations in Se-Te alloys, it is shown that amorphous Se has
six second neighbors at about 3.69Å and this number is increased to 4.23Å for pure Te [62, 28].
However, it is still challenging to extract the interchain atomic correlations without including the
intrachain bond contribution. In this respect, only qualitative observations can be made from the
variance plots. As shown in the Figure. 2.3, there is an increasing trend in their relative intensities
as Te content is higher. Since the chain to chain bonding strength is higher in Te due to the
unlocalized electrons, this might also be an indication that the interchain contributions increases
as the glass contains more Te content.

Since Te-Se alloy forms a solid solution for all compositions, we assumed a similar glassy state.
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However, as the Te concentration is higher, more MRO associated with Te-Te bond length forms,
suggesting that the system prefers to form homopolar bonds. This may lead to the formation of
micro crystalline structures [49] or Te phase separation [3].In addition to this, interchain bonding
becomes stronger when Te is added. A stronger interchain bonding results in a decreased energetic
requirement when establishing the polymeric chain, making alloys with higher Te content more
prone to crystallization.

2.4 Conclusions
In this study we investigated structural heterogeneity in TexSe1−x for a large composition range,
including pure Te, at the first time by combining electron microscopy with DFT calculations. Al-
loys with x > 0.4 have not previously been analyzed using electron diffraction methods, and there
are no studies have used FEM to characterize MRO in the TeSe system. We observed that the in-
teratomic bond lengths extends as Te is added. In addition, we showed that the intrachain distances
are lower than their crystalline counterparts as a consequence of the increase in the covalent bond
strength in amorphous films. Finally, we supported our experimental findings with DFT calcula-
tions and showed that MRO in the system is affected by the covalent bond strength in Te-Te and
Se-Se intrachain bonds. DFT calculations also showed that the structure is chain-like structure with
a coordination number of 2. To observe the ordering beyond the short range order, FEM measure-
ments were performed. FEM measurements indicated that the portions of the film with nanoscale
ordering have bond lengths corresponding to Se-Se or Te-Te covalent bond lengths, indicating that
these regions are rich in Se and Te, respectively. The Te-Te type of MRO was observed in all film
concentrations, while the Se-Se type vanished in high Te concentration films.
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2.5 Supplemental Materials

Figure 2.5: Parallel Diffraction Pattern of amorphous Te (a)before and (b) after scanning nanod-
iffraction experiment

Figure 2.6: Gaussian function curves for obtaining the peak positions of the variance.
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Figure 2.7: Radial variance curves of TexSe1−x with compositions of x = 0.09,0.12,0.22
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Chapter 3

Analysis of strain and defects in
Tellurium-WSe2 moiré heterostructures
using scanning nanodiffraction

In recent years, there has been an increasing focus on 2D non-graphene materials that range from
insulators to semiconductors to metals. As a single-elemental van der Waals semiconductor, tel-
lurium (Te) has captivating anisotropic physical properties. Recent work demonstrated growth of
ultra thin Te on WSe2 with the atomic chains of Te aligned with the armchair directions of sub-
strate using physical vapor deposition (PVD). In this system, a moiré superlattice is formed where
micrometer-scale Te flakes sit atop the continuous WSe2 film. Here, we determined the precise ori-
entation of the Te flakes with respect to the substrate and detailed structure of the resulting moiré
lattice by combining electron microscopy with image simulations. We directly visualized the moiré
lattice using center of mass-differential phase contrast (CoM-DPC). We also investigated the local
strain within the Te/ WSe2 layered materials using scanning nanodiffraction techniques. There is a
significant tensile strain at the edges of flakes along the direction perpendicular to Te chain direc-
tion, which is an indication of the preferred orientation for the growth of Te on WSe2. In addition,
we observed local strain relaxation regions within the Te film, specifically attributed to misfit dis-
locations, which we characterize as having a screw-like nature. The detailed structural analysis
gives insight into the growth mechanisms and strain relaxation in this moiré heterostructure..This
chapter expands and borrows from what is said in Ref.[71].

3.1 Introduction
Two-dimensional (2D) materials research has undergone explosive growth in the past decade, with
applications in flexible electronics and optoelectronics [72], catalysis [73], biomedicine [74], and
environmental science [75]. More recently, further breakthroughs came from stacking and/or twist-
ing two or more layers of 2D materials. This creates what are known as moiré lattices, which
exhibit periodic length scales larger than that of the atomic lattice spacings [10]. Thanks to the in-
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troduction of this new periodicity, these materials show considerable deviations from their expected
electronic, optical, and magnetic phenomena, such as flat bands, moiré excitons, surface plasmon
polaritons, interlayer magnetism, superconductivity, and 2D ferroelectricity [76, 77]. Various two-
dimensional (2D) materials have been studied by stacking the same, or different 2D crystals to
produce functional devices [72, 76]. 2D materials such as as graphene, hexaboron nitride, and
transition metal dichalcogenides (TMDCs) can act as building blocks for these heterostructures,
creating a nearly infinite design space for moiré heterostructures.

Although the ability to tune a heterostructure’s optoelectronic performance as two or more lay-
ers are stacked is desirable, the strain transfer between different van der Waals layers is expected to
induce dramatic changes in a material’s electronic, quantum transport, and photonic performance
as the complexity of the structures increases [12, 11, 13]. In order to scale up the applications
of such heterostructures, there is a great need to understand how strain develops and relaxes dur-
ing thin film growth and how it behaves after the growth. Although the primary strain relaxation
mechanism in heterojunctions is the formation of misfit dislocations, there are additional strain re-
laxation pathways for 2D films. Recent experimental works suggest that misfit dislocations alone
cannot account for the measured strain relaxations in heterostructures such as tungsten disulfide
WS2, tungsten diselenide WSe2, graphene, and boron nitride (BN). Instead, out-of-plane ripples
play an important role in compensating the local strains [78, 79]. Moreover, de Jong et al. demon-
strated that moiré lattices show subtle distortions due to local variations in twist angle and inter-
layer strain. They also found that the moiré lattice could play a role in stabilizing these defects
by minimizing the local stacking fault energy within the moiré unit cell [80]. Therefore, mapping
local strain and defect concentration is an important step towards fully understanding the behavior
of heterostructure materials.

Recently, Te thin films have been used in electronics, optoelectronics, energy devices, and sen-
sors due to their inherent structural anisotropy, high hole mobility, and large photoconductivity [81,
82, 6]. Distinct from 2D van der Waals materials such as TMDCs, crystalline Te is composed of an
array of covalently bonded parallel atomic chains on a two-dimensional (2D) hexagonal lattice par-
allel to the [0001] direction. The bonding between the nearest-neighbor atoms between the chain
is weak van der Waals (vdW) bonding. The appealing properties of tellurium such as anisotropic
carrier mobility [83], thermal conductivity[84] mechanical and electromechanical properties [85]
have fueled a resurgence of interest in synthesizing ultrathin Te films. X. Huang et al., demon-
strated that when monolayer tellurium is placed on a graphene substrate (with the tellurium chains
aligned parallel to the graphene surface), it exhibits a significant band gap of around 1 eV. As the
thickness of tellurium increases, the band gap gradually decreases and approaches the bulk value
of 0.34 eV [7]. This axis and thickness-dependent behavior suggests new possibilities for tuning
the optical and electronic properties of tellurium-based materials for real devices and thin film ap-
plications. G. Hao et al. stated that ultrafast solid-state lasers, along with all-optical modulation
and various other nonlinear devices, can be developed by leveraging Te-Transition metal dichalco-
genide (TMDC) heterostructures [86]. Research and development in low-dimensional tellurium
production are ongoing to explore and understand the full potential of these materials for various
technological applications. As the demand for advanced electronic and optoelectronic devices,
energy storage solutions, and efficient catalysts increases, the significance of low-dimensional tel-
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lurium materials will likely continue to grow. However, the in-plane orientation of the Te crystal on
most substrates is random. Previously, we demonstrated van der Waals epitaxial growth of 2D Te
flakes with thickness down to 5 nm on the surface of 2D transition metal dichalcogenides (TMD)
WSe2, WS2, MoSe2, MoS2 flakes. In the case of WSe2, the c-axis of Te is aligned with the arm-
chair direction of the substrates[9]. The ability to control the growth direction of the Te thin films
is exciting, however it is still necessary to understand the strain and strain relaxation mechanisms
which may alter the behavior of this system.

The formation of a moiré structure can lead to two distinct scenarios: one wherein the two lay-
ers share a mutual (expanded) periodicity, and the other wherein they do not. Moiré structures with
a mutual periodicity are termed ”commensurate”, and aperiodic structures are designated ”incom-
mensurate”. Incommensurate and commensurate structures can coexist within the same system
simultaneously. In addition to these moiré structures, approximate periodicities may be present,
e.g. rational approximates of an irrational periodicity may be observable. These periodicities
are also experimentally observable, and we term them “approximate tilings”. Various charac-
terization techniques are employed to reveal moiré lattices with varying length scales,including
convergent beam electron diffraction (CBED)[87], scanning tunneling microscopy (STM)[88],
atomic force microscopy (AFM)[89], and differential phase contrast (DPC) and four dimensional-
scanning transmission electron microscopy (4D-STEM) [90]. Out of these methods, 4D-STEM,
which records a 2D image of the diffracted electron beam at each probe position, gives unique in-
formation about the moiré lattice structure, orientation, and structure-dependent properties[20, 19].
4D-STEM can also be used to map the strain fields, allowing a large field of view and flexibility
with regards to sample type and orientation.

In this paper, we performed a detailed analysis of the WSe2-Te system to study the structure
and orientation of the moiré lattice formed due to the interaction between the substrate and the film.
We determined the precise orientation of the Te flakes with respect to the substrate by combining
electron microscopy with image simulations, showed that Te chains are aligned along the armchair
direction of WSe2, and deduced how the moiré superlattice is formed. We directly imaged the
incommensurate moiré lattice and found an approximate periodic tiling which forms a periodic
moiré cell with CoM-DPC and STEM imaging. Mapping strain and detecting defects in the films
is non-trivial; for this, we used scanning electron nanodiffraction with subsequent strain and defect
contrast (⃗g · b⃗) analysis. Our results indicate non-uniform strain in both the Te and WSe2 films,
significant rotation in portions of the Te film, and dislocations associated with the rotated regions
of the Te film.

3.2 Methods
Materials Growth and TEM specimen preparation We exfoliated the WSe2 flakes on SiO2/ Si
substrates. For the growth of the thin film, we used a two-zone hot wall quartz tube where we
loaded the alumina boat containing powdered Te (99.999%, Sigma-Aldrich) as the precursor at
one zone and the substrates at the downstream region. We pre-annealed the substrates at 300 ◦C
under Ar flow to produce more uniform and thicker films. After the pre-treatment is performed,
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we set the substrate temperature up to 130 ◦C for growing the Te on WSe2 substrate. More details
regarding the growth can be found in our previous article [9]. We transferred the WSe2/Te flakes
on a carbon coated TEM grid using a dry transfer method.

TEM data collection and image simulations For the bright-field and high resolution TEM
(HRTEM) imaging, we used an FEI Titan 60–300 microscope with an acceleration voltage of
300 kV. We determined the thickness of the films and substrate by using electron energy loss
spectroscopy on an FEI Tecnai operated at 200kV with a C2 aperture of 150µm, a camera length
of 42mm, and an entrance aperture of 2.5mm. We used the zero-loss peak to calculate the film
thickness within the Digital Micrograph software. The Fourier log deconvolution indicated a t/λ

value of 0.282 from substrate and 0.4235 from the film which correspond to a thickness of 18±2nm
and 12±2nm for substrate and the films respectively.

To find the orientation of the Te flakes with respect to the substrate, we matched simulated
HRTEM images and their corresponding FFTs to our experimental HRTEM data using custom
Python and MATLAB scripts. First, we constructed Te crystals with different zone axes and in-
plane orientations on the substrate and performed HRTEM image simulations using the abTEM
simulation package [91]. After we found the in-plane orientation of Te with respect to WSe2,
we studied the structure and orientation of the moiré lattice. We generated a super cell with Te
(a = 4.456Å,c = 5.921Å)[92] and WSe2 (a = 3.282Å,c = 12.96Å)[93] crystals. To replicate the
experimental FFTs, we oriented Te along < 2110 > and tilted WSe2 along < 0001 > zone axes.
Then, we rotated the Te crystal along the out-of-plane(z) axis to align the chains along one of
the armchairs of WSe2. After we made the supercells, we simulated HRTEM and correspond-
ing fast Fourier transform (FFT) images. By iterating the image simulation parameters which are
the rotation, x and y shifts, shear, and thickness of layers, we found the output cell parameters
shown in Table (3.1) and how many cells were needed to generate the moiré lattice. Our best-fit
estimate for the overall thickness is 34 nm, which is composed of 12 layers of WSe2 (15.5 nm)
and 24 layers of Te (18.7 nm). The thickness values derived from iterative simulations represent
the optimal conditions for accurately reconstructing and identifying the moiré lattices according
to the experimental FFT. The reconstruction involved adjusting the thickness until the best fit was
achieved, yet the resulting intensities exhibit only a weak dependence on the thickness. This is
because our reconstruction code primarily focused on accurately determining the position of the
Bragg peaks, specifically aimed at solving for the moiré unit cell. The thickness needs only to be
sufficiently large to accommodate multiple scattering contributing to the moiré peaks observed in
our experimental measurements. Consequently, the simulated cell might tend towards larger thick-
nesses. However, our rigid model did not account for these effects caused by local strain, which
introduces deviations from the ideal moiré condition. As a result, the intensities and, consequently,
the layer thicknesses are likely to exhibit significant disparities. It is important to note that the
provided thickness is an approximation, with the understanding that EELS measurements offer a
more reliable determination of the material’s true thickness.

DPC imaging We collected 4D-STEM data for DPC measurements on the double-aberration-
corrected TEAM 0.5 microscope with the 4D Camera, developed in-house in collaboration with
Gatan Inc. The 4D Camera is a direct electron detector with 576 x 576 pixels and a frame rate of
87 kHz. We collected 4D-STEM data at 80 kV with a 25 mrad convergence semi-angle, a beam
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current of 52 pA, estimated from 4D camera counts. The real-space pixel size is 0.61 Å, and camera
reciprocal space sampling of 173.6 µrad per pixel [94].

Scanning nanodiffraction data collection and analysis for strain mapping We collected
scanning nanodiffraction data on the double-aberration-corrected TEAM I microscope operated at
300keV with convergence angle of 0.9mrad, a step size of 2Å, and a camera length of 130mm.
We used bullseye apertures to improve the precision of the detected peak positions [95] (SI Figure
3.8(d)). We utilized the py4DSTEM package for the data calibrations and strain mapping analysis
[20]. Calibrations include correcting shifts of the diffraction pattern, calibrating the rotational
offset between real and diffraction space, and calibrating the pixel sizes. After we performed the
calibrations, we detected the Bragg peaks from each of the data points to obtain Bragg vector
maps (BVM) (SI Figure 3.8 (e),(g)). Then, we extracted the average reciprocal lattice vectors and
indexed them for WSe2 and flakes differently. We defined one of the basis vectors to be aligned
along the Te c-axis, and the other to be perpendicular to the chains. We defined the reference lattice
as the median measured lattice constants of WSe2 and Te. Then, we computed the infinitesimal
strain tensor at each beam position by examining the deviation of their local lattice vectors.

Virtual dark field image analysis To visualize the dislocations and find the Burgers vector
for the dislocations, we performed virtual imaging from the scanning nanodiffraction data set.
We placed virtual detectors around the specific Bragg disc positions and averaged the diffraction
patterns to generate virtual dark field images.

3.3 Results and Discussion
The overview TEM images and diffraction data shown in Figure 3.1 confirm the preferential growth
direction of the tellurium flakes on the WSe2 substrate. They typically have one smooth facet
termination and jagged edges along the < 0001 > direction, as shown in Figure 3.1 (a). The
thickness of the flakes is about 12±2nm. The Bragg peaks corresponding to each material in the
SAED pattern are shown in Figure 3.1 (c), with Te Bragg peaks labeled as pink, and WSe2 in
blue. The HRTEM data in Figure 3.1 (b) and the SAED data in Figure 3.1 (c) indicate that the Te
and WSe2 films are aligned with the < 2110 > and < 0001 > zone axes along the beam direction
Figure 3.2(a). The relative orientation of the Te and WSe2 films is consistent with our previous
observation that the Te chains are aligned with the armchair direction of the WSe2, due to the
relative binding energies of the materials [9]. We show the orientation of WSe2 and Te in Figure
3.2 (b) where the two atomic structures overlaid in the middle part of the simulated super cell
structure.

In addition to the main Bragg peaks of both phases, there are extra intensity modulations gen-
erated by the interaction between WSe2 and Te films (Figure 3.1 (c)) shown as yellow circles. We
also observed satellite peaks associated with the Bragg peaks indicated by yellow circles in Figure
3.1 (c). These peaks, are highlighted within the yellow squares in Si Figure 3.5. The peaks with
the larger periodicity correspond to an incommensurate moiré lattice formed between the Te and
WSe2 films, which is represented by purple arrows Figure 3.5 (b). Similarly, the peaks indicating
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a smaller periodicity, highlighted by yellow circles in Figure 3.1 (c) and corresponding to the main
Bragg peaks visible in SI Figure 3.5 (b), are attributed to an approximate periodic tiling.

Figure 3.1: a) Bright field image of the Te flakes on WSe2 substrate. b) HRTEM images showing
the moiré lattice c) SAED pattern collected from the HRTEM region shown in b).The yellow circles
indicate the additional modulations that result from the approximate tiling.

The relative dimensions of the observed incommensurate moire lattice and the smaller approx-
imate tiling are shown in SI Figure 3.6. The smaller, visibly periodic pattern, or approximately
periodic tiling, which constitutes the dominant visual feature in experimental observations (as
shown in 3.1 (b) and (c), emerges due to the minimal separation between the true tiling and its
approximate counterpart. This phenomenon is illustrated by the yellow circles in SI Figure 3.6(a)
and (b), a consequence of illustrative rendering, and in our diffraction and other datasets, owing to
the physical dimensions of atomic potentials. The moiré periodicity associated with the specific
angle of this system is comparatively large, necessitating a broader field of view for visibility, as
depicted by the purple circles in SI Figure 3.6 (c). To elucidate the expansion of the incommensu-
rate moiré lattice, we further illustrate the larger periodicity inherent in the approximate tiling, as
shown in SI Figure 3.6 (d).

To directly visualize the outcome of the tiling in real space with atomic resolution, we utilized
a combination of HRTEM imaging, HRTEM simulation, and DPC/STEM. Atomic resolution DPC
imaging relies on the deflection of the focused beam by the electrostatic potential of the atoms in
the sample [20]. Figure 3.2 (c) shows CoM-DPC images that indicate the approximate periodic
tiling, consistent with the d-spacing of the extra peaks (yellow circles) observed in the SAED in
(Figure 3.1 (c)). We also showed the same periodicity on Figure 3.2 (b) with a solid square.

In addition to the extra intensity modulations formed due to the the approximate periodic tiling,
we detected incommensurate moiré superlattice in HRTEM images (Figure 3.1 (b) and Figure
3.2(f)) and faintly visible in CoM-DPC/STEM image Figure 3.2 (c). We confirmed the observation
of this periodicity by the satellite peaks appearing in the fast Fourier transform shown in Figure
3.2 d) and inset in SI Figure 3.5 (b).
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Figure 3.2: a) Schematic of the aligned Te deposited on WSe2. Pink atoms represent Te, green Se
and gray W. b) Atomic configuration between Te atomic chains and WSe2 surface where the c-axis
of Te is parallel to the armchair direction of WSe2. Yellow square shows the approximate tiling. c)
CoM-DPC image indicate the periodic patterns of the approximate periodic tiling. d) FFT of the
HRTEM image in f). Inset shows the magnified image of the center part of the FFT. e) FFT of the
simulated HRTEM image. f) HRTEM image showing the moiré lattice with two basis vectors with
a length of 7.2 nm and 6.3 nm

To unravel the structure and orientation of the two films that form the moiré lattice, we per-
formed a two-stage image simulation. Electron microscopy observations established the relative
in-plane orientation of the materials. The specific orientation of tellurium was determined through
controlled rotation along the c-axis to facilitate the determination of smaller periodicity via image
simulations. Then, an iterative fitting simulation incorporated experimental data and prior simula-
tions to solve for the most accurate relative positions of the two materials and thereby determined
the moiré structure. Through iterative image simulations, we adjusted parameters like rotation,
strain, shear, and thickness of the Te and WSe2 films. The simulated Fast Fourier Transform (FFT)
images remained unaffected by aberrations and material constraints. (Figure 3.2 (e). We reported
how Te and WSe2 unit cells must be stacked in terms of rotation and lengths in Table 3.1. Accord-
ing to iterative simulation results, the best approximate match we found to form the moiré lattices
at the larger scale which is shown in the HRTEM image in Figure 3.2 (f) is to repeat Te unit cell
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19 times along < 2110 > axis, 12 times along < 0110 > axis and WSe2 unit cell 14 times along
< 2110 > axis, 12 times along < 0001 > axis. Iterative fitting yielded a rotation of 0.14 degrees
and minor strain in satellite peak rows within the experimental FFTs to construct the incommen-
surate moiré lattice from the cell parameters. Notably, moiré satellite peak positions exhibited
complex dependence on the parent lattice. Each peak “cluster” displayed slight rotational shifts,
with significant internal cluster rotation. Supplementary SI Figure 3.7 visually presents the sim-
ulated FFT and reciprocal lattices (SI Figure 3.7(c) and (d)) resulting from iterative simulations,
originating from the experimental FFT SI Figure 3.7(a).

Figure 3.3: a) Sketch of experimental setup for 4D-STEM strain mapping. A converged electron
probe is rastered across the sample and a diffraction pattern is collected for each position. b)
HAADF image of the flake and the substrate. Strain maps generated from c-f) WSe2 and g-j) Te
lattices.We defined the reference lattice as the median measured lattice constants of WSe2 and Te,
and used these values to calculate the relative strain values. The x and y components of the strain,
whose direction is illustrated in b), d), and h), correspond to the < 0001> and < 1210> directions
of the Te lattice and the < 2110 > and < 0110 > of the WSe2 lattice. Scale bar is 0.1 µm
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Table 3.1: Crystallographic directions corresponding to the axes of the orthogonal supercell used
for simulations, with the corresponding cell dimensions. The electron beam propagates along the
c direction of the cell. All dimensions are in Å

Material a b c

WSe2
(2110) (0110) (0001)
3.3270 5.7625 12.9600

Te
(2110) (0001) (0110)
4.5152 6.0026 7.8064

4D-STEM can detect local changes in the lattice at each scan position by first measuring a 2D
diffraction pattern at each probe location (Fig.3.3 (a)). Local strains are then mapped throughout
the sample by measuring the infinitesimal change in the lattice with respect to a reference lattice.
The results of 4D-STEM strain mapping are shown in Figure 3.3. We generated separate strain
maps for WSe2 and Te by first individually detecting their Bragg peak positions, as shown in
SI Figure 3.8 (c)(e) and (g), then calculating the local strain for each material from their non-
overlapping Bragg peaks to get individual strain maps. (Figure 3.3). The maps of the x, y, and shear
components of the strain tensor, as well as the principle rotation, are shown in Figure 3.3(c-j). Since
we are aiming to understand the strain relaxation along Te chain and the direction perpendicular to
the Te chains, we calculated the strain components along these two lattice vectors, labeled x and
y, respectively. Therefore, the εx component of strain in each material can be understood as strain
along the c axis of the Te, and the εy component is the one perpendicular to the c axis of the Te.

As shown in Figure 3.3 (c-j), the strain solely in the WSe2 layers is lower (±0.5%) than on
the Te film (±1%). The strain map shown in Figure 3.3 (d), indicates an in-plane tensile strain
along y direction at the edges of the Te flakes as shown by the red arrows. This indicates that
the van der Waals forces of Te along the direction perpendicular to the chain cannot compensate
for the strain generated by the epitaxial growth of Te films. The reason behind this stems from
the surface energy difference between different planes Te. The bond strength along the c-axis of
Te, and hence the surface free energy of the {0001} surfaces are between two and three times
greater than the corresponding values for the prismatic {1010} surface [96]. In order to decrease
the surface energy, the surface area of the Te {0001} facets are limited. Te crystals, therefore, tend
to grow in the form of extended hexagonal prisms or dendrites parallel to the substrate surface. We
also observed the same behavior in other Te flakes too as shown in SI Figure 3.9. Another reason
for the dendritic growth can be explained from the kinetics point of view: since the Te interchain
bonds are primarily of van der Waals character, the edge diffusion will be very rapid relative to the
diffusion of Te atoms on a pristine {0001} surface on which atoms are covalently bonded to the
chains [9]. Therefore, tellurium tends to grow as flakes and have rough {0001} facets[97].

Because of the difference in the d-spacings of the substrate and film along the chain (dWSe2=
0.571,dTe = 0.596)[98, 78], compressive strain is expected to be dominant along x direction (the
Te chain direction) in the strain maps. To better understand the strain relaxation mechanisms in
the heterostructure, we divided the strain maps into three regions, marked as (i), (ii) and (iii) based
on the observed strain and rotations (marked on Figure (3.3(g)). At the region (ii) and (iii) of
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the strain map labeled with yellow lines, the Te flake releases the strain through lattice distortions.
The periodic lattice pattern that is also visible on both HAADF and the right-end of the strain maps
matches the moiré lattice we observed in 3.2(f) and SI Figure 3.8(b),(c).

The leftmost region,region (i), indicated in Figure 3.3(g) shows both a compressive strain of
approximately 0.5% and significant rotation (Fig. 3.3(j)). The linear feature that separates the left
(i) and middle parts (ii) of the Te flake is visible in the HAADF image (Figure (3.3(b)) and strain
maps obtained from the WSe2 lattice vectors (Figure (3.3(c-f)). It is likely either a dislocation or a
crack on the substrate. Although we do expect that the substrate releases the strain during the pre-
annealing treatment, the substrate may be exposed to stress during the transfer of the substrate and
the film to the TEM specimen holder. Furthermore, in our efforts to ensure there was no obvious
mechanical damage resulting from the TEM sample preparation, we conducted thorough examina-
tions at both lower and higher magnifications in bright field mode. The strain values we measured
for WSe2 substrate and Te are between -0.5 to 0.5 % and -1 to 1 % respectively and we attribute
these modest strain values to Te-WSe2 interactions, and expect much higher strain values for me-
chanically damaged samples. For example, the 5 layers WSe2 can endure 12.4 GPa stress and
7.3% strain without fracture or mechanical degradation [99]. There is an approximately strain-free
region at the mid-part region (ii) close to the linear defect, which suggests there is another strain
relaxation mechanism than the lattice strain that helps the lattice overcome the stress generated due
to the linear feature and rotation of the left part of the flake. After careful investigation on region
(i), which contains significant rotation of the Te lattice, we detected misfit dislocations, which can
be shown as red arrows on the rotation maps. The misfit dislocations are more easily recognized
in the rotation map by observing their dipole fields as in (Figure (3.3(b)) [78]. The dislocations
in crystals composing the heterostructure, in the form of moiré pattern dislocations, stems from a
missing row of atomic unit cells. The appearance of these dislocations magnifies with the addi-
tion of layers. Therefore, moiré pattern dislocations contains similar features as dislocations in Te
crystals.

To measure the Burgers vector b⃗ of the dislocations, we performed virtual dark field image
analysis subsequent defect contrast analysis [18]. In Figure 3.4, we demonstrate that the disloca-
tions are visible on planes along the c-axis and perpendicular to the c-axis. However, their contrast
disappears for the planes corresponding to the moiré lattice. We found that the (0222) set of planes
of the Te lattice are where the dislocations are least visible. From the invisibility criterion of
g⃗ · b⃗ = 0, the Burgers vector is parallel to the < 1213 > direction. This reveals that the burgers
vector is one of the most common ones in Te, b⃗ = c+ a [100]. Dislocations which are located in
the prismatic planes and lead to a rotation around the < 2110 > axis, as in our system, are con-
nected with two different dislocation families which are “c” screws and one of the three “a” screws
[101]. However, previous work argues that the invisibility criterion of g⃗ · b⃗ = 0 is not a sufficient
condition for the identification of the dislocations in Te due to elastic anisotropy [100]. They added
that the condition is only sufficient when the displacement field of the dislocation is parallel to the
dislocation line, as in the case of screw dislocations. For this reason, the moiré dislocations we
observed in Figure 3.4 likely have a screw character and the burgers vector is not precisely parallel
to the beam direction, < 2110 >.

The observed topological dislocations break the translational symmetry of the moiré lattice and
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Figure 3.4: a)Virtual dark field image. b) Virtual annular dark-field detectors. c)Virtual dark
field image showing moiré dislocations. d-g) Virtual dark-field images corresponding to circular
detectors about each of the indexed Bragg peaks.

are expected to alter the properties of the system, for example they may cause a phase difference
between the electron paths encircling the defect clockwise and counterclockwise [80]. In addition,
the observed strain in WSe2 and Te are known to alter the optoelectronic properties. In the case of
WSe2, biaxial strain bends down both the conduction band minimum and valence band maximum
at different rates, leading to an overall bandgap narrowing [102]. In trigonal Te , shear (hydrostatic
or uniaxial) strain causes the material to change from a trivial insulator to strong topological in-
sulator [103]. Ultimately, both the observed defects and strain will influence the behavior of this
moiré heterostructure.

3.4 Conclusions
Moiré heterostructures are intensely studied due to the attractive possibility of tuning optoelec-
tronic properties by varying lattice mismatch and orientation. However, defects and strain may
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further alter material performance, and it is therefore important to monitor these structural features
that may arise during film growth. Here, we examined Te-WSe2 heterostructures using electron
microscopy. PVD growth of Te on WSe2 produced thin Te films with chains oriented along the
armchair direction of the WSe2. We determined the moiré structure of this system by solving for
the orientation of the Te, and used scanning nanodiffraction to measure strain in both materials and
detect defects in the Te. The strain and defect formation arise from the lattice mismatch between
the two materials, and geometrically necessary defects occur in Te as a part of the film growth
process. Ultimately, our findings not only elucidate how moiré structures form due to the inter-
action between Te and WSe2 materials, but also shed light on new studies on moiré and/or strain
engineered layered materials that provides a platform for engineering and manipulating materials
to develop functional materials and devices both at macro and nanoscale by using WSe2 and Te
materials. This study illustrates how prevalent local structural imperfections can be in van der
Waals heterostructures produced by thin film deposition, and point to the possibility of further tun-
ing growth conditions to produce more perfect films. Ultimately, local measurements of defects
and strain are important tools to provide insight into the production and performance of van der
Waals heterostructures.



CHAPTER 3. ANALYSIS OF STRAIN AND DEFECTS IN TELLURIUM-WSE2 MOIRÉ
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3.5 Supporting Information

Figure 3.5: a)SAED colected from the WSe2 substrate, b)SAED colected from the flake.The inset
displays additional intensity modulations, depicting the approximate tiling as yellow squares, and
satellite peaks resulting from the incommensurate moiré lattice, indicated by purple arrows.
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Figure 3.6: a) Simulated cell, measuring 80x80 Angstroms, with the c-axis of Te aligned paral-
lel to the armchair direction of WSe2, illustrating the approximate tiling represented in yellow.
b) Atomic configuration depicting the overlaid Te and WSe2 lattices, highlighting both the true
and approximate tiling. c) Atomic arrangement demonstrating the incommensurate moiré lattice,
indicated by purple circles, superimposed on an 80x80 Angstroms simulated cell. d) Atomic con-
figuration of the approximate tiling formed by overlaying the lattices, showcasing the expanded
incommensurate moiré lattice. Te atoms are denoted in pink, Se in green, and W in gray.
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Figure 3.7: a) Fast Fourier Transform (FFT) of the high-resolution transmission electron mi-
croscopy (HRTEM) image shown in Figure 2f). The inset displays an enlarged view of the central
region of the FFT. b) FFT of the simulated HRTEM image. c) Simulated reciprocal lattice demon-
strating the impact of a 0.14-degree rotation tilt along the phi or z-axis on each ”cluster” of peaks.
d) Reciprocal lattice with labeled orientations of WSe2, Te, and moiré lattice peaks, as determined
from the simulations
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Figure 3.8: a)HAADAF image of the flake and the substrate. b) HAADAF image of the flake and
the substrate. Inset of the moiré lattice on HAADAF image. c) Strain maps generated from Te
lattice vectors. Inset of the moiré lattice on the strain map. d) The mean diffraction pattern of the
4DSTEM data. Bragg vector map (BVM) obtained from the e) WSe2 and f) Te lattice vectors.

Figure 3.9: a-d) Strain maps generated using the WSe2 lattice from different flakes. b) High tensile
strains at the edges of the flakes are indicated by red arrows.
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Chapter 4

Facile tensile testing platform for in-situ
transmission electron microscopy of
low-dimensional nanomaterials

The study delves into the challenges of implementing conventional tensile testing methodologies
on thin films, particularly those placed on flexible substrates like polyimide or polydimethylsilox-
ane (PDMS). These substrates not only facilitate straining but also mitigate strain concentration
issues found in free-standing films, distributing strain more uniformly. Such methods have demon-
strated the ability to stretch metal films by up to 50% under tensile loads, showcasing their effec-
tiveness in promoting uniform strain distribution.Preparing thin films for in-situ straining experi-
ments in Transmission Electron Microscopy (TEM) demands precise control over film thickness,
adhesion, stress induction during preparation, and the mitigation of strain localization and sample
heating effects. This involves managing instrument limitations and controlling environmental fac-
tors. To address these challenges, a hybrid approach is proposed, wherein samples are deposited
onto a flexible, electron-transparent substrate affixed to macroscopic copper sheets. This method-
ology, demonstrated through the examination of sputtered gold and transition metal dichalcogenide
monolayers (TMDC) like WS2 flakes, presents an alternative solution for the sample preparation
for in-situ mechanical testing in TEM.

4.1 Introduction
The study of mechanical properties of materials has been a fundamental aspect of material sci-
ence since its inception. These properties represent how crystalline systems respond to mechanical
deformation, be it tension or compression, and are closely related to the system’s elastic stiffness
constants, such as the well-known bulk and shear modulus[104]. Detailed information about chem-
ical bonding within a crystal and its relevant symmetry elements can be unveiled through careful
examination of elastic strain, often depicted in a stress-strain curve[105]. However, most crystals
can only endure moderate strains, contingent on their ductility, and the application of mechanical
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strain in most cases leads to the emergence of crystal defects like dislocations and twins. These
defects play a pivotal role in determining how a material responds to applied stress, and under high
strains, they can trigger phase transitions and ultimately lead to fracture.

Tensile testing, a well-established scientific discipline, is employed to extract crucial informa-
tion about various material properties, including the elastic modulus, Poisson ratio, yield strength,
and fracture toughness[106]. Typically, test specimens are shaped like dogbones, concentrating
stress at their narrowest cross-sectional point. As they elongate, structural changes occur in these
high-stress regions, eventually resulting in fracture. However, for certain sample geometries, such
as thin films, it is impractical to create macroscopic dogbone shapes, as the specimens would need
to be microscopic yet large enough to be clamped within a tensile testing system.

Transmission electron microscopy (TEM) is the only method to directly visualize changes in a
material’s microstructure, including the formation of defects within a crystal lattice. The presence
of a discontinuous deformation potential at these defects causes abrupt changes in diffraction con-
ditions, providing contrast in high-resolution TEM images. Several studies have combined electron
microscopy with tensile testing to examine phenomena like the formation of dislocation networks
under tension compared to torsion [15, 107]. In-situ TEM measurements allow for the observa-
tion of dislocation motion under compressive strain using nano-pillar specimens and specialized
TEM holders equipped with nano-indentation systems[108, 15, 109]. Advances in electron detec-
tors and sources have made it possible to study these effects more closely, offering insights into
how crystal defects propagate through a lattice and interact with other defects and grain bound-
aries[23].However, a significant challenge in these studies is sample preparation. Typical TEM
specimens need to be less than approximately 100 nm in thickness for imaging, and existing in-situ
straining platforms in TEM are not very versatile. One commonly used approach is the Gatan 654
straining platform, wherein a sample is first machined into the shape of a dog-bone (approximately
12 mm in length, 2 mm wide), and then mechanically polished in the central region for electron
transparency [110]. The dog-bone is then clamped on both sides, where one end is connected to a
finely geared DC motor, which provides a small elongation rate of approximately 1 µm/sec . This
approach only works if the original crystal can be manufactured in relatively large sizes ( 12mm).
Additionally, it must be possible to selectively thin the sample in a small area of the dog-bone [23].

Another approach is the use of MEMS (micro-electromechanical system) based push-to-pull
design, as is the case with the Hysitron PI95 system, wherein a thin (<100nm) lamella is prepared
in a focused ion beam (FIB) microscope, and then placed across a 2.5 µm wide gap in a silicon
chip. Electron or ion beam induced deposition can be used to deposit platinum films, which serve
to clamp the specimen on either side. The resulting samples can thus be strained in the TEM.
Additionally, the presence of a force transducer on the indenter allows a simultaneous measurement
of the stress across the lamella, hence yielding quantitative information about the stress-strain
relationship[111].

In this study, we propose a hybrid approach. Samples are deposited on a flexible, electron-
transparent substrate, which is then attached to macroscopic copper sheets using epoxy. These
copper sheets serve as both stress concentrators and specimen carriers, which can be loaded into
a Gatan 654 straining holder. The sample preparation process is similar to conventional TEM
sample preparation, allowing for thin films to be spin-coated, sputter-coated, or transferred to the
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flexible substrate through wet transfer. We prepared two samples: sputtered gold and transition
metal dichalcogenide monolayers (TMDC),WS2, flakes on TEM copper grids, and we transferred
them onto copper sheets. This approach is reminiscent of what the thin-film community has used
in the past when fabricating macroscopic samples for tensile testing. Thin foils were deposited
onto polymeric substrates, such as kapton (polyimide) substrates, and the strain from the substrate
was transferred to the thin film through van der Waals attract [17, 16]. With he help of electron
microscopy, we are able to detect the structural changes in 2D materials,providing an ideal platform
for strain engineering, enabling versatile modulation and significant enhancement of their optical
properties.

4.2 Experimental Methods

Preparation of Copper Sheets and Optical

TEM sample preparation for Au/Pt film and TMDC flakes
We employed a Gatan Model 681 high-resolution ion beam coater operating at 9 keV beam energy
and 300 µm current for a coating duration of 90 seconds to prepare sputtered gold (Au) sample.

WS2 flakes were cleaved from a single crystal (SPI supplies) using Au-tape-assisted mechani-
cal exfoliation on a 285 nm SiO2/Si substrate [112]. These WS2 flakes were finally put on the TEM
grid using polystyrene assisted transfer technique as described below. We dissolved 13 grams of
polystyrene (PS) particles with a molecular weight of 280,000 g/mol in 100 mL of toluene. Subse-
quently, we spin-coated the PS solution onto the SiO2 substrate with WS2 flakes at 2500 rpm for 60
seconds. The coated substrates were then baked on a hot plate at 60°C for 30 minutes. Following
this, the PS coating on the substrates was trimmed according to the region of interest for WS2 layer
pickup before placing them in water. The detached polystyrene film with WS2 flakes on the water
surface was scooped onto the copper TEM grids (Lacey Formvar/Carbon, 200 mesh) following a
bake at 80 °C for 50 min and soak into toluene to dissolve the PS.

TEM data collection and analysis
We carried out in-situ straining experiments on sputtered Au film using a JEOL 3010 electron
microscope, operating at an accelerating voltage of 200 kV. To facilitate these experiments, we
loaded copper strips onto the Gatan 654 single tilt heating/straining holder, as depicted in Figure
1. Our experiments consisted of four steps, during which we applied a constant strain rate of 1 µm
for 60 seconds.

Similarly, we conducted in-situ straining experiments on TMDC flakes utilizing the FEI Titan
60–300 microscope with a 200 kV acceleration voltage. After loading the TMDC flakes onto
copper grids and mounting them on the copper strips, we applied tensional force to the WS2,
performing 10 elongation steps with 50 nm increments.

We employed the py4DSTEM package to generate radial integrated intensity profiles at various
elongation stages. To ensure accuracy, we meticulously located the center of the diffraction pattern
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and rectified any elliptical distortions, resulting in the creation of polar elliptical transformation
images. Subsequently, we calculated radial Integral Intensity profiles by summing the images
along the theta axis.

In our strain analysis using Diffraction Patterns (DPs), we begin by comparing them to a ref-
erence pattern acquired under similar, unstrained conditions, thereby establishing a relative mea-
surement that negates the necessity of calibrating distortions resulting from projector lenses and
detectors. Employing the py4DSTEM package, we identify Bragg discs. From these discs, we
derive two distinct non-collinear two-dimensional vectors, denoted as g1 and g2, which together
form the diffraction spot lattice of WS2. These vectors, represented as

(gx1,gy1)

and
(gx2,gy2)

within a meticulously chosen two-dimensional framework, enable the construction of local diffrac-
tion matrices (G) corresponding to different diffraction patterns.

When G0 represents the diffraction matrix of the reference area, we calculate the distortion
matrix (D) at specific beam positions using the following equation (Equation 4.1):

D = (G0 ∗G−1)T (4.1)

Here, the ′T ′ symbolizes matrix transposition. This distortion matrix can be further separated
into two components: a rotation matrix (R) and a pure deformation matrix (F). The strain ma-
trix (E) quantifies how the pure deformation matrix (F) differs from the identity matrix (I). This
methodology enables us to extract four physically meaningful components from the deformation
matrix D, encompassing three in-plane strain components x,y,xy along with a rotation angle θ .

4.3 Results and Discussion
In Figure 3.1, the placement of the TEM grid on the copper strip and the subsequent attachment
to the Gatan 654 holder is depicted. Force is uniaxially applied in the x -direction, as illustrated
in Figure 3.1 (a) and (b). The TEM copper grid is securely attached to the copper strip using
Crystalbond adhesive. First, we investigated the elongation of the TEM grid under an optical
microscope, aiming to maintain the same location as elongation increased, as shown in Figure 3.1
(c)-(g). To quantify the applied strain, we measured the dimensions of the grid squares five times
and calculated the mean of these measurements and the standard deviations. We generated two line
plots to illustrate the changes in Dimension 1 and Dimension 2 at each elongation step, as depicted
in Figure 3.1 (h) and (i). It is challenging to attach the TEM grid, as shown in Figure 3.1 (b), in a
manner that exerts the force exactly parallel to the x direction. Consequently, our findings deviate
from Poisson’s rule, which typically predicts that one of the dimensions should shrink while the
other expands.
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Figure 4.1: a) Shematic view of copper strip, TEM sample on Gatan straining holder. b) TEM grid
showing the elongation direction. c-g) Optical microscope images under increasing elongation of
the copper strip (left to right). h-i) 2D Plot showing the elongation at each steps calculated using
Dimension 1 and Dimension 2.

After observing the elongation of the TEM grid under the uniaxial force applied to the copper
strip with the assistance of an optical microscope, our next objective was to investigate the struc-
tural changes in the TEM. The initial sample on which we applied the method is sputtered gold.
We elongated the sample and captured selected area diffraction (SAD) as well as bright field (BF)
images at 30-second intervals. Figures 4.1 (a-d) depict bright field images of the gold at each step,
while corresponding diffraction patterns are presented in Figures 4.1 (e-h). We demonstrated that
our sample matched with the Au phase after carefully measuring the d-spacings, and we also pre-
sented the crystallographic planes on the diffraction pattern in Figure 4.1 (e). To quantify the strain
applied to the samples, we plotted the radial integrated intensities of each diffraction pattern and
illustrated the differences. As shown in Figure 4.1(i), the 1D plots shift to the left as the sample
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Figure 4.2: a-d) Bright field images under increasing elongation of the copper strip (left to right).
e-h) SADP of the corresponding regions shown in (a-d. c) Radial profiles of the corresponding
SADP in b. d) The zoomed in radial profiles around the dashed rectangle depicted in c. The
direction of the arrows in c and d corresponds to the increasing elongation of the copper strip

elongates, indicating an increase in strain. Given that the plots are graphed against the reciprocal
lattice vectors, this implies that the d-spacings corresponding to these positions increase as the
strain intensifies. To enhance the visualization of the d-spacing increase, we highlighted the first
two peaks in Figure 4.1 (j). We determined the peak locations by fitting Gaussian functions and
represented the peak positions using vertical lines. We measured the total amount of strain relative
to the initial strain and found it to be 6.5

We applied the same technique to a flexible TMDC semiconductor, WS2, by incorporating
10 elongation steps, of which we displayed 5 in Figure 4.2. It is worth noting that, although we
succeeded in transferring the TMDC onto the copper grid, we are aware of the potential bending
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Figure 4.3: a-d) .Bright field images depict the progressive elongation of the copper strip from left
to right (a-e). Corresponding SADPs are presented in (f-j), with radial profiles extracted from the
SADP shown in (k). Zoomed-in radial profiles within the dashed rectangle in (k) are presented
in (l-m). Arrows in (c and d) indicate the direction of increasing elongation of the copper strip.
In-plane strain components, including εx, εy, εxy and a rotation angle θ , are shown in (n-r).

that may occur during the sample preparation. In Figure 2.4(k), we present the radial integrated
intensity profiles of all the diffraction patterns. As indicated by the arrow, the elongation increases
from the bottom to the top plot. To enhance the visibility of the differences, we have depicted
the two main peaks in Figure 3 (l) and (m). We observed a leftward shift in the radial intensity
plots from zero strain to a strain value of 550 µm, indicating lattice expansion. However, it’s worth
noting that this shift is not consistently observed in all steps due to the non-uniform nature of the
strain.
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As explained in the methodology section, we determined the positions of the peaks and iden-
tified the two lattice vectors that reconstruct the diffraction pattern. This is illustrated in Figure
4.3(f), where the x-axis corresponds to the [1010] direction and the y-axis to the [0110] direction.
We extracted the in-plane strain components εx, εy, and shear using the two main vectors (x,y).
We observed an opposite trend in the strain along the x and y directions but found no evidence of
shear or rotation. The anisotropic crystal structure inherent to WS2 results in disparate reactions to
applied strain along distinct axes, leading to an expansion along one axis and a compression along
another. It is worth to note that according to theoretical calculations, an ultralarge elastic strain
more than 20% along armchair and 10% along the zigzag direction can be achieved in ideal single
crystalline monolayer WS2 [113]. Therefore, it shows a great potential to tailor their physical and
chemical properties toward novel functional device applications.

4.4 Conclusions
Traditional tensile testing has long been a cornerstone for extracting essential material properties,
yet it faces practical constraints, especially when applied to unconventional sample geometries like
thin films. To address these limitations, we introduced an innovative hybrid approach, combining
the capabilities of transmission electron microscopy (TEM) with flexible substrates and macro-
scopic copper sheets, allowing for the in-depth examination of materials under mechanical strain.

We observed, with precision, the elongation of TEM grid samples under uniaxial force, enabled
by the methodology involving the use of TEM copper grids and copper sheets. This approach
simplified sample preparation and broadened our capacity to explore the mechanical properties
of materials at the nanoscale. The data we collected revealed striking insights into the mechanical
responses of various materials, notably the sputtered gold (Au) and transition metal dichalcogenide
(TMDC), specifically WS2. Examining structural alterations through in-situ mechanical testing
within TEM addresses limitations inherent in ex-situ methodologies, providing crucial insights
derived from real-time observations.

For sputtered Au, we meticulously tracked structural changes, demonstrating the shifting d-
spacings and changes in diffraction patterns as the material experienced strain. Through careful
analysis, we determined the total amount of strain relative to the initial state, quantifying a 6.5 %
increase in strain. In the case of TMDC, specifically WS2, our methodology allowed us to inves-
tigate the impact of strain on the crystal lattice. The strain analysis of WS2 revealed non-uniform
strain distribution, demonstrating the anisotropic nature of the crystal structure, leading to both
expansion and compression along different axes. These findings, when combined with theoretical
predictions of ultralarge elastic strain in WS2, hold great promise for tailoring its physical and
chemical properties for advanced device applications.

In summary, our study not only introduced a hybrid approach for studying mechanical prop-
erties but also generated valuable insights into the mechanical behavior of different materials at
the nanoscale. These findings open exciting avenues for further research and applications in the
in-situ straining experiments. Before publishing our paper, our ultimate objective is to incorporate
the computational results obtained through the finite element method (FEM). These results will
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serve to illustrate the local strain fields, the impact of TEM grid rotation on the strain fields, and
the positioning of TMDC flakes in relation to elongations.
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Chapter 5

Conclusions and future work

Throughout our research, we have uncovered significant insights and made substantial advance-
ments in the realm of materials science. Our investigations have primarily centered on tellurium
and selenium chalcogens, as well as transition metal dichalcogenides (TMDCs).

In chapter 2, we have thoroughly explored the short- to medium-range ordering in amorphous
Te-Se thin films, employing a combination of experimental studies and advanced atomic simula-
tions. This work has not only deepened our understanding of these materials but has also shed light
on their stability and behaviors, attributing variations in bond character to the evolving medium-
range order populations with different selenium (Se) content.

In chapter 3, we’ve made observations regarding the formation of moiré lattices resulting from
the interactions between tellurium crystalline films and transition metal dichalcogenides (TMDs).
These moiré structures exhibit spatial variations, contributing to intriguing properties such as
superconductivity, topological conducting channels, and advanced optoelectronic behaviors [10,
114]. We achieved to show the exact orientation relationship between the heterostuctures with the
help of CoM-DPC and image simulations. This study can be extended to compare the structure-
property relationship by combining Electron Energy Loss Spectroscopy (EELS) and scanning nan-
odiffraction techniques. For instance, in a recent paper, high-resolution scanning transmission
electron microscopy (STEM) and electron energy-loss spectroscopy (EELS) were employed to in-
vestigate the effect of the twist angle in MoS2/WSe2 heterostructures. It was found that the optical
response of the heterostructure varies within the moiré supercell, exhibiting a lower energy absorp-
tion peak in regions characterized by AA stacking [115]. In the light of this we expect c change in
the optical responses of the substrate and the film after the formation of the heterostructure.

In Chapter 4, we introduced an approach combining transmission electron microscopy (TEM)
with TEM copper grids and copper sheets, revealing valuable insights into mechanical properties
at the nanoscale. This approach enabled precise measurements of strain in materials like sputtered
gold (Au), quantifying a 6.5% increase in strain, and WS2, which exhibited non-uniform strain
distribution. These findings, along with theoretical predictions of ultralarge elastic strain in WS2,
emphasize the significance of our findings in advancing in-situ straining experiments.
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