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Abstract 

In-situ transmission electron microscopy observation of fracture process in multilayer MoS2 films 

XIONG Wei 

s2120421 

Mechanical strain plays a pivotal role in modulating both the structural and electronic properties of two-

dimensional (2D) materials. While small, controlled strains are widely utilized to tune functionalities such as 

bandgap and carrier mobility, such minor deformations are insufficient for probing the intrinsic mechanical 

response and failure mechanisms of atomically thin materials. In particular, the understanding of fracture behavior 

under uniaxial tensile stress at the atomic scale remains incomplete, largely due to limitations in experimental 

techniques that can simultaneously provide mechanical control and atomic-resolution imaging. In this study, we 

address these challenges by developing an integrated in situ transmission electron microscopy (TEM) tensile 

testing platform and applying it to the fracture investigation of few-layer molybdenum disulfide (MoS2) 

nanosheets. 

Our work begins with a comprehensive assessment of existing experimental approaches and the identification 

of key limitations in current tensile testing methods for 2D materials. To enable high-stability mechanical testing 

under TEM, we first constructed a dedicated in situ experimental system comprising a JEOL 2100Plus TEM 

equipped with a custom-built tensile holder. This holder features a piezoelectric actuator and a titanium support 

plate to enable voltage-controlled tensile displacement with sub-nanometer accuracy. 

Recognizing the instability of conventional tensile chips, such as those relying on independent silicon 

fragments, we designed a new tensile chip architecture based on a monolithic silicon frame integrated with a SiNx 

observation window. A key feature of our design is the introduction of long, narrow slits on the SiNx membrane, 

which localize strain and improve stress uniformity within the imaging region. Finite element simulations and in 

situ performance validation confirmed the linear displacement behavior and mechanical robustness of the platform. 

Additional improvements, such as the implementation of T-shaped termini and the minimization of out-of-plane 

movement, further enhanced the reliability of atomic-resolution deformation tracking. 

High-quality few-layer MoS2 samples were prepared via modified mechanical exfoliation using PDMS, 

followed by a dry-transfer process facilitated by a PPC/PDMS stamp. We adopt contrast-thickness calibration 

protocol using optical microscopy (OM), atomic force microscopy (AFM), and Raman spectroscopy, allowing for 

real-time layer number identification during sample manipulation. Moreover, we introduced a practical method 

for determining the crystallographic zigzag (ZZ) edge orientation of MoS2 flakes by correlating natural edge 

morphology with optical and TEM observations. This orientation calibration was critical for exploring the 

anisotropic fracture behavior of MoS2 under uniaxial strain. 

Using the custom tensile platform, we performed a series of in situ stretching experiments on few-layer MoS2 

nanosheets with controlled orientations and thickness. Our observations revealed a striking deviation from the 

brittle fracture behavior typically associated with 2D materials. Specifically, samples stretched along directions 

near the armchair (AC) axis exhibited clear signatures of ductile fracture, including stepped edge morphologies, 

irregular crack fronts, and sustained compressive strain near crack tips. These features were observed consistently 

across multiple samples and were supported by GPA-based strain mapping, which revealed localized strain bands 



 

II 

 

and interlayer sliding regions indicative of energy dissipation during deformation. 

One of the most remarkable findings of this study is the consistent formation of ~10 nm-wide stepped fracture 

zones, which emerged during the near AC direction uniaxial tensile failure of few-layer MoS2. These characteristic 

fracture regions suggest that crack propagation occurs along distinct paths. The fracture morphology further 

supports a scenario where cracks propagate preferentially along the ZZ direction, consistent with theoretical 

predictions of lower fracture energy along this direction. Similar ductile features were also observed in MoS2 

samples stretched along the ZZ orientation at low strain rates, reinforcing the generality of the observed behavior. 

In addition to crack initiation and propagation, we identified the role of pre-existing structural features, such 

as holes and pre-cracks generated during the pre-straining process, as fracture precursors. These defects influenced 

the stress field and promoted crack nucleation, especially in regions characterized by ripple-like stress 

distributions formed propagated along two AC directions away from tensile axis. These intersecting ripples exhibit 

a periodicity of approximately 10 nm, which accounts for the formation of alternating stripes with ~10 nm spacing 

and varying contrast observed after the pre-strain treatment. 

In summary, this study presents a comprehensive framework for investigating fracture mechanics in 2D 

materials at the atomic scale. By developing a stable, precise, and orientation-calibrated in situ TEM tensile testing 

platform, we successfully visualized the dynamic evolution of fracture processes in few-layer MoS2. Our findings 

challenge the conventional view of 2D materials as inherently brittle and instead reveal a ductile failure 

mechanism characterized by stepwise fracture zones, interlayer sliding, and stress field redistribution. These 

insights not only deepen our understanding of mechanical failure in 2D systems but also provide practical 

guidance for designing mechanically robust nanoelectronic and optoelectronic devices based on van der Waals 

materials. 

 

KEYWORDS: few layers 2H-MoS2 nanosheet, tensile loading, ductile fracture, real-time in situ TEM, atomic 

resolution 
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Chapter 1 background 

Introduction 

Mechanical strain significantly affects both the structural and electronic properties of 2D 

materials. While small strains are commonly used to enhance device performance, such limited 

deformation makes it difficult to fully understand the intrinsic mechanical response of the 

material and fracture behavior.  

In this chapter, we will introduce the background of our research on nanoscale fracture 

mechanics of MoS2 and recent progress on related topics, such as micro-/nano-scale mechanics 

of 2D materials.  
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1.1 Brief introduction to MoS2  

The crystalline MoS2 is formed as a layer structure. To monolayer MoS2 crystal, it contains 

three layers of atoms, that is S atoms, Mo atoms and S atoms. The molybdenum atoms are 

sandwiched between the atoms of sulfide on both sides. Three motifs of MoS2 structure are 

most commonly reported, they are 2H, 1T, and 3R.1 The numbers in 2H, 1T, and 3R indicate 

the number of layers per unit cell, while the letters H, T, and R describe the lattice symmetry, 

corresponding to hexagonal, tetragonal, and rhombohedral, respectively. MoS2 can crystallize 

into two primary coordination geometries: trigonal prismatic and octahedral. The trigonal 

prismatic coordination yields the 2H and 3R motifs, both of which are semiconducting, as 

shown in Figure 1.1(a) and (c), respectively. These atomic models were constructed using 

VESTA.  In contrast, the octahedral coordination forms the 1T motif, which is metallic, as 

depicted in Figure 1.1(b). Thus, the 2H and 3R phases exhibit semiconducting behavior, while 

the 1T phase is metallic.2 The most stable state at room temperature is the 2H motif, which we 

investigated in this work. 

 

Figure 1.1 (a)-(c) The atomic structure 2H, 1T and 3R phase of MoS2, respectively. Upper: the top view; 



Chapter 1 

9 

 

bottom: the lateral view. 

Figure 1.2 shows the bilayer structure of 2H-MoS2, which belongs to the P63/mmc space 

group. This symmetry yields a structure that is repeatable every 60°, indicating its sixfold 

rotational symmetry. Because the properties of 2H-MoS2 strongly depend on its edge 

configurations3, it is important to investigate the fracture behavior along different edge types 

(armchair (AC) and zigzag (ZZ) directions) to better understand the material’s edge-dependent 

mechanical response. 

 

Figure 1.2 Bilayer 2H-MoS2 structure 

1.2 Strain induced properties changing in 2D materials 

Since graphene was successfully prepared by mechanical exfoliation in 20044, two-

dimensional (2D) materials have attracted significant attention in the past two decades due to 

their outstanding optical, magnetic, mechanical, and thermal properties5,6. Their atomically thin 

geometry, high carrier mobility, field-effect switching ratio, and mechanical flexibility make 

them ideal for applications ranging from nanoscale field-effect transistors (FETs)7 to flexible 
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and transparent electronics8 or digital logic transistors9. In practical applications, the intrinsic 

properties of 2D materials play a critical role in determining device stability. Therefore, to meet 

growing demands and broaden their application scope, a thorough understanding of their 

intrinsic elastic behavior, deformation characteristics, and fracture mechanisms is essential10. 

Extensive efforts have been devoted to understanding the intrinsic mechanical properties of 2D 

materials, with a growing number of studies reported each year11,12.  

In addition to their mechanical characteristics, the electronic properties of 2D materials 

also play a crucial role in determining their performance in electronic devices. Key parameters 

such as bandgap, carrier density, and mobility directly influence device functionality and 

efficiency. Notably, the electronic properties of 2D materials are highly sensitive to external 

strain, with mechanical deformation capable of inducing significant changes in both crystal 

symmetry and electronic band structure. Li et al. reveals that strain effectively tunes the 

electronic properties of graphene and GNRs by modulating Dirac points, bandgaps, and edge 

states, as shown in Figure 1.3(a)13. Two years later, Scalise et al. found that the bandgap of the 

MoS2 was reported to reduce with applied tensile strain , as shown in Figure 1.3(b)14. These 

strain sensitivity highlights the importance of understanding their mechanical behavior, which 

plays a crucial role in optimizing device performance and informing structural design.  
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Figure 1.3 (a) Dirac cone shift in graphene under shear strain13. (b) Strain-induced band structure 

modulation in monolayer MoS2
14. 

Among various families of 2D materials, transition metal dichalcogenides (TMDs), 

especially for MoS2, have emerged as a particularly promising class due to their intrinsic 

semiconducting properties and tunable band structures, which have been widely applied in 

semiconductor devices. Recent studies have demonstrated its potential in various scenarios. 

For instance, MoS2-based field-effect transistors (FETs) exhibit strain-enhanced carrier 

mobility and tunable threshold voltages7,15,16, as can be seen in Figure 1.4. Making them 

promising candidates for next-generation logic circuits.  

Nevertheless, the strain applied in practical device applications is typically limited to 

small ranges to maintain operational reliability. This constraint hinders a comprehensive 

understanding of the material’s behavior under large deformation, particularly near the limits 

of elasticity and fracture. Investigating the mechanical and electronic responses of MoS2 under 

higher strain levels is thus crucial for advancing both fundamental research and the 

development of more robust, strain-adaptive devices. 

Due to MoS2 is the most widely studied and applied material for its moderate bandgap, 
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strong environmental stability, and compatibility with large-scale device fabrication, so we 

chose it as our main research object. 

 

Figure 1.4 Strain-engineered monolayer MoS2 devices and corresponding electrical performance 

enhancement. (a) Schematic of a field-effect transistor (FET) under tensile strain and the resulting 

improvement in carrier mobility with increasing strain. (b) Device layout showing strained monolayer 

MoS2 and the threshold voltage shift under strain compared to flat devices. (c) Layered structure for 

applying controlled biaxial strain and the corresponding enhancement in carrier mobility, showing a linear 

increase with strain up to 0.5%. 
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1.3 Approaches on stress regulation and fracture studies in 2D materials 

Understanding how two-dimensional (2D) materials respond to mechanical stress and 

ultimately fracture is critically important for both fundamental research and practical 

applications. Over the past decade, a variety of experimental techniques and theoretical 

simulations have been developed to regulate and analyze stress in 2D systems—not only to 

tune their physical properties, but also to explore their fracture mechanisms under extreme 

loading and simulated conditions14,17,18.  

1.3.1 Theoretical and simulation studies on stress engineering and fracture mechanisms in 

2D materials 

Theoretical and computational studies have played a crucial role in deepening our 

understanding of how 2D materials respond to stress and ultimately fracture. These approaches 

offer atomic-level insights that are often inaccessible by direct measurement, enabling precise 

analysis of deformation behavior, energy evolution, and defect dynamics under a wide range 

of conditions19–21. 

One of the major focuses in this area is strain engineering, where first-principles 

calculations (such as density functional theory, DFT)22–24 have been extensively used to 

investigate how mechanical deformation influences the band structure14 and mobilities25. As 

shown in Figure 1.5. These studies have revealed, for instance, that uniaxial or biaxial strain 

can induce direct-to-indirect bandgap transitions in TMDs, tune effective masses, and enhance 

carrier mobilities — effects that are vital for the design of next-generation flexible electronics. 
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Figure 1.5 (a) Plots of energy band gap (Eg) versus applied strain for mono- and bi-layer MoS2.14 (b) 

The mobility versus carrier concentration with and without screening for the unstrained MoS2, for a tensile 

biaxial strain of 5%, and for a uniaxial strain of 5% along the armchair direction.25  

In addition, molecular dynamics (MD) and finite element simulations have become 

powerful tools for modeling the mechanical response of 2D materials under tensile or 

compressive loads18,26,27. By simulating atomistic interactions, MD simulations can reproduce 

the stress-strain behavior18,28 and crack initiation17,26. As the related results described in Figure 

1.6. 
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Figure 1.6 (a) Typical atomic configurations of the SLMoS2 nanosheets with different widths under 

tensile loading along the zigzag direction.18 (b) Phenomenological modeling of fracture surface 

propagation in the monolayer MoS2 nanosheet of voids nucleation and growth in the small-defects 

specimen.26 

Together, these computational efforts complement experimental studies and provide 

valuable guidance for interpreting observed phenomena, optimizing material design, and 

predicting failure modes under extreme mechanical environments. 

1.3.2 Experimental approaches for stress regulation and fracture studies in 2D materials 

To gain deeper insights into the mechanical behavior of 2D materials—particularly their 

stress response and fracture mechanisms—various experimental strategies have been 

continuously developed and refined over the past decade. One common approach is to 

introduce strain during synthesis, for instance, by using chemical vapor deposition (CVD) on 

lattice-mismatched substrates, which generates intrinsic strain within the grown material29. 

Post-growth modifications, such as doping, defect engineering, or heteroatom substitution, can 

also create localized stress fields and influence crack nucleation and mechanical robustness30. 

These methods induced built-in strain during the growth of the sample, as depicted in Figure 
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1.7. Despite these methods effectively induced built-in strain into the prepared samples, it still 

hard to refrain from the effect of substrate or the grain boundary, which are harmful for the 

thoroughly understood of the intrinsic properties of the strained samples. 

 

Figure 1.7 (a) Strain caused by lattice mismatch. For a TMD monolayer, its lattice parameters a and b 

by the growth substrate can be used to select a particular phase of the TMD monolayer.29,31 (b) Schematic 

of CVD growth 2D MoWSe2 alloy and the 2H-1T phase transformation as the crack propagates through 

the MoSe2/WSe2 alloy.30 

In addition to synthesis-related methods, substrate-induced and support-assisted strain 

regulation provides another widely used means of stress control. Transferring 2D materials 

onto designed patterned32,33, stretchable or thermally mismatched substrates allows for strain 

application via substrate bending34, thermal expansion35, or deliberate deformation patterns, 

such as wrinkling or delamination32,33,36,37. These methods are relatively easy to implement and 

provide useful insights into how deformation affects material stability, although the applied 

strain is often non-uniform and limited in magnitude and cannot avoid the interaction between 

the stretched sample and the affiliated substrate, making it challenging to probe fracture 

mechanism under extreme conditions.  
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Figure 1.8 (a) Illustration of graphene tents formed by depositing onto a SiO2 nanopillar array.33 (b) 

Schematic picture of laser-induced local heating.35 (c) 3D diagram of two-point bending apparatus.34 

To more directly explore fracture mechanisms, experimental methods such as atomic force 

microscopy (AFM) nanoindentation38–40 and micro-indenter testing41,42 have been employed to 

evaluate localized stress response and fracture toughness. As illustrated in Figure 1.9. 

 

Figure 1.9 (a) Schematic showing the experimental set up for the in situ TEM deformation tests and 

InSe crystals before (down left) and after (dawn right) the ex situ compression test.41 (b) Fracture 

toughness of graphene measured with a nanomanipulator controlled W tip and AFM cantilever.40 

Furthermore, tensile testing using MEMS-based devices, such as push-to-pull (PTP) 

platforms43–45 or custom-fabricated stretchable systems46,47 enables uniform strain application 

and direct observation of stress–strain responses28,48, crack propagation17,43,49, and the ultimate 

fracture strength17,43,48. These techniques are often coupled with in situ imaging methods, such 

as electron microscopy (EM), to allow tracking of crack propagation. Despite these advances, 
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challenges remain challenges in achieving real-time recorded atomic resolution high-quality 

stretching induced fracture results, which limits our understanding of the fracture process at 

the atomic level. 

 

Figure 1.10 (a) SEM image of a nanomechanical device and SEM images showing the crack 

initiation, propagation, and fracture process of MoSe2
43. (b) Schematic showing a single-crystalline 

graphene sample sus pended over the push-to-pull (PTP) micromechanical device. Left top is an SEM 

image showing an overview of the PTP device actuated by an external pico-indenter.45 Right top, zoom-in 

SEM image taken from the region marked by a rectangle in the left-top inset. The yellow arrows indicate 

the indentation or stress loading direction. Left-bottom inset showing a Raman spectrum taken from the 

graphene sample. Right-bottom inset showing a TEM bright-field image taken from the sample edge, 

where an amorphous edge can be observed.44 (c) Top-view of the custom-fabricated stretchable systems 

and its stretch ability.46,47 

1.3.3 Limitations of current studies on tensile fracture of 2D materials 

Despite significant progress in both experimental and theoretical studies, our 

understanding of tensile fracture mechanisms in 2D materials, particularly at the atomic scale, 

has remained limited. 

Most existing experimental investigations have been conducted using techniques such as 

scanning electron microscopy (SEM) and atomic force microscopy (AFM). While AFM offers 

atomic-scale resolution in ideal conditions and has proven valuable for mapping strain fields, 

surface topography, and mechanical properties at the nanoscale, its application to fracture 
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studies remains highly challenging. This is mainly due to the difficulty in directly observing 

dynamic fracture processes and the limited ability to resolve real-time structural evolution 

during crack nucleation and propagation. 

On the other hand, SEM provides clear morphological information but lacks the atomic 

resolution necessary to capture atomic-level changes. TEM-based studies, which are capable 

of resolving atomic structures, have also been explored. However, many such studies do not 

involve true in situ tensile deformation. Instead, stress is often applied indirectly—using AFM 

tips for nanoindentation, mechanical probes, or focused electron beam irradiation—which may 

not accurately replicate the tensile fracture behavior under uniform loading conditions. 

Although some progress has been made using in situ TEM setups, fully capturing the 

fracture process at atomic resolution during tensile loading remains technically demanding. 

These experiments require precise strain control, mechanical stability, and high imaging 

resolution simultaneously, which poses considerable challenges. 

In summary, while tools like AFM and TEM have advanced our ability to probe 2D 

materials, direct atomic-scale observations of fracture under controlled in situ tensile loading 

are still scarce. Bridging this gap is essential for a deeper understanding of failure mechanisms 

in 2D materials and for the reliable design of strain-engineered nanodevices. 
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1.4 Approaches on fracture studies in 2D materials 

1.4.1 Fracture mechanism in 2D materials 

Since the PTP device was first used for the tensile study of 2D materials in the 2010s50, 

in-situ studies of the tensile process have never stopped. As reported by Li et al. in 201726, the 

fracture behavior of multilayer MoS2 evolves from intraplanar to interplanar as the thickness 

increases, as shown in Figure 1.11. The basic mechanism of the fracture can be explained as 

follows:  

In monolayer or few-layer samples, fracture occurs through simultaneous rupture of all 

atomic layers (intraplanar). In contrast, thicker flakes tend to fail along pre-existing or defect-

induced interlayer interfaces, leading to interplanar fracture and significant stress dissipation. 

For intermediate nanosheet thicknesses, a combination of both mechanisms is observed. 

Notably, despite the distinct fracture origins, both the intermediate and thicker flakes exhibit 

sudden brittle fracture, suggesting that once a critical stress condition is met, the final rupture 

proceeds rapidly, irrespective of whether the failure path is intraplanar, interplanar, or mixed. 

 This fracture mechanism is also the mainstream fracture mechanism at present. Similar 

results were achieved in MoSe2
43 and Ta2NiSe5

48. The fracture process was characterized by 

brittle fracture, where the fracture showing smooth and straight fracture shape, all layers 

rupture together and fractured with a sudden energy release. 
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Figure 1.11 (a) Fracture in MoS2 flakes with the tensile rate of 15 nm/s. (b) Intraplanar fracture mode in 

MoS2 flakes. (c) Interplanar fracture mode in MoS2 flakes. 

1.4.2 Ductile-like fracture process in 2D materials 

In MoS2, crack propagation has been studied using focused electron beams to introduce 

holes, from which branch cracks were observed to initiate and grow. 

These results show that fracture in MoS2 is typically brittle, with sharp crack tips and 

clean cleavage. However, by introducing defects, the fracture mode can be engineered toward 

ductile-like behavior, featuring blunt, split, or irregular tips, often initiated at pores or edge 

defects, and exhibiting crack deflection, branching, or rough edges38,51. 

Interestingly, even h-BN, which is traditionally considered a brittle 2D material, was 

found to exhibit surprisingly stable crack propagation with deflected and rough edges (intrinsic 

toughening), at a tensile rate of around 5 nm/s17. As depicted in Figure 1.12. It is worth noting 

that the tensile rate is very low, which makes us wonder whether low tensile strain rate will 

lead to different fractures. 
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Figure 1.12 (a) and (b) Defect engineered fracture behavior from brittle to ductile-like.38,51 (c) Intrinsic 

toughening in monolayer h-BN.17 

1.5 Objectives and Scope of This Study 

As discussed in the previous sections, significant advances have been made in exploring 

the mechanical and electronic properties of 2D materials, particularly under strain. However, 

current approaches face limitations in capturing the fracture behavior of 2D materials at the 

atomic scale under true uniaxial tensile loading conditions. In particular, a detailed, atomic-

level understanding of crack initiation and propagation in transition metal dichalcogenides 

(TMDs) such as MoS2 remains lacking. 

In this study, we aim to address these challenges by developing an integrated in situ tensile 

testing platform that enables direct observation of MoS2 fracture at atomic resolution under 

controlled loading. The main objectives of this work are: 

1. To establish a reliable methodology for in situ tensile testing of 2D materials at the 

atomic scale, combining high-resolution transmission electron microscopy (HRTEM) 
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imaging with a stable and controllable uniaxial strain loading mechanism. 

2. To implement a full-dry transfer process for MoS2 that enables precise layer-number 

selection and crystalline orientation control, ensuring consistent sample quality for 

mechanical testing. 

3. To investigate the fracture behavior of MoS2 nanosheets, including crack initiation, 

propagation paths, and their correlation with crystallographic directions and defects. 

This work aims to provide a more comprehensive understanding of the fracture behavior 

of MoS2 under uniaxial tension. 
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Conclusion  

In this chapter, we provided an overview of the motivation and current status of 

mechanical and fracture studies in two-dimensional (2D) materials, with a particular focus on 

MoS2. We first introduced the fundamental properties of 2D materials and their critical role in 

next-generation electronic and optoelectronic devices. Special attention was given to strain-

sensitive properties such as bandgap modulation and carrier mobility, which highlight the need 

for precise mechanical control and characterization. 

We then reviewed recent experimental and theoretical strategies for stress regulation and 

fracture investigation in 2D materials. Although significant progress has been made in 

manipulating stress and probing mechanical responses, current studies still face limitations in 

capturing fracture behavior at the atomic scale, especially under real-time with in situ uniaxial 

loading, leaving a gap in our understanding of the intrinsic failure mechanisms of 2D materials. 

Additionally, in MoS2, fractures are typically brittle with sharp, clean cracks. However, 

defects can induce ductile-like features such as crack deflection and rough edges. Similarly, h-

BN, normally brittle, also exhibits stable, deflected crack propagation at a low strain rate 

(~5 nm/s), suggesting that lowering the strain rate may also encourage tougher fracture 

behavior in 2D materials. 

Finally, we outlined the objectives of this work, which aims to develop an improved in 

situ tensile testing method, implement a controlled sample preparation process, and explore the 

atomic-scale fracture mechanisms of MoS2. This study seeks to bridge the current gap between 
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macroscopic mechanical characterization and atomic-level understanding, thereby advancing 

the fundamental knowledge required for the rational design of robust 2D devices. 
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Chapter 2 Experimental methods  

Introduction 

In this chapter, we present the experimental methods and the construction of the 

experimental platform, including an overview of the instruments used, the implementation of 

the stretching experiments, and the calibration of both thickness and orientation of 

molybdenum disulfide (MoS2). Section 2.1 introduces the fundamental principles of 

transmission electron microscopy (TEM) and the geometric phase analysis (GPA) method. 

Section 2.2 describes the stretching holder and the titanium (Ti) plate used to support the 

stretching chip and the dry transfer method. In Section 2.3, we detail procedures for calibrating 

the orientation and thickness of the MoS2. 
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To investigate the properties of MoS2 on atomic scale, the transmission electron 

microscope (TEM) is performed, which is a powerful tool to characterize the structure on 

atomic scale. The TEM-2100plus (JEOL), with the accelerating voltage of 120 kV, is used in 

our experiment. The photograph is shown in Figure 2.1. 

 

Figure 2.1 the photograph of TEM-2100plus 

2.1 Brief introduction of TEM related technology 

2.1.1 Fundamentals of TEM Imaging and HR-TEM analysis 

Transmission Electron Microscopy (TEM) is a powerful imaging technique that utilizes a 

beam of transmitted electrons to form high-resolution images of a specimen. Unlike optical 

microscopy (OM), which relies on visible light and glass lenses, TEM employs an electron 

beam as the illumination source and magnetic lenses to focus the electrons. Despite these 
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differences, the resolution of TEM can still be approximately estimated using the Rayleigh 

criterion, analogous to the approach in OM, as shown below 1: 

0.61

sin




 
= ,                             (2.1) 

In Equation (2.1), λ represents the wavelength of the electron wave, μ is the refractive 

index of the viewing medium, and βdenotes the acceptance angle of the objective lens. This 

equation defines the resolution limit, indicating that reducing λ is an effective way to enhance 

image resolution. For a TEM operating at an accelerating voltage of 200 kV, the electron 

wavelength is approximately 0.00251 nm—significantly smaller than the diameter of an 

atom—enabling imaging at atomic-scale resolution. The schematic of a conventional TEM is 

illustrated in Figure 2.2(a), in comparison with that of an optical microscope (OM) shown in 

Figure 2.2(b)2. 

 

Figure 2.2. The structure of the transmission electron microscope (TEM) (a) and an optical 

microscope (b)2. 
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As illustrated in Figure 2.2, a typical TEM consists of several key components: the 

electron gun, vacuum system, electromagnetic lenses, sample stage, apertures, and image 

recording system. The electron gun serves as the source of the electron beam. The vacuum 

system maintains a high-vacuum environment within the TEM chamber, which minimizes the 

scattering of electrons by gas molecules—thereby increasing their mean free path—and 

reduces beam-induced contamination on the sample. 

The electromagnetic lens system, comprising the condenser lens, objective lens, 

intermediate lens, and projector lens (as shown in Figure 2.2(a)), is responsible for focusing 

and manipulating the electron beam throughout its path. The sample stage secures the sample 

holder within the TEM and enables the formation of images or diffraction patterns by 

positioning the sample in the path of the electron beam. It supports a variety of holders, 

allowing for specialized observations depending on the experimental requirements. 

Apertures are employed to selectively filter portions of the electron beam, enhancing 

contrast and resolution in imaging or diffraction modes. Finally, the image recording system 

captures the electron-transmitted information, typically via a camera or a fluorescent screen, 

for further analysis. 

2.1.2 Imaging and diffraction in TEM 

TEM imaging is accomplished using transmitted electrons. The process begins with the 

electron gun, which emits and accelerates a beam of electrons. These electrons are first focused 

by the condenser lens and then directed toward the sample. As the electron beam interacts with 
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the specimen, some electrons are transmitted while others are scattered, depending on the 

internal structure of the material. 

The objective lens collects and focuses these transmitted and scattered electrons to form 

an initial image. This image is further magnified by the intermediate and projector lenses, 

ultimately resulting in a high-resolution image that can be observed on a screen or recorded by 

a camera. 

TEM operates in two primary modes: imaging and diffraction, as illustrated in Figure 

2.3(a) and (b). In diffraction mode, a diffraction pattern is formed in the back focal plane of the 

objective lens, whereas in imaging mode, an intermediate image is formed in the image plane. 

Switching between these modes is achieved by adjusting the focus of the intermediate lens, 

which determines whether the image or diffraction pattern appears in the second intermediate 

image plane. The projector lens then magnifies the selected output, which is finally displayed 

or captured by a CCD camera. 

In this study, atomic-scale images of the sample structure are acquired in imaging mode 

and recorded using a CCD camera. 

To resolve atomic details, high-resolution transmission electron microscopy (HR-TEM) 

is used. In HR-TEM, contrast arises from the interference between transmitted and scattered 

electron waves. For very thin specimens, the amplitude of the incident wave is largely 

unaffected, while its phase is slightly altered by interactions with the sample. These phase 

changes are correlated with the positions of atomic columns and produce an interference pattern 
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upon exit. By capturing the amplitude of this phase interference with a CCD camera, the HR-

TEM image reveals the projected atomic structure of the sample. 

 

Figure 2.3. Schematic of the imaging mode (a) and diffraction mode (b) of TEM. Imaging/diffraction 

mode is adjusted when the image/diffraction pattern is showing in the plane of the second intermediate 

image by adjusting the intermediate lens. 

2.1.3 Geometric phase analysis 

Geometric Phase Analysis (GPA) is a quantitative technique used in transmission electron 

microscopy (TEM) to measure strain and displacement fields at the nanoscale. It is particularly 

valuable in high-resolution TEM (HR-TEM) and scanning TEM (STEM) images for the 

analysis of lattice distortions, interfaces, and defects in crystalline materials. 

The fundamental concept of GPA is based on the analysis of phase shifts in the periodic 



Chapter 2 

37 

 

lattice fringes of an HR-TEM image. These fringes can be interpreted as the result of 

interference between transmitted and diffracted electron waves. By applying a Fourier 

transform to the HR-TEM image, the periodic lattice information is transferred into reciprocal 

space, where specific diffraction spots corresponding to chosen lattice planes can be isolated 

using a mask. 

The inverse Fourier transform of a selected spot, combined with appropriate filtering, 

yields a complex image that contains both amplitude and phase information. The phase 

component reflects the local displacement field relative to a reference lattice, and the gradient 

of the phase gives access to the local strain. This allows for the mapping of strain tensor 

components with nanometer or even sub-nanometer resolution. 

GPA is a non-destructive, post-processing technique and does not require specific sample 

preparation beyond that used for HR-TEM. It provides high sensitivity to small changes in 

lattice spacing and orientation, making it ideal for the analysis of heterostructures, grain 

boundaries, dislocations, and other structural inhomogeneities. The brief theoretical 

explanation can be written as follows3,4: 

Simply, the intensity of an HR-TEM image, 𝐼(𝒓), can be described as: 

𝐼(𝒓) = ∑ 𝐼𝑔(𝒓)𝑒2𝜋𝑖𝑔•𝒓
𝑔                            (2.2) 

In the context of GPA, 𝑔 denotes the reciprocal lattice vectors of an ideal, undistorted 

crystal. The local Fourier components of a high-resolution TEM image can be expressed as: 
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𝐼𝑔(𝒓) = 𝐴𝑔(𝒓)𝑒𝑖𝑃𝑔(𝒓),                            (2.3) 

Here, 𝐴𝑔(𝒓) represents the local amplitude, which reflects the image contrast, and 𝑃𝑔(𝒓) 

is the local phase, which encodes positional information related to the lattice distortion. 

The phase 𝑃𝑔(𝒓) is directly related to the local displacement field 𝒖(𝒓) of the lattice 

through the following relation: 

𝑃𝑔(𝑟) = −2𝜋𝑔 • 𝒖(𝑟).                            (2.4) 

Given two non-collinear reciprocal lattice vectors 𝑔1 and 𝑔2, with corresponding real-

space basis vectors 𝒂1 and 𝒂2, the displacement field 𝒖(𝑟) can be determined as: 

𝑢(𝒓) = −
1

2𝜋
[𝑃𝑔1(𝒓)𝒂1 + 𝑃𝑔2(𝒓)𝒂2],                     (2.5) 

where, a1 and a2 are the basis vectors of the lattice in real space corresponding to the 𝑔1 

and 𝑔2. Then, the strain field can be retrieved from the gradient of the displacement field: 

𝜀 = (
𝜀𝑥𝑥 𝜀𝑥𝑦

𝜀𝑦𝑥 𝜀𝑦𝑦
) = (

𝜕𝑢𝑥

𝜕𝑥

𝜕𝑢𝑥

𝜕𝑦

𝜕𝑢𝑦

𝜕𝑥

𝜕𝑢𝑦

𝜕𝑦

).                       (2.6) 

By applying this analysis to HR-TEM images, a two-dimensional strain map with atomic-

scale resolution can be reconstructed. In this study, we utilize GPA to extract quantitative strain 

information from HR-TEM images obtained during in-situ TEM observations. This allows us 

to investigate the local deformation behavior and structural evolution of the material at the 

atomic level. 
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2.1.4 Focused ion beam (FIB) 

The SMI3050 focused ion beam (FIB) system was employed for nanoscale patterning and 

sample preparation due to its exceptional milling precision and versatility. This instrument 

enables the fabrication of well-defined slits and gaps at the sub-100 nm scale while minimizing 

damage to surrounding areas. Moreover, its localized milling capability ensures that the 

structural integrity of the suspended membranes is preserved, allowing highly customized 

geometries tailored to our experimental requirements. Figure 2.4 illustrates the SMI3050 

system and a representative sample with a precisely milled gap, demonstrating its capability 

for high-quality nanofabrication. 

 

Figure 2.4 The photograph of SMI 3050 and a gap after milling 
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2.2 Stretching TEM holder and dry transfer process 

2.2.1 Stretching TEM holder 

To investigate the mechanical properties of MoS2 thin films under transmission electron 

microscopy (TEM), our laboratory has developed a custom-designed in-situ stretching sample 

holder. This holder enables real-time tensile testing of MoS2 thin films during TEM observation. 

A top view of the in-situ TEM holder is presented in Figure 2.5. 

 

Figure 2.5 Top view of the overall structure of the holder 

As shown in Figure 2.6(a), the top view of the holder reveals the sample loading side, 

where the MoS2 film is mounted. A corresponding three-dimensional model of the same 

configuration is provided in Figure 2.6(b) to better visualize the structural layout. Figure 2.6(c) 

presents a simplified schematic diagram illustrating the stretching principle, in which the 

displacement is driven by voltage-controlled actuation to achieve uniform in-plane tensile 

strain. 
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Figure 2.6 (a) Top view of the stretching holder, sample loading side. (b) The 3D model diagram of 

(a). (c) Simple schematic diagram of the holder stretching principle. 

To verify the performance of the holder, two separate Si chips were placed at both ends of 

the stretching stage and imaged using an optical microscope, as shown in Figure 2.7(a). This 

test setup allows visual tracking of the stretching displacement under increasing voltage. As 

demonstrated in Figure 2.7(b), the stretching distance exhibits a linear correlation with the 

applied voltage, achieving a maximum displacement of approximately 4 μm. This value reflects 

the tensile deformation capacity of the Ti-plate embedded in the holder and confirms the 

suitability of the device for in-situ straining experiments at the micro- and nanoscale. 

 

Figure 2.7 (a) Optical microscope image showing a cracked silicon wafer placed at both ends of the 

stretching stage to evaluate the stretching capability of the device. (b) The stretching distance exhibits a 

linear relationship with the applied voltage, reaching a maximum of approximately 4 μm. This value 

represents the tensile deformation capacity of the Ti-plate. 
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2.2.2 Dry transfer process 

2.2.2.1 MoS2 exfoliation 

In this study, mechanical exfoliation of MoS2 was carried out using PDMS 

(polydimethylsiloxane) as a cleaner alternative to conventional adhesive tape. As shown in 

Figure 2.8(a), the process begins with a natural bulk MoS2 crystal. A PDMS stamp is gently 

pressed onto the surface of the crystal and then peeled off, allowing thin layers to be exfoliated 

due to the weak van der Waals forces between atomic layers. The resulting MoS2 flakes adhere 

to the surface of the PDMS, as seen in Figure 2.8(b). 

Next, the PDMS carrying the exfoliated flakes is brought into contact with a 285 nm SiO2-

coated silicon wafer, which serves as an intermediate substrate. As shown in Figure 2.8(c) and 

(d), the flakes are transferred by aligning the PDMS stamp with the Si chip and applying gentle 

pressure, optionally with mild heating. The PDMS is then carefully peeled away, leaving a 

distribution of MoS2 flakes on the SiO2 surface. This intermediate step provides a stable, 

optically compatible platform for locating and selecting suitable flakes in the subsequent 

transfer process. 
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Figure 2.8. Mechanical exfoliation of MoS2. (a) Photograph of the natural MoS2 bulk. (b) Exfoliated 

MoS2 flakes on PDMS. (c) Transferring MoS2 flakes on SiO2 coated Si chip. 

2.2.2.2 Polypropylene carbonate stamp preparation 

Polypropylene carbonate (PPC) is a widely used stamp material for the dry transfer of 

two-dimensional (2D) materials due to its excellent physical and chemical properties5. As a 

polymer, PPC provides strong adhesion to 2D materials, enabling reliable pickup of ultrathin 

layers such as graphene, MoS2, or h-BN without causing damage or contamination. In this 

paper, we prepare PPC solution by resolve 3 g PPC grain in 10 ml Anisole solvent with a 

stirring speed of 500 rpm for 24 h, the resolve temperature was kept at 80 ℃. 

A key advantage of PPC is its thermal responsiveness. At moderately elevated 

temperatures (typically 80–120°C), PPC becomes soft and tacky, conforming closely to the 

surfaces of 2D materials and substrates. This ensures effective contact during pickup and 

release6. Upon cooling or gentle mechanical detachment, PPC releases the 2D flake cleanly 

onto the target substrate with minimal residue. The PPC stamp preparation process is illustrated 
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in Figure 2.9. 

 

Figure 2.9. PPC stamp preparation process 

2.2.2.3 Target flakes transfer 

To perform precise dry transfer of selected MoS2 flakes, a custom-built transfer platform 

was used. As shown in Figure 2.10(a), the platform is equipped with a digital optical 

microscope, which enables real-time observation and alignment of flakes during the transfer 

process. The microscope provides sufficient magnification and clarity to accurately locate and 

position individual 2D flakes on the target substrate. 

In addition, a small lifting instrument, shown in Figure 2.10(b), is integrated into the setup 

to allow for controlled 3-axis movement during the transfer. This tool enables high-precision 

manipulation of the PDMS/PPC stamp or other transfer medium, ensuring gentle contact and 

precise control. Together, the microscope and lifting mechanism facilitate reliable, repeatable 

transfer of 2D materials with minimal risk of damage or misalignment. 
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Figure 2.10. (a) Transfer platform integrated with a digital optical microscope for flake alignment and 

observation. (b) A precision vertical lifting device enables delicate and controlled transfer operations. 

To prepare MoS2 samples for in-situ TEM analysis, a dry transfer technique utilizing a 

PDMS/PPC (polypropylene carbonate) stamp was employed to ensure precise placement of the 

selected flakes. As illustrated in Figure 2.11, the process begins by aligning the transparent 

PDMS/PPC stamp to a target MoS2 flake exfoliated onto a heated SiO2/Si substrate. After 

warming the substrate for 2 minutes and subsequently cooling it down to 40 °C to promote 

adhesion, the flake is gently picked up by the stamp. It is then realigned over the slit window 

area of a Si/SiNx chip, which features a thin silicon nitride membrane designed for electron 

transparency and in-situ observation. To complete the transfer, the system is gently heated to 

75 °C, enabling controlled release of the flake onto the chip surface. As shown in Figure 2.12, 

the MoS2 flake is accurately positioned on the gap region—panel (a) shows the chip prior to 

transfer, while panel (b) confirms the successful and precise placement. The Si chip for 

stretching was then fixed on the Ti-plate by silver paste, the curing parameter of the silver paste 

is 140 ℃, 2 h, then the samples for TEM observation were prepared. This dry transfer approach 

minimizes contamination and mechanical damage, offering a reliable method for preparing 

clean and well-positioned samples for high-resolution and in-situ TEM studies. 
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Figure 2.11. Schematic illustration of the dry transfer process using a PDMS/PPC stamp. The stamp is 

first aligned to pick up the target MoS2 flake from the SiO2/Si substrate, followed by precise placement 

onto the desired location on the Si/SiNx chip. 

 

 

Figure 2.12. Optical microscope images showing the Si/SiNx chip (a) before and (b) after the dry 

transfer process. The MoS2 flake was accurately positioned onto the membrane window of the chip. 

2.3 Sample selection 

2.3.1 Layer identification 

In 2007, a study first reported that the optical contrast of graphene deposited on a SiO2/Si 

substrate is strongly dependent on its thickness, particularly when observed under an optical 

microscope with a specific oxide thickness on the substrate7. Since then, similar contrast-
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dependent optical behavior has been observed in other two-dimensional (2D) materials, such 

as WSe2 and MoS2
8–10. This property enables quick and non-destructive identification of flake 

thickness using standard optical microscopy. The underlying mechanism, as illustrated in 

Figure 2.13, is attributed to interference effects in the reflected light. Specifically, the intensity 

of reflected light varies with the number of layers in the 2D material, governed by the following 

equation7: 

𝐼(𝑛1) = |(𝑟1𝑒𝑖(Φ1+Φ2) + 𝑟2𝑒−𝑖(Φ1−Φ2) + 𝑟3𝑒−𝑖(Φ1+Φ2) + 𝑟1𝑟2𝑟3𝑒𝑖(Φ1−Φ2)) ×

(𝑒𝑖(Φ1+Φ2) + 𝑟1𝑟2𝑒−𝑖(Φ1−Φ2) + 𝑟1𝑟3𝑒−𝑖(Φ1+Φ2) + 𝑟2𝑟3𝑒𝑖(Φ1−Φ2))
−1

|
2

，   (2.7) 

Where 

𝑟1 =
𝑛0−𝑛1

𝑛0+𝑛1
, 

𝑟2 =
𝑛1−𝑛2

𝑛1+𝑛2
, 

𝑟3 =
𝑛2−𝑛3

𝑛2+𝑛3
                             (2.8) 

Then the contrast C can be defined as the relative intensity of reflected light in the presence 

(𝑛1 ≠ 1) and absence (𝑛1 = 𝑛0 = 1) of 2D nanosheets, 
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Figure 2.13 Reflective structure of multi-layer films formed by 2D material on silicon wafers. 

𝐶 =
𝐼(𝑛1=1)−𝐼(𝑛1)

𝐼(𝑛1=1)
                            (2.9) 

While numerous studies have validated the use of optical contrast for identifying the 

thickness of MoS2 flakes, and many experimental results have been reported in detail7-10, 

variations in optical microscopy setups necessitate the development of calibration standards 

that allow reliable layer-number identification independent of specific imaging conditions. To 

accurately determine the number of MoS2 layers, a nanosheet exhibiting a step-terrace structure 

was first exfoliated and transferred onto a SiO2/Si substrate, where the oxide layer was 285 nm 

thick. The flake was then imaged under an optical microscope, as shown in Figure 2.14(a). 

Multiple distinct color regions were observed, corresponding to different thicknesses within 

the same flake. To establish a reliable relationship between optical color and flake thickness, 

atomic force microscopy (AFM) measurements were performed on the selected regions marked 

by dashed-line squares. The measured thicknesses of the lower and upper terraces are presented 

in Figure 2.14(b) and Figure 2.14(c), respectively. The small arrow on the dashed square 

indicates the upward direction, consistent with the orientation of the AFM scan. The height 

profile obtained along the dashed line was superimposed onto the optical image to directly link 

the visual contrast with the physical thickness, facilitating the identification of MoS2 layers 

based on optical appearance. 

Atomic force microscopy (AFM) measurements revealed a stepwise increase in thickness 

along the red dashed line from right to left in Figure 2.14(b), corresponding closely with the 

contrast variations observed in the optical microscope (OM) image in Figure 2.14(a). The 
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height differences in the AFM image are consistent with the color contrast seen in the OM 

image, validating the use of optical microscopy as a qualitative tool for estimating flake 

thickness. From the AFM analysis, the height differences between adjacent contrast regions 

were determined to be approximately 0.75 nm and 1.50 nm, corresponding to one and two 

additional MoS2 layers, respectively. The thinnest region, marked in green in Figure 2.14(b), 

exhibited a thickness of 2.86 nm. This region was later confirmed to be monolayer MoS2 

through Raman spectroscopy, as discussed in a subsequent section. Considering a previously 

reported instrumental offset of approximately 2.1 nm due to interactions between the AFM tip 

and substrate11, the measured thicknesses within the dashed-line area in Figure 2.14(a) can be 

accurately correlated with specific layer numbers. These identified thickness values are labeled 

with white alphanumeric characters directly on the figure to facilitate interpretation. 

 

Figure 2.14 (a) Optical microscope image of terraced structural MoS2 nanosheet with the layer 

number marked as 1L to bulk thickness, the dash line square outlined the area that measured by AFM. 

AFM results of (b) the lower dash line square and (c) the upper dash line square, with the height profile 

pasted on. 

Figure 2.15(a) shows Raman spectra of MoS2 with varying layers obtained using 532 nm 

laser line, the main Raman peaks in this spectrum correspond to the zone center first order 𝐸2𝑔
1  

mode at ~384 cm-1 and the 𝐴1𝑔 mode at ~409 cm-1. The frequencies of 𝐴1𝑔 and 𝐸2𝑔
1  peaks 
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excited by 532 nm laser line are illustrated in Figure 2.15(b). The wavenumber of the modes 

shows that the wavenumber of the 𝐴1𝑔 mode decreases whereas that of 𝐸2𝑔
1  mode increases 

as the layer number is reduced when the number of the layer is less than 7, while both the 

frequencies of these two mode drift to the higher side in bulk result compared to the result of 

7 layers (7L). A phenomenon observed in other literatures12. The peak frequency difference 

between the 𝐴1𝑔 mode and 𝐸2𝑔
1  mode (∆) was presented in Figure 2.15(c), corresponding to 

the number of layers. Regardless of the occurrence of drift, a consistent increasing trend is 

maintained. It is noteworthy that the ∆ value for the monolayer is 18.1 cm-1, aligning well with 

the result from the literature. This alignment suggests the successful exfoliation and acquisition 

of experimental data for a single layer MoS2. Whatever the trend or the final calculation results, 

the difference between the 𝐴1𝑔  mode and 𝐸2𝑔
1   mode ( ∆ ) are generally in line with 

expectations and consistent with findings in the literature12. 

 

Figure 2.15 (a) Raman spectra of different thicknesses of MoS2 nanosheet using 532 nm line. The 

right and left dashed lines indicate the position of 𝐴1𝑔 and 𝐸2𝑔
1  peaks of bulk MoS2, respectively. (b) 

Thickness-dependent 𝐴1𝑔 and 𝐸2𝑔
1  peak frequencies. (c) Peak frequency difference between the 𝐴1𝑔 

mode and 𝐸2𝑔
1  mode (∆) corresponding to the number of layers. 

The aforementioned experimental results confirm the successful preparation of terrace-

structured molybdenum disulfide (MoS2) flakes with distinct thicknesses, including monolayer 
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(1L), bilayer (2L), trilayer (3L), four-layer (4L), six-layer (6L), seven-layer (7L), and bulk. 

Both atomic force microscopy (AFM) and Raman spectroscopy were employed to characterize 

and validate the thickness of these samples. Given that the present study focuses on monolayer 

and few-layer MoS2, these characterized terrace samples serve as calibration standards. By 

analyzing and calibrating the optical contrast of the different thicknesses, we establish a reliable 

reference to determine the layer number in unknown samples based on optical microscopy (OM) 

images. 

To quantify the optical contrast, OM images of MoS2 flakes were processed using ImageJ 

software (version 1.46r), which is freely available online. For RGB-format color images, the 

contrast value (C) of each pixel—representing the brightness—was calculated based on the 

following equation8: 

𝐶 = (𝐶𝑅 + 𝐶𝐺 + 𝐶𝐵)/3                         (2.10) 

In which, the CR, CG and CB are the R, G and B values per pixel in color image, 

respectively; 0 is darkest, and 255 is brightest (saturation). 

The grayscale images of R, G and B channels can be extracted by using “Split channels” 

commend in the menu bar. In the images we want to acquire the contrast value, we can choose 

one area by dragging a rectangular box across the area and then press “K” to obtain the contrast 

profile automatically, plot by taking the mean of the pixel values row by row, in the selected 

area. Then the detailed optical contrast value can be read by analyzing the profile we obtained. 

The color OM image of MoS2 nanosheet and its split channel images (R, G and B images) 
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were shown in Figure 2.16(a)-(d), with the split channel images labeled as R, G and B, 

respectively. To ensure comprehensive data coverage while streamlining the collection, four 

distinct areas (area 1, area 2, area 3, and area 4) were selected for gathering contrast values of 

1L, 2L, 3L, 4L, 6L, 7L, and bulk. The specific positions of these areas are marked in (a)-(d). 

Notably, area 1 spans the substrate and 1L, area 2 spans the substrate and 2L, area 3 spans the 

substrate, 3L, 4L, and 6L, while area 4 has the widest range, capturing contrast values of the 

substrate, 4L, 6L, 7L, and bulk. However, within the areas, 1L and 3L width only contains few 

hundreds nm, which means only few rows of pixels were calculated in contrast values. The 

contrast values collected in area 1 are inserted into Figure 2.16 (a)-(d) accordingly, Light blue 

dotted lines in the contrast curve images denote the contrast value platform of the substrate 

(CA), and light purple dotted lines mark the value platform of the MoS2 nanosheet contrast (CB). 

To describe the optical identification method, the contrast difference (CZ) is obtained by 

subtracting CA from CB. Similarly, for the contrast values of split images, the contrast of the 

substrate was defined as CAR, CAG and CAB, respectively. Correspondingly, the contrasts on 

MoS2 nanosheet are defined as CBR, CBG and CBB, the contrast differences are then defined as 

CZR, CZG and CZB, as shown in the following equations. 

𝐶𝑍 = 𝐶𝐵 − 𝐶𝐴 

𝐶𝑍𝑅 = 𝐶𝐵𝑅 − 𝐶𝐴𝑅 

𝐶𝑍𝐺 = 𝐶𝐵𝐺 − 𝐶𝐴𝐺 

𝐶𝑍𝐵 = 𝐶𝐵𝐵 − 𝐶𝐴𝐵                          (2.11) 
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The contrast profiles for these four areas are illustrated in Figure 2.16, the result of the 

area 1 incorporated into the MoS2 nanosheet images in Figure 2.16(a)-(d), correspondingly. 

The results for area 2 are presented in Figure 2.16(e)-(g), followed by Figure 2.16(i)-(l) for area 

3 and Figure 2.16(m)-(p) for area 4. To enhance the credibility of the data, contrast values were 

selected from the data platform away from the regional boundary. This choice is made to 

mitigate the impact of boundary unevenness on data accuracy, particularly evident in Figure 

2.16(h). As can be seen from the following diagrams, a distinct contrast differentiation platform 

is discernible between layers of different thicknesses. Even in instances with relatively close 

values, such as 4L and 6L in Figure 2.16(j), there are noticeable contrast differences in other 

channels, such as Figure 2.16(i), (k), (l). Moreover, the substrate contrast values in different 

areas fall within a controllable error range, further affirming the credibility of the data. 
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Figure 2.16 OM image (a) with the white alphanumeric digitals correspond to the corresponding 

number of layers of the MoS2 nanosheet and split channel of (b) red, (c) green, and (d) bule. Insert pictures 

are the corresponding contrast profiles of the area 1. (e)-(f) Contrast profile of the area 2 shown in (a)-(d). 

(i)-(l) Contrast profile of the area 1 shown in (a)-(d), CA: contrast of 285 nm SiO2/Si substrate. CB: contrast 

of MoS2 nanosheet. CZ: the contrast difference between MoS2 nanosheet and substrate. CAR: contrast of 

285 nm SiO2/Si substrate of red channel image. CBR: contrast of MoS2 nanosheet of red channel image. 

CZR: the contrast difference between MoS2 nanosheet and substrate of red channel image. CAG, CBG, CZG, 

CAB, CBB, CZB and so on. (m)-(p) Contrast profile of the area 4 shown in (a)-(d). 

In Figure 2.17(a) and Figure 2.17(b), the plotted values represent CZR, CZG, and CZB for 

1L-4L, 6L, 7L and bulk MoS2 nanosheet, respectively. It is evident that the thickness of 2L-4L 

MoS2 nanosheet based solely on CZ values proves challenging, as the contrast difference from 

-22.3 to -26.3, which is too small for accurate distinction. Conversely, more pronounced 

contrast difference results are observed for 1L, 6L, and bulk MoS2 nanosheets. In order to 
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effectively and accurately distinguish 2L-4L, the optical contrast differences measured from 

their split channel images of R, G, and B (CZR, CZG, and CZB) were plotted. As shown in Figure 

2.17(b), the CZR values of 2L-3L MoS2 nanosheets are sufficient for layer identification. 

Therefore, by combining the contrast difference value of CZ and CR, we can easily find out the 

actual thickness of the MoS2 nanosheet under 4L, providing ample information for our research.  

 

 

Figure 2.17 (a) Plot of CZ values of 1L-4L, 6L, 7L and bulk MoS2 nanosheet. (b) CZR, CZG, and CZB 

values of 1L-4L, 6L, 7L and bulk MoS2 nanosheet. 

To further facilitate rapid thickness identification during the transfer process, an additional 

top-view image of the terrace-structured MoS2 flake was acquired using the camera mounted 

on the transfer stage. As shown in Figure 2.18(a), this camera setup exhibits distinct imaging 

characteristics due to differences in sensor response and illumination conditions compared to 

the calibration optical microscope. Consequently, the contrast in the acquired image cannot be 

directly interpreted using the previously established calibration. To address this, a new 

calibration was performed to correlate the observed contrast with the known thicknesses of the 

MoS2 flake. The resulting calibrated contrast values are presented in Figure 2.18(b), 
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demonstrating that even under different imaging conditions, accurate thickness assignment can 

still be achieved. This approach allows for fast layer identification during manipulation and 

ensures effective integration of the flake onto the desired substrate. 

 

Figure 2.18 (a) Top-view image of a terrace-structured MoS2 flake captured using the transfer-stage 

camera. Due to differences in camera sensor and lighting conditions, the image contrast varies from that of 

the standard optical microscope. (b) Calibrated contrast value of the flake in (a), where the different 

contrast corresponds to a specific number of MoS2 layers. 

2.3.2 Orientation Selection of Zigzag (ZZ) Edge in Exfoliated MoS2 

The crystallographic orientation of MoS2 plays a crucial role in determining its physical 

and mechanical properties, particularly when conducting edge-sensitive characterizations and 

in-situ mechanical tests. Among the two principal edge types—zigzag (ZZ) and armchair 

(AC)—the ZZ edge has been observed to exhibit enhanced cleavage behavior and stability 

under mechanical stress. As reported by Guo et al.13, exfoliated MoS2 flakes demonstrate a 

strong preference for long smooth cleaving along the ZZ direction due to its lower edge energy, 

resulting in more stable and smoother terminations. 

Figure 2.19 presents an optical microscope image of multiple exfoliated MoS2 flakes on 

a SiO2/Si substrate. Several flakes show distinctly flat edges, which are highlighted with yellow 
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dashed lines. These linear and smooth boundaries are indicative of cleavage along specific 

crystallographic orientations. The pronounced regularity of these edges implies a preferential 

exfoliation along the ZZ direction, offering a simple yet effective method for edge 

identification. 

 

Figure 2.19 Exfoliated MoS2 flakes on Si chip, with flat edges marked with yellow dashed line 

To further validate this approach, high-resolution evidence from both optical and 

transmission electron microscopy was collected, as shown in Figure 2.20. By aligning the MoS2 

flake such that its smooth edge corresponds with the transfer direction, we successfully 

confirmed that the chosen edge aligns with the zigzag orientation. This confirmation was 

achieved through the analysis of diffraction patterns and lattice alignment in TEM, 

corroborated by flake geometry observed in the optical microscope image. 

Together, Figures 2.19 and 2.20 provide compelling experimental evidence that the natural 

cleavage tendency of MoS2 can serve as a reliable guide for the selection of the ZZ edge. This 

edge-selective strategy is critical for the preparation of oriented samples, especially in studies 
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focusing on anisotropic fracture behavior or edge-related electronic properties. 

 

Figure 2.20 Successful selection of the zigzag (ZZ) orientation according to the arrangement of the 

smooth edge after the exfoliation. 
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Conclusion 

In this chapter, we systematically described the instruments, materials, and techniques 

employed in the preparation and characterization of MoS2 samples for in-situ transmission 

electron microscopy (TEM) analysis. We also introduced the JEOL 2100Plus TEM and its 

associated imaging configurations, laying the foundation for the high-resolution imaging work 

in subsequent experiments. The design and functionality of the custom-built in-situ stretching 

holder were illustrated, along with its actuation mechanism and mechanical performance. 

To prepare high-quality MoS2 samples, we employed a modified mechanical exfoliation 

method using PDMS, followed by a dry transfer process facilitated by a PDMS/PPC stamp. 

The precision of this method enables accurate placement of the MoS2 flakes onto Si/SiNx chips, 

critical for successful in-situ observation. 

We further explored the optical contrast-based thickness determination method, supported 

by atomic force microscopy (AFM) and Raman spectroscopy, verifying the number of MoS2 

layers and establishing a contrast-thickness correlation. This enabled the calibration of OM 

contrast using RGB image processing through ImageJ. Additionally, we demonstrated that such 

contrast calibration is extendable to alternative imaging systems, including the transfer-stage 

camera, ensuring real-time thickness recognition during manipulation. 

Finally, we addressed the orientation selection of MoS2 flakes, focusing on identifying the 

zigzag (ZZ) edge direction, which is critical for anisotropic mechanical studies. Based on the 

natural cleavage behavior and smooth edge features observed in optical microscopy, and 
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supported by detailed optical and TEM validation, we established a practical method for 

identifying and aligning ZZ edges during sample preparation. 

Together, these experimental strategies and calibration procedures lay the foundation for 

high-precision in-situ TEM mechanical testing of 2D materials, ensuring both structural 

integrity and orientation-specific investigation. 
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Chapter 3 Development of in-situ stretching TEM chip for 2D materials 

Introduction 

Understanding the mechanical behavior of MoS2 under tensile stress is critical for both 

fundamental research and device applications. In situ transmission electron microscopy (TEM) 

provides a powerful platform for capturing real-time structural evolution during deformation. 

However, the reliability and interpretability of such observations heavily depend on the design 

of the tensile testing chip. Conventional tensile chips often suffer from limitations such as poor 

mechanical stability, wide tensile gaps, and relatively high tensile rates, making it difficult to 

capture the tensile process under TEM. These issues are particularly pronounced when 

stretching 2D materials, where even a small tensile distance or a low tensile rate will hinder 

the obtain of the clear in situ TEM results. To address these challenges, we explored a new 

tensile chip design that emphasizes mechanical integration, alignment control, and 

compatibility with in situ TEM environments. The following sections will detail the rationale 

behind this design, with particular emphasis on the advantages of connected-end structures 

over traditional independent-end setups. 

  



Chapter 3 

64 

 

3.1 Limitations of the independent-end design 

In earlier work conducted within our research group, in situ TEM tensile experiments were 

performed using two separately supported Si chips mounted on a titanium (Ti) plate. These 

structures, where the two ends of the sample were not mechanically connected, were used to 

suspend few-layer MoS2 nanosheets across the gap between the chips. This configuration 

successfully enabled observation of structural phenomena such as the formation of ripple 

patterns under applied tensile strain, providing direct evidence of strain-induced out-of-plane 

deformations in two-dimensional materials. The corresponding experimental setup and 

schematic mapping of strain distribution on the Ti support are illustrated in Figure 3.1, which 

highlights the early sample rod design and the characteristic deformation field that develops 

during loading. 

Despite the success of this approach in capturing ripple evolution1,2, follow-up 

experiments revealed critical limitations of the independent-end configuration. Most notably, 

the Ti substrate exhibited slight but unavoidable bending and local deformation when tensile 

force was applied. In the absence of a mechanical connection between the two silicon chips, 

this deformation led to asymmetric height displacements at the sample ends and introduced 

significant uncertainty in the actual strain experienced by the MoS2 flake. This substrate-

induced distortion caused inconsistencies in strain transfer and frequently resulted in unstable 

or non-uniform mechanical loading across the suspended region. 
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Figure 3.1 Top-view of the previously used sample holder structure and schematic strain mapping on 

the Ti support during tensile loading 

A more pronounced issue emerged from the vertical mismatch introduced by the bending 

of the Ti support. During tensile loading, even a small out-of-plane deflection between the two 

silicon chips could result in substantial shifts in the TEM observation area, especially under 

high magnification. This effect is clearly illustrated in Figure 3.2, which presents a schematic 

side-view of the experimental configuration, highlighting the relative height changes between 

the two ends as a function of substrate deformation. Such misalignment frequently causes loss 

of focus or drift of the imaging window, thereby limiting the ability to track localized structural 

events such as fracture initiation or defect migration with temporal and spatial continuity. 

 

Figure 3.2 Schematic side view of the tensile setup showing relative height change between two 

unconnected silicon chips induced by deformation of the Ti support during stretching. 
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3.2 The design of the new in-situ stretching TEM chip 

Building upon the limitations identified in Ti-supported, independent-end chip designs, 

we developed a new custom Si chip with an integrated, connected-end structure to improve 

mechanical stability and observational control during in situ TEM tensile testing. In this chip, 

a narrow slit (0.5 mm in length and 30 μm in width) is introduced on one side of the silicon 

substrate, defining a mechanically flexible zone where a thin silicon nitride (SiNx) membrane 

is suspended. 

The SiNx layer, with a nominal thickness of 400 nm, is first deposited onto the silicon 

wafer—typically via chemical vapor deposition (CVD) or similar industrial thin-film methods. 

Following deposition, the silicon is etched away from the backside to form a freestanding SiNx 

window in the region adjacent to the open slit. This area serves as the TEM observation window, 

enabling electron transparency while preserving sufficient mechanical strength for stretching 

experiments. 

Figure 3.3(a) shows the schematic design and critical dimensions of the chip layout. The 

Si chips are designed to be rectangle shape of 2.5 × 3.0 mm in size, which is fully covered with 

400 nm-thick SiNx membrane and have gold electrodes as shown in Figure 3.3(a). In this slit, 

a narrow gap of about 100 nm in spacing is fabricated by focused ion beam (FIB) to suspend 

the MoS2 nanosheet. 

The Si chip is mounted on the Ti plate using silver paste as shown in Figure 3.3(b). The 

gap spacing gradually widens when increasing the applying voltage to the piezoelectric actuator.   
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Owing to the structural configuration, the change ratio of the gap spacing becomes reduced 

when the fixing position of the Si chip is close to the fixed side of the Ti plate. It means that 

the Ti plate is not deformed uniformly as shown in Figure 3.3(c). The fixing position of the Si 

chip can be determined depending on how much the gap spacing should be widened. 

 

Figure 3.3 (a) Top-view image of the fabricated chip showing the physical layout. (b) Photograph of the 

chip mounted on a titanium support plate using silver paste. (c) Schematic picture of the Si chip before and 

after tensile loading. 

To evaluate the actual tensile performance of the SiNx window region under in situ 

conditions, we used focused ion beam (FIB) processing to mill a narrow gap, 0.5 mm in length, 

along the long axis of the membrane adjacent to the observation window (Figure 3.4(a)). This 

FIB-milled gap served as a direct mechanical readout for tracking the extent of strain during 

TEM tensile experiments. 

By gradually increasing the voltage applied to the piezoelectric actuator, we were able to 

continuously record the elongation of the gap within the TEM. As shown in Figure 3.4(b), the 

gap maximum opening side stretching distance increased linearly with applied voltage, 

demonstrating the reliability and controllability of strain transfer through the chip structure. 

Importantly, this configuration allowed the minimum resolvable displacement to be reduced 

from ~4 μm in previous designs to less than 0.7 μm, enabling high-resolution control over local 
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tensile strain during real-time TEM imaging. 

 

Figure 3.4 (a) Optical image of the SiNx window region after focused ion beam (FIB) milling of a 0.5 

mm slit aligned along the long axis. (b) Displacement of the FIB slit during in situ TEM stretching as a 

function of applied piezoelectric voltage, showing a linear relationship and demonstrating precise tensile 

control. 

3.3 Design strategies for stretchable structures 

3.3.1 Deformation response of hole(s) in SiNx membrane 

In this subsection, we explore the deformation behavior of a circular hole design that 

aligns with the practical machining resolution of our focused ion beam (FIB) system. Based on 

the minimum achievable milling precision, we designed a through-thickness hole with a radius 

of 0.5 µm at the center of the SiNx membrane window to evaluate its mechanical response 

under tensile loading. 

The simulation model, shown in Figure 3.5(a), includes the electrode region and 

suspended SiNx layer. The area surrounding the hole is magnified in Figure 3.5(b) for clarity. 

Three distinct loading points were selected and marked with different colored lines to study the 
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sensitivity of the hole’s deformation to tensile loading positions. These three distinct loading 

points represent the silver paste fixing process caused inhomogeneous binding strength, the 

stress concentrated on different positions when stretching. 

The simulated strain distribution resulting from 1 mN force application at surface of 

position 1 is shown in Figure 3.5(c), with the right side of the chip fixed, then the same force 

was applied to the surface of position 2 and position 3, respectively. The maximum deformation 

and the minimum deformation of the hole while applying the forces were recorded in Figure 

3.5(d), comparing the strain responses at all three loading positions. The results show that the 

deformation of the designed hole structure is too small to induce a considerable detectable 

strain when suspending the MoS2 flakes on it after applying tensile loading, the largest 

deformation is smaller than 0.25 nm. In this simulation, we used an equivalent system to predict 

nanoscale changes. 

 

Figure 3.5 (a) ANSYS model of the SiNx membrane and electrode region, with a circular hole (0.5 μm 
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radius) located ~25 μm below the electrode. The dashed box indicates the magnified region in (b). (b) 

Enlarged view of the hole region from (a). All scale bars are indicated in the lower right corner of each 

panel. (c) Simulated strain distribution resulting from a force applied at Point 1, as marked in (a). (d) 

Comparison of deformation ranges around the micro-hole under three different loading positions. 

Given the limited strain localization observed with a single micro-hole structure, we 

further explored design strategies aimed at amplifying the stress concentration in the central 

sample region. Specifically, we investigated two modifications: (1) thinning the support region 

where the sample is mounted, and (2) introducing multiple serially connected holes to form a 

stress-guiding path. These measures were intended to enhance deformation localization in the 

functional area during tensile loading. 

As shown in Figure 3.6(a), a serial-hole structure was fabricated by focused ion beam 

(FIB) milling in a thinned region of the SiNx membrane. MoS2 flakes were then transferred 

onto the designated mounting area. Upon applying tensile force, the chip fractured 

unexpectedly, as depicted in Figure 3.6(b). Interestingly, the crack did not propagate solely 

along the serial holes; instead, additional branching cracks appeared in multiple directions. We 

interpret this as indirect evidence of residual fabrication-induced stress3, which likely 

contributed to the observed complex fracture patterns. 

Figures 3.6(c) and 3.6(d) capture the TEM tensile testing process using the serial-hole 

design. The initial structural state prior to loading is shown in (c), while (d) reveals the final 

fractured state. Although some deformation near the thinned SiNx region was observed, the 

lack of precise control during tensile loading highlights the need for more robust and 

controllable slit designs in future iterations. In addition, the fractured result also indicates the 
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need to add a protective structure at the bottom of the structure fabricated. 

 

Figure 3.6 (a) FIB fabricated serial-hole structure in the thinned sample-support region of the SiNx 

membrane. (b) Fracture morphology of the chip after tensile loading, showing both longitudinal and 

branching cracks. (c) TEM image of the serial-hole structure before in-situ tensile testing. (d) Post-

stretching TEM image showing fracture formation and partial deformation near the thinned membrane 

region. 

3.3.2 Evaluation of long gap designs for improved stretching performance 

Building upon the promising stretching capability demonstrated by the previous chip 

design, we explored more effective slit geometries to enhance strain localization and structural 

controllability. Specifically, two configurations were investigated: 

(1) Long gap starting from the front open edge of the SiNx observation window, and 

(2) Long gap initiated near the electrode region. 

Both structures were fabricated using FIB milling and examined under an optical 
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microscope, as shown in Figures 3.7(a) and 3.7(b). 

In the configuration shown in Figure 3.7(a), a MoS2 flake was transferred onto the gap. 

However, severe downward deflection (sagging) was observed on both sides of the milled slit, 

particularly at the very tip of the open end. The slit, measuring 150 µm in length, exhibited a 

central deflection of up to ~4 µm. This large deformation caused significant challenges during 

sample transfer, especially in achieving uniform contact across both ends of the MoS2 

membrane, resulting in poor anchoring stability. 

To address this, a second design was implemented with the gap milled starting from the 

electrode side (Figure 3.7(b)). While this approach aimed to mitigate sagging near the open 

edge, the gap-end near the exterior anchor point fractured during installation. Optical 

inspection revealed that a small section near the terminus of the gap remained structurally intact 

without visible deflection. To further reduce the likelihood of crack propagation during tensile 

testing, we introduced a T-shaped terminus structure at the slit endpoint to buffer the stress 

concentration. 

We then quantitatively assessed the degree of sagging along the gap. A simplified 

analytical model was used to estimate the edge deflection of a rectangular SiNx membrane with 

two fixed boundaries 𝑏 × 𝑎 (150 µm × 15 µm) under a built-in tensile stress (𝜎0) of 100 MPa. 

The observation window was 30 µm wide.  

The deflection of the membrane after the built-in tensile stress released can be evaluated 

by the following equations, let’s describe the shape of the sagging membrane: 
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𝜔(𝑥, 𝑦) = 𝜔0 ∙ (1 − cos (
𝜋𝑥

2𝑎
)) ∙ (1 − cos (

𝜋𝑦

2𝑏
))                 (3.1) 

Where, 

𝜔(𝑥, 𝑦): 𝑇ℎ𝑒 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑝𝑜𝑖𝑛𝑡 (𝑥, 𝑦), 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑎𝑟𝑒 𝑎𝑙𝑜𝑛𝑔 𝑧 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 

𝜔0: 𝑇ℎ𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛, 𝑢𝑠𝑢𝑎𝑙𝑙𝑦 𝑎𝑝𝑝𝑒𝑎𝑟𝑠 𝑎𝑡 𝑜𝑛𝑒 𝑒𝑛𝑑 𝑜𝑓 𝑎 𝑑𝑖𝑎𝑔𝑜𝑛𝑎𝑙 𝑙𝑖𝑛𝑒  (𝑖𝑛 𝑡ℎ𝑖𝑠 𝑐𝑎𝑠𝑒: 𝑎

= 15 𝜇𝑚, 𝑏 = 150 𝜇𝑚) 

The built-in tensile stress is common to be found in membranes like SiNx after deposition 

or fabrication3. After the tensile stress is released, it is equivalent to generating an equivalent 

internal moment (M) in the cross section: 

𝑀 = 𝜎0 ∙
ℎ

2
∙ 𝑎                             (3.2) 

Where, 

𝜎0: 𝑏𝑢𝑖𝑙𝑡 − 𝑖𝑛 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠, 𝑖𝑛 𝑡ℎ𝑖𝑠 𝑐𝑎𝑠𝑒, 𝑤𝑒 𝑢𝑠𝑒 100𝑀𝑃𝑎 

ℎ: 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑚𝑏𝑟𝑎𝑛𝑒 

According to the thin plate bending theory, the maximum deflection 𝜔0 is: 

𝜔0 =
𝑀𝑏2

2𝐸𝐼
                                 (3.3) 

𝐼 =
𝑎ℎ3

12
                                  (3.4) 

Where, 

𝜎0: 𝑏𝑢𝑖𝑙𝑡 − 𝑖𝑛 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑠𝑠, 𝑖𝑛 𝑡ℎ𝑖𝑠 𝑐𝑎𝑠𝑒, 𝑤𝑒 𝑢𝑠𝑒 100𝑀𝑃𝑎 
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𝑏: 𝑡ℎ𝑒 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑖𝑠 𝑑𝑜𝑚𝑖𝑛𝑎𝑡𝑒𝑑  𝑏𝑦 𝑡ℎ𝑒 𝑠𝑖𝑧𝑒 𝑜𝑛 𝑏 

𝐸: 𝑌𝑜𝑢𝑛𝑔′𝑠 𝑚𝑜𝑑𝑢𝑙𝑎𝑟, 250 𝐺𝑃𝑎 𝑓𝑜𝑟 𝑆𝑖𝑁𝑥 

ℎ: 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑚𝑏𝑟𝑎𝑛𝑒 

The 𝜔0  can be estimated by the combination of formular (3.3) and (3.4), and then 

generalize to plates: 

𝜔0 ≈
𝜎0𝑏2

𝐸ℎ
∙ 𝛼                                (3.5) 

Where, 

𝛼: 𝑒𝑚𝑝𝑖𝑟𝑖𝑐𝑎𝑙 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑡, 𝑓𝑜𝑟 𝑆𝑖𝑁𝑥 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒, 𝛼~ 0.1 − 0.3,

𝑖𝑛 𝑡ℎ𝑖𝑠 𝑐𝑎𝑠𝑒, 𝑤𝑒 𝑢𝑠𝑒 𝛼 = 0.2  

As shown in Figure 3.7(c), the open-end deflection 𝜔0  was calculated to be 

approximately 4.5 µm—consistent with experimental observation. A rough statistical analysis 

of the slit-edge deformation indicated that within the first 1.5 µm from the slit origin, see in the 

table 3-1, the edge remains extremely stable with only sub-nano deflection (~0.55 nm), which 

is fully compatible with TEM imaging requirements. This structurally optimized slit 

configuration was thus improved further for subsequent in-situ tensile testing experiments. 

While, of cause the deflection of the membrane might not only be caused by the built-in tensile 

stress, also the fabrication process of the FIB will induce Ga3+ that form the deflection, the 

mechanism of this process is complicated, what we can do to simplify the calculation is to 

measure the maximum deflection of the membrane and insert the value to the formular (3.1). 
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Figure 3.7 (a) Optical image of a FIB-fabricated slit starting from the front open edge of the 

observation window. Severe sagging is observed at the tip of the slit. (b) Slit structure fabricated from the 

electrode side, showing improved mechanical stability at the tip, but partial fracture near the outer 

anchoring region. A T-shaped terminus was designed to mitigate crack propagation. (c) Calculated 

deflection of a 150 µm × 15 µm SiNx membrane under 100 MPa internal tensile stress, showing a 4.5 µm 

deflection at the open edge. 

 

Table 3-1 Different deflection from y=0 to 150 μm, with the fixed x=15 μm 

y (μm) Deflection (μm) 

0.0 0.0 

0.1 0.0000186 

0.5 0.0000930 

1.0 0.000278 

1.5 0.000555 

2.0 0.001019 

5.0 0.0062 

10.0 0.02468 

50.0 0.40291 
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100.0 2.25002 

150.0 4.50 

 

3.3.3 Optimization of long gap geometry 

To further improve the structural stability of the long gap design during in-situ tensile 

testing, we optimized the FIB milling process based on prior fabrication experience. The final 

result is shown in Figure 3.8(a), which presents an optical image of the observation window 

region after FIB processing. A magnified view of the mechanically stable region near the 

window is displayed in inset Figure 3.8(a). In this refined configuration, a T-shaped terminus 

was introduced at the end of the slit. This feature serves to prevent fracture of the SiNx 

membrane under tensile stress, while also allowing the fabrication of narrower slit geometries 

suitable for varying experimental stress conditions. 

Two square holes, also shown in Figures 3.8(a) and inset (a), were simultaneously 

fabricated during the FIB process. These serve as fiducial markers to assist with the precise 

positioning of the transferred sample in the central slit region. 

To evaluate the tensile performance of the T-shaped gap, we conducted tensile loading 

tests in TEM. As shown in Figures 3.8(b) and 3(c), the gap expanded from 238 nm at 0 V to 

261 nm under 75 V, yielding a total elongation of approximately 23.5 nm. The T-shaped gap 

remains clearly identifiable before and after tensile loading, confirming structural integrity. The 

elongation of the gap spacing versus the applied voltage relationship is plotted in Figure 3.8(d), 
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demonstrating a highly controllable and nearly linear response. For instance, applying voltage 

at 0.3 V/s results in a displacement rate of ~0.1 nm/s. This corresponds to a strain rate of 

approximately 0.042% per sec. for the gap with distance of 238 nm. Finer strain-rate such as 

0.004% per sec. can be achieved by adjusting the voltage step. Such a strain rate is quite low 

compared with the previous studies (displacement rate over 5 nm/s, corresponding to strain rate 

over 0.17%). A 23.5 nm elongation corresponds to ~10% strain for a gap width of ~235 nm, 

and since FIB milling can produce sub-100 nm gaps, even higher strain levels are attainable 

with narrower structures. 

 

Figure 3.8 (a) Enlarged picture of the FIB shaped widow area marked with yellow rectangle in inset 

(a). (b) The gap distance in “T” structure (marked out with a white arrow in (a)) of 237.76 nm at 0V 

voltage, and (c) the distance of 261.24 nm with 75V voltages applied. (d) Measured displacement of the T-

shape gap under increasing applied voltage, demonstrating a linear piezo response with a maximum 

elongation of ~23.5 nm. 
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3.4 In-situ tensile testing on the well-designed structures 

To validate the tensile chip design, we conducted in situ tensile loading experiments on 

MoS2 samples transferred onto the fabricated gap structures. Optical images of three 

representative samples over the T-shaped gap tips are shown in Figure 3.9 (a–c), with 

corresponding TEM images in Figure 3.9(d–f), confirming proper alignment and suspension. 

The first two samples (Figures 3.9(a, d) and 3.9(b, e)) used the T-shaped gap design, 

demonstrating successful transfer and positioning for tensile testing. T-shaped gap is suitable 

for investigating the tensile deformation process. Furthermore, we found that a non-T-shaped 

gap is suitable for investigating not only tensile deformation process but also shear deformation 

process. The third configuration (Figures 3.9(c, f)) employed a non-T-shaped gap, enabling the 

narrowest gap width smaller than the nominal ~100 nm FIB resolution. 

 

Figure 3.9 (a–c) Optical microscope images showing three MoS2 samples transferred onto tensile chip 

structures. (d–f) Corresponding TEM images confirming successful suspension over the slits. The structure 

in (f) demonstrates a sub-100 nm slit width, with the narrowest point around 60 nm, enabling atomic-

resolution imaging during in-situ tensile testing. 
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To further validate the effectiveness of our tensile chip design, Figures 3.10(a–c) shows 

atom-resolved TEM images of three different suspended MoS2 nanosheet prior to tensile 

loading, while Figures 3.10(d–f) presents their corresponding states after tensile deformation. 

Notably, high-resolution atomic images could be acquired during the tensile loading process, 

indicating the mechanical stability and imaging compatibility of our tensile platform. This level 

of stability is critical, as it allows for real-time atomic-scale observation of fracture evolution 

in 2D materials. The fracture process can be clearly observed in the in situ videos. 

Building on this capability, our observations reveal a extroadinary phenomenon from the 

conventional understanding of tensile fracture in MoS2 flakes. Unlike the typically brittle 

behavior reported in prior studies4–6 where cracks propagate along a single path with smooth 

and clean edges, and all layers rupture simultaneously. But, such fracture phenomena were not 

observed in our TEM observation. As shown in Figures. 3.10(d–f), the crack morphologies 

display features such as blunted or irregular tips, deflected paths, and the non-simultaneous 

rupture across layers, all indicative of ductile-like fracture behavior7–9.  

We think that the fracture mechanisms in the MoS2 nanosheet may change from brittle-

like to ductile-like, when tensile strain is applied at sufficiently low rates. In our tensile test, 

we observed void-to-void fracture process. The void-to-void fracture process originates from 

pre-existing or strain-induced defects that are randomly distributed within the nanosheet. Under 

applied tensile strain, these defects evolve into nanoscale voids, which tend to grow in a 

direction perpendicular to the loading axis due to local stress concentration. As deformation 

progresses, adjacent voids connecting or crack extension, eventually forming a connected 
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fracture path that leads to final fracture. Additionally, we didn’t observe creep deformation 

during tensile loading. The deformation progressed continuously with the applied displacement, 

without any noticeable time-dependent strain accumulation or deformation lag. This indicates 

that the observed deformation behavior is not creep but rather a direct response to the applied 

tensile loading.  

This ductile-like behavior under low-rate conditions has not been previously reported in 

tensile fracture studies. This reason may come from limitations in strain-rate control and lack 

of spatial resolution. Our method has an advantage of elucidating the mechanical response and 

failure mechanism of two-dimensional (2D) materials, since we can obtain the atom-resolved 

TEM images by controlling the strain rate during tensile loading. 

 

Figure 3.10 (a–c) Atomic-resolution TEM images of MoS2 samples before stretching. (d–f) 

Corresponding post-stretching images, demonstrating structural stability and observation continuity at the 

atomic scale during in-situ tensile testing. 
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Conclusion  

In this chapter, we introduced a newly developed in-situ tensile chip designed to improve 

mechanical stability and observation reliability during TEM-based tensile testing of two-

dimensional materials. The work began with an analysis of the limitations associated with 

earlier structures—specifically, independent silicon pieces supported by deformable titanium 

plates—which often led to undesirable out-of-plane motion and compromised the accuracy of 

atomic-level observations. These drawbacks were visualized through top-view and side-view 

characterizations of the earlier design (Figure 3.1). 

To address these challenges, we proposed a new chip layout featuring a connected silicon 

frame with a SiNx window layer and strategically introduced slits for localized deformation 

control. The fabrication process and structural layout were detailed, supported by a series of 

optical and schematic illustrations (Figures 3.3 and 3.4), as well as mechanical performance 

validation based on in-situ TEM measurements. These measurements demonstrated a linear 

relationship between applied voltage and slit displacement, confirming controllable tensile 

actuation with sub-micron precision. 

We further explored several stress-concentration strategies, including single and serial 

nano-holes as well as localized thinning of the SiNx membrane. Although these approaches 

showed partial effectiveness, simulations and experimental data indicated limitations in 

mechanical reliability. Consequently, we transitioned to a long-narrow slit design, which 

proved to provide a more uniform and stable deformation field. Finite element simulations 
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(Figure 3.5) and systematic structural comparisons (Figures 3.6–3.8) demonstrated the 

advantages of this approach, particularly when combined with protective T-shaped termini to 

mitigate stress concentration at the slit ends. 

Finally, successful transfer and atomic-resolution imaging of MoS2 samples on the final 

chip design (Figures 3.9 and 3.10) validated the practical utility of this new tensile platform. 

The chapter lays a solid foundation for high-precision in-situ mechanical testing of 2D 

materials, enabling direct correlation between mechanical deformation and atomic-scale 

structural evolution. 
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Chapter 4 Ductile-like fracture of MoS2 nanosheets 

Introduction 

Exploring the atomic-scale mechanical properties of two-dimensional materials is limited 

due to the lack of experimental methods. In this study, we have investigated the fracture 

mechanism of few layers MoS2 nanosheets at the atomic scale by in situ stretching transmission 

electron microscopy real time observation. In-situ stretching was achieved using a custom-

designed stretching holder integrated with a specially engineered chip that ensures atomic 

resolution stability during experiment. We found that the few layers MoS2 showed the 

formation of the stepped fracture structures when stretching along the direction near armchair 

orientation, and the results reveal that cracks propagated along zigzag edges at different 

locations across distinct layers. Furthermore, the fracture process exhibits characteristics of 

ductile-like behavior. These fracture behaviors, unreported before in MoS2, highlight the new 

mechanism of the fracture process in few-layer MoS2. The crack propagation can be distributed 

to the fact that zigzag edges have lower crack formation energy than armchair edges. We 

calculated the fracture width of few-layer MoS2 and found that the width of the stepped 

structures is approximately 10 nm. Additionally, we conduct a zigzag direction’s stretching of 

MoS2 nanosheet, the results also exhibit ductile fracture. These results coincide with the former 

fracture structure observation. This finding provides new insights into the fracture mechanics 
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of 2D materials and has potential implications for their mechanical stability and device 

applications. 

4.1 Stretching fracture of MoS2 multilayer films 

To clarify the fracture mechanism of 2D materials, several approaches, including 

experimental and theoretical methods, have been achieved. The fracture process has been 

directly observed by transmission electron microscopy (TEM) 1–3, while fracture model has 

been proposed by molecular dynamics (MD) simulation4–6 and first-principle calculations7,8. 

Recently, in situ electronic microscopy method has been developed3,9–15 and the fracture 

mechanism of 2D materials have been investigated at an atomic scale1,11,16,17.  

However, the aforementioned experimental results either involve fractures not induced by 

tensile loading, or the tensile-induced fractures lack atomically resolved characterization. 

Previous studies have shown that fracture behavior in monolayer MoS2 is regulated by defects, 

with the fracture mechanism shifting from brittle to ductile-like as defect density increases. For 

layered TMD nanosheets, fracture typically remains brittle, often exhibiting atomically flat 

fracture edges13,18. Although strong interlayer coupling has been widely reported in 2D 

materials, particularly in transition metal dichalcogenides (TMDs)19, which suggests that 

fracture in MoS2 should be predominantly brittle.  

When the MoS2 multilayer film was broken by stretching, the fracture edges showed 

sawtooth pattern with the angle of about 120゜ as shown in Figure 4.1(a). Figure 4.1(b) and (c) 
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are TEM images of the areas shown in red and black frames, respectively, in Figure 4.1(a), and 

Figure 4.1(d)-(f) are atom-resolved TEM images of the areas shown in yellow, green and bule 

frames, respectively, in Figure 4.3(b). We found that several nanometer-scale steps were 

formed along the zigzag (ZZ) edge as shown in Figure 4.1(d)-(f) and they were bunched to 

form one large step as shown in Figure 4.1(b) and (c). The sawtooth pattern reflects the 

breakage at the ZZ edges. This result is consistent with the result of density functional theory 

(DFT) calculations20. The formation energy of the ZZ edg (0.90 eV/Å) is calculated to be lower 

than that of the armchair (AC) edge at 0.95 eV/Å. The interval between large steps was about 

0.5 μm and more. On the other hand, the interval of the nanometer-scale steps was 

approximately 10-20 nm. 

About fracture of a layer in the film, defects are thought to trigger the propagation of 

cracks along ZZ edges16,21, forming elongated voids, which ultimately lead to the fracture of 

the entire layer. Since the fracture sites are approximately 10 nm apart between layers, it can 

be said that the fracture does not directly propagate to the adjacent layer such as intralayer 

fracture or interplanar11. Additionally, on a larger scale, such fracture processes triggered by 

defects are naturally considered to occur almost simultaneously in various locations within the 

film, and the fractures must continue until the film is completely broken. 
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Figure 4.1. Images of MoS2 nanosheet after the fracture. (a)The image of the fracture region at low 

magnification. (b)-(c)TEM images of the fracture regions marked by red and black frames in (a), 

respectively. (d)-(f) The TEM images of the fracture edges, correspond to the regions marked by yellow, 

green, and blue frames in (b), respectively. The red dashed lines indicate the edges of the different layers in 

the sample. [XIE Lilin, Doctor’s thesis, JAIST, 2021, P62] 

Furthermore, the fracture with stepped structures can be explained by the weak interlayer 

interaction of MoS2. The interlayer binding energy of MoS2, which is 0.55 ± 0.13 J m−2 

obtained from the peeled flake22, is significantly smaller than the surface energy, which is ~1.8 

J m–2 estimated from the DFT calculation13. Thus, the interlayer fracture is preferred for the 

multilayer MoS2 since it is difficult for the crack penetrates the layers through the interlayer 

interaction. Though, the previous report2 observed by in situ TEM observation has shown that 

the fracture of 2D materials is almost identical for the bilayers and monolayer, and suggested 

that stress/strain could transmit through layers. While, such transmitted stress seems to be 

induced by coeffect of the irradiation deformation force and the defect migration. We should 

point out that the multilayer MoS2 in our experiment was stretched with an in-plane tensile 

strain by the in situ TEM holder, so that we could observe the formation of the fracture with 
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atomically stepped structures. 

4.2 Experimental setup 

4.2.1 Thickness selection of MoS2 flakes 

Natural bulk MoS2 (FUJI PHOTO FILM CO., LTD, JP) were used for preparation of 

mechanical exfoliated MoS2 nanosheets, then the exfoliated MoS2 nanosheets were deposited 

onto the cleaned 285 nm SiO2-coated Si substrate. 

The MoS2 nanosheet selected for the experiment exhibited a stepped structure after 

exfoliation. Its suitability was confirmed by optical contrast analysis, ensuring that the thinner 

edge had a thickness of only a few layers23. The zigzag orientation was distinguished based on 

the flatness of the nanosheet edges.21 The target MoS2 nanosheet was then dry transferred by 

aligning the flat edge or its ±60° rotated direction perpendicular to the stretching direction, 

thereby ensuring that the zigzag orientation was oriented perpendicular to the applied strain. 

In situ TEM experiment was then performed by JEM-2100plus (JEOL) with an 

accelerating voltage of 120 kV after mounting the stretching chip on the in situ stretching TEM 

holder24 by silver paste. The tensile rate was controlled at approximately 0.1 nm/s. 

Figure 4.2(a) shows the optical microscope image of mechanically exfoliated standard 

terraced structured MoS2 flake. Figure 4.2 (b) illustrates Raman spectra of the MoS2 flake with 

varying layers obtained using 532 nm laser line, the main Raman peaks in this spectrum 
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correspond to the zone center first order 𝐸2𝑔
1  mode at ~384 cm-1 and the 𝐴1𝑔 mode at ~409 

cm-1. The corresponding layer number can then be identified by calculating the position 

difference between the 𝐸2𝑔
1   peak and the 𝐴1𝑔  peak.25 As marked on the Raman curves in 

distinct colors. 

The method of calibrating the number of layers by contrast is considered to be a fast and 

efficient method for calibrating the number of TMDs layers, especially in the calibration of the 

number of layers of few-layer TMDs, such as MoS2 and WSe2.
23 According to the contrast 

calculate method. The contrast-layer number results of the standard flake can then be plotted 

in Figure 4.2(c), the plotted values represent CZR (contrast difference between sample and 

substrate in red channel), CZG (contrast difference between sample and substrate in green 

channel), and CZB (contrast difference between samples and substrate in blue channel) for 1L-

4L, 6L, 7L and bulk MoS2 nanosheet, respectively. Then CZR acquire from the areas marked 

out by red rectangular in 4.2 (d) is calculated. Due to the image resolution of target flake is not 

very high, the measured contrast value fluctuates greatly within the edge width. We calculate 

3 contrast areas of the edge, and the calculated result is a range from -51 to -28. Although we 

cannot get an exact contrast value, this data still shows that the thickness of the edge structure 

is within 7 layers. 
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Figure 4.2 (a) Optical microscope image of terraced structural MoS2 flake. (b) Raman spectra of 

different thicknesses of MoS2 nanosheet using 532 nm line. The right and left dashed lines indicate the 

position of 𝐴1𝑔 and 𝐸2𝑔
1  peaks of bulk MoS2, respectively. (c) Normalized contrast differences between 

samples and substrates CZR, C ZG, and C ZB values of 1L-4L, 6L, 7L and bulk MoS2 nanosheet. (d) Selected 

MoS2 flake with the CZR value of -51~-28. 

 

4.2.2 In situ TEM experimental setup and pre-strain treatment 

In our previous experiments, we found that the fracture of MoS2 flakes is accompanied by 

a step-like fracture edge with a width of about 10-20 nm (Figure 4.1), arrange along zigzag 

(ZZ) direction. To better understand the formation of fracture edges in MoS2 nanosheets under 

tensile loading, we performed an in situ stretching experiment, enabling real-time observation 



Chapter 4 

91 

 

of edge formation. Figure 4.3(a) shows the top view and corresponding 3D model of the holder 

used in the experiment. When a voltage is applied to the piezoelectric component, the 

customized chip undergoes a stretching motion. The resulting frame deformation is transferred 

to the nanosheet via a precisely designed slit on the chip. 

The stretching performance of the slit was characterized, revealing a linear increase in the 

slit gap with increasing applied voltage. This relationship is shown in Figure 4.3(b), indicating 

a well-controlled and predictable stretching rate throughout the experiment. Figure 4.3(c) 

presents a MoS2 flake with a terraced structure, imaged before and after the dry transfer process. 

The thinner edge of the flake was accurately cover the experimental area. 

Figure 4.3(d) displays the suspended MoS2 nanosheet across the slit, representing the 

entire stretching region. As seen in the figure, the MoS2 flake was successfully transferred onto 

the stretching area. No significant contrast variation is observed across the region, indicating 

uniform thickness of the transferred nanosheet within the observation area. 

The magnified TEM image of the region marked by the red square in Figure 4.3(d) is 

shown in Figure 4.3(e). The MoS2 flake exhibits a relatively high-quality crystalline structure, 

as confirmed by the corresponding Fast Fourier Transform (FFT) pattern. These results indicate 

that the sample transfer was highly successful, with the stretching direction nearly 

perpendicular to the zigzag (ZZ) orientation. However, the amorphous contrast visible in the 

inset of Figure 4.3(e) indicates the presence of unavoidable surface contamination, likely 

introduced during the dry transfer process.  
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Figure 4.3 (a) Top view of the stretching holder, with an inset showing its 3D model diagram. (b) 

Linear relationship between the stretching capability of the holder and the applied voltage. (c) MoS2 flakes 

before (inset) and after being transferred onto the designed slit. (d) TEM image of the designed stretching 

gap, with the gap distance indicated. The enlarged region marked by the red rectangle is shown in (e), 

along with the inserted Fast Fourier Transform (FFT) pattern. (f) MoS2 flake after pre-strain treatment, 

along with the inserted Fast Fourier Transform (FFT) pattern. 

As shown in Figure 4.3(d), due to the relatively large stretching region (~130 nm in width), 

it was challenging to accurately locate and capture atomic-resolution images of the crack 

propagation process during in situ stretching. This difficulty arises from the stochastic nature 

of crack propagation, which often occurs along one or several random paths within a narrow 

span of only a few dozen nanometers. To overcome this limitation, a pre-strain treatment was 

applied prior to the main stretching experiment. This treatment, performed under a carefully 

controlled strain magnitude of ~8% and without introducing any unexpected damage to the 

flake, was sufficient to generate local strain concentration regions without fracturing the entire 
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nanosheet. As a result, pre-cracks were introduced, which served as indicators for potential 

crack initiation sites. The results showed that the formed strips were concentrated in the middle 

region of the stretched sheet (see in Figure 4.8). After the pre-strain process, the stretching chip 

was relaxed to its original state. As shown in Figure 4.3(f), several pre-crack stripes can be 

observed on the MoS2 nanosheet, which greatly facilitated the identification of target regions 

for crack propagation observation. 

4.3 In situ stretching of few-layer MoS2 nanosheet 

4.3.1 TEM results 

Figure 4.4(a)–(h) present TEM images illustrating the evolution of a pre-strain-treated 

multilayer MoS2 flake under increasing tensile strain. The strain was quantified based on the 

change in distance between pre-crack stripe No. 2 and pre-crack stripe No. 5, ranging from 0% 

to 51.58%, ultimately leading to crack formation. Red triangles in Figure 4.4(a) to Figure 4.4(h) 

mark a fixed reference position, indicating that the entire stretching process was conducted 

within the same observation area. 

Following the pre-strain treatment, five pre-cracks with a spacing of 10 nm or 15 nm (pre-

crack 4 and pre-crack 5)—appearing as brighter stripes in contrast (labeled 1 to 5)—were 

formed, as shown in Figure 4.4(a). These pre-cracks are oriented along the zigzag (ZZ) 

direction, which forms the maximum angle with the stretching direction. This alignment is 

consistent with the lower edge energy of the ZZ configuration compared to the armchair (AC) 
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structure, and the fact that directions more perpendicular to the stretching axis experience 

greater tensile strain. 

The formation of multiple (five) pre-crack stripes indicates that the strain distribution 

within the flake is non-uniform during the pre-strain process, likely due to the presence of 

intrinsic vacancy defects commonly found in individual layers. Moreover, the existence of 

these multiple potential fracture paths suggests that crack propagation is not confined to a 

single dominant route. Instead, any of these five paths could facilitate crack growth, reflecting 

a more distributed stress response. 

Such a behavior is characteristic of a ductile-like fracture mechanism, where crack 

initiation and propagation occur in a more progressive and multi-site manner, rather than via a 

singular, abrupt cleavage as typically seen in brittle materials1,18. Furthermore, pre-existing 

holes (crack nuclei) generated during the pre-strain process were identified and outlined with 

dashed polygons in different colors, each corresponding to holes within distinct pre-crack 

stripes. The stretching direction is indicated by the red arrow in Figure 4.4(a). The presence of 

these holes indicates that the fracture process is not purely brittle. In fact, previous studies have 

shown that increasing the vacancy defect concentration in front of a crack tip can lead to 

distinctly different crack propagation behaviors, often associated with more ductile-like 

fracture mechanisms1. In our case, the formation of these defect-induced nuclei under 

controlled pre-strain suggests a distributed stress response and supports the interpretation of a 

ductile-like fracture process.  
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As the tensile strain increased to 2.52% (Figure 4.4(b)), apart from the emergence of a 

new hole within pre-crack 3, the pre-existing holes expanded in size, The expansion, primarily 

observed as growth in width along the direction parallel to the ZZ edge, can be attributed to 

localized strain concentration induced by stretching. This directional expansion is further 

favored by the lower edge energy of the ZZ configuration compared to AC direction.  

At 6.25% tensile strain (Figure 4.4(c)), additional holes (resulting from the localized 

fracture) appeared within pre-crack 2. Meanwhile, two new holes formed in pre-crack 4, and 

the dark blue dashed polygons marking holes in pre-crack 3 exhibited a faster growth rate in 

length compared to those in pre-crack 2.  

With the strain increased to 11.57% (Figure 4.4(d)), a crack (crack 3), highlighted by the 

dark blue dashed line, formed within pre-crack 3 and began propagating through interlayer 

sliding. Additionally, a noticeable tendency for pre-crack 4 to extend in length was observed. 

Although the overall propagation direction of crack 3 remained linear, its edge morphology 

appeared irregular and uneven. This non-smooth crack profile further supports the conclusion 

that the fracture process is not purely brittle. 

At a tensile strain of 14.26% (Figure 4.4(e)), crack 3 continued to widen, while the holes 

within pre-crack 2 expanded and merged. Meanwhile, pre-crack 4 extended horizontally across 

the entire image, and the formation of crack 5 within pre-crack 5 was observed, the propagation 

direction is marked out with a red dashed arrow, originating from the right side of the 

observation area. This contrasts with cracks 3 and pre-crack 4, which initiated from the left 
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side. Similar phenomena have also been reported in boron nitride (BN) in another scientific 

study6. As the tensile strain increased to 23.78% (Figure 4.4(f)), crack 3 widened further and 

pre-crack 2 and pre-crack 5 developed into a crack (crack 2 and crack 5).  

The fully formed crack 2 and crack 5 with uneven edges are visible in Figure 4.4(g), 34.33% 

tensile strain, at which point the fracture structure of the nanosheets was nearly complete, with 

all cracks aligned along one of the ZZ directions of the nanosheets.  

The corresponding TEM image of 51.58% tensile strain is shown in Figure 4.4(h), where 

the stepped fracture structure is clearly visible and generally arranged parallel to the ZZ 

structure. The fracture width measured approximately 10.3 nm at the upper edge and 15.0 nm 

at the lower edge. This significant discrepancy was attributed to the propagation of crack 5, 

which originated from the opposite end, causing the fracture ribbon between crack 2 and crack 

5 to slide. The sliding of the lower part of the fracture edge also explains the upward shift of 

pre-crack 4. Additionally, the distance from the upper edge of pre-crack 4 to the fracture edge, 

marked in yellow, remained unchanged in (g) and (h), further supporting this observation (see 

in Figure 4.8(c)).  

The observed stepped structures at the fracture edges suggest that the fracture of few-layer 

2H-MoS2 involves not brittle behavior—an aspect not reported in previous studies. The 

discrepancy between our results and earlier findings1,18 is likely due to differences in sample 

structure, stretching rate, and fracture-inducing methods. Notably, the sample in mentioned 

report18 does not have a pure 2H structure. In contrast, our samples are confirmed to be in the 
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pristine 2H phase, suggesting relatively homogeneous interlayer interactions. This may explain 

the non-brittle fracture behavior observed in our experiments, as the structural configuration 

promotes uniform stress distribution and mitigates localized stress concentrations. Furthermore, 

the stretching rate applied in our study (~0.1 nm/s) is much lower than the 20 nm/s used18, 

which also affects fracture dynamics. Additionally, unlike previous study where fracture was 

induced by electron beam irradiation, our cracks were purely generated by mechanical 

stretching, avoiding localized, point-like damage.1  

The in-situ stretching experiment provided intuitive evidence of interlayer fracture in 

multilayer MoS2, with fractures occurring at different locations across the layers rather than 

simultaneously in a single crack. Stepped structures with preferred ZZ edges were observed, 

clearly demonstrating that the cracks contributing to the fracture did not form at the same time. 

This emphasizes the necessity of considering interlayer interactions and fracture behaviors in 

future studies on the mechanical properties of 2D materials. 
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Figure 4.4 TEM images of multilayer MoS2 under different strain levels: (a) 0%, (b) 2.52%, (c) 

6.25%, (d) 11.57%, (e) 14.26%, (f) 23.78%, (g) 34.33%, and (h) 51.58%. In (a), the red arrow indicates the 

holder's stretching direction, while five stripe-like pre-cracks, labeled 1 to 5 from top to bottom, are 

marked with pink dashed lines. The dashed arrows in (e), (f), and (g) indicate the direction of crack 

formation. Dashed polygons, in distinct colors, outline the holes within individual pre-crack area, while 

dashed straight lines, also in distinct colors, denote the positions of cracks on the respective layers. The red 

triangle indicates the same reference position under different strain conditions.  

To evaluate the strain in each TEM image, we measured the distance variation between 

the pre-crack stripe 2 to pre-crack stripe 5, as described in Figure 4.5 (a)-(h), each of the 

distance between the aforementioned was calculated and marked in Figure 4.5 (a)-(h) (unit: 

nm), respectively. The strain value of Figure 4.5 (a) was set as zero, So that the strain value can 

be acquire by using the basic strain formular: 

𝜀 =
𝐿−𝐿0

𝐿
                              (4-1) 

In this case, the L0=32.899 nm and L are the corresponding value measured in (b)-(h), 

respectively. 

 

Figure 4.5 The measured distance between the pre-crack stripe 2 and 5 marked respectively. (a) 
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32.899, (b) 33.728, (c) 34.954, (d)36.706, (e)37.589, (f) 40.723, (g)44.193 nm, and (h)49.867. (unit: nm) 

 

4.3.2 Strain behavior of few-layer MoS2 nanosheet when stretching 

To investigate the strain distribution in few-layer MoS2 nanosheets under tensile loading, 

geometric phase analysis (GPA) was performed on TEM images acquired at different strain 

levels. The corresponding results are presented in Figure 4.6. The corresponding GPA 

mappings were obtained along the direction perpendicular to the fracture edge orientation 

(indicated by the yellow arrow in Figure 4.6(a)), as this direction best highlights the trend of 

stress evolution. In 2D materials, out-of-plane deformation is energetically favored over in-

plane distortion, strongly influencing structural modifications26. Given that ripple structures 

preferentially propagate along the AC direction, fringe arrangement changes are more 

pronounced in this direction9. This directional preference makes the selection of the GPA strain 

reference along the AC direction more reasonable, ensuring a more accurate analysis of 

deformation characteristics. These results suggest, based on prior understanding, that the 

homogeneous compression regions likely correspond to out-of-plane deformations, such as 

ripples, bending, or folding. 

As shown in Figure 4.6(a), at 0% tensile strain, following pre-strain treatment and 

relaxation, despite for a few localized strain concentration points remaining, the overall strain 

distribution exhibits no distinct transformation boundaries. However, the alternating 

distribution of tensile and compressive bands parallel to the pre-crack stripes indicates that the 

relaxation following pre-strain treatment is insufficient to fully release the internal stress within 
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the nanosheet. 

As the tensile strain increases to 2.52% (Figure 4.6(b)), the strain bands become more 

pronounced, and their spacing decreases—from an initial interval of ~10 nm to ~5 nm. A region 

of intensified tensile strain emerges between pre-crack stripes 2 and 3, accompanied by 

localized stress concentration points. In contrast, no significant change in the strain distribution 

is observed in the area where the hole expands. 

As the strain increases to 6.25% (Figure 4.6 (c)), the strain distribution across the image 

becomes more uniform, while the overall orientation remains parallel to the pre-crack stripes. 

No significant change is observed in the spacing of the strain bands. Notably, the holes along 

pre-crack stripes 2 and 3 expand rapidly, which may account for the homogenization of the 

strain field. Meanwhile, the previously prominent strain band between stripes 2 and 3 becomes 

less distinct. 

At a strain of 11.57% (Figure 4.6 (d)), crack 3 has fully formed and exhibits lateral 

widening, indicating the onset of interlayer sliding. Simultaneously, the holes within pre-crack 

stripe 2 expand and coalesce; however, due to severe aberration in the TEM image above stripe 

2, the strain distribution in this region cannot be accurately resolved. This limitation persists at 

higher strain levels, will be discussed in a later section. 

Notably, new strain concentration bands emerge along a distinct ZZ direction within crack 

3 and extend toward pre-crack stripe 4, with a spacing of ~5 nm. This phenomenon is very 

interesting, since the ripple-like strain concentration is often attributed to the tensile near the 
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arrangement of the strain bands,9 can be ascribed to localized interlayer sliding around crack 3 

at this strain. Additionally, the regions adjacent to the strain concentration bands within crack 

3 predominantly exhibit compressive strain. The observed strain localization in stripe 4 is likely 

associated with the continued development of the pre-crack structure in that region. 

In the strain distribution map at a tensile strain of 14.26% (Figure 4.6(e)), the strain within 

crack 3 is predominantly compressive. At this stage, pre-crack stripe 4 has extended across the 

entire observe area, and a series of strain concentration points appear approximately 5 nm 

below it, arranged roughly parallel to the direction of the pre-crack stripe. Additionally, the 

region surrounding crack 5 also exhibits a strain distribution dominated by compression. From 

this point onward, up to a strain of 51.58% (Figure 4.6(f)–(h)), the overall strain distribution 

remains consistent with this trend. Notably, the compressive strain in the crack 3 region persists 

throughout the process until the final fracture occurs. This sustained compressive stress, 

emerging in the midst of tensile deformation, suggests an irreversible local deformation 

mechanism likely associated with interlayer sliding or out-of-plane rearrangement.9,26 

The presence of such compressive strain during crack propagation highlights internal 

energy dissipation mechanisms—contrary to the sudden and localized bond-breaking typical 

of brittle fracture. Together with the observed stepped fracture edges and non-linear crack front 

morphology, these findings strongly support the interpretation that the fracture behavior of few-

layer 2H-MoS2 under our experiment conditions are predominantly ductile-like in nature.  
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Figure 4.6 Geometric Phase Analysis (GPA) mappings on TEM images of few-layer MoS2 nanosheet 

with the strain levels of: (a) 0%, (b) 2.52%, (c) 6.25%, (d) 11.57%, (e) 14.26%, (f) 23.78%, (g) 34.33%, 

and (h) 51.58%. Along the 𝜀𝑥𝑥 direction marked with an orange arrow in (a) and five stripe-like pre-

cracks, labeled 1 to 5 from top to bottom, are marked with pink dashed lines. The dashed arrows in (e), (f) 

and (g) indicate the direction of crack formation. Dashed polygons in distinct colors outline the holes 

within individual pre-crack, while dashed straight lines, also in distinct colors, mark the positions of cracks 

on their respective layers. The red triangle serves as a consistent reference point under different strain 

conditions. All markings accurately correspond to those in the respective TEM images. 

 

4.4 Fracture mechanism approach 

To gain deeper insight into the chaotic strain distribution, we examined the fracture edge 

structure in Figure 4.4(h), with a magnified view presented in Figure 4.7(a). A clear transition 

from thicker to thinner regions is observed, delineated by the dashed yellow line. Although 

some atomic-level details are lost due to imaging aberrations, meaningful structural 

information remains accessible. The TEM image reveals alternating blurry and sharp regions 

arranged along the εₓₓ′ direction, indicated by the orange arrow in Figure 4.7(a), with an 
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apparent periodicity of approximately 10 nm. This periodicity corresponds to a full cycle of a 

sine-like wave, which ideally spans from the middle of the first clear lattice fringe to the middle 

of the third clear lattice fringe. By tracking three adjacent regions with similar contrast states 

along the direction of lattice fringe propagation, we can confirm this periodic structure—further 

supported by the GPA map. However, the lack of complete symmetry information in both 

principal crystallographic directions may contribute to the observed chaotic strain field. To 

mitigate this, a spatial mask was applied to selectively extract the lattice fringe information 

from the well-resolved crystal plane direction, as shown in Figure 4.7(b). 

The corresponding strain field derived from Figure 4.7(b), shown in Fig. 5(c), reveals a 

regular distribution of strain along the fracture edge. Higher tensile strain is localized at 

concave regions, while lower tensile strain is observed at convex regions. A similar 

phenomenon—though with an opposite strain distribution—has been reported in previous 

studies. This discrepancy may be attributed to the different fracture origins: in our case, the 

edge was generated by tensile failure, whereas in other reports, the edge formation may result 

from alternative mechanisms such as mechanical exfoliation or irradiation-induced damage.27 

The formation of this ripple structure is reasonable, given that Poisson’s ratio of MoS2 is 

reported to lie between 0.2 and 0.4428,29. This implies that during uniaxial stretching, stress 

tends to concentrate in the suspended region of the nanosheet—approximately within half of 

the total stretched width—which aligns well with our experimental observations, the pre-crack 

stripes distributed mainly in the stress concentration area (see in Figure 4.8). Moreover, because 

out-of-plane deformation in two-dimensional materials is generally more energetically 
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favorable than in-plane deformation26, This stress concentration is more likely to manifest as a 

ripple-like morphology, with the ripples preferentially forming along the direction 

perpendicular to the zigzag (ZZ) edges.9 In other words, the ripple structure is more likely to 

form along the two ZZ orientations that are not aligned with the crack propagation direction. 

Generally, such corrugated structures tend to relax and disappear after crack formation due to 

stress release. However, in this case, the ripple-like morphology remains visible even after 

fracture. This persistence may be attributed to the irregular geometry of the crack edges, which 

helps retain the deformed configuration of the nanosheet. 

Based on the above results, we can simply describe the tensile results of the experiment 

using the model in Figure 4.7 (d). As shown in the figure, during the stretching process, two 

sets of ripples (lines in distinct colors represent the respectively tensile strain area) with a 

periodicity of approximately 10 nm and propagate along ZZ arrangement directions intersect 

at an angle of about 60°. These ripple structures are primarily concentrated near the mid-width 

region of the stretched nanosheet—approximately at the half-width position—where tensile 

stress is expected to peak. The yellow arrow indicates the stretching direction. The ripple lines 

suggest that the structure is under stress, and their intersection marks the location of the highest 

stress concentration within the strain field.  

Therefore, pre-cracks are likely to initiate at the intersections of these corrugated tensile 

stress fields. Due to the preferential fracture behavior along the ZZ direction, these cracks 

subsequently propagate along the same orientation. However, in our experimental observations, 

the spacing between adjacent pre-cracks is approximately twice the period of the tensile strain 
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ripples. This suggests that interlayer sliding occurs near the pre-crack regions, possibly released 

local stress over a distance of ~5 nm and thereby promoting crack initiation at intervals of ~10 

nm. That is, after the stress-stretched hole appears, the stress concentration at 5 nm nearby is 

released. This well explains why we can see pre-cracks with a spacing of about 10 nm after 

pre-strain treatment, and the spacing between pre-crack 4 and pre-crack 5 is about 15 nm. 

 

Figure 4.7 (a) TEM image of the fractured edge (indicated by the yellow dashed line) between MoS2 

layers of different thicknesses, with the corresponding FFT pattern inserted in. (b) Lattice fringes obtained 

by filtering along the marked εxx’ direction. (c) Strain map showing the strain distribution and discrepancies 

across the region. (d) Schematic illustration of ripple formation in a MoS2 nanosheet stretched along a 

direction nearly perpendicular to a zigzag edge, the lines in different colors indicating tensile strain line of 
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the ripples. 

 

4.5 MoS2 flake at different stages in TEM 

Figure 4.8(a) shows the MoS2 flake before the pre-strain treatment, where the flake 

exhibits a homogeneous structure with no noticeable contrast differences. Figures 4.8(b) and 

4.8(c) illustrate the gap distance change at the initial stage of the fracture process after pre-

strain treatment, from the beginning (b) to the end (c). 

In Figure 4.8(b), brighter stripes appear after the pre-strain treatment, corresponding to 

pre-fractures captured by TEM. The stretching direction for this experiment is indicated by the 

brown arrow in Figure 4.8(a). In Figure 4.8(c), with the positioning clearly marked, we 

highlight the observation area of the stretching experiment with dashed square. Additionally, 

two intersecting fractures, labeled fracture 2 and fracture 5, are directly visible. 

A sliding ribbon, further analyzed to explain the inequivalent crack width between fracture 

2 and fracture 3, reveals a 4.7 nm discrepancy, which aligns with our amplified TEM results in 

Fig. 3(h). The presence of this ribbon also supports the observed sliding of crack 4 during the 

stretching experiment. The fracture edge sizes of these two intersecting cracks were measured 

and found to be approximately 10.3 nm for both. 
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Figure 4.8 (a) MoS2 flake on the gap before pre-strain treatment. (b) and (c) are the flake after the pre-

strain treatment, (b) 0% tensile strain and (c) 51.58% tensile strain, the black dashed square highlights the 

observation area, the markings add inside the square correspond to those in the respective TEM images. 

4.6 Ductile-like fracture in MoS2 nanosheet with the stretching direction along the 

zigzag orientation 

In addition to the above experiments, we performed in-situ tensile tests on MoS2 

nanosheets along the zigzag (ZZ) crystallographic direction, with the results shown in Figure 

4.9. As illustrated in Figure 4.9(a), following tensile deformation along the ZZ direction and 

the formation of primary cracks, residual nanosheet fragments with significantly reduced 

thickness can still be observed bridging the gap between the cracked regions. This observation 

suggests that the fracture process is not purely brittle, and instead, strongly supports the 

occurrence of interlayer sliding during deformation. 

To better illustrate this, the boundaries of regions with distinct thicknesses are highlighted 

with color-coded lines, while the thinner nanosheet segments that remain connected across the 

crack are marked in green. The red arrow denotes the stretching direction, and the current frame 

is taken as the reference state of 0% applied tensile strain. 
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We then performed geometric phase analysis (GPA) on the TEM image shown in Figure 

4.9(a), with the corresponding strain map presented in Figure 4.9(b). In this figure, the yellow 

arrow indicates the direction of strain measurement, which corresponds to the armchair (AC) 

orientation of the MoS2 lattice. All other annotations are consistent with Figure 4.9(a). The 

strain distribution reveals that regions delineated by lines of different colors exhibit distinct 

strain characteristics. Specifically, the uppermost region appears predominantly red, indicating 

significant tensile strain. In contrast, the regions between the yellow and blue lines—

particularly the thin bridging nanosheet—primarily show compressive strain, while the areas 

between the yellow and orange lines, as well as below the blue line, display intermediate strain 

levels. 

Given that the GPA was conducted along the AC direction—where out-of-plane rippling 

is generally absent—the observed strain contrast can be reliably attributed to variations in 

atomic spacing, i.e., intrinsic lattice deformation. Furthermore, the spatial correlation between 

strain distribution and image contrast differences supports the interpretation that regions of 

different thicknesses exhibit distinct mechanical responses under tensile stress. In particular, 

the thinner nanosheet segments are more prone to lattice distortion, despite the uniform lattice 

constant of 2H-MoS2, reinforcing the notion that thickness plays a critical role in the local 

strain accommodation behavior. 

With increasing strain (Figure 4.9(c)), the sheet exhibited severe plastic deformation, 

formation of multiple crack paths, and appearance of new holes—all of which are hallmark 

characteristics of ductile-like fracture. Even up to the point of complete failure, the crack 
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propagation process remained consistent with ductile-like deformation behavior. 

These observations provide compelling evidence that few-layer MoS2 nanosheets 

stretched along the ZZ direction can also undergo ductile-like fracture, further corroborating 

the conclusion that interlayer sliding and thickness-dependent strain localization are critical 

mechanisms governing the ductile-like response in 2D MoS2 under tensile loading. 

 

Figure 4.9 TEM images of MoS2 nanosheet under different strain levels: (a) 0%, (c) 2.52%, (d) 

6.25%, and (e) 11.57%. The red arrow indicates the holder's stretching direction, the lines, in distinct 

colors, outline the positions of cracks on the respective layers. The light green area in (a) marked out the 

whole suspended nanosheet we observed. (b) Geometric Phase Analysis (GPA) mappings on TEM images 

of few-layer MoS2 nanosheet with the strain of (a) 0%. Along the 𝜀𝑥𝑥 direction marked with an orange 

arrow in (a). All markings accurately correspond to the respective TEM image (a). 
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Conclusion  

In this study, we systematically investigated the tensile fracture behavior of few-layer 2H-

MoS2 nanosheets using a custom-designed in situ TEM tensile testing platform, combined with 

a controlled pre-strain treatment. Our experiments reveal that, unlike previously reported brittle 

fracture behavior, few-layer MoS2 exhibits distinct characteristics of ductile-like fracture, 

including stepped edge morphologies, uneven crack edges, and the presence of compressive 

strain within the fracture zones. Through geometric phase analysis (GPA), we mapped the strain 

evolution at various tensile stages, identifying localized strain concentration bands and regions 

of interlayer sliding that contribute to energy dissipation during fracture. 

We discovered that pre-existing holes and pre-fracture stripes, induced by the pre-strain 

treatment, serve as precursors to crack initiation. The spacing and propagation of these cracks 

are strongly influenced by ripple-like stress fields formed perpendicular to the ZZ direction—

attributable to the Poisson effect and stress redistribution in ultrathin 2D membranes. 

Additionally, the fracture process showed clear stress modulation patterns, including persistent 

compressive strain zones near crack tips, which further support a ductile-like mechanism. 

Our findings also highlight the ductile-like features in samples stretched along the near 

AC direction and near ZZ direction at low strain rates. This comprehensive investigation 

provides new insight into the fracture mechanics of 2D materials and emphasizes the critical 

role of interlayer interactions and structural imperfections in determining their mechanical 

resilience. 
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Chapter 5 Summary  

This thesis presents a comprehensive investigation into the tensile fracture behavior of 

few-layer 2H-MoS2 nanosheets, integrating advanced sample preparation, precise mechanical 

loading, and in situ atomic-scale imaging. 

In Chapter 1, we introduced the motivation behind studying mechanical and fracture 

properties of two-dimensional (2D) materials, emphasizing the importance of MoS2 due to its 

tunable bandgap and application potential in flexible electronics. We reviewed current 

experimental and theoretical methods for stress regulation and crack investigation, pointing out 

their limitations, particularly the lack of atomic-level insights under controlled uniaxial loading. 

These gaps shaped the objectives of this work: to develop improved in situ tensile platforms, 

optimize sample preparation, and explore intrinsic fracture mechanisms. 

Chapter 2 detailed the experimental framework and techniques used throughout the study. 

We described the instrumentation and provided a step-by-step account of MoS2 sample 

preparation via modified exfoliation and dry transfer methods. Emphasis was placed on layer-

thickness verification, optical contrast calibration, and precise orientation selection, especially 

the identification of zigzag (ZZ) edges, which are critical for direction-dependent mechanical 

studies. 

In Chapter 3, we designed and validated a novel PTP-based in situ tensile chip that 
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addressed the shortcomings of earlier designs. By replacing deformable titanium support plates 

with a connected Si chip frame incorporating SiNx windows and long-narrow gaps, we 

achieved stable, uniform deformation with sub-micron resolution. We evaluated several stress 

localization strategies and confirmed the effectiveness of the final design through finite element 

simulations and successful atomic-resolution imaging, establishing a reliable platform for high-

precision fracture testing. 

Chapter 4 presented our main findings on the tensile fracture behavior of few-layer MoS2. 

Contrary to the traditionally reported brittle failure, our results revealed ductile-like 

characteristics—including stepped and uneven crack edges, localized strain bands, and 

persistent compressive zones—particularly under low strain rates along the ZZ and near-AC 

directions. Pre-strain treatments introduced ripple-like stress fields and defect precursors, 

which influenced crack initiation and propagation. These observations underscore the role of 

interlayer sliding, stress redistribution, and structural inhomogeneity in enhancing energy 

dissipation and mechanical resilience. 

Together, these studies offer new insights into the fracture mechanics of 2D materials and 

provide a robust experimental foundation for future exploration of atomistic failure processes 

in layered systems. 
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