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ABSTRACT 
 

During the past decade, two-dimensional (2D) materials are under explosive growth. They are well 

known for having extraordinary mechanical, chemical, electrical and optical properties owing to 

their ultrathin structures and outstanding flexibilities. Apart from the most popular 2D materials 

such as graphene or hexagonal boron nitride, transition metal dichalcogenides (TMDs), as a big 

2D family, also have a wide range of applications for high electron mobility and extraordinary 

mechanical properties. All these physical features are related to bandgaps and directly decided by 

their atomic structures. Therefore, observation of atomic structures under the effect of strain 

provides the intrinsic understanding of dynamically related properties in 2D materials. 

 

In this thesis, four types of mechanical behaviors in dimensional order are identified with the 

change of atomic structures in 2D materials: grain boundaries (GBs) (1D), phase transition (2D), 

fracture (2D) and wrinkling (3D). The pristine 2D materials in experiments include graphene, 

MoS2 and ReS2. With the help of scanning transmission electron microscopy (STEM), continuous 

change of crystal lattice can be observed in nanoscale. Electron beam irradiation from (S)TEM 

provides the energy to introduce strain on monolayer materials under atomic resolution and at the 

same time, scanning tunneling microscopy (STM) applies direct strain for lower magnification 

deformation and electrical tests. Related statistics, modeling and DFT calculation are conducted 

to explain the mechanism behind experimental phenomenon. In monolayer ReS2, a systematic 

classification of mobile and pinned GBs is clarified. According to the high/low crystal plane index 

and whether the rhenium atomic arrangements on both sides of GBs are consistent or not, the GBs 

in ReS2 can be divided into four categories and more detailed types. With similar in situ method, 
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electron beam drives phase transition on ReS2 by creating atomic defects and introducing strain, 

the atomic structure of secondary phase is clearly observed. Apart from this, fracture process and 

cracks extension are also observed under electron beam irradiation, while the lattice reconstruction 

occurs on the tip of the crack under the influence of shear stress. The continuous deformation and 

van der Waals (vdW) force influence in wrinkling are observed when a monolayer graphene being 

cracked from its multilayer flake. Thus the critical length of stable wrinkles is calculated from the 

wrinkling and wrinkle elimination process.  

 

In conclusion, in situ (S)TEM is employed as an ideal method to measure the mechanical properties 

of 2D materials. The present works shed light on the future mechanical engineering, facilitating 

the high strength and high toughness as well as potential functionalities in 2D materials. 
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Chapter 1 Introduction  

 

1.1  Introduction on 2D Materials 
 

1.1.1 The Structure of 2D Materials 
 

Two-dimensional (2D) materials is the definition of materials consisting of a single layer or 

few layers of atoms or molecules. These atoms are combined by strong covalent or ionic bonds 

within the layers and weak van der Waals forces between the layers. They have unique 

characteristics and functions due to their distinct 2D structures. At present, 2D photoelectric 

materials mainly include graphene (GN)[1], topological insulators (TI)[2], transition metal 

chalcoides (TMDs)[3], black phosphorus (BP)[4], and so on, as shown in Figure 1.1. In 2004,  

 

Figure 1.1 The family of 2D materials. 
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Geim and Novoselov’s group obtained graphene by adhesive tape stripping method and studied 

its related physical properties, which triggered a worldwide research boom on 2D materials.[1]  

 

Graphene, as the first 2D material being discovered, is composed of a hexagonal lattice of 

monolayer carbon atoms with sp2 hybrid orbitals and packed tightly into a honeycomb 

structure. With the ultrathin thickness of 0.335 nm, graphene is the thinnest and strongest 

material known in the world. For the electronic properties, electrons travel very fast in 

graphene, at about 1/300 of the speed of light, much faster than they would travel in a normal 

conductor.[5] At the same time, its resistivity is only 10-6 Ω·cm, making it the material with the 

lowest resistivity and best electrical conductivity ever found. For the electronic structure of 

graphene, the carbon atoms constitute the unit benzene ring form sp2 hybridization through 

the electrons of the s, px and py orbitals. Two adjacent carbon atoms form a σ bond through 

the hybrid orbital to form a huge and stable graphene sheet. The remaining pz orbitals of each 

carbon atom couple with each other to form a so-called large π bond. Due to the strong 

interaction between the hybrid orbitals from two adjacent carbon atoms, the energy gap 

between the σ bond and the anti-σ bond (σ*) is very large, so that the energy band formed by 

σ-bonded electrons and the energy band formed by σ*-bonded electrons are far away from the 

Fermi energy surface. The weak mutual coupling between the pz orbitals makes the energy 

split between the π bond and the anti-π bond very small, causing the energy of the π electron 

to approach the Fermi surface, which becomes the main factor in the electronic properties of 

graphene. 
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Another typical family of 2D materials is transition metal dichalcogenides (TMDs) which are 

semiconductor materials with thin atomic layers. The generalized chemical formula of TMDs 

material is MX2, where M presents a transition metal of group 4 to 10 in periodic table of 

elements and X presents a chalcogen. It includes three layers of atoms which is X, M, and X, 

respectively. The interatomic bonds between M and X atoms are mainly constituted by van der 

Waals forces and they are combined by covalent basal plane bonds. For the structure of bulk 

TMDs, a prominent property is that they have high degree of symmetry in crystal structure. 

But different from these bulk materials, in TMDs monolayers (as well as other odd layers), 

there is neither inversion symmetry nor an inversion center.  If M belongs to groups of VIB 

transition metals, MX2 are semiconductors. On the other side, if M belongs to groups of VB 

transition metals, MX2 are metals. Therefore, for further applications, 2D TMDs overcome 

disadvantages of graphene in many aspects such as electronic, photonic and optoelectronic 

related fields. The main reason is that graphene does not have a bandgap as a semimetal while 

the bandgap of some TMDs can increase from indirect to direct when the thickness decreases 

from bulk to single layer (e.g. bulk MoS2 has an indirect bandgap of 1.2eV and monolayer 

MoS2 has a direct gap of 1.8eV).[6]  

 

1.1.2 Defects in 2D Materials 
 

In an ideal pristine crystal, the atoms are strictly arranged in a regular, periodic lattice in a 

certain order. However, in the actual crystal, the arrangement of atoms normally has defects 

during the growth of crystals, such as the thermal fluctuation of atoms and other conditions. 

According to the geometric characteristics, crystal defects in bulk materials can be divided into 
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the following three categories in general: point defects, also known as zero-dimensional defects, 

such as vacancies, interstitials, and doping atoms. Line defects, which are one-dimensional 

defects commonly seen from the fundamental of edge, screw and mixed dislocations. The third 

type is planar defects, including grain boundaries, phase boundaries and stacking faults. When 

the dimension of materials decreases from bulk to 2D, some typical planar defects like grain 

boundaries and stacking faults should be classified as one-dimensional defects while folding, 

wrinkling are regarded as two-dimensional defects.[7] Figure 1.2 shows the structure of possible 

defects on 2D materials. 

 

Figure 1.2 The family of defects in 2D materials.[7] 
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Vacancy is the simplest defect which occurs with the vanishing of atoms. For example, in 

MoS2, Vs shows mono sulfur vacancy which has the lowest formation energy; Vs2 means 

disulfur vacancy; VMoS3 stands for vacancy complex of Mo and nearby three sulfurs which 

have similar formation energy for S vacancies, and so on.[8] Using first principle calculation to 

measure the formation energies and thermodynamical charge transition in monolayer MoS2, in 

Mo-rich conditions, S vacancies are the most abundant defects among all growth conditions. 

On the other hand, in S-rich conditions, formation energies are quite high for good-quality 

crystal growth.[9] Meanwhile, sometimes the lattice atoms may be replaced by other atoms 

which is called doping. In most doping conditions, the atoms of M or X in MX2 are replaced 

by substituting atoms which come from the similar size of ions, electronegativity, valence, and 

also other member crystal. From previous study, Mn, Nb, Fe, Re, Au, and Co are all potential 

dopants for the transition metal atoms,[10] while chalcogen site doping may be favorable in 

sulfur deficient crystals. Except for dopants, atoms can also play the role as adatoms in TMDs 

monolayers. In this situation, the position of the foreign atoms decides the defects. It can exist 

either above the metal atoms, or above the chalcogen atoms, or on a metal–chalcogen bond, 

and above or within the center of hexagonal voids.  

 

Line defects always have a prominent influence on the properties of materials. One of the most 

common line defects, grain boundaries (GBs), are usually not perfectly straight and are linked 

with various GB kinks that can have important influences on the material properties.[11] As 

reported in previous studies, not only traditional GBs but also bilayer overlapped junctions 

have been observed in chemical vapor deposition(CVD)-grown monolayer materials. An 

atomically stitched GB can be initially formed between the merged monolayer grains and 
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provides abundant structural defects for nucleation.[12] The parameter which is largely 

influenced by GBs is the bandgap, and it is the reason that some optical and electronic 

properties change with the appearance of GBs. Since the thickness of 2D TMDs is ultrathin, 

they can own a broad range of semiconducting bandgaps with different compounds. 

 

Another type of defects here we define as three-dimensional defects exit specifically in 2D 

materials includes folding, wrinkling, scrolling, rippling, and stacking faults. The most 

common 3D defects of TMDs monolayer is folding or wrinkling. It is well known single layer 

TMDs have good flexibility which is easy to fold. The tensile stress and strain on the edge of 

the curve are key parameters in calculating the dynamical properties in folding. Previous 

research tried to reconstruct 3D folded structures for different kinds of membranes to fit the 

continuum mechanics model.[13] If the armchair fold is collapsed, AB stacking can be formed. 

The curvature on the edge reflects the in-plane tensile/compressive strain applied on the 

material. For ripples on 2D materials, in MoS2 they have a space-dependent surface potential 

and charge distribution which are originated from the local tensile strain due to the mismatched 

lattice constant with that of substrate. On the other side, the surface potential is relatively 

uniform in 2D MoS2 nanostructures without ripples.[14] The difference of ripples results from 

the existing local strain during the process of synthesis. For the study of various kinds of 

defects in TMDs monolayers, the alignment of atoms and related mechanical parameters such 

as stress and strain play important roles. Using patterning from AFM, TEM (HRTEM), 

mapping and modeling can illustrate the relationship of these factors clearly. 
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1.1.3 Applications of 2D Materials 
 

Two-dimensional(2D) materials hold a wide range of applications in many fields such as 

energy storage, electronic devices, biological and photonic devices. Figure 1.3 shows the fields 

where 2D TMDs has good performances at.[15]  At the same time, the defects  mentioned above 

from 0D to 3D have prominent influences on 2D materials, sometimes can change the 

 

Figure 1.3 The application of 2D TMDs in devices.[15] 

 

properties of pristine materials to a great extent. The bandgap of 2D TMDs decides the 

electronic and optical properties of materials, especially on semiconductors. It can be 

controlled by doping [16], strain [17] and defect engineering.[18] The band structure is 

significantly influenced by GBs, and it is the reason that some optical and electronic properties 
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change abruptly with occurrences of GBs. Apart from that, 2D TMDs own exotic properties 

which include indirect to direct bandgap crossover as the number of atomic layer decreases. 

 

The lateral and vertical heterostructures made of 2D TMDs also have been realized and their 

novel electrical/optical properties especially at the sharp interfaces have been experimentally 

verified. For synthesis of lateral heterostructures, they can be created mainly via CVD 

growth,[19] while vertical heterostructures have been demonstrated via both CVD or 

mechanical exfoliation.[20] It has been reported in vertical heterostructures the interaction of 

interlayers tuned from no coupling to strong coupling.[21] The top layer of MoS2 and bottom 

layer of WS2 are aligned in one area while the MoS2 turns into bottom and WS2 becomes top 

layer in the other area to conduct the test.[22] The result implies that the change of optical 

properties comes from the different lattice distance in heterostructures and pristine materials. 

 

In mechanical aspect, the physical properties of 2D materials vary a lot depending on the 

bending/rippling structures, and the mechanical bending/rippling/buckling of 2D materials are 

key factors in the emergent applications such as active materials for wearable devices,[23] 

diffusive membranes for energy devices,[24] or nanoelectromechanical (NEMS) devices.[25] For 

2D materials, the strain energy is embodied in the ultrathin area, which directly reflects the 

stress and elastic modulus. In some cases in monolayer membrane, the sample across a hole 

and strain is applied at the central part by a tiny tip, the bending modulus is small enough to 

ignore. The load is balanced by the pretension of the membrane and scales linearly with vertical 

deflection under small loads.[26]  When the load is large, it is dominated by the stiffness of the 



 

9 

 

membrane with a cubic relationship. The elastic modulus of MoS2 is similar with  many other 

TMDs material, which is about half of the value in the strongest 2D material, graphene. 

 

 

1.2 Mechanical Behaviors of 2D Materials 
 

The mechanical behaviors have been well noticed in various materials on both bulk and 2D cases 

since they are closely related to the defects in materials. When a mechanical loading is applied, all 

the defects as mentioned above can be generated. 0D defects (vacancies mainly) can aggregate 1D 

defects, such as GBs. Some 2D defects also consist of vacancies, for example, the vacancies can 

cause phase transitions on 2D materials and normally make a great change on the electronic 

properties. Slightly different from the literature above,[7] in our work, we define folding, wrinkling 

and out of plane wrapping as 3D defects. The geometry of these defects are in 3D space even they 

are formed by 2D layers. 

 

1.2.1 One-Dimensional Dynamic Process: Grain 

Boundary Mobility 
 

The structures and novel properties of emergent 2D materials have been unveiled over the last 

decade.[27] From the high-symmetric graphene,[28,29] to the low-symmetric black phosphorous 

(BP),[30,31] numerous 2D van der Waals (vdW) layered materials with atomic thickness have 

been discovered.[32-35] Very recently, monoclinic 2D materials such as rhenium disulfide (ReS2) 

and rhenium diselenide (ReSe2) with the ever lowest symmetry in 2D have been fabricated and 

drawn much attentions for their outstanding anisotropic properties.[36,37] On the other hand, it 
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has been shown that the grain boundaries (GBs) prevalently existed in many 2D materials 

especially when they are synthesized by chemical vapor deposition (CVD) growth.[38]  

 

The remarkable electrical[39] and mechanical effects[40] from these GBs on 2D materials have 

been highlighted. Figure 1.4 shows the change of electronic structure of WS2 with grain 

boundaries. Grain boundaries are usually caused by different types of dislocations and defects. 

From the experiment in Figure 1.4,[39] grain boundaries result from 6|8 dislocation brings 

localized in-gap states on the band gap of WS2, which can be sinks of charge carriers and it 

influences the electronic transport in monolayer WS2. The results also show the 5|7 dislocation 

makes a different change of the band gap on materials from this work. Another previous study 

tested the strain-stress under the influence of different grain boundaries in h-BN, as shown in 

Figure 1.5.[40] The two sides of grains can be defined by the domain directions, some of them 

are symmetric on two side and some are asymmetric. The strain-stress curves show that all of 

the fractures are brittle but the critical failure strain can be different from 11% to 21%. 

Regarding the atomic structures, the GBs in high-symmetric 2D materials, such as graphene 

and molybdenum disulfide (MoS2) have been well documented.[28,41] It illustrates GBs in high 

symmetry 2D materials consist of in-plane dislocations or atomic defects, therefore, a  
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Figure 1.4 Atomic structure and electronic properties of WS2 with grain boundaries. (a, b) 

HAADF images of WS2 with different angles of grain boundaries. Scale bar=2nm. (c) Atomic 

model of the dislocations. (d, e) HAADF images of two different types of dislocations. Scale 

bar=0.5nm. (f) Total electronic density of states for the 9° and 22° grain boundaries composed of 

6|8 structures.[39]
 

 

Figure 1.5 Stress–strain curves of GBs on the h-BN surface and a pristine h-BN along its 

armchair and zigzag directions.[40]
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relatively high energy barrier is requested to trigger the GB movement. [42,43] Herein, through 

the high resolution atomic-scale transmission electron microscopy (TEM) characterizations 

and atomistic density functional theory (DFT) simulations, the GBs in 2D materials with 

lowest symmetry--the monoclinic 2D ReS2, is considered as an ideal sample. Apparently, the 

GB types are greatly enriched by the asymmetric structure, in particular the twinning 

boundaries (TB). Meanwhile, the distinct GB kinetics is also unusual and endows larger 

mechanical deformability to 2D ReS2. 

 

For the GB types,  in graphene GBs can be classified into low-angle (LA) twinning GBs made 

of piled-up (Stone-Wales) dislocations and high angle (HA) irregular GBs.[44] These two are 

defined by the angle of the lattice orientations on the two sides of GBs and they are commonly 

observed in bulk and nanomaterials. Both of them can move under shear stress and the velocity 

by climb has a linear relationship under the external shear stress. From Figure 1.6 it is not 

difficult to find the velocity of HA irregular GBs is higher than that in LA GBs under the same  

 

Figure 1.6 Grain boundary velocity on the external  shear  stress  for  two <112>-tilt  boundaries 

in LA and HA GB cases.[44] 
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external shear stress.[44] In 2D monolayer (1L) MoS2 or other similar hexagonal phase TMDs, 

except for the LA twin GBs and HA GBs above, the break of inversion symmetry additionally 

introduces the 180o mirror GBs (or inversion GB).[45,46] They are observed in MoS2 for the first 

time and can be easily distinguished by the orientation of Mo and S in a hexagonal lattice 

structure like shown in Figure 1.7. It is easy to tell that the two orientations have different 

contrasts under dark-field (DF) mode of TEM.  

 

Figure 1.7  TEM images of two different 180° mirror symmetric orientations of MoS2. (a) 

Bright-field TEM image of two triangles with S-zigzag edge orientations. (b) Dark-field TEM 

image of the two flakes.[45]
 

 

Moreover, all the GBs in 2D MoS2 can be sub-divided into two categories (‘up’ and ‘down’) 

due to the lack of inversion symmetry. Different dislocation core structures belonging to two 

respective categories have been observed by us.[47] Figure 1.8 gives a systematic summary on 

the types of GBs in MoS2, apart from common HA and LA GBs in bulk materials, GBs can be 

divided by whether the two side are coherent or not. The mirror boundary with a rotation of 

60° was also captured by STEM. It worth noticing in 2D materials GBs can be clearly observed 

and distinguished as long as their atomic images are obtained. Generally, all these GBs 

observed in 2D materials are formed during the sample growth stages for dynamical reasons,[48] 

a b 



 

14 

 

specifically, by the stitching of single-crystalline flakes grown from different nuclei.[49] Apart 

from growth, defects created by electron irradiation and annealing can also generate new GBs 

within the pristine single-crystalline graphene.[50, 51] However, the generation, movement  

 

Figure 1.8 TEM characterization of the MoS2 GBs showing misorientation angle dependence.[47]
 

 

and annihilation of dislocations usually require high energies in most of the defect-less 2D 

materials. Besides, owning to the high energy of in-plane stacking fault (SF), the mechanical 

twinning process[52] is normally not allowed in high-symmetric 2D materials. As a result, the 
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presence of GBs and lack of dislocation/twinning dynamics in 2D materials lead to poor 

ductility in polycrystalline 2D materials.[53] 

 

1.2.2 Two-Dimensional Dynamic Process: Phase 

Transition 
 

Originated from symmetry breaking, 2D structures are vulnerable to Peierls instability[54] 

which causes charge density wave (CDW)[55] phenomena. TMDs with predominant van der 

Waals (vdW) layered structures and weak interlayer interactions, indeed favor the formation 

of various CDW phases.[56,57] As result of electron-photon coupling, there are strong deviations 

from Fermi liquid theory in CDW phases (Figure 1.9). Among TMDs, ReS2, which contains 

d3 ions[58] and Fermi surface nesting along two directions (a, b), follows the diamond chain 

 

Figure 1.9 Phase diagram of TaSe2, TaS2, NbSe2, and NbS2 from left to right, stars stand for 

TCDW and filled squares stand for Tc.[56]  
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clustering of Re ions (viz. T′′  phase, space group: P-1).[59] A remarkable bandgap arising from 

the dimerization clustering of Re ions endows ReS2 very attractive electronic and optical 

properties, particularly in its 2D form, the monolayer (1L) ReS2.
[60] Figure 1.10 shows the DFT 

calculation of the band structure of the most stable phase T′′ in ReS2. No matter it is bulk or 

monolayer, they both have direct bandgap and are semi-conductors. Thus, the thickness of 

ReS2 does not influence the property of conductivity, which is very different from conventional 

TMDs such as MoS2, WS2 and WSe2.  

 

Figure 1.10 Different crystal structure and band structure of ReS2 from conventional TMDs. (a) 

Side and Top view of MoS2 and ReS2. (b) DFT calculated electronic band structure of bulk 

(orange solid curves) and monolayer (purple dashed curves) ReS2. (c) The calculated total energy 

of the system as a function of interlayer separation.[60] 
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Conventional phase engineering methods include straining,[62] temperature,[63,64] laser[65,66] or 

electronic/chemical doping.[67,68] Figure 1.11 shows the 3 steps of phase transition in TMDs 

materials on an expanding substrate.[69] In the first step, only 2H phase deforms elastically and  

 

Figure 1.11 Phase coexistence under an applied force or extension. (a) A schematic diagram of 

tensile mechanical deformation showing 3 steps of phase transition of TMDs on substrates. (b) 

The relationship of 2H/1𝑇 ′′ Helmholtz free energy landscape and extension. (c) The relationship 

of force and extension.[69] 

 

there is no phase transition observed. In step 2, between 2H and 1T′ energy surfaces, there is 

a common tangent of lowest free-energy path. Afterwards the lowest energy phase turns in T′ 

phase as the completion of phase transition. However, for the most popular 2H TMDs, MoS2, 

early studies show large equibiaxial deformations but no phase transition in experiment, which 

is because of the high T′-H energy difference in MoS2.
[69] Another study presents the direct 

observation of coexistence of two phases on MoS2 by doping.[70] The modeling of atomic 
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structure, TEM characterization and elemental mapping are exhibited in Figure 1.12. A carbon-

doping induced phase transition method is used to obtain MoS2 with both stable T and H phases. 

Apart from all these methods mentioned above, vacancy-triggered straining technique serves 

as the most precise one, enabling the scalable “atomic lithography” for future devices.[71] STM 

techniques is applied to improve the hydrogen lithography on atomic silicon. In practice, on a 

substrate of 10 × 10 nm2, the patterns can be written by changing the voltage of electron and 

the height of STM tips.[71] Meanwhile, under the help of hydrogen repassivation technique, the 

errors can be erased. Lithography in atomic scale is well controlled in this case (Figure 1.13). 

 

Figure 1.12 Phase transition of MoS2 under doping. (a, b) TEM image of C+MoS2 @GR-10W. 

(c) Atomic structure of different phases. (e, f) HRTEM image of different areas in (d). (g) 

intensity profiles down the lines. (h) EDS elemental mapping of the sample.[70]  
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Figure 1.13 The fabrication and correction of lithography on a silicon substrate under (a) 1.4V, 

(b)-1.7V, (c,d) errors being erased using hydrogen repassivation technique. (e) the lithography in 

a larger substrate. Scale bar = 5nm.[71] 

 

Phase engineering in materials have been extensively employed to modulate the electrical, 

mechanical, optical and other functional properties.[72-75] In emergent 2D materials,[76] phase 

engineering is also highly attractive owing to the inherent polymorphism in the low 
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dimension.[77] For instance, hexagonal (H) and tetragonal (T/T′/Td) phases[78] in 2D TMDs 

provide excellent platform for phase transition applications, e.g., memory[79] and neuromorphic 

devices.[80] Metallic T or T′ phases in 2D MoS2 and MoTe2 have been used in high quality 

heterojunctions[81] or Ohmic electrical contacts.[82] The contact resistance of 1T and 2H phases 

is tested as two types of devices in Figure 1.14. The results show the 1T phase is metallic  

 

Figure 1.14 Test of contact resistance of 1T and 2H phases. (a-d) Resistance versus 2H channel 

lengths for Au deposited directly on the 2H phase, (e, f) Drain current characteristics of back-
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gated FETs for 0-1 V drain-source voltages and gate–source voltages ranging from −30 V to 30 

V.[81] 

 

which can be locally induced on semiconducting 2H phase. Comparing with 2H phase, 1T has 

much lower resistance values. At the same time, from Figure 1.14e, f, the relationship of drain 

current and drain-source voltage shows Schottky behaviour for gold directly onto the 2H phase 

and linear behaviour for the 1T electrodes.[81] The atomic mechanism of H-T phase transition 

in 2D MoS2 has been unveiled by ADF-STEM, the exotic Re dopants were found critical for 

T phase nucleation.[83] Contrary to the extensively investigated H-T phase transition,[69,70,84] 

the transition between metallic T phase and their CDW phases with zigzag, ribbon or  

  

Figure 1.15 (a-d) A series of HAADF images on the distortion of lattice space when the 

monolayer ReS2 is exposed under STEM. (e-g) A series of HAADF images on the zipped triple 

diamond chains when the monolayer ReS2 is exposed under STEM.[85] 
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diamond shape clustering of metal ions is less understood. The T′′ phase of ReS2 was observed 

to zip up under electron beam.[85] As shown in Figure 1.15, the energy from electron beam 

causes S defects, therefore there is distortion in the lattice and the lattice distance expands or 

shrinks in different areas in the series of lower magnification. In the figures under higher 

magnification, the motion of  Re atoms forms new lattice chain which has an angle of  about 

60° with domain lattice direction (Figure 1.15g). The atomic structure in these area turns to be 

different from pristine distorted T phase and becomes more symmetric. However, the process 

and mechanism behind phase transition has not been explained in details in pervious works. 

Nonetheless, the lack of stability of T or T′ phases should be attributed to the strong tendency 

of Peierls instability.[54,86] 

 

1.2.3 Two-Dimensional Dynamic Process: Fracture 

and Crack Extension 
 

Fracture of materials can be classified into two main types: brittle and plastic [87]. Plasticity is 

associated with deformation, including dislocation, twining, amorphorization, etc., which is 

initiated in the stress-focused crack tip zone when the local stress level exceeds the 

thresholds.[88] The formation, propagation and structure of cracks determine the failure 

mechanics of engineered materials. Despite decades of study,[89-91] however, atomic resolution 

imaging of crack tip and its propagation have remained elusive. [92] This has led to notable 

discrepancies between theoretical models and experiments, especially in nanoscale it is 

difficult to capture the fracture process as the comparison with theoretical results.[93-99] For 

modeling, MD simulation can provide the break and extension of cracks in different 2D 
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materials in atomic scale.[99, 100] As the result, simulation of the cracking process has been 

modelled in atomic scale, describing how the bond break and rotation of atoms based on 

Griffith load. (Figure 1.16a, b) After the crack-tip bond breaking, there is a bond rotation on 

the symmetric two sides with defects on each side (Figure 1.16c). Figure 1.16d-f illustrates the 

rotation of bonds separates the pentagon and heptagon, which can lead to symmetric and 

asymmetric cleavage fracture in cracking. While some controlled (referred to as stopped) 

cracks have been imaged in TEM.[100,101] The chaotic and unexpected atomistic fracture 

mechanism[102-104] has revealed the strain fields in propagating cracks, in connection with the 

classical fracture theories.[105,106] The fundamental limitation in designing fracture resistant 

materials using elastic stress analysis is the presence of cracks that increase the local stresses  

  

 

Figure 1.16 Process of crack –tip breaking in graphene. (a, b) Extension of crack by a crack-tip 

blue bond, (c) 90° rotation of the brown bond, (d) crack after the bond rotation, (e) symmetric 

and (f) asymmetric atomic structure after the bond broken.[99] 

 

e f d 
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near crack tips--causing real components to fail at much lower stresses than in ideal specimens. 

Despite their importance, while some fracture tests in nanoscale[107,108] like TEM 

observations[109,110] on the blunted crack tip zones were reported recently. Figure 1.17. gives 

clear atomic structure of MoS2 which is captured during cracking under an aberration-corrected  

 

Figure 1.17 AC-TEM images and MD simulation of crack propagation on a monolayer 

MoS2.
[109] 

 

 

Figure 1.18 (a) The SEM image of graphene membrane after fracture, (b) stress-strain curve of 

graphene during cracking.[110] 

a b 
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TEM with the corresponding MD model. The process shows one Mo-S bond on the tip is 

broken and defects are generated, meanwhile the propagation of crack can be clearly observed. 

On the other hand, the atomic structure of graphene is more difficult to be observed directly. 

Figure 1.18 shows the nanomechanical test on the fracture of a graphene membrane, observed 

under scanning electron microscope (SEM).[110] The relationship of strain-stress has been 

recorded and tested statistically, where the fracture behavior is consistent with the brittle 

fracture behavior that follows the classic Griffith theory and the toughness has also been 

calculated. However, the atomic structure of crack tips – whether they are atomically sharp or 

blunt – in brittle materials remains unresolved.[102,103] While theoretical calculations[106] 

describe far field stress in front of or behind the crack tips, they are less successful in explaining 

the divergent stress field near the crack tip because the atomic cohesive forces are well beyond 

linear elastic regime, but still provide bonding across the crack faces.[104] Atomistic simulations 

of crack tips [96-99, 111, 112] require details of interatomic forces, which could be obtained 

experimentally. 

 

Regarding crack dynamics, both of the continuum theory[113] and atomic 

models/simulations[99,100] assumed directional propagation of stress wave along the crack path, 

which is usually harmonic. However, many macroscopic experiments have revealed large 

discrepancies between the cracks in real brittle materials and the dynamical fracture theories. 

For example, the crack extension mode and velocity can be different in LEFM model and the 

MD results, which suggesting there are unknown mechanisms.[114] Figure 1.19 shows the 

reduced load on a silicon single crystal, which presents a model for the brittle cracking behavior 
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of silicon. The result presents threshold crack speed can be caused by the localized phase 

transition of the lattice structure of the material, which means the rearrangement of the atoms 

can influence the mechanical properties and change the fracture behavior. When the loading 

strain is applied, the crystal orientates from two different lattice direction systems ([110] and 

[111] in this case). The inharmonic atomic motions induced by the specific atomic 

configurations in crack tips can serve as additional thermal dissipation pathways for the 

Figure 1.19 (a) Geometry of a crack extending model; (b) relationship of crack extending 

speed and the reduced load in (110) crack surface; (c) relationship of crack extending speed 

and the reduced load in (111) crack surface.[114] 
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cracking, and lower the crack velocity.[94] The central difficulty in experimental real-time 

capture on atomic structure of a fast propagating crack is the tradeoff between the spatial 

resolution and temporal resolution in conventional microscopes. With the help of in situ STEM, 

it is achievable to characterize cracks in 2D materials[115] which are ideal samples to study the 

fundamentals of cracks with atomic resolutions. The extension cracks in MoS2 has been 

capture by HAADF with in situ STEM mode as shown in Figure 1.20.[116] The 80kV 

acceleration voltage from electron beam of STEM with a resolution of 0.07 nm provides 

enough energy for the propagation of the crack on monolayer. Different from 

 

Figure 1.20 HAADF image of crack propagation in monolayer MoS2.
[116] 

 

cracks under mechanical loading, there is usually atomic defects generated by electron beam, 

but here it is negligible since no structural damage is observed. Most of the crack edge is along 
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the zig-zag than the arm-chair, even though the energy of arm-chair is lower. This phenomenon 

is caused by the strain field, it also illustrates that the fracture in MoS2 is not brittle. Also, the 

crack direction can switch from one zig-zag plane to another zig-zag plane, influenced by 

various factors such as defects and contamination on the surface of the material. The ultrahigh 

flexibility and lattice switching capability of 2D MoS2 membranes allows for the angstrom-

scale displacement control in the vicinity of crack tip.  

 

In another study on crack propagation in MoS2, the plastic deformation zone in crack tips are 

observed to relieve the stress and strain, enlarging the mechanical energy absorption area 

 

Figure 1.21 The in situ TEM observation of crack propagation in monolayer MoS2. (a, b, d) the 

TEM observation of crack in different moments; (c) the strain distribution of the tip of the crack; 

(e) the atomic model of the displacement from 0s to 10s.[117] 
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during fracture.[117] The mapping of strain distribution near crack is based on the atomic images 

of monolayer MoS2. It has been noticed there is usually dislocations near the tip of cracks and 

more dislocations can be generated with the extension of cracks. Figure 1.21c shows the 

geometric phase analysis (GPA) of the tensile strain, it indicates that the direction of maximum 

tensile strain is always towards new dislocation. From the atomic figures and modeling, the 

slip plane of monolayer MoS2 can be recognized, thus the type of fracture behavior can also 

be decided.  

 

1.2.4 Three-Dimensional Dynamic Process: 

Wrinkling 
 

Wrinkles widely exist in the natural and artificial membranes, they can store considerable 

elastic (bending) energy in case suitable boundary conditions are imposed. Normally, wrinkles 

are unstable if the boundaries or fixtures are allowed to relax.[118] Mechanical description of 

wrinkles is generally based on the continuum theory[Error! Reference source not found.120] mostly on a 

stretched film. The relationship of the wavelength and amplitude of wrinkles is measured and 

results can be extended to tensile as well as shear anisotropic inelastic sheets. In the experiment, 

the wrinkles are made on a polyethylene sheet with the thickness of 0.01cm and 12cm width 

(Figure 1.22a), the linear trend of wavelength and amplitude is also measured (Figure 

1.22b).[119] Similar experiment is conducted in another work to measure the geometry of 

wrinkling.[120] It works on the wrinkles not only on thin films but also on thick solid materials 

like apple or skin. The result illustrates the relationship of compression strain, bending stiffness 

and effective elastic foundation of stiffness. For the mechanism behind, the formation of 
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wrinkles is caused by the geometric packing constraint. The bending stiffness influences short 

wavelength and the effective elastic foundation of stiffness influences long wavelength, they 

work together to decide the geometry of wrinkles on an elastic film. 

 

 

Figure 1.22. Wrinkles in an elastic film. (a) Photograph of the film under a uniaxial tensile strain. 

(b) Plot of the relationship between the wavelength and amplitude.[119] 

 

For the smaller bending rigidity of thinner membranes, winkling is more easily triggered. 

However, for membranes with thickness down to atomic-scale, influences from the significant 

surface interactions should be taken into account and the continuum mechanics does not suit 
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atomic or nano-sized objects,[121] which create substantial difficulties on the mechanical 

analysis (Figure 1.23).  

 

Figure 1.23 Relationship of normal load with normal displacement, contact radius and friction 

force. (a) Plots of normal displacement under normal load. (b) Plots of contact radius under 

normal load. (c) Plots of static friction under normal load.[121] 

 

When it comes to 2D materials,[122122123] such as graphene and MoS2 mono-atomic layer which 

are known to have ultra-thin atomic-layered membranes,[124-126]  their properties caused by high 

flexibility attract a lot of interest during recent years. Specifically, nanotubes with nm-
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diameters can be formed by folded[127] or creased[128] 2D membranes[129, 130]. Meanwhile, 

wrinkles are frequently observed with compressive or bending stress on 2D materials, 

particularly with respect to the substrates.[131] As shown in Figure 1.24, the relationship of 

radius and potential energy can be told for the crumpled graphene sheets. The surface area of 

graphene changes with the deformation, as a result the conductivity changes as well. The self-

folding of graphene continuously creates different radius values and the potential energy 

decreases with the reduction of radius. The linear trend of logarithm on equilibrium radius 

versus the logarithm of initial length which illustrates the self-adhesion decrease the energy. 

Even without intention, wrinkles can be formed during the fabrication and especially 

 

Figure 1.24 (a) Change of potential energy during crumpling when the radius changes. (b) The 

linear regression of the logarithm of equilibrium radius and the logarithm of initial length.[131] 

 

the post-processing/transferring of 2D materials,[132] suggesting the undermined performances 

in applications. DFT calculation gives the accurate and maximum value of the interaction 

energy on the substrate than several other empirical force fields, as shown in Figure 1.25. The 

a b 
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mechanical, electrical/electronic and thermal properties can all be potentially influenced by 

wrinkles.[133] For example, the ripples can influence the bandgap of a monolayer graphene and 

change the rate of carrier puddles. On mechanical properties, the wavelength and amplitude of 

wrinkles are effected by the van der Waals forces in single layer materials which cause 

different bending behaviour. Crumples can easily influence the electronic properties in the 

 

Figure 1.25 Interaction energy between graphene and silicon oxide, calculated by DFT and 

empirical force fields.[132] 

applications as strain sensing or energy storage devices. The brief relationship of the formation 

defects and properties in graphene is summarized in Figure 1.26. In another aspect, wrinkles, 

particularly with designable textured architectures, play important roles in stretchable and 

flexible devices[134] as well as in nano-fluidic devices[135], which enrich the application areas 

of 2D materials. 
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Figure 1.26 A summary illustration of corrugations on graphene formation, properties and 

application. Gray arrows stand for formation of corrugations on graphene, redarrows indicate 

electronic properties and blue arrows for other properties.[133] 

 

Wrinkles in 2D materials have been recently studied by atomic force microscopy (AFM)[136], 

scanning tunnelling microscopy (STM)[137] and TEM[138], their structures as well as the 

modulated electronic band structures which are quite different from the flat zones.[139] However, 

the mechanical stability and the dynamical behaviour of individual wrinkles have not been 

clearly addressed, especially by direct experimental observation under nanoscale, to compare 

with theoretical DFT calculation.[140] So far, in experiments, only the accessible basal-plane  
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Figure 1.27 Images of free standing graphene monolayer. (a) Scanning electron micrograph of 

suspended monolayer graphene. (b) AFM image of a completed graphene membrane. (c) 

Schematic diagram of nanoindentation from AFM tip on monolayer graphene. (d) AFM image of 

a fractured graphene membrane.[141] 

 

tensile tests on 2D materials has been achieved by nanoindentation from AFM.[141] From the 

AFM results, different size of diamond tips on cantilevers are used to make the hole and folding 

behaviour occurs spontaneously since the graphene membrane is freestanding. The AFM 

figures and schematic diagram are shown in Figure 1.27 and in this way, the relationship of 

load force and indentation depth of each tip can be measured. However, at present, the 

continuous flexural properties of 2D materials and the quantitative descriptions are still in 

absence. 
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1.3 Challenges and Opportunities in 2D Materials 

Study: In Situ (S)TEM 

 

1.3.1 2D Materials under (S)TEM 
 

Among various structure characterization methods of materials, TEM is one of the most 

popular and powerful tools. The accelerated and concentrated electron beam from electron 

gun in TEM is sent onto a very thin sample, and the electrons collide with the atoms in the 

sample to change direction, resulting in elastic and inelastic scattering. The density and 

thickness of the sample decides the scattering angle thus images with different brightness 

and darkness can be formed.[142] With the development of modern TEM such as Cs 

correctors, it is becoming more and more important for atomic characterizations, especially 

for the 2D materials. By using TEM, the morphology of the samples and the crystal 

structures can be unambiguously resolved. Selected area electron diffraction (SAED) shows 

the crystal structures in reciprocal space, while in TEM especially STEM images, the spatial 

and elemental information on single atomic scale can be directly identified. Figure 1.28 

shows the morphology of MoS2 with different layer thicknesses by HRTEM. The Moiré 

patterns are formed due to the rotation angel between the layers. Their SAED patterns are 

both six-folded symmetric with different diffraction spot sets corresponding to the different 

layers.[143] 

 

In another case, the heterostructure is observed by in situ TEM method. Figure 1.29 shows 

the heterostructures of ReS2/WS2 and MoS2/WS2.
[144]  In ReS2/WS2, layers are twisted in a 
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Figure 1.28 HRTEM images of MoS2 with 1, 2, 3 layers and their corresponding 

diffraction patterns.[143] 

 

certain angle which can be measured from FFT. The atomic structure of vertical stacking is 

characterized from HRTEM and the Moire pattern showing in HRTEM also illustrates the 

interlayer twisting angle of the material. The image of multilayer MoS2/WS2 is clearly 

observed by HRTEM on a SiO2 substrate which indicates the seamless heterointerface of 

different layers. 
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Figure 1.29 The heterostructure of different TMDs materials. (a) The TEM low-magnification of 

ReS2/WS2. (b)SAED pattern of bilayer in (a). (c, d) HRTEM image of the heterostructure of 

bilayer. (e) Multilayer heterostructure of MoS2/WS2. (f, g) EDS mapping of cross-sectional 

STEM-ADF image of a vertically stacked MoS2/WS2 heterostructure.[144] 

 

1.3.2 2D Materials under In Situ (S)TEM 
 

In STEM mode, previous works have tried to observed the change of atomic structures 

driven by the electron beam energy. With the converged electron beam in STEM mode, 

lithography engineering can be conducted on 2D materials. The electron-driven techniques 

are used not only in the understanding of fundamental properties of materials but also in 

nanocircuits and devices engineering.[145-147] On MoxW1-xSe2, the change of shape on the 

edge under electron energy has been well captured. Figure 1.30 exhibits the shape evolution 

of an initial nanowire-terminated parallelogram pore.[148] The initial pore with a  
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Figure 1.30 (a-d) The change of edge on MoxW1-xSe2 under electron beam driven 

scanning. (e) Polar plot of etching rates of different types of edges. (f) Simulated etching 

progress of of (a-d). Scale bar =2nm.[148] 

 

parallelogram shape changes into triangle shape on Se-nanowire and Mo-nanowire sides and 

the two Mo-nanowire sides disappears as time goes by. The simulation of the whole process 

is schematized in Figure 1.30f. 

 

The phase lithography driven by electron beam was firstly conducted on a MoS2 monolayer 

sample (Figure 1.31).[149] The phase transition from pristine 2H to 1T was observed when 

the beam scans on the material. Between the two phases, there are boundaries 
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Figure 1.31 Process of phase transition on MoS2 from 2H to 1T phase. (a-d) The HAADF 

image of atomic structure. (e-h) Schematic diagrams of different phases areas. (i-k) 

Simulation of atomic movement during phase transition.[149] 

 

which are different on different lattice orientation directions, this is due to the point defects 

of Mo and S under the strain. The dynamic process here is complicated, phase boundaries, 

initial phase and final phase are all decided by the gliding planes, and the phase transition is 

triggered by the accumulating negative charge from the electron beam irradiation. The 

energy on the movement of the atoms largely depends on the lattice orientations so there are 

three types of boundaries according to three directions of MoS2 atomic structure. 

 

Despite the analysis on 2D TMDs by (S)TEM for years, understanding on dynamical 

mechanism on defects, phase transition and doping engineering in atomic scale is still 

lacking. The relationship between bandgaps and atomic structure has not being figured out.  

At the same time, dynamical properties in mesoscale or nanoscale owning to the reduced 

dimensions as well as broken of symmetry and topology are under discovery. Further studies 

by (S)TEM are promising to provide a better understanding on the atomic and dynamic 

properties of 2D materials. 
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1.4 Objective of Research 
 

Currently, 2D materials has been observed and analyzed by various characterizations and 

modes. For the in situ tests on 2D materials, many studies use characterization methods such 

as SEM, AFM or OM and test the change of dynamical, electronic and optical properties in 

devices. However, these methods mainly provide a macroscopical (in micrometer scale or 

above) observation on the deformation of samples. The relationship of atoms, electrons with 

energy in atomic level is hard to achieve without direct characterization in nanoscale. During 

the last few years, the popularity of (S)TEM makes the atomic figures with high resolutions 

acquirable, but the in situ continuous change of atoms has barely been captured. The main 

barrier is the difficulty of applying strains precisely in nanoscale while recording the change 

of crystal lattice at the same time. In our work, we want to realize the in situ strain application 

in atomic resolution mainly using (S)TEM with the help of STM when the properties tests are 

needed. 

 

In the first strategy, for the electron beam-driven dynamical studies, we employ JEM-

ARM200F transmission electron microscope (TEM) operated with a 60 kV accelerating 

voltage on monolayer ReS2. Atomic structures in grain boundaries, phase transition and 

fracture behavior can be clearly observed and the electron beam can provide enough energy to 

cause defects without damaging the sample. Controlling the density of irradiation by 

converging the beam can generate different defects on 2D materials, at the same time, the real-

time change of lattice structure can be captured by STEM. In the second strategy, for wrinkling 

behaviors, a force from out-of-plane direction is needed. A tungsten (W) tip with the width of 
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several nanometers made by corrosion is fixed on a Nanofactory STM-TEM holder. 

Generation and elimination of wrinkles can be created on samples inside TEM with the control 

on the movement of the W tip, and the whole process is recorded in the video. This setup can 

also be used for conductivity test, combining with Keithley 2400 with a LabVIEW program 

using for I-V data collection.  

 

With the above methods, we obtain the structure of pristine monolayer first, and generate 

different dynamical deformations including cracks, grain boundaries, as well as different 

phases. The continuous changes of lattice structure are recorded every 10 to 20 seconds such 

as the propagation of cracks, switch of mobile grain boundaries, as well as the process of phase 

transitions. For analysis, mechanical modeling provides the quantified calculations of 

dynamical properties and DFT calculation theoretically explains the phenomenon from 

experiments. Combining the atomic figures and theoretical calculation results, we are able to 

make a comprehensive understanding on the dynamical properties in atomic level, the energy 

of the crystal structures and defects, together with the direct observation of morphology on 2D 

materials. 
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Chapter 2 Grain Boundaries and Their 

Mobility in 2D ReS2 

 

2.1 Introduction 
 

As is well known, 2D ReS2 has monoclinic atomic structure (Figure 2.1). The six S atoms are 

bonded with the central Re atom in distorted tetragonal (T′) coordination.[1] In line with the 

enhanced atomic dynamics on surfaces, the facile atomic reconstructions (including the Re 

diamond-chain zipping/unzipping) in 2D ReS2 have been observed.[2] In this connection, the  

Figure 2.1 Schematic diagram of monoclinic atomic structure of 2D ReS2, six low-index planes 

are highlighted. 
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twinning and twin boundaries (TBs) can be rendered by the lattice orientation switching in 2D 

ReS2. Basically, like the standard mechanical TBs, the TBs here can be nucleated and driven 

by mechanical straining in 2D ReS2. Here we classify all the GBs in ReS2 into four subgroups, 

by high/low-index and coherent/incoherent, respectively (Figure 2.2). The low/high-index 

refers to the Miller Index for the GB planes (also used for the name of GBs below, see Figure 

2.1) for the six low-index planes in ReS2. The six low-index planes in ReS2 include (010), 

(100), (110), (2-10), (1-10) and (1-20). High-index usually refers to the vicinal planes of the 

low-index planes. Coherency of GB is determined by the periods of both side of crystals at the 

GB planes, while coherent GB means a perfect matching and no interfacial strain. 

 

Figure 2.2 Schematic diagram of 4 groups of GBs in ReS2, divided by miller index and 

coherence at GBs. 
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2.2 Method and Experiments 
 

2.2.1 Sample Growth and Transition 
 

2D 1L ReS2 was grown by method of atmospheric CVD on a c-face sapphire substrate with a 

size of 1cm×1cm. The precursor for the two quartz boats were Ammonium perrhenate 

(NH4ReO4) (Aldrich, 99.999 %) and Sulfur powder (Aldrich, 99.998 %), with 1:50 of the 

weight ratio. The temperature of sulfur and substrate were precisely controlled by a two-zone 

splitting tube furnace. Argon gas was used carrier gas to deliver the sulfur vapor to substrate 

during deposition process. The sulfur zone rose to 200 ° C, while the substrate area reached 

850 ° C within 30 minutes, and then was held for 10 minutes.  

 

Through the well-known poly (methyl methacrylate) (PMMA)-assisted technology, CVD-

grown ReS2 was transferred to the TEM grid. Using spin coating, a thin layer of PMMA formed 

on the grown sapphire substrate at 3000 rpm for 50 seconds. Supported by PMMA, 1L ReS2 

was immersed in deionized water at 75°C for two hours and fell off the substrate. The 

PMMA/ReS2 layer was then transferred to a Quantifoil TEM grid and dried at ambient 

temperature. In the end, the PMMA film was gently removed by acetone vapor. 

 

2.2.2 (S)TEM Characterizations and Free Edge 
 

The STEM JEM-ARM200F with aberration correction at an acceleration voltage of 60 kV was 

used which equipped with a CEOS spherical (Cs) aberration corrector. The vacuum during the 
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measurement was kept at 1.3×10-7 mbar, and the electron beam current was 13 µA. The size 

of the scanning probe is ca. 1.5 Å. For image acquisition, the camera length on STEM was 120 

mm. With a defocus of -4 nm, the acquisition time of HAADF images is 19 µs per pixel to 

minimize damage and obtain graphics with lower drift. Images of 512 × 512 size pixels is 

obtained with a CL aperture of 40 μm, and the collection angle ranged from 45 to 180 mrad, 

to make atomic images with appropriate contrast be obtained. Wiener filtering was applied to 

HAADF images to reduce noise.  

 

Exposing 2D ReS2 under the ultra-high beam intensity more than 0.3 pA/nm2 for 15 to 30 

minutes can create controlled circle area with diameter about 100 nm to generate cracks on the 

sample. After that, microscope was quickly changed into STEM mode and the in-situ 

experiment started when the sample being exposed under electron beam. Due to the crack 

dynamics outside the exposed area of the beam, the length of these newly generated crack 

edges extended. Under the in-plane mechanical loading, the shear stress caused the lattice 

reconstruction in 1L-ReS2. With the in situ STEM serial capture (time interval 13-20s), the GB 

dynamics under shear stress can be recorded. 

 

2.2.3 Density Functional Theory Calculations 
 

The first-principles calculations are performed with spin-unrestricted manner by using the 

Vienna ab initio Simulation Package (VASP) program package[3,4] within the projector 

augmented wave (PAW)[5] to explore geometries and electronic properties of ReS2. The 

exchange-correlation interactions are described with the generalized gradient approximation 
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(GGA)[6] in the form of the Perdew, Burke, and Ernzernhof (PBE) functional[7]. This kinetic 

energy cut-off of 450 eV is utilized in all calculations, and the distance of vacuum layer is set 

to be more than 20 Å, which is sufficiently large to avoid interlayer interactions. The electronic 

SCF tolerance is set to 10−4 eV. Fully relaxed geometries and lattice constant are obtained by 

optimizing all atomic positions until the Hellmann–Feynman forces are less than 0.02 eV/Å. 

The k-points samplings with a gamma-centred Monkhorst-Pack scheme[8] are 3×5×1 and 

5×9×1 for structural optimizations and electronic properties, respectively .  

 

2.3 Results and Discussions 
 

2.3.1 Dynamics of Grain Boundaries in ReS2 
 

GBs present in 2D 1L-ReS2 samples grown by CVD (see Methods) can be originated from 

two different mechanisms, viz., by direct growth and mechanical strain (Figure 2.3a, b). The 

flake stitching is quite similar to other 2D materials, but the deformation twining in 2D ReS2  

Figure 2.3 (a) Polarized OM image showing grains and GBs in 1L-ReS2 samples from CVD 

growth, the scale bar is 5µm. (b) Two GB formation mechanisms. 

b a 
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is unique. It should also be noted that the lattices for sulfur (S) atoms may have two types, 

named as type I and II, which are in mirror symmetry (Figure 2.4a). Blue arrows indicate the 

S atom movement during transition between I and II. Yellow arrows indicate the easy Re atom 

movement when the S lattice (either I or II) does not switch. Mechanical loading can 

reconstruct the lattices of Re atoms (following yellow arrow direction) without transformation  

Figure 2.4 (a) Side view arrangements of two mirrored S arrangement (I and II) in 1L-ReS2, 

S atoms (upper (red) and lower (black) S atoms with respective to Re atomic plane) and Re 

atoms (black hollow circles) are shown. (b) Plane-view of mobile boundaries (by mechanical 

loading) in 1L ReS2, consisting a single type S atom arrangement (either I or II). (c) The 

stacking fault (SF) GB consisting of two grains with different (I and II) S arrangements, 

pinned by S lattices. 

 

of the S lattices (following blue arrow direction) between type I and II, explainable by the fact 

that rearrangement of S atoms needs to cross the basal plane, while Re atomic rearrangement 

a 

b 

c 
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not (Figure 2.4a). Thus, the mechanical twinning (Figure 2.4b) should possess pure I or II type 

S lattice in both side crystals, while the growth stitching (Figure 2.4c), especially the stacking 

fault (SF) GB as we will introduce below, possess the mixed I/II type S lattices, in another 

word, they can be pinned by the S lattices. 

 

2.3.2 Library of Grain Boundaries in ReS2 
 

In our experiments, the as-grown 1L ReS2 were transferred onto TEM grid by PMMA 

method,[9] and then characterized by the probe aberration-corrected scanning STEM at the 

atomic scale (see Methods). All the ReS2 GB atomic structures have been simulated by DFT 

method and directly matched with the experimental STEM-annular dark field (ADF) images. 

First, we take look at the coherent GBs (mainly twin GBs) with the least mismatch and internal 

strain. The coherent twin GBs can be sub-divided into high-index coherent GB (misorientation 

angle 0o-30o) (Figure 2.5a, b) and low-index coherent GB (Figure 2.5c-i). The former is usually 

constructed by 2D flake stitching during growth, and they consist of periodic dislocations, 

resembling ordinary LA GBs. In contrast, the latter (Figure 2.5c-h, except for the SF GB) is 

able to be formed by strain induced lattice reconstruction (twinning). The slightly distorted 

tetragonal structure in 2D ReS2 renders six types of low-index TBs. Upon relaxation, the 

corresponding lattice shear angles for the twinning grains with respective to the original grains 

range from 1-3o, Figure 2.5j shows the ultrasmall shear angle (2.5o) for lattices (the red (100) 

plane and dashed blue (010) plane) over the two sides of (1-10) TB. Hence low mechanical 
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Figure 2.5 A Library of GBs in 1L ReS2: DFT calculated atomic models (left) and STEM-

ADF images (right). (a, b) High index coherent GBs:(510), (610) lattice plane at GBs. Two 

side crystals of GBs are colored differently. Re diamond chains and dislocations are 

highlighted by red and white signs. (c-h) Low-index coherent Twinning Boundary (TB). (i) 

Stacking fault (SF) GB, belonging to low-index coherent GB. (j) Scheme for lattice distortion 

crossing TBs. (k) Non-straight high-index incoherent GB. (l) One example for low-index 

incoherent GB. (m) A triple GB with three GBs crossing together. Specific GB types are 

indicated below by numbers. (n) STEM figure parallel TBs encapsulated by piled up 

dislocations. Scale bar of STEM figures is 0.5 nm in all figures. 
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stress is anticipated to enable the twining. If the orientation of TBs is in between the 

orientations of the above six types (i.e., following higher index planes), the TBs can be 

decomposed into short sections of low-index TBs possibly separated by dislocations. 

 

Interestingly, the twinning (lattice reconstruction) process in 2D ReS2 involves a synergistic 

bonding rearrangement between Re and S atoms. If we focus on the positions of S atoms, 

actually three types of TBs (Figure 2.5f-h) are exact twinning GBs for both Re and S lattice 

positions, while the other three types (Figure 2.5c-e) are TBs for only Re lattice positions, and 

inverse twin GBs for S lattice positions (Figure 2.4b). It is originated from the lack of inverse 

symmetry (with respect to c axis) in 1L ReS2. As we said, the S lattices are less likely to change 

the symmetry parity (switch between I and II types) under mechanical loading. This gives rise 

to a kind of special stacking fault (SF) GB in 1L ReS2 (Figure 2.4c, Figure 2.5i). Both grains 

beside such GBs have the same orientation in terms of Re lattices, nevertheless, not in the S 

lattices. Therefore, the stitching of such edges during growth is prone to produce a SF GB. If 

both the Re and S lattices are exactly same oriented, perfect stitching with no GBs will occur. 

In this instance, such SF GBs are not originated by mechanical loading. 

 

Compared to the coherent GBs in 2D ReS2, incoherent GBs have much higher misfit strain at 

the GBs. The typical incoherent high angle (HA) (30o-180o) GBs (namely incoherent high-

index GB) in 2D ReS2 are shown in Figure 2.5k. The incoherent high-index GBs can be 

considered as the combination of coherent high-index GBs and incoherent (or coherent) low-
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index GBs. In addition to the dislocations as seen in the coherent high-index GBs, the greater 

lattice mismatches can bend the original straight GBs, decomposing them into zigzag low-

index GB sections separated by dislocations, and they are usually generated by growth 

stitching similar to the coherent high-index GBs. Although the formation energies of the 

incoherent high-index GBs are higher than coherent high-index GBs, due to the inevitable high 

angle stitching during growth occasionally, these incoherent GBs can be widely found in CVD-

grown samples. 

 

Conversely, the incoherent low-index GBs (Figure 2.5l) are usually observed in bended GBs 

or complex strain zones, e.g., the triple GB cross (Figure 2.5m). The interfacial lattice misfit 

strains on the incoherent low-index GBs are hence partially compensated by the 

circumferential strain relaxation factors, lowering the energy cost for the incoherent GBs. The 

incoherent low-index GBs can also be pinned at defects, but in general, because the lattice 

mismatch at these incoherent low-index GBs are quite low (1-2%) and the formation energies 

are relatively low, they are mobile and freely interact with the aforementioned coherent TBs. 

 

Due to the intrinsic lattice shearing at TBs and lattice mismatch at the incoherent low-index 

GBs, they inherently tend to be pinned by the dislocations, more precisely, by the strain field 

of dislocations. One example can be found in Figure 2.5n, the parallel TBs are distributed 

between perpendicular LA GBs, nucleated and located at the dislocation cores. Overall, the 

GBs in monoclinic 2D ReS2 are summarized in Table 2.1. The DFT calculations show the 
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predominantly lower formation energies for coherent GBs, particularly the low-index TBs. The 

SF GB has significantly higher energy because of S lattice mismatch. 

Classifications Name 

Formation 

energy (DFT) 

(eV/nm) 

Origin Kinetics 

Coherent high-index GB Medium Growth 
Pinned by 

dislocations 

Coherent Low-index 

GB 

(100) TB 0.20 

Mechanical 

twinning 
Mobile 

(1-10) TB 1.16 

(010) TB 1.75 

(2-10) TB 2.02 

(1-20) TB 1.37 

(110) TB 1.12 

SF TB 4.82 Growth 
Pinned by S 

lattice 

Incoherent high-index GB High Growth 
Pinned by 

dislocations 

Incoherent Low-

index GB 

(1-10) (010) 

GB 
1.88 Mechanical Mobile 

Table 2.1 Summary and classification of all GBs in 1L ReS2. 

 

2.3.3 Stress and Displacement in Grain Boundaries 
 

As we mentioned, the shear stress is responsible for the twining nucleation and TB movement 

(Figure 2.6a,b), and normally the energy cost for twinning nucleation are much higher than TB 



 

71 

 

movement.[10]  According to the Peierls framework for twinning,[11] the critical stress for 

twinning can be estimated by 

𝜏(𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒 − 𝑡𝑤𝑖𝑛𝑛𝑒𝑑) =
𝛹(𝑡𝑤𝑖𝑛𝑛𝑒𝑑) − 𝛹(𝑝𝑟𝑖)

∆𝑥(𝑡𝑤𝑖𝑛𝑛𝑒𝑑) − ∆𝑥(𝑝𝑟𝑖)
 

Where 𝜏 is the shear stress along the slip planes, ∆𝑥 is the share displacement of central pair 

of planes, 𝛹 is the energy of sheared configurations. The relationship of stress and energy is 

an integral in Peierls concepts which turns to linear during the calculation between two 

different orientations. Using the DFT obtained energies and lattice distortions, the critical 

twinning stresses in 2D ReS2 are estimated between 4-30 MPa. These values are much lower 

than the conventional twinning stresses for metals or inorganic bulks (Figure 2.6c),[12] in line 

with the high-frequency twinning in 2D ReS2 as we have observed. 

 

 

Figure 2.6. Mechanically induced TBs in 1L ReS2 (a) Schematic of displacement (∆𝑥) of the 

twining nucleation under share stress. (b) TB movement under shear stress. (c) Comparison of 

twinning shear stress in 2D ReS2 with other metals and inorganic materials (data in part adapted 

from ref [12]). 
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By using in situ STEM technique, the mobile GBs have been real-time observed, which 

nucleated and moved close to the free edges of 2D ReS2 (Figure 2.7a-c). During our in situ 

observations, the TBs and incoherent low-index GBs ((1-10) (010) GB) can freely move under 

the impact of external straining (by electron beam effect on the peripheral areas). No apparent 

defects or dislocations were generated inside the area of interest (the observation area shown 

in Figure 2.7a-c). However, in another case (Figure 2.7d-e), an incoherent (1-10) (010) GB 

was observed to be pinned by series of dislocations (each dislocation was covered by the bright 

hydrocarbon originated from residual particles during sample growth). Therefore, the kinetics 

of the group of coherent or incoherent low index GBs are highly dependent on the environment 

close to the GBs. Due to the lattice mismatch, long incoherent GBs tend to be pinned by (partial) 

dislocations, while the short incoherent GBs, especially low-index GBs are highly mobile and 

can actively participate in the lattice reconstructions in 2D ReS2 under external mechanical 

loading. More examples on defects (dislocation) pinning can be found in supporting 

information Figure 2.8. 
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Figure 2.7 In situ STEM observations on the kinetics of GBs in 1L ReS2. (a-c) A serial in situ 

STEM-ADF atomic scale observation on the mobile GBs next to the free edge of 2D ReS2 during 

26 s. Scale bars: 0.5 nm. Right panels highlight the mobile GBs correspondingly. (d-f) The 

dislocation pinned incoherent low-index GB. (e) and (f) are magnified images for red and white 

rectangles, respectively. Scale bars in (d): 3.5 nm, (e, f):1 nm. 
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Figure 2.8 STEM-ADF images for pinned GBs by defects. The centered dislocations are marked 

by yellow signs. Scale bars = 1nm. 

 

Disregarding the surface (edge) effect, all of the straight GBs inside the 2D ReS2, irrespective 

of the GB types, are dynamically stable. Kinetics of GBs will be either triggered by the 

reduction of local curvatures in GBs (driven by GB tensions), or by the external mechanical 

stresses. Furthermore, these mobile GBs can be pinned by the relatively immobile dislocations, 

which is opposite to the cases in traditional metals. Usually in bulk metals, the dislocation 
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dynamics (slip) are slowed down by the relatively immobile GBs or TBs.[13] Therefore, the 

introducing of GBs or TBs intentionally can be utilized for material strengthening. However, 

in 2D ReS2 the inversed sequence for twinning (or lattice reconstruction which produce the 

incoherent low-index GBs) and the dislocation slip under mechanical deformation have 

eventually led to the abnormal defect dynamics as we observed. 

 

2.3.4. Density Functional Theory Calculation of Grain 

Boundaries 
 

We have further investigated the electronic structures by spin-polarized DFT calculations for 

the coherent low-index, coherent high-index and incoherent-low index GBs, respectively 

(Figure 2.9). The band structures and the magnetic moments vary widely within different types 

of GBs. Some GBs have very prominent deep levels, like the (110) TB. While some do not 

have mid-gap states, like the (100) TB. The deep levels are the keys to the electrical transport 

control. While the bandgaps also vary from 1.3 to 1.8 eV. Interestingly, three kinds of TBs and 

the misfit incoherent low index GBs have very large magnetic moments, suggesting the 

opportunities in magnetic property modulations using mechanical approaches. 
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Figure 2.9 The Spin-polarized density of states (DOS) calculated by the DFT for various GBs. 

DOS (black dot line) and local DOS projected on 5d (red dash line) states of Re as well as 3p of 

S (blue line) of ReS2. The Fermi level is set to zero. Calculated magnetic moments are marked in 

lower-right. 

 

2.3.5 Summary 
 

In conclusion, we have established a complete library for the GBs in monoclinic 2D ReS2 and 

rationalized the kinetics of GBs. Different from the immobile GBs in high-symmetric 2D 

materials previously, the GBs in 2D ReS2 can be formed by either bottom-up growth or 

mechanical loading, and the notable kinetics of GBs are also dependent on the GB types. In 
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particular, the dislocations as well as S lattices can pin the GBs. In this connection, the material 

properties (e.g., electrical, optical and mechanical properties) will not only be passively 

impacted by the GBs, in return, the GBs in 2D ReS2 can be controlled by exterior straining, 

thereby extending rich possibilities for strain engineering on the electrical, electronic and 

magnetic properties in such 2D monoclinic materials. 
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Chapter 3 Phase Transition on 2D ReS2 

 

3.1 Introduction 
 

From experiments and calculations, suppression of Re ion dimerization along either a or b 

direction or along both a and b directions can be enabled, leading to T′ (space group: P21/m) 

or T (space group: P-3m1) phases, respectively. From DFT results (Figure 3.1), T and T′ 

phases are stabilized by compressive strain in the 2D layers with selective removal of S atoms. 

Thus the atomic phase patterning can be achieved by controlling electron beam irradiation. For 

experiment, in situ TEM-STM study reveals the superior conductivity in T/T′ phases, which 

  

Figure 3.1 Calculated structure of ReS2 in 𝑇′′ phase, 𝑇′ phase and T phase, separately. 

 



 

80 

 

means the metallic wires/pads can be directly written in the insulating/semiconductive T′′ 

phase. DFT calculation shows the atomic structure of three possible phases in ReS2 in total 

including a newly discovered phase of ReS2, which is T phase as shown in Figure 3.1.  T′′ 

phase is formed by 2*2 unit cells with only inversion symmetry, which makes the structure 

anisotropic. T′ has a higher symmetry which can be distinguished from the 1*2 basic lattice 

cell, however, the calculation shows it is a dynamically unstable phase which usually transform 

very easily. T phase from calculation has the highest symmetry which consists of 1*1 supercell 

comparing with another two phases, but it hasn’t been observed or studied either 

experimentally or theoretically.   

 

3.2 Method and Experiments 
 

3.2.1 Sample Synthesis and Specimen Preparation  
 

Monolayer ReS2 was grown on a polished c-face sapphire substrate by CVD method under 

atmospheric pressure. Sulfur powder (Aldrich, 99.998 %) was put in the upstream zone while 

ammonium perrhenate (NH4ReO4) (Aldrich, 99.999 %) was put in the downstream zone as 

precursors, with a weight ratio of 1: 50 in a two-zone splitting tube furnace. The polished side 

of c-face sapphire substrate was towards the top of Re source and the size was 1 cm × 1 cm. 

To purify the gas atmosphere of tube before heating, 300 standard cubic centimeter per minute 

(sccm) Argon (Ar) gas was purged for 10 minutes. Then the upstream and downstream zones 

were heated up at the same time to 200° and 850°C separately in 30 minutes and hold for 10 

minutes. The atmosphere during the whole heating process was 80 sccm Ar. 1L ReS2 grown 
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in this process is triclinic and highly anisotropic, corresponding to the typical tetragonal (T) 

phase in TMDs with slightly distorted “diamond”-type superlattices in two directions (a and 

b).  

 

The CVD-grown ReS2 was transferred on a TEM grid by PMMA-assisted method. Under the 

rotate speed of 3000 revolutions per minute for 50 s, the c-face sapphire substrate was covered 

by a thin layer of PMMA by spin coating. After being immersed in 75°C deionized water for 

2 hours, the monolayer ReS2 detached from the substrate and transferred onto a TEM grid. 

Then the grid was dried up at ambient temperature, PMMA residue was removed by acetone 

as the last step. 

 

3.2.2 (S)TEM Characterizations and In Situ Phase 

Transition 
 

A JEM-ARM200F TEM was operated with a 60 kV accelerating voltage on monolayer ReS2 

to avoid the beam damage. The TEM was retrofitted with a Corrected Electron Optical Systems 

(CEOS) probe spherical (Cs) aberration corrector for atomic resolution in STEM mode. The 

electron beam current was around 13.5 µA and the vacuum was kept around 1.3 × 10−7 mbar. 

During the record of the high-angle annular dark field (HAADF) images, a 1.5 Å beam size 

and 120 mm camera length was applied on STEM. The acquisition time of HAADF images 

was 19 μs per pixel with images formed by 512 × 512 size pixels. Defocus was adjusted to -

4nm, the CL aperture during image capture was 40 μm and the collection angle was 45 to 180 
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mrad, to obtain the continuous atomic images with high resolution and proper contrast. Wiener 

filtering was applied on HAADF images for reduction of noises. 

 

Under the ultrahigh beam intensity 0.3 pA nm−2, the continuous STEM electron beam scanning 

can easily trigger the S defects in the exposed area without generating large Re defects in 2-3 

minutes. S defects provides in-plane mechanical loading with proper shear stress for ReS2 to 

transform from T′′ phase to T′/T phase. Real-time movement of atoms can be recorded by the 

in situ STEM serial capture (13-20s each frame) for phase and strain analysis. 

 

3.2.3 TEM-STM on Conductivity Measurement 
 

A Nanofactory in situ STM-TEM holder with JEOL 2100F TEM under 200keV accelerating 

voltage were applied for phase transition in TEM mode, the beam intensity was 7.5 pA nm−2 

to avoid damage on the sample and create transformation to T′/T phase. Keithley 2400 with a 

LabVIEW program was used for I-V data collection. Using electrochemical corrosion under a 

solution of 1 mol/L NaOH at a 6 V bias, W tips can be made with a few nanometers of diameter 

on the top. The tip was further cleaned by ethanol and deionized water. Connected with 

Nanofactory holder, piezoelectric-driven fine control drove W tips move precisely in 3D space 

(maximum range: ±14 µm; minimum step: 2 pm). The contact area of the W tip with ReS2 

showed different contrast when the tip slightly moved on the monolayer surface, thus it ensured 

the contact area was phase-transformed.  
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3.2.4 Strain Analysis on (S)TEM Images 
 

According to von Mises strain distributions, for monolayer ReS2 sample, the strain can be 

separated in two parts including dilatational component and shear component. We use local 

strain hydrostatic invariant and local strain invariant to describe the dilatational and shear 

component separately, in order to quantify the strain distribution in a symmetric atomic 

structure (T phase) with the known reference state. Therefore, the dilatational atomistic local 

strain in 2D materials can be expressed as: 

𝜂𝑚
2𝐷 =

1

3
𝑇𝑟𝜂 =

1

4
(𝑑0

−1𝑇𝑟𝑀𝑖 − 2), 

and the share invariant is: 

𝜂𝑠
2𝐷 = √

1

2
𝑇𝑟(𝜂 − 𝜂𝑚𝐼)2 = 𝑑0

−1√
1

4
𝑇𝑟(𝑀𝑖 −

𝑇𝑟𝑀𝑖

2
𝐼)2. 

The six closest neighbor atoms are regarded as j for the strain calculation in each single atom 

i of 1T phase ReS2. For each neighbor atom  j of atom i, 𝑀𝑖 is the sum of cross product of the 

transformation matrix J and its transposed matrix. 𝑑0 is a constant depending on the average 

distance of two atoms in the symmetric reference material. 

 

3.3 Results and Discussions 
 

3.3.1 Phases in ReS2 

 

For 1L ReS2, the calculated electronic structures of T (no dimerization), T′ (dimerization in 

one direction) and T′′ (dimerization in two directions) phases are presented in Figure 3.2a-c. 
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It is noted from the metallic T phase, to distorted quasi-1D dispersive T′ phase, and the most 

stable gapped T′′ phase, the relaxed lattice parameters significantly increase. 

 

Figure 3.2 Atomic structures and electronic structures of T (no dimerization), 𝑇′ (dimerization in 

one direction) and 𝑇′′ (dimerization in two directions) phases from DFT calculation. 

 

Prior to current work, patterning of metallic phases in 2D semiconductors has been recognized via 

laser irradiation or patterned doping. With much smaller beam size (down to Å scale), here we 

employ high energy electron beam (60 kV) to trigger phase transitions, aiming for much higher 

precision for phase patterning. Large area 1L ReS2 is obtained and confirmed as 𝑇′′ phase (Figure   

Figure 3.3 HAADF images of phase transition from pristine 𝑇′′ ReS2 after e- beam patterning 

along a, b and a+b. 𝑇′′ phase transforms to 𝑇′ phase when e- beam scans along a and b, while 

transforms to T phase when e- beam scans along a+b. The scanning areas are marked by red 

rectangles. Scale bar=2nm. 

 

a b c 

a b c 
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3.3a).We first apply quasi one-dimensional (1D) electron beam (e- beam) exposure along three 

directions, marked as a, b and a+b. The width of such 1D exposure area is approximately 1 

nm, highlighted by red rectangles in Figure 3.3a-c, and the e- beam scanning directions (in 

STEM mode) are identical to the elongated directions of these rectangles. 

 

The 1L ReS2 shows prominent atomic structural transformations on such selected area under 

e- beam exposure, while completely no transformation occurs in unexposed area. Two adjacent 

diamond shape Re chains are zipped up along a or b directions when the e- beam scanning 

direction is along a or b, respectively, yielding the ultrathin T′ phase (three unit cell in width) 

embedded in pristine T′′ phase (Figure 3.3a, b). If 1D e- beam exposure zone (also scanning 

direction) is long a+b direction (Figure 3.3c), the affected diamond Re chains have 

reorganization and a three-unit-cell-width T phase like structures embedded in pristine T′′ 

phase. The above results well exhibit the atomic control capability of phase patterning in 2D 

ReS2 by converged e- beam. Since the T and T′phases are metallic (Figure 3.2a, b), it implies 

ultrathin metallic wires (< 1nm width) can be directly written in 2D semiconductors. 

 

3.3.2 Phases Transition on ReS2 
 

After successful 1D phase patterning using e- beam, we then apply e- beam exposure on 2D 

areas of 1L ReS2. In Figure 3.4a, serial STEM images during e- beam irradiation in a 2D square 

box are shown. The electron beam mainly creates S vacancies by knock-on effect and 

sometimes Re vacancies in 1T′′ ReS2. We extract the atomic positions for all Re atoms from 
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STEM images, and highlight the defective zones as well as the new phases (T or T′) in blue 

color (Figure 3.4a), by measuring the distance/distance ratio deviations between each Re atom 

and their six neighboring Re atoms (Methods). After 94s of e- beam irradiation, the switch of 

diamond chain directions and domain boundaries shows up at where atomic defects formed 

previously. With the increasing of irradiation dose, the lattices become less distorted (Figure 

3.4a,122s). Some positions turn into T′  phase as in the 1D exposure case. At 141s, two 

nucleuses of 1T phase emerge. Until 244s, number of Re atoms in these nucleuses rapidly 

increases from 50 to 100 (Figure 3.4b). We find the critical nuclei size of T phase in T′′phase 

is ca. 2.5nm×2.5nm in 1L ReS2 (Figure 3.4a, 141s). Meanwhile, after the 1T phase area grows 

larger, the mismatched lattices and lattice constants between T′′ and T phases inevitably cause 

some nm-sized pores in the sample. More Re defects can delay the transition from 1T′′ to 1T 

phase, owing to the prevail twist of diamond chain direction (Figure 3.4c, attempt 5). Therefore, 

S vacancies dominate the phase transition from T′′to T/T′′. 
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Figure 3.4 2D phase patterning of ReS2. (a) HAADF (up) and scheme of atomic position (down) 

of 2D phase patterning. In HAADF images, S and Re atomic defects are highlighted by white 

and blue triangles separately. Two clusters of 𝑇′′ to T phase transition areas are marked by white 

dashed circles. In schematic pictures, yellow dots stand for Re atoms in 𝑇′′ phase, blue dots stand 

b c 

d 
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for Re atoms in T phase. Scale bar=2nm. (b) Number of T-phased Re atoms in each cluster 

during e- beam patterning. Three attempts are calculated. (c) Change of area on Re defects and T 

phase during two attempts. Red lines stand for Re defects rich case, blue lines stand for Re 

defects poor case. (d) Phase patterning(up) and the dilatational strain mapping(down) on a single 

cluster. Scale bar=2nm. 

 

The electronic doping effect on the phase equilibrium in 1L ReS2 has been evaluated by our 

DFT calculations. We find limited influences from electronic doping on the relative stabilities 

of different phases, implying the atomic defects introduced by e- beam modulate the phase 

stabilities via straining effect. We measure the von Mises strain distributions from serial STEM 

images during phase transitions (see Methods). The dilatational strain invariant keeps 

shrinking from the original T′′ phase (0 s) until the formation of T phase (118 s) (Figure 3.4 

d). After the critical strain is reached (𝜂𝑚
2𝐷= 0.13), the 1T phase emerges. The shear strain 

invariant does not show much difference in 1T′′ and 1T phases. 

 

3.3.3 Density Functional Theory Calculation of Phase 

Transition 
 

Our DFT results agree well with the above observations. The free energies as a function of 

lattice constants for T′′, T′ and T phases of 1L ReS2 are presented in Figure 3.5a, b. Under 

uniaxial strain conditions, the T′′ starts to transform into T′phase (at lattice constant a=5.8 Å), 

while T phase is hardly formed. However, under biaxial compressive strain, the energy of T 

phase approach rapidly to T′′ phase. Considering the phase coexistence, we estimate the 

transition point of T′′ phase to T phase starts when lattices constants reach 5.98 Å. The 



 

89 

 

experimentally measured lattice constants for T phase and T′phases are within the ranges of 

theoretical results. 

 

 

Figure 3.5 DFT calculation of free energies as a function of ReS2 lattice constants. (a) Calculated 

result of applying uniaxial strain along a. (b) Calculated result when the strain is biaxial (along 

a+b).  

S vacancy position Eform(eV) 

Single-1 0.13~3.09 

Single-2 -0.14~3.09 

Single-3 -0.99~2.25 

Single-4 -0.54~2.69 

Double-3,1 -0.07~3.16 

Double-3,2 -0.29~2.94 

Double-3,4 -0.43~2.80 

Double-3,5 -0.49-2.74 
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Table 3.1 S atomic vacancies (Figure 3.6) and corresponding formation energies in 1L ReS2 

from DFT calculation. 

 

 

Figure 3.6 Atomic structure of 1L ReS2 and different S atomic positions for knock-on energy 

calculation. 

 

For quasi 1D-like e- beam exposure, inherently the compressive strain perpendicular to the 1D 

scanning zones can be induced in the beam scanning area due to lattice contraction around S 

vacancies (Figure 3.4a-c). Besides, due to multiple S atoms exist in unit cell of ReS2, we find 

that linearly distributed S atomic vacancies are the most energy favorable, from the vacancy 

formation energies in 1L ReS2 obtained by DFT (Figure 3.6 and Table 3.1). Thus, the 1D e-beam 

exposure condition is very close to the uniaxial strain condition (perpendicular to 1D direction), 

and the T′phase is more frequently attained. In contrast, under 2D e- beam exposure, the S 

vacancies are stochastically distributed in the beam-exposed area, hence 2D biaxial compressive 

strain is generated more commonly, causing the nucleation and growth of T phases. 

Double-3,6 -0.95~2.28 
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3.3.4 Conductivity Test on ReS2 Phases 
 

As mentioned above, T and T′ phases are intrinsically metallic. To confirm the electrical 

properties of newly patterned phases in T′′ phase ReS2, we further performed in situ TEM-

STM experiment[1] to locally probe the electrical conductivities. The quasi-parallel 200 kV 

electron beam in TEM is employed to convert an area of 0.3μm2 of T′′phase into the T/T′ 

phase (Figure 3.7a). The serial selected area diffraction patterns are shown in Figure 3.7b. The 

reduction of dimerization and reduction of lattice constants are clearly observed. During 150s 

of e- beam exposure, the in situ Tungsten (W) STM tip is manipulated to make intimate contact 

with the new phase area, and the current voltage (I-V) signals are sequentially recorded (Figure 

3.7c, d). The contact area between W tip and 1L-ReS2 are mechanically stable, so the measured 

conductivities directly reflect the evolution of contact resistances (the voltage drop is mainly 

imposed on the contact zone in our setup[2]). Compared to the contact with pristine T′′phase 

(Figure 3.7d, e), the same contact with new T phase zone has increased conductivity by 10 fold, 

after e beam exposure for 54s. The conductivity further increased to 37 fold after total 270s 

exposure. The integrity of 1L ReS2 is kept and no large crack/hole over 10 nm is induced 

throughout the above experiment.  
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Figure 3.7 Phase transition and in situ conductivity test. (a) Scheme of in situ TEM-STM 

conductivity test. (b) A serial change of SAED patterns on 2D ReS2 during e- beam patterning. 

Scale bar=5 1/nm. (c) TEM figure of suspended 1L ReS2 on a carbon grid, contacting with a W 

tip for conductivity test. Scale bar=0.5𝜇m (d) Current-Voltage curves with patterning time goes 

by. (e) Comparison of Current-Voltage curves on 𝑇′′phase ReS2 and T phase ReS2. 

 

3.3.5 Summary 
 

Therefore, here we demonstrate the e- beam direct patterning technique can be engineered to 

write 1D metallic wires, 2D pads or other metallic patterns in 2D semiconductive ReS2. Both 

the parallel e- beam and converged e- beam mode work well for such patterning, and the 

allowed range of e- beam energy at least spans over 60 to 200 kV. The converged e- beam can 

reach single atomic precision for phase patterning (for 1D wire). With advanced aberration 

corrections[3], currently electron beam has been able to converge to sub-Å range, which is much 
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smaller than any optical lithography techniques limited by diffraction. The atomic patterning 

by e- beam is also much faster than traditional STM techniques for atomic lithography which 

can only move the atoms one-by-one. The possible atomic scale 2D semiconductor-metal 

heterostructures enabled by our novel e- beam patterning method hold the promises for the 

facile fabrication of the quantum devices in near future. 
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Chapter 4 Fracture and Crack Propagation 

on 2D ReS2 

 

4.1 Introduction 
 

In general, there are three fracture modes (I, II, and III),[1] corresponding to opening, shearing, 

and tearing loads, which are unambiguously defined for the fracture in 3D bulk material. The 

three modes are shown in the schematic diagrams in Figure 4.1. Mode I is known as the 

opening mode refers to the applied tensile loading. It is the most common mode in the fracture 

of materials and in this mode the fracture toughness can be tested. Mode I is decided by the 

critical stress intensity value. Mode II is determined by the shear stress towards the in-plane 

direction, the direction of shear stress is usually on the edge of the crack because it is an in-

plane stress. Tearing mode is regarded as Mode III, the shear stress is applied out of plane in 

this case. The direction of shear stress and edge of the crack are parallel. In terms of 2D atomic 

layers, here we show that the shear strain along the crack line (hence mode II) can trigger 

crystal rotation and atomically parallel restacking of the postcrack edges. This particular 

phenomenon is only allowed in such ultrathin flexible 2D materials, where the restacking of 

these atomic layers does not cost a high level of bending energy. 
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Figure 4.1 Schematic diagram of three fracture modes.[1]  
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4.2 Methods and Experiments 

 

4.2.1 Growth and Transition of Monolayer ReS2 

 

ReS2 was grown on a c-face sapphire substrate by the atmospheric CVD system. Ammonium 

perrhenate (NH4ReO4) (Aldrich, 99.999 %) and Sulfur powder (Aldrich, 99.998 %) were used 

as precursors with weight ratio 1: 50, separately put in two quartz boats as shown in Figure 

4.2a. The clean c-face sapphire 1 cm × 1 cm substrate was placed polished face down on the 

top of Re source. A two-zone splitting tube furnace was used to control accurately sulfur and 

substrate zone temperature, respectively. Prior to the temperature ramping up, 300 sccm of 

 

Figure 4.2 CVD growth of monolayer ReS2. (a) Scheme showing the CVD process of ReS2. (b)-

(d) Optical microscopy images showing the size, morphology and domain structures of 

anisotropic monolayer ReS2. Scale bars 10 µm. 

a 

b c d 
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Argon gas was purged through the quartz tube for 10 minutes. During the deposition process, 

argon gas (80 sccm) was as the carrier gas to transport sulfur vapor to substrate zone. The 

sulfur zone was ramped to 200 ° C, at the same time, the substrate zone reached 850° C in 30 

minutes and then held for 10 minutes. The stable T phase in ambient condition of ReS2 is 

triclinic and highly anisotropic, which stems from the tetragonal (T) phase prevalent in TMDs 

with “diamond” type superlattices in two directions (labeled as a and b) and slightly distorted 

(γ=119.8°). Figure 4.2b is the major characterization results of our mono-atomic-layer ReS2 

membrane. The bilayer ReS2 specimens were prepared by the same methods and in some flakes 

commensurately or incommensurately stacked bilayer ReS2 could be found. 

 

By PMMA-assisted technique, the CVD grown ReS2 was transferred on a TEM grid. Initially, 

thin layer PMMA was spin coated on the as-grown sapphire substrate at 3000 rpm for 50 

seconds. With the aid of PMMA, the ReS2 detached from substrate by emerging in 75 ° C 

deionized water for two hours. Next, the PMMA/ ReS2 layer was transferred onto a TEM grid 

and dried at ambient temperature. Acetone vapor was introduced for gentle removal of PMMA 

film.  
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4.2.2 In Situ (S)TEM Characterization on ReS2 

 

The aberration corrected STEM under 60 kV accelerating voltage was applied in this work to 

improve the image resolution and prevent beam damage. The 60 kV is lower than the energy 

requested to produce knock-on damage for S and Re atoms in monolayer ReS2. Moreover, the 

ultrafine displacement control of the crack front down to single unit cell scale was achieved. 

These technical improvements are key to the realization of the atomistic crack observations. In 

specific, the STEM images for ReS2 samples were performed on a JEM-ARM 200F 

transmission electron microscope (TEM) retrofitted with a CEOS spherical (Cs) aberration 

corrector. A vacuum value during measurement was 1.3×10-7 mbar, together with the electron 

beam current of 13.1 µA. At the time of performance, the scanning probe size was 1.5 Å. For 

image acquisition, the camera length of STEM was 120 mm. The defocus was -4 nm and 

acquisition time of HAADF image was 19 µs per pixel in order to minimize damage and get 

the figures with lower drift. The 512 × 512 size pixel images were acquired with the CL 

aperture of 40 µm and the range of collection angle was 45 to 180 mrad so that the atomic 

images with proper contrast can be obtained. Wiener filtering was applied on HAADF images 

for reduction of noises. The TEM images of graphene were acquired with JEOL 2010F 

transmission electron microscope fitted with CEOS spherical (Cs) aberration correctors. The 

TEM was operated under an acceleration voltage of 80 kV and the samples were measured at 

room temperature. The electron beam intensity during HRTEM observation is ~0.1 pA/nm2. 

The Wiener filtering was carried out on the image post-processing. 
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Ultrahigh beam intensities (spread beam with intensity over 0.3 pA/nm2 usually for beam 

shower) were exposed on controlled circled areas (~100 nm diameter) of ReS2 for 15~30 min. 

Afterwards the beam was quickly switched to (S)TEM imaging on the crack dynamics outside 

of the beam exposed zones. These freshly generated cracks by such method can further extend 

10~50 nm, depending on specific stress conditions. The particular lattice switching in ReS2 

layers also contribute to the in-plane mechanical loading. The time interval of serial in situ 

STEM imaging is between 13~20s. The specimen drift was compensated, hence the dynamics 

of cracks could be directly registered.  

 

4.2.3 Strain Analysis on Fracture 
 

The GPA strain analysis (on high resolution HAADF images) was performed with the reflexes 

(in reciprocal space) perpendicular to a and b axis as the two basis, respectively. The GPA 

analysis resolution was set as 0.3~0.4 nm, smoothing factor was set as 7.0. For the discretized 

atomic strain analysis on the HAADF images, considering the lattice structure and crystal 

symmetry in different materials, it was performed for half unit cells or Voronoi cells (for ReSe2, 

determined by the locations of Re atoms retrieved by Gaussian fitting of STEM/TEM images). 

The coordination (x and y) of the discrete atomic stress, strains and strain gradients are defined 

along a axis (y) and perpendicular direction of a axis (x). Their locations are defined by the 

averaged three corner positions of the triangular cells, and the faces are defined as the faces 

perpendicular to x and y coordinates, respectively. Non-deformed state (the zero stress/strain 

condition) is relaxed by DFT, same as our high resolution STEM measurement results. The 

normal and shear strain components of the cells follow the standard of linear elastic mechanics 
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(finite element theory) (assume the triangular cells have constant strain over the cell if the three 

corner positions (u1, v1; u2, v2; u3, v3)) are determined (by in situ STEM images) under linear 

approximation). {εx, εy, εxy}={
𝜕𝑢

𝜕𝑥
,

𝜕𝑣

𝜕𝑦
,

𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
}. This formalism can be applied for all the cells 

in the lattices/images including the singular crack tip zone. 

 

The theoretical values for the strain gradient maxima in crack tips can be expressed as 

                                                              
𝜕𝛾

𝜕𝑦
=

𝜎𝑇

𝑡𝐺
 ,            (Mode I)                                                (1) 

                                                             
𝜕𝜀𝑦

𝜕𝑦
=

𝜎𝑆

𝑡𝐸
 ,            (Mode II)                                                (2)                                                  

Where E and G are the tensile and shear modulus, respectively, t is the distance from the 

maxima location to crack path, σT and σS is ideal tensile and shear strengths of concerned 

atomic cohesive bonding at the crack front which is related to material fracture toughness. The 

equilibrium analysis diagrams are appended in Figure 4.3. 

 

Figure 4.3 Illustration of the strain/strain gradient components, and the force equilibrium analysis 

diagrams for the mode I cracks. 
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Simply consider a singular model for the mode I crack tip, there is one atomic-block (non-

shadowed) on the crack path, as shown in the above. Before the onset of atomic bonding 

breakage, along y direction, the tensile stress is equal to the ideal material strength (σT). Right 

after atomic bonding breakage (shadowed block), one side (towards the newly formed crack 

surface) has the normal stress almost drops to 0 (cracked state, atomic interaction negligible), 

and the other side has the tensile stress σT-(∂σ/∂x)1dx+(∂σ/∂y)1dy. Here the normal strain 

gradients are referring to the non-cracked (non-shadowed) block (subscript 1), while the shear 

strain gradient are for the cracked (shadowed) block (subscript 0). Experimentally, the 0 and 1 

blocks are neighboring pairs of atomic cells. Using the force equilibrium along y axis, the 

derivation of the strain gradient criterion is shown below and in the supplementary materials 

of the manuscript. 

 

According to the force equilibrium along y axis on the shadowed block (block 0), 

(∂τ/∂x)0dx×dy=(σT-(∂σ/∂x)1dx+(∂σ/∂y)1dy)×dx, 

Hence (∂τ/∂x)0-(∂σ/∂y)1=(σT-(∂σ/∂x)1dx)/dy,           (τ=Gγ, σ=Eε) 

(∂σ/∂x)1dx is negligible compared to σT, meanwhile, as we measured directly from the 

experimental images and the simulation results for a wide range of materials, (∂σ/∂y)1 is 

negligible compared to (∂τ/∂x)0. Finally, we got (∂γ/∂x)0=σT/tG (eq. 1). The eq. 2 can be 

derived by a similar fashion. 
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4.2.4 Density Functional Theory Calculations 
 

All atomistic calculations in this study were carried out by using spin-polarized DFT 

calculations as implemented in the Vienna ab initio simulation package (VASP) program 

package to explore the geometries of ReS2 monolayer. The exchange-correlation interactions 

are described by using PBE functional with a gradient approximation (GGA). The kinetic 

energy cutoff for the plane-wave basis set was 400 eV, and the electronic SCF tolerance was 

set to 10−4 eV. The distance of vacuum layer was set to be more than 15 Å, which was 

adequately large to avoid interlayer interactions. Fully relaxed geometries were obtained by 

optimizing all atomic positions until the Hellmann–Feynman forces are less than 0.05 eV/Å. 

The k-points samplings are 3×1×1 in the Brillouin zone for structural optimizations. The size 

of the DFT supercell is 2.74 nm width (x axis) by 4.00 nm length (y axis), and z direction is 15 

Å which can provide enough space to avoid the interactions by layers. The system contains 80 

Re atoms and 156 S atoms to simulate the entire fracture process. The uniaxial load is applied 

by elongating the length the supercells along x coordinate (perpendicular to a axis in ReS2). 

The strain, ε = (cs – c0 )/c0 corresponds to the applied stretching (6-10%), where cs and c0 are 

the lattice constant of strained and the pristine ReS2 monolayer along y axis (crack direction). 

The pre-cracks were introduced by removal of four neighboring S atoms. 

 

4.3 Results and Discussions 
 

4.3.1 Crack Extension in Atomic Scale 
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The TEM characterization of transferred pristine ReS2 including low-magnification figure, 

SAED and STEM-HAADF for atomic structure is shown as Figure 4.4. The cracks made by 

in-situ method and the condition of the edge is shown in Figure 4.5 In addition, the exact 

 

Figure 4.4 (a) Low magnification STEM image of transferred ReS2 membrane on QuantifoilTM 

TEM grid. (b) Selected area diffraction (SAED) pattern of 1L ReS2 single crystal. (c) HAADF 

image of pristine single crystal area of ReS2 showing the good crystallinity. 

 

 

Figure 4.5 The in situ cracking method and conditions. (a) Low magnification image of 1L ReS2 

after controlled beam irradiation in circled area, several cracks are formed and left for higher 

magnification imaging, these observation areas (dashed rectangles) are without any prior electron 

beam irradiation. Scale bar 100 nm. (b) No electron beam effect on crack tip zone when crack 

a b c 

c 

a b 
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moving. (c) The HAADF image of beam damaged edges if the scanning time for each pixel is 

doubled. Scale bar 1 nm. 

 

time for each step of crack propagation could be occasionally determined by the discontinuous 

lines in images due to the crack front movement while electron beam scanning. However, such 

movements close to the crack tip/front (within 2-3 unit cells) were rarely seen, showing the 

crack tip movement is normally irrelevant to the beam excitations, but triggered by mechanical 

origins. The crack along a axis was straight and atomically smooth. No loss of atoms or 

reconstruction was noticed at the cracking tips. Beam damage will be induced only if we 

change the STEM conditions. Anisotropic monolayered 2D ReS2 (Figure 4.6a) was used to 

understand the structure of crack tip and its propagation behavior at the atomic scale. The 

defect-less nature of our specimens has been confirmed by the atomic force microscopy (AFM) 

indentation tests. Further, the in situ STEM experiments were carried out at room temperature. 

While electron beam irradiation was initially used to generate cracks, beam effects have been 

excluded in the in situ mechanical tests. Mode I crack – which occurs when tensile load is 

applied perpendicular to the crack direction – was most commonly observed (Figure 4.6b). 

Two snapshots of Mode I crack along a axis of ReS2, acquired through high angle 

 

Figure 4.6 The Mode I cracks in 2D ReS2 along a axis. (a) The monoclinic crystal structure 

c b a 
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model of 2D monolayer ReS2, plan view (upper) and side view (lower), with a,b,c as basis 

vectors. (b) Scheme for the Mode I crack in ReS2 under tensile stress. (c) Two HAADF 

snapshots of the crack tip zone of an on-going crack. Scale bar = 1nm. 

 

annular dark field (HAADF) imaging are shown in Figure 4.6c. The crack was straight and 

atomically smooth.  

 

We find that continuous cracking is discretized down to the atomic scale. That is, cracking is 

periodic and repeatable along the unit cells. Further observations suggest that cracking occurs 

in two temporal stages: (1) Local strain energy gained by crack front so larger opening is 

formed (0 s and 39 s in Figure 4.6a, 13 s and 26 s in Figure 4.7b); and (2) release of the strain 

energy and crack propagation (26 s in Figure 4.7a, 0 s in Figure 4.7b). The continuous 

propagation of one crack tip (outline edge contours) is depicted in Figure 4.7c. Although  

 

b 

a 
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Figure 4.7 (a, b) In situ snapshot series of cracking and healing processes in 2D ReS2 by single 

steps (unit cell). Cracking in yellow and healing in red. Scale bar = 1nm. (c) Evolution of a crack 

edge contour observed by in situ TEM with observation times marked, scale bar = 2 nm. (d) The 

inner most 16 Re atoms. 

 

fracture is usually irreversible, we were able to observe crack “healing” by re-bonding of free 

edges behind the crack front (26 s to 39 s in Figure 4.7a and 0 s to 13 s in Figure 4.7b). 

 

The maximum length of continuous crack healing was three unit cells in our observations. The 

healing implies that the fracture is entirely brittle, and plasticity or reconstructions are absent 

in the ReS2. The inner most Re atom positions within the crack tip zones were extracted from 

experimental images and overlaid with our DFT analysis results (Figure 4.7d). The 

experimental atomic positions for crack advance and healing were distinctly separated, in 

agreement with the DFT simulated atomic structures. Our DFT analysis results (Figure 4.8a) 

on Mode I cracks along a axis in ReS2 also reproduce the atomically smooth edges and the 

c d 
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sequential rupture of Re-S bonding at the crack tips. The free edges formed due to cracking 

were occupied by dangling S atoms, suggesting that there was no loss of atoms during fracture 

(Figure 4.8b).  

 

Figure 4.8 Atomic-scale strain analysis on the crack tip zones. (a) Two sequential snapshots of 

DFT simulated Mode I cracks in ReS2. The ruptured Re-S bond is marked by red arrow. (b) 

Magnified HAADF image of one ReS2 cracked edge, white arrows indicate the position of 

dangling S atoms. Scale bar = 0.3 nm. Corresponding DFT results of ReS2 cracked edge shown 

on right side. 

 

4.3.2 Strain Distribution on Crack Tips 
 

The strain fields near tip zone were mapped through the geometric phase analysis (GPA) on 

the HAADF images. Negligible far field (>5 nm away from crack tip) strain was found in the 

sample, implying that the driving force for crack growth is localized, and the cracking step 

spans one or a few unit cells throughout observations. Meanwhile, utilizing experimentally 

a b 
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Figure 4.9 (a) Shear strain results (color encoded, discretized by half unit cell) of ReS2 Mode I 

crack and healing along a axis in our experiments. (b) The normal strain on the x axis (shown in 

the inset) for Mode I crack in 1L ReS2. The strain inside the 1 nm region deviate from the LEFM 

theory ( εyyE=K(2πx)-1/2 ). The stress intensity factor (K) can be derived from the fitting 

parameter in LEFM zone. 

 

determined atomic structure of crack tips, the atomic strains were analyzed for each half unit 

cell or Voronoi cell to study the critical condition for crack advance (growth) or healing (Figure 

4.9a). According to the obtained atomic strains, in the range of 1~5 nm away from the crack 

tips, the asymptotic strain field by the LEFM (linear elastic fracture mechanics) (Figure 4.9b) 

a 

b 
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and the J integral approach still hold. For the area within 1 nm distance to the Mode I crack 

tips, the strain field deviate from the LEFM and the J integral theory, while nonlinear 

deformation dominates. 

 

Mode I cracks along directions other than a axis in 2D ReS2 have been also studied. Lattice 

reconstruction and switching of a/b axis were observed, and we found limited dislocation 

dynamics within tip zone was allowed. In addition, defects influence Mode I crack paths. For 

example, coherent or incoherent domain/grain boundaries can either accommodate or exclude 

cracks, respectively. For the commensurately stacked bilayer ReS2 samples, the cracking in 

both layers is synchronized which yield similar atomically sharp tips as monolayer ReS2 

(Figure 4.10a, b), the strain distributions are almost identical for the crack tips in bilayers and 

monolayers (Figure 4.10c, d). In contrast, the incommensurately stacked bilayer ReS2 could 

have roughened crack surfaces and different crack paths/directions in the two layers. 

 

Figure 4.10 Cracks in bilayers, Mode II and Mode III cracks. (a) The STEM snapshots of a crack 

in bilayer (2L) ReS2 which propagate by one unit cell. Scale bar=1 nm. (b) Scheme for the 

bilayer ReS2 and the always synchronized cracking in the upper and lower layers. (c) The normal 

(tensile) strain (eyy) distribution corresponding to (a). Scale bar=1 nm. (d) The normal strain 

a b 
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distribution for another 1L ReS2 sample, showing similar strain fields for 1L and 2L specimens. 

Scale bar=1 nm. 

 

Typically, in-plane compressive strain in 2D materials cause out-of-plane buckling, therefore 

Mode II fracture – where shear stress is acting in the plane of the crack – is difficult to observe. 

Surprisingly, we were able to observe straight cracks steadily propagating in parallel with 

atomically stacked post-crack edges in ReS2 samples (Figure 4.11a, b). High resolution images 

were captured and analyzed for strain distributions at the crack tips (Figure 4.11c, d). Here the 

major driving force was the shear stress (Figure 4.11b) – originating from faulted stacking by 

half unit cell. The shear stress is proportional to the magnitude of mismatch in stacking, and 

the driving force for this crack was gradually reduced by leaving “dislocations” in the crack 

path (Figure 4.11a). The in-plane shear strain in the near field of the crack tip is again highly 
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localized. After cracking, the fresh edges behind the crack front were immediately stacked by 

the van der Waals (vdW) forces so that persistent and steady cracking was achieved. Regarding 

the Mode III crack, the out-of-plane shear could be directly supplied by bended crack edges 

(Figure 3.17 g). Due to basal plane tilting (Figure 3.17f), the open stress as in Mode I is changed 

to closing stress in Mode III crack, and the switching direction of a/b axis is correspondingly  

changed. Meanwhile, in mode III crack, Figure 4.11f presents the GPA shear strain analysis of 

Figure 4.11e, manifesting the plane tilting. 

 

The macroscopic fracture criterion has been well established in the classical fracture mechanics. 

Here our experiments have confirmed the LEFM can be applied until very small region (nm 

sized) within the crack tip for entirely brittle materials. On the other hand, for the nonlinear 

zone in the crack tip core, here we introduce a strain gradient criterion, correlated to the 

external stress intensity factor, to explain the crack/healing behavior. Defining the crack 

direction as y, basically the shear strain gradient (∂γ/ ∂y) were used for Mode I cracks, whilst 

normal strain gradient (∂ε𝑦/ ∂y) were used for Mode II cracks. It is clear that the shear strain 

c d e f 

Figure 4.11 (a) Typical Mode II crack in ReS2, crack edges are stacked and thus have brighter 

contrast in HAADF. Driving forces (shear) are gradually consumed by emission of partial 

dislocations (marked). The bright spot (on the left) is caused by PMMA residue during 

specimen transfer. Scale bar = 2 nm. (b) Scheme of the Mode II crack. (c) Magnified HAADF 

image corresponding to the dashed rectangle in (a). Scale bar = 1nm. (d) The in-plane shear 

strain analyzed by GPA method on (c), the dashed circle highlighted the crack front. Scale bar 

= 1 nm. (e) Example of Mode III crack viewing in original basal plane, scale bar = 1nm. (f) The 

shear strain analysis by GPA method on (e), showing the tilting in right side of crack, scale bar 

= 1nm. (g) Scheme of Mode III crack, the original basal (pink) plane is tilted (blue) after crack. 
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gradient maxima for Mode I were prevalently larger in cracking cases than in crack healing 

cases, unlike the strain maxima distributions which were more dispersive. Meanwhile the 

normal strain gradient maxima in Mode II cracks were stable throughout the cracking process. 

For the atomic-scale shear strain gradient is a measure of the bond distortion, the maximum 

strain gradient criterion can also be understood as the maximum bond distortion criterion. 

 

4.3.3 Dynamics of Fracture in ReS2 
 

Direct strains are unsuitable as criterion for crack growth/healing because an ad hoc 

assumption is needed for the exact location of crack front, which is unrealistic. The crack front 

is no longer a point, as the traditional fracture theories have assumed,[2] instead it consists of a 

group of atoms that are strongly deformed within the range of cohesive interactions. We also 

analyzed the strains obtained from DFT simulations on ReS2 Mode I cracks. We simulated 

cracks under different loading conditions (stress intensities) and found that the shear strain 

gradient maxima in the propagating crack tips are all within 0.18~0.24(1/d), which is in 

agreement with our in situ STEM results and the theoretical value of ReS2 - validating the strain 

gradient criterion. Further, the concept of strain gradient could be generalized to other 2D and 

bulk materials such as graphene and silicon (Si). The DFT and molecular dynamics (MD)[3,4] 

simulation results on graphene, our TEM results on graphene, and MD simulation results on 

Si were all tested with the strain gradient criterion (Figure 4.12), yielding strain gradient 

maxima conditions in accordance with the theoretical values. 
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The chaotic behavior of crack in atomic scale predicted by can result in the atomic motion 

virtually unpredictable only by the stress loading conditions. According to our experiments, a 

regime of the chaotic motion of cracks have been indeed confirmed, when the loading 

condition (stress intensity factor) satisfies K>Kc, Kc defines the boundary between quasi-static 

cracking and healing. When K is above but close to Kc, the crack will intermittently propagate 

and stop. In this regime, each step of crack propagation length (crack step length) is not 

 

Figure 4.12 (Left panel) The histogram of maximum shear strain gradient in ReS2 Mode I cracks 

by TEM experiments. Crack and heal are shown in red and black, respectively. Theoretical result 

is shown as dashed line. The crack dynamics regimes are highlighted in colors. (Middle panel) 

The shear strain gradient maxima data for graphene (experiments and simulations) Mode I crack 

and heal. (Right panel) The shear strain gradient maxima in silicon mode I crack based on 

simulation data. 
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dependent on K or the strain gradient maxima, but randomly distributed, showing the first 

characteristic of chaotic motion. More importantly, the frequency analysis on the crack steps 

in total 260 moves of the observed mode I cracks in ReS2 shows a well-defined (~(1/2)s) 

distribution, where s is the step length (Figure 4.13), implying the counts/frequency decay by 

 

Figure 4.13 The experimental histogram of the crack steps by statistics on 260 moves of mode I 

crack in 1L ReS2. 

 

half after each unit cell crack extension. It shows that during crack of each unit cell, there are 

two attractors in the chaotic motion - the crack extend and stoppage. Therefore, in this regime 

(quasi-static crack), the possibility of crack propagation decreases by a factor of 1/2 after each 

unit cell propagation in the dynamic crack process within a single crack step. Furthermore, the 

crack path switching or crack direction switching and the emergent terraces/steps on cracked 

surfaces in entirely brittle materials are resulted from these chaotic processes. Accordingly, the 
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entire distribution of the fracture regimes (healing, quasi-static crack, continuous dynamic 

crack) for Mode I crack in monolayer (1L) ReS2 can be summarized in Figure 4.12. Owning 

to the continuous dynamical crack are too fast to capture (well beyond the current capability 

of the current STEM imaging system), the boundary between the quasi-static crack and 

continuous dynamical crack remain unclarified. Nevertheless, our observations have set a 

lower bound for the continuous dynamical crack regime. 

 

4.3.4 Summary 
 

In summary, our in situ STEM observations have unveiled the atomic structure of dynamic 

crack tips. We observed entirely brittle fracture down to atomic scale without tip blunting. 

Beyond the asymptotic field in classical theories, the atomistic process in the singular crack 

tip zone is basically the sequential atomic bonding dissociation, so it is reversible under critical 

loading, and both cracking and healing can occur. We propose that the condition for atomic 

bonding rupture can be correlated with local strain gradient maxima, the latter serves as simple 

criterion for the brittle crack propagation or healing in atomic scale.  These experiments open 

the avenue for the visualization of crack dynamics and contribute to the deep understandings 

of fracture mechanics of materials. 
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Chapter 5 Critical Stable Length in Wrinkles 

of 2D Materials 

 

5.1 Introduction 

 

Contrary to the unstable nature of the conventional wrinkles, the stable wrinkle structures 

revealed in the 2D materials, causes by the van der Waals (vdW) interactions, means an energy 

barrier needs to be overcome before flattening. Furthermore, the minimum length (or height) 

for stabilizing the wrinkles of 2D materials can be determined both experimentally and 

theoretically. Particularly, some in situ TEM experiments have allowed the dynamic 

observations of rippling[1] or exfoliation[2] processes of 2D materials, but the dynamics of the 

wrinkle structures dependent on the lengths are unexplored, in part due to the difficulties 

regarding the loading fixture and the atomic-scale manipulation of 2D membranes. Standard 

flexural testing applies a two- to four-point fixture on the sample, [3,4] and the elastic modulus 

of bending, flexural strength and flexural stress-strain responses can be retrieved. [5-8] However, 

all the classical flexural methods apparently fail in cases of ultra-thin or ultra-flexible 

membranes due to the infinitesimal bending rigidity in membranes, which are not stable or 

self-standing during external perturbations, such as gravity or thermal fluctuations. [9-12] Indeed, 

similar with polymer molecules, the persistence length of atomic-thick 2D materials falls into 

the nanometre (nm) scale. [13,14] The basic bending shape of a monolayer was predicted by the 

energy analysis. Figure 5.1 illustrates the shape of monolayer bending curve is close to a circle 
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ring and the driven force is vdW interaction between adjacent graphene layers. Thus the energy 

of the whole wrinkle is formed by two parts: the energy of bending curvature and the energy 

of vdW cohesion layer. Combining the previous work on bending test and characterization of 

2D materials, therefore, here we apply the atomic force microscopy (AFM) and direct in situ 

TEM approaches to understand the wrinkle dynamics and stability under thermal and 

mechanical perturbations. 

 

Figure 5.1 Schematic diagram of the geometry of self-folding monolayer graphene 

nanoribbon.[14] 

 

 

5.2 Methods and Experiment 
 

5.2.1 Sample preparation 
 

Graphene was synthesized on a 75 m thick copper foil (Goodfellow, England) using tube 

furnace (Nabertherm, Germany) in atmospheric pressure. The temperature in the tube was 

elevated to the growth temperature within 30 minutes, and samples were annealed at the growth 
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temperature for 2 hours with flow gases of 50 sccm H2 and 50 sccm Ar. Monolayer graphene 

was synthesized with a flow of 50 sccm H2, 10 sccm CH4 (1% in Ar) and 1000 sccm Ar for 45 

minutes. The sample was then cooled to room temperature while maintaining the 1000 sccm 

Ar flow. After synthesis, PMMA was spin-coated onto the graphene-grown Cu foil at 800 rpm 

for 10 seconds and then 3000 rpm for 1 minute. Copper etchant (Aldrich 667528) was used to 

dissolve the underlying copper. The PMMA-coated graphene was transferred onto the SiO2/Si 

substrate. This sample was dried in a dry oven at 65 °C before PMMA was removed with 

acetone. Further, the graphene/SiO2/Si substrate was put back to the tube furnace then annealed 

at 200 °C for 8 hours. Low vacuum of 2×10-2 mbar was maintained from beginning until 

cooling to room temperature. Before and after annealing, surface of transferred graphene was 

investigated by AFM. The topography and phase images were obtained using the AFM5300 

system (Hitachi, Japan) in tapping mode. A NSC30‐type silicon tip (Tipsnano, Estonia) with 

an approximately 10‐nm tip curvature radius was used. 

 

The multilayer graphene and MoS2 membranes were produced by mechanical exfoliation from 

bulk ma-terials using adhesive tapes. Bulk graphene (ZYA Grade, provided by 2D 

Semiconductors Inc., USA) and TMDs were mechanically exfoliated into several layers on 

Scotch tape. Then, TMDs monolayers with good quality but small flakes could be dry-

transferred on a TEM grid directly by the heat release tape method with clean surfaces. The 

grids are then fixed on an in situ TEM manipulation holder (NanofactoryTM) fitted in the 

JEOL 2100F TEM, while an electrochemically etched tungsten (W) tip is installed on the 

counter position, which can be finely piezo-controlled with a precision better than 0.1 nm in 
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three-dimensional (3D) space. The W tips used for the in situ TEM manipulator were made by 

electrochemical corrosion with a solution of 1 mol/L NaOH at a 2~3 V bias.  

 

5.2.2 TEM Characterizations and Analysis 
 

The TEM images and videos were collected on a JEOL 2100F transmission electron 

microscope under an accelerating voltage of 200 kV with a NanofactoryTM STM-TEM holder. 

The bright-field TEM imaging in our in situ experiments was acquired via a 0.5s exposure time 

and electron dose lower than 0.1 A/cm-2. The position of each wrinkle and corresponding x and 

l were measured from five different spots on the wrinkles and averaged. The pixel size is 

2004*1336. 

 

Form the captured video images of the samples, the carbon film is in ellipse but not circle. This 

shape is caused by the inclination of the sample for better contact with the W tip and the 

distortion of the carbon film under the force of the W tip. The value of the distortion can be 

calculated by the ratio of the major and minor axes of the ellipse, and obviously, the length of 

the wrinkle is along the minor axis. We need to take the distortion value into account during 

the measurement. 

 

In addition, during the measurement, we notice that the moving direction of the W tip between 

each pair of frames is not exactly the same due to the rotation of ripples and the Nanofactory 

controller. To obtain the precise values, the movement of 5 different spots on the wrinkle is 
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measured each time and the average value is obtained. Additionally, the direction of wrinkles 

slightly changes from one direction to another. Furthermore, the distance of the two adjacent 

wrinkles is different from left to right, which causes a difference in the friction. Here, we also 

take the average values of several spots on the wrinkles. Other factors, such as the 

contamination on the sample and the influence of the electron beam, which can lead to errors, 

are minimized by the dry transfer method, low magnification and low electron dose 

observation of TEM, respectively. 

 

5.2.3 Continuum Mechanics Model of Wrinkling 
 

The bending moment at the start point of curvature is balanced by 

𝑀 − 𝑀𝑅 + 𝑓𝑥 = 0, 

where 𝑀, 𝑀𝑅, and 𝑓 are the bending moment at cut, the bending moment at the contact edge 

and the friction force between the top layer and the multilayer substrate, respectively. The 

expression of 𝑀 is given by 

𝑀 = 𝐷
𝑑𝜙

𝑑𝑠
, 

where 𝐷  is the bending stiffness, which can be expressed by 𝐷 =
𝐸𝑡3

12(1−𝑣2)
;  𝐸  is Young’s 

modulus; 𝑣 is Poisson’s ratio and 𝑡 is the effective thickness of the material. From the bending 

curvature of the sheet, we know 𝑑𝑥/𝑑𝑠 = 𝑠𝑖𝑛 𝜙, 𝑑𝑦/𝑑𝑠 = −𝑐𝑜𝑠 𝜙. Deriving from the above 

equations, we have 

𝑑2𝜙

𝑑𝑠2 = −
𝑓

𝐷
cos 𝜙, 
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Define γ ≡ √
𝑊𝑎𝑑

𝑓
, Φ′(0) = √

𝑊𝑎𝑑

𝐷
, where 𝑊𝑎𝑑 is the adhesion energy between two vdW layers, 

which can be regarded as the boundary condition since it balances the adhesion energy and 

strain energy. Given a value of 𝛾, the curvature of the sheet under a certain value can be 

determined and fitted with experiments, which represents the shape of the graphene wrinkles. 

In addition to the flexural texting on graphite substrate, we also simulate the flexural on SiO2 

substrate. The main difference between graphite and SiO2 as the substrate is the adhesion 

energy of graphene with them, which makes slight change in boundary conditions in the model. 

 

In our modelling, the value of 𝑊𝑎𝑑, 𝑓 and the energy calculation are apparently determined by 

the materials and contact of the bottom, as shown in Figure 5.2. For monolayer graphene with 

the graphene substrate, it is not difficult to find the related parameters from the results of 

experiments and calculations. However, it can be complicated when deciding the parameters 

in a freestanding monolayer. More calculation and dynamical tests are needed to obtain an 

accurate value of 𝑊𝑎𝑑 since the supporting force is derived from the unpeeled part connected 

with the whole membrane and the carbon film under the sample. 

 

Figure 5.2 Schematic diagram of the mechanical directions of the bended monolayer graphene.  
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From the equations above, the boundary conditions decide the shape of wrinkles in different 

cases during modelling. During the exfoliation and recovery process of monolayer graphene 

in the main text, the movement of the wrinkle is controlled by the W tip. For the curvature of 

the wrinkle, one side is connected with the whole graphene flake so it always starts with the 

boundary condition 𝜙(0) = 0, as well as 𝑥(0) = 0, 𝑦(0) = 0. Another boundary condition is 

𝜙′(0) = √
𝑊𝑎𝑑

𝐷
, as a result of J-integral, stationary potential and material force balance. From 

the normalization of x, y, s, and 𝜙, the curvature of wrinkles under different values of f (friction 

force) can be determined, which corresponds to the wrinkle state under the force applied by 

the W tip. There is a slight change in the boundary conditions. Both sides of the edge are 

flexible and can move, so 𝑥(0) = 0 is unsuitable. The way in which the W tip contacts the 

sample is not from the bottom but from the side, so the end connected with the W tip cannot 

reach 𝜙(0) = 0 and the curvature of the first wrinkle is less than a whole period. Meanwhile, 

there is no friction force between the wrinkles and substrate due to the dangling ripple. 

Nevertheless, additional dynamical tests are needed to determine the mechanical properties of 

these unknown materials in further studies. 

5.3 Results and Discussions 
 

5.3.1 Thermal Effect on Graphene Wrinkles 
 

In the first experiment, the thermal stability of wrinkles in monolayer graphene is examined in 

Figure 5.3a. The large-area graphene samples used are grown by the CVD method and 

transferred onto the SiO2/Si wafers by a PMMA transfer process[15] which has been routinely 

used in the processing of 2D materials.  

https://pubs.acs.org/doi/10.1021/acsnano.9b08928?fig=fig1&ref=pdf#fig1
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Figure 5.3 Thermal annealing effect on graphene wrinkles. (a) Scheme of the monolayer 

graphene under thermal annealing. Wrinkles with lengths below a critical value are removed, 

while wrinkles with lengths above a critical value are stable. (b, c) AFM topographic images of 

the same position of a monolayer graphene sample, before and after annealing. Wrinkles with 

lengths above a critical value (e.g., green arrows marked) over 1.5 nm in height are stable during 

annealing, and wrinkles with lengths below a critical value (e.g., white arrows marked) less than 

a critical length are removed by thermal annealing. The inset of (c) shows the height profiles for 

the dashed line positions of AFM images in (b) and (c); black and red lines are before and after 

annealing, respectively. Scale bars = 1 μm. 

 

As usual, the morphology of monolayer graphene on SiO2 is found to be quite rough on the 

nanoscale. Figure 5.3b shows a typical AFM topographic image for the transferred monolayer 

graphene sample. On the random graphene wrinkles formed by the natural transferring, the 

https://pubs.acs.org/doi/10.1021/acsnano.9b08928?fig=fig1&ref=pdf#fig1
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preferable directions for wrinkling are also predominantly zigzag or armchair as shown in 

Figure 5.4. The crossed parallel stripes are the wrinkle patterns induced naturally during  

 

Figure 5.4 The wrinkles formed on SiO2 after transfer, AFM topographic images with three 

magnifications for the same area (white dashed rectangle). 

 

PMMA transfer, which are tiny and close to equilibrium. They are different from the wrinkles 

in fixed end types with considerable strain (Figure 5.5). The wrinkles formed after transfer  
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Figure 5.5 (a-c), The AFM topographic image for the 1L graphene on polished Cu, 1L graphene 

on non-polished Cu, and 1L graphene on transferred SiO2 substrate. (d), The height profiles 

corresponding to the white dashed lines in (a-c). 

 

are much smaller than the original terraces/steps of Cu foils. The smaller wrinkles after transfer 

does not follow the direction of any surface steps, instead, they follow the graphene lattices, 

zigzag or armchair directions (two energy favorable directions for wrinkle formation), 

therefore, the angles between wrinkles in Figure 5.5c are 30°, 60°, 90°, 120° and 150°. The 

graphene growth on polished Cu foil still have parallel and sparse wrinkles because of the 
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different thermal expansion coefficient between graphene and Cu foil, these wrinkles mainly 

follow the surface terraces/steps of the Cu, and they are much higher (10~50 nm height) than 

the lower wrinkles (1~5nm height). The spikes on the AFM line profile (Figure 5.5b) 

correspond to the position and height (distance from the top of a wrinkle to the substrate) of 

the individual wrinkles. The height of wrinkles spans from 0.1 to 1.7 nm with a sample 

roughness of ca. 0.7 nm. After thermal annealing at 200 °C for 8 h, the same sample position 

is checked using AFM (Figure 5.5c). The original big wrinkles (height over 1.5 nm) are 

unaffected by the thermal annealing, while the small wrinkles are mostly eliminated or 

combined with big wrinkles. 

 

5.3.2 In Situ TEM Wrinkling Tests  
 

In our in situ TEM test conducted later, multilayer graphene samples are mechanically 

exfoliated from highly ordered pyrolytic graphite (HOPG) crystals using Scotch tape. The 

selected area electron diffraction (SAED) pattern of multilayer graphene exhibits good 

crystallinity in the samples and facilitates crystal direction identification in the flakes. The in 

situ TEM manipulation holder (NanofactoryTM) with a precision better than 0.1 nm in 3D space 

is employed (Figure 5.6a).  In the first step, an electrochemical etched W tip is controlled by 

the piezo-manipulator and is firmly pressed on the top surface of the multilayer (layer 

number >10, counted at edge) graphene (Figure 5.6b, c). Then, the W tip (less than 5 nm by 5 

nm) intentionally scratches along the graphene surface until a one-nm crack emerges on the 

top layer of graphene. Afterwards, the W tip is laterally moved on the flake surface for further 

https://pubs.acs.org/doi/10.1021/acsnano.9b08928?fig=fig1&ref=pdf#fig1
https://pubs.acs.org/doi/10.1021/acsnano.9b08928?fig=fig1&ref=pdf#fig1
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tearing of the top graphene layer until it is gradually exfoliated from the multilayer underneath 

(Figure 5.6b). The monolayer thickness of the exfoliated layer is confirmed directly at the flake 

edge, and no additional exfoliation in the separated top layer can be seen with further 

manipulation. The initial crack edge in the top layer is adsorbed/connected to the W tip. 

Following the initial exfoliation, sequential wrinkles are spontaneously formed in the top 

monolayer (Figure 5.6b) by vdW interactions. The wrinkle direction is along the zigzag 

direction, as confirmed by SAED. Owing to the three-fold symmetry of graphene, the bending 

properties can be considered almost isotropic in the basal plane.[16] 

 

After several wrinkles are shaped, the movement of the W tip is reversed in the opposite 

direction, namely, the recovery direction (Figure 5.6d, e). A straight stripe with sharper 

contrast starts to replace the previous obscured wrinkled images (Figure 5.6f, red triangle 

marks). This observation agrees with our following analysis, indicating that a self-standing 

wrinkle with a regular shape between two vdW contacts is naturally formed. Afterwards, the 

W tip is further moved along the recovery direction, thus resulting in the gradual shortening of 

the total wrinkle length (l) and height, manifested by a decrease in the stripe contrast (Figure 

5.6f). Next, a quick drop in the wrinkle image contrast and wrinkle length led by the continuous 

movement of the W tip (last snapshot in Figure 5.6f) shows the entire recovery of the wrinkle. 

Interestingly, after recovery, the image contrast in the exfoliated top layer and the adjacent 

perfect part are almost the same, implying that the wrinkle has perfectly recovered. Notably, 

other wrinkles with the W tip demonstrate no appreciable change in morphology during 

manipulation.  
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Figure 5.6 The in situ TEM flexural tests on supported monolayer graphene. (a) Scheme for the 

in situ TEM setup. (b) Scheme for the exfoliation, wrinkling and manipulation on the surface top 

layer of graphene. (c) TEM image of the suspended multilayer flake and W tip, red arrow shows 
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the tip moving direction, scale bar 100 nm. (d) Sequential scheme for the recovery flexural test 

and nomenclatures. (e) Sequential TEM micrographs for the cracking and wrinkle formation, 

scale bar 30 nm and following TEM images (f-i) at the same magnification. (f-i) Serial TEM 

micrographs show the recovery flexural tests for the 1st, 2nd, 4th and 6th times, respectively; the 

red arrows mark the tip moving directions; and the red triangles highlight the specified wrinkles 

under testing. 

 

After the first recovery is completed, the W tip is further moved along the recovery direction. 

Since a few more wrinkles are reserved during the tearing process, a total of seven similar 

recovery processes are completed in this experiment (Figure 5.6g-i shows three of them). After 

the last few recoveries (Figure 5.6h, i), some short wrinkles remain close to the cracks/edges 

due to a slight rotation in the top layer with respect to the multilayer underneath. In addition, 

the recovery mainly occurs when the sliding contact area (area denoted by x in Figure 5.6d) is 

small; once the contact area increases after sliding, some remaining wrinkles can be “locked” 

due to high frictional forces. 

 

5.3.3 Statistic Calculation of Wrinkles 
 

The observed continuous manipulation can be quantified via measurements on the physical 

positions of the wrinkles, including the wrinkles due to ongoing tests and their adjacent 

wrinkles. For the convenience of analysis, here we define the total length of a wrinkle (denoted 

as l) as the integrated curved length excluding the underlying flat length, which can be 

determined by the variation in the positions (prior to/after recovery) of the adjacent wrinkles 

(Figure 5.6d). During the manipulations, based on our measurements, the lengths of all the  
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Figure 5.7. The results of TEM tests and analysis of the flexural behaviour of monolayer 

graphene. (a) The stick-slip motion (wrinkle lengths) for each test. (b) Linear relationship 

between the change step of the wrinkle lengths (Δl) and sliding contact area (x). (c) The 

measured critical wrinkle lengths (after subtraction of the last move of the W tip). (d) The critical 

wrinkle states on graphite and SiO2 substrates. (e) The continuum mechanics models for the 

wrinkles at different lengths (length shrinking from state 1 towards state 6), unclip critical 
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transition between state 2 and state 3. (f) The DFTB simulation results for the monolayer 

graphene wrinkles at different lengths (length shrinking from state 1 towards state 6) and the 

unclip critical transition between state 2 and state 3 (scale bar 0.5 nm). 

 

wrinkles are stepwise shortened (the last few steps for each wrinkle are shown in Figure 5.7a). 

The corresponding distances between the last two wrinkles (Figure 5.6d), the same as the area 

of the sliding contact zone (x), are recorded as well. Although the continuous movement of the 

W tip is piezo-controlled with a constant speed and precision as high as 0.1 nm, a stick-slip 

behaviour in the sliding is observed. The lattice-commensurate vdW contact between the two 

vdW bearings introduces a frictional force (f), which is proportional to the contact area x.[17] 

Thus, the distance or step of each “stick-slip” move (Δl) can be expressed as 

                                                                             f =kΔl=µx,                                                                (1)                                                                                                     

where k is the (lateral) force constant of the W tip and µ is the friction coefficient between the 

vdW layers. The above linear dependence of each stick-slip movement on the contact area 

coincides with our experimental results (Figure 5.7b). Each x and l are statistically measured 

from multiple positions on the wrinkles. Moreover, by excluding the distance of the last stick-

slip frictional movement, the critical lengths (lc) for the wrinkles before the last flattening step 

(drop to zero of l) are shown in Figure 5.7c (the distances in the last move of the W tip are 

subtracted according to eq. 1 and Figure 5.7b). The results are surprisingly close to a common 

threshold length of ca. 4.0 nm, which is due to the specular mechanical responses in the top 

graphene layer. 
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A linear continuum mechanics model[18] can be applied and verified on monolayer graphene[19]. 

The differences between graphene on SiO2 in our first experiment and graphene on multilayer 

graphene in the second experiment is just the different vdW interactions with the substrates 

(Figure 5.7d). The shapes of the wrinkles with minimized energy at different total lengths (l) 

are exhibited in Figure 5.7e. For the bending rigidity and the vdW interlayer energy of 

graphene, widely accepted experimental values are adopted.[20,21] A clear transition from the 

“clip” shape (Figure 2.15e, state 1 to state 2, also called type 3 shape) to the “bump” shape 

(state 3 to state 6, also called type 2 shape) is denoted. A transition occurs near the wrinkle 

length (l) of 4.1~4.3 nm for the multilayer graphene case (lc=3.9 nm for graphene-SiO2 case). 

The strain forces restored in the wrinkles are calculated and presented in the supplementary 

materials. In long wrinkle cases, due to vdW adsorption, the clipped wrinkles (type 3) are 

stabilized and no strain is applied to the two vdW contact bearings; however, after the critical 

transition (state 2 to state 3), considerable shear strain is set in the contact bearings due to the 

bending strains in the top layer. Thus, the wrinkles become unstable and are liable to be 

flattened if the frictional vdW forces are insufficient to balance the bending strains. Comparing 

the results of modelling with our AFM and in situ TEM experiments on the critical 

height/length of the wrinkles, the height by AFM (critical height ~1.5 nm) has larger error with 

the 2.3 nm by modelling, possibly resulted from the larger friction at the graphene-SiO2 

interface, while the in situ TEM results (lc~4.0 nm) coincides well with the results (lc 

=4.1~4.3nm) of modelling. 

 

To further confirm the wrinkling behaviour, the structural optimizations of the wrinkles are 

carried out by the self-consistent charge density functional tight binding (SCC-DFTB) 
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method.[22,23] The longest length of the wrinkles is set from approximately 6 nm to 

accommodate the clipped wrinkles (Figure 5.7f, states 1 and 2) until the shortest single unit 

cell (l=0.24 nm) wrinkle (Figure 5.7f, state 6), which actually becomes an edge dislocation. 

The short wrinkles can indeed be considered a dislocation or a rip location in 2D.[24,25] The 

relaxed wrinkled structures in monolayer graphene are in agreement with the previous 

continuous mechanics models (Figure 5.7e, f). According to the continuous mechanical model 

and DFTB simulation, the transition between the clip state to the bump state (Figure 5.7f, 

critical transition from state 2 to state 3) occurs at a wrinkle length of approximately 3.8 nm. 

Therefore, the experimental results (4.0 nm) again largely agree with the DFTB results (3.8 

nm) for the critical transition point of “unclipping” and strain release. 

 

Except for the bended shapes and total wrinkle lengths, which are in equilibrium, the 

dynamical positions of wrinkles under testing exhibit an interesting dependence on the wrinkle 

lengths as well. The displacement of the wrinkles (Δx) versus the total wrinkle length change 

(Δl) at different wrinkle lengths (l) in our experiments is shown in Figure 5.8a. With the pulling 

forces (see schematic Figure 5.8b) by the W tip, the wrinkles slowly move along the recovery 

direction. The pulling effect (defined as Δx/Δl) on the wrinkle decreases with reduced wrinkle 

lengths. Short wrinkles have Δx=0 in recovery due to the direct momentum transfer to the 

whole wrinkle and frictionless dynamics in the clipped areas (Figure 5.8b). In contrast, for long 

clipped wrinkles, the recovery process tends to cause no relative sliding between the two 

clipped sides of the wrinkles (Figure 5.8b). Therefore, the wrinkles in the long length limit will 
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Figure 5.8 The experimental dynamics of the wrinkle position and lengths. (a) The experimental 

relationship between the length change and position change. The oblique and horizontal lines 

represent the non-slip limit and frictionless limit, respectively. (b) The schematics for the wrinkle 

dynamics in two limit cases (left and right). The red sections on the wrinkles labelled the same 

position on the wrinkle before and after pulling, respectively. 
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have the maximum Δx/Δl equal to 1/2 (Figure 5.8b), which is consistent with our experimental 

observations (Figure 5.8a). The in situ monitoring of the entire wrinkling and dewrinkling 

process provides important additional insights. To further improve the test setting, the 

manipulating tip with a larger force constant can be sought, which means that the stick-slip 

steps will be finer; hence, the dynamics close to the critical threshold of state transition during 

the entire testing can be more clearly unravelled. 

 

5.3.4 Summary 
 

In conclusion, the experiments here directly exhibit the wrinkling and dewrinkling process of 

graphene, the concepts here can be readily generalized to other vdW layered 2D materials. 

Wrinkles can either facilitate or deteriorate the performances, depending on the way they are 

treated. The 2D materials com-munity is always keen to the flatness and uniformity, but also 

enthusiastic for the flexibility. The obtained critical lengths for wrinkling/dewrinkling here is 

expected to have profound impacts in the future development of flexible 

electronic/optoelectronic devices, nanoelectromechanical systems (NEMS) and other related 

fields. 
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Chapter 6 Summary and Outlook 
 

In this thesis, we studied four types of mechanical behaviors in 2D materials: GBs, phase 

transition, fracture and wrinkling. Graphene and MoS2 are used for the wrinkling behavior, 

ReS2 is used to observe the atomic structure in fracture, grain boundaries and phase transition 

due to its anisotropic orientation. We mainly use (S)TEM to obtain the clear images of atomic 

structures in nanoscale so the movement of every single atom can be tracked. For mechanism, 

strain analysis with different mechanical modellings is applied on statistic calculation and 

corresponding dynamical properties can be analyzed. DFT calculations are conducted to 

compare the theories with experimental results and explain the change of energy in atomic 

scale during the formation of various defects. 

 

In classical materials science, the mechanical twinning requests higher stress than slip 

mediated by dislocations in polycrystalline materials. Thus, the TBs or GBs can be used for 

dislocation pinning and for material strengthening. We discovered that in 2D materials, the 

GBs can be more mobile than dislocations and can be inversely pinned by the immobile 

dislocations. It has been previously found the anisotropic 2D material ReS2 consists of “domain” 

structures. However, the kinetics of these domain boundaries have been overlooked. Distinct 

from all the previously reported GBs in all the other 2D materials as well as the 3D bulks, the 

GBs in 2D ReS2 have three main new features: (1) Easily generated and mechanically driven, 

shear angle of crystal planes during certain GB formation/movement can be ultrasmall. (2) Can 

be pinned by either dislocations or sulfur sub-lattices. (3) The misfit strain at the (low index) 

incoherent GBs and high mobility. We employed HRRDF-STEM, DFT simulations and in situ 
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(S)TEM techniques, fully exploited atomic structures for all kinds of GBs in 2D ReS2 and 

completed their classifications. In view of the lowest symmetry in 2D materials for ReS2 and 

the most complicated GB structures in 2D, a library of GBs in 2D materials has now been 

established. 

 

The phases of solid materials usually become disturbed under thermodynamic conditions such 

as temperature, pressure, electric or magnetic fields. For materials without obstacle in phase 

transition, the phase structures tend to transform into a more stable state. In another work, we 

recorded the motion of 2D ReS2 with in situ aberration corrected (S)TEM, from which the 

motion of each single atoms was revealed clearly in real-time. Remarkably, we used the 

electron beam irradiation as the thermodynamic source to eliminate the external disturbance 

and proved the energy from irradiation can accomplish the phase transition process without 

damaging the sample. The continuous nanoscale images enable the analysis on atomic defects, 

dislocation and lattice distortion during the growth of new phase, which are closely related to 

the scanning directions of electron beam. For monolayer ReS2 sample, we obtained the 

diamond chain structures of three different phases: the pristine anisotropic 1T′′phase, 1T′with 

P21/m space group symmetry and P-3m1 symmetric 1T phase. The corresponding bandgap 

energy as well as energy for phase patterning from calculations were also identified. 

 

For the fracture in 2D materials, the tests are conducted in both monolayer and bilayer ReS2. 

Through high-resolution (S)TEM observations, the atomic reconstruction process of the 

fracture is successfully analyzed in three fracture modes. 2D ReS2 produces a lattice 
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reconstruction process near the fracture. A high-resolution STEM image of the 2D ReS2 

fracture is observed in Mode II. Due to the shear stress, the films on both sides near the fracture 

can be automatically stitched to form an atomic-wide stack. Affected by the out-of-plane shear 

stress, a lattice reconstruction process different from Mode I can occur in 2D ReS2 under Mode 

III fracture. The results directly reveal that due to the special dimensional effect of 2D materials, 

the shear stress reduces. Under this influence, lattice reconstruction occurs on the tip of the 

fracture and interacts with the fracture process of the material, which increases the brittleness 

of 2D material. This work also observes the special Mode II in-plane shear fracture in the 2D 

material. The model proposes a new method of manufacturing atomic-level stacks of 2D 

materials. Apart from these, the atomic strain at the tip of a crack consisting of only a few 

atoms is measured. This provides experimental evidence for understanding how the atoms at 

the tip of the crack can withstand excessive strain before the chemical bond breaks. 

Experiments directly show that due to the lattice constraint, the crack propagation occurs 

discretely on the atomic scale (as opposed to the continuous crack propagation in continuum 

mechanics). In situ experiments have also clarified the local atomic structure of the crack tip. 

The method in this experiment allows people to build theoretical models with unprecedented 

spatial resolution and strain accuracy to predict the mechanical properties of materials. It has 

a deeper understanding of the fracture mechanism of low-dimensional materials such as 2D 

materials, paving the way for the practical application of 2D materials in the future. 

 

In flexural test, we innovatively performed the direct in situ TEM experiments on the flexural 

bending of the membrane. The mechanical properties revealed by in situ TEM show a strong 

relevance to vdW force and dynamical properties. It breaks the limit and achieves the ultrathin 
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thickness prohibited normal mechanical tests on these atomic membranes. In the ultra-thin 

membranes, the bending rigidity cannot bear stability and self-standing against external 

perturbations. We observed the complete formation and recovery process of wrinkles of 2D 

monolayer membranes in nanoscale under external manipulations. We discovered that: (1) The 

continuous flexural test on 2D materials can be achieved by a vdW sliding fixture method, 

which give well-reproducible results. (2) The bending and wrinkling in this range of 2D 

materials are totally elastic and recoverable. (3) The buckling processes occur during the 

formation and recovery of 2D wrinkles. The flexural properties can be retrieved from these 

tests. The flexural mechanics displayed here will greatly benefit the fundamental studies of 2D 

atomic structures and promote more applications in 2D. The interesting and innovative 

experimental design and the significance of the basic mechanics in this work provides new 

method of flexural test in nanoscale. 

 

All the works above provide new ways of the in situ direct observation on structural and 

dynamical properties of 2D materials. The series (S)TEM image recording allows the analysis 

on the continuous atomic movement in the scanning area. The challenge is mainly about the 

control on the electron beam energy. At the present stage, energy provided by electron beam 

irradiation to create defects on 2D materials is not easy to quantify, and the mechanical defects 

generated in this case are limited. Possibility of applying an external strain directly on materials 

with nanoscale precision can broaden the discovery of mechanical behaviors and structural 

properties under (S)TEM, as well as calculate the dynamical properties of 2D materials. The 

equipment deciding the resolution of (S)TEM such as Cs correctors can also be improved, thus 

not only metal atoms but also lighter elements atoms can be observed clearly. It can lead to a 
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better vision on the formation of defects and determine the change of energy. Apart from this, 

there are more structures and phases in 2D materials still under exploration, a deeper 

understanding with a more completed library of materials is the main goal of future study. 


