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Abstract
Study of strain dependence of physical properties in MoS: layers

by in situ transmission electron microscopy observation
XIE Lilin
1820416

Owing to the ultrathin crystal structure, two-dimensional (2D) materials, such as molybdenum disulfide (MoS,),
exhibit unique mechanical and electronic properties that make them promising for the application in electronic devices.
Applying strain is an effective method to modify its properties since strain can modulate the crystal structure and
electronic structure. However, experimentally investigation on atomic-scale during straining has been rarely reported.
Therefore, in this thesis, we developed an in situ stretching holder for the transmission electron microscopy (TEM)
observation, and investigated the strain dependence of the physical properties of MoS, nanosheets.

We developed an in situ stretching TEM holder, which was designed for the purpose of investigating the strain
dependence of 2D materials. The stretching function is performed with the piezo actuator, which generates a displacement
by applying the bias voltage and drives the deformation of the titanium plate for stretching the trench in the Si chip. Our
in-situ stretching TEM holder enabled us to obtain an atomic TEM image and a linear relationship between the applied
bias voltage and gap distance, indicating it is stable and effective for the TEM observation. The displacement step of the
holder was measured to be 0.06 nm/mV that is applicable for stretching on atomic scale.

We performed in situ stretching TEM observations of the MoS, nanosheet by our stretching TEM holder, for
investigating the mechanical response of MoS; nanosheet under stretching. The fracture process of a multilayer MoS,
nanosheet was studied, in which the crack of the sample was propagated along with the zigzag edge layer by layer. Our
results suggested that the fracture of MoS, nanosheet was an interlayer fracture with a zigzag propagated orientation.
Additionally, we observed the rippled structure in the MoS, nanosheet, and investigated the structural modulation during
stretching. The periodically atomic-contrast change during stretching with a 0.7% tensile strain was revealed, it was
attributed to the out-of-plane displacement of the sample during stretching.

We proposed a method for the quantitatively identifying ripple structure of MoS;, nanosheets on atomic scale. The
periodical ripple structure, which formed along the armchair configuration, were observed in the MoS, nanosheet.
According on the geometry of the rippled structure and the projective feature of TEM, we investigated the relationship
between the geometric structure of the ripple and corresponding apparent strain, that the rippled can be identified on atom-
scaled with high-resolution TEM (HR-TEM) images. By applying the geometric phase analysis method to the HR-TEM
images of ripple structures, we obtained the corresponding apparent strain distribution and proposed that the ripple
structure of the MoS; layers could be quantitatively estimated on the sub-nanometer scale. We experimentally observed
the ripple structure of the MoS; layers, and analyzed the corresponding apparent strain. It was found that it was an inclined
sinusoidal pattern, which is inclined approximately 7.1° from the plane perpendicular to the incident electron beam, and
its period and amplitude were estimated to be 5.5 and 0.3 nm, respectively. Furthermore, the bending model of MoS,
nanosheet was suggested to be the layer model with no-in-plane distortion, due to the van der Waals interaction between
layers of MoS, was very weak.

We experimentally investigated the mechanical response of MoS, nanosheets under applied strain conditions. The
geometric evolution with increasing tensile strain was revealed by using our strain-based analysis on HR-TEM images.
It was found that the relationship between the tensile strain and the amplitude/period was not followed the 1/4 power scale
law, indicating the continuum mechanics is failed in explaining the bending of 2D materials at the atomic scale. This
failure was attributed to the incapable plate model for the bending of the 2D materials. By analyzing the strain dependence

of the geometric structure of the ripples, we estimated the Poisson’s ratio of MoS; nanosheet from our experimental results



during stretching, which showed that the Poisson’s ratio increased to 0.57 when the longitudinally tensile strain increased
to ~1.6%. We proposed an analytical model, which revealed that the nonlinear response of Poisson’s ratio with increasing
strain was originated from the changing of bond length was not proportional to strain.

In conclusion, the physical properties of atomic-scale MoS, layers have been investigated by our homemade TEM
holder. Our result revealed the interlayer fracture mechanism, proposed a strain-analysis based method to estimating
rippled structure at the subnanometer scale, and investigated the strain dependence of the structure and Poisson’s ratio of
MoS; layers. Our results provide an experimental method for investigating 2D materials under strain conditions, which
can contribute to a better understanding of their mechanical properties at the atomic scale and the development of their

future applications.

Keywords: in situ TEM, MoS, stretching, rippled structure, strain dependence.
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Chapter 1

Chapter 1 Background

Introduction

Chapter 1.1 is the introduction part that introduces the background of the two-
dimensional (2D) materials, especially the molybdenum disulfide and its strain
dependence on the physical properties, which includes the theoretical and experimental
research. Rippled structure of 2D materials is also explained with introducing the recent
progresses. In Chapter 1.2, we briefly review the recent research progress on the strain
engineering and characterization methods of 2D materials. In Chapter 1.3. the main

purpose and significance of the research will be mentioned.
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1.1 Two-dimensional materials and rippled structure

1.1.1 Two-dimensional materials and molybdenum disulfide

Two-dimensional (2D) materials, which have an atomically thin layered structure,

have attracted the abroad research interest since the discovery of graphene [1]. Owing

to their ultrathin crystal structure, 2D materials, such as graphene and molybdenum

disulfide (MoS;) layer, exhibit unique mechanical and electronic properties. For

example, graphene has a fracture strength of 130 GPa and Young’s modulus of

1.0 TPa [2] with high electron mobility and good electrical conductivity [3,4]. Except

for graphene, as an important and representative 2D material, MoS; layer has been

widely investigated such as its mechanical properties [5-7] and electronic

properties [8-10]. Besides, it is found that atomically thin MoS; can accept up to a

tensile strain up to 20% before rupture [11,12], such a high yield strength makes it a

promising material for the investigation of mechanical properties of strained 2D

material and the application for flexible devices [13,14]. Such exceptional properties of

2D materials make them promising for electronic and mechanical applications [15-18].

The crystalline MoS: is a layer structure, in which the plane of molybdenum is

sandwiched between the planes of sulfide atoms on both sides. Three motifs of MoS»

structure, 3R, 2H, and 1T, have been reported [19]. The number in 3R, 2H, and 1T

correspond to the number of layers in the unit cell, and the letter correspond to the type
2
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of symmetry that the R, H, and T stands for the rhombohedral, tetragonal, and

hexagonal respectively. There are two coordination of the MoS; structures, the triangle

prismatic coordination and the octahedral coordination. The triangle prismatic

coordination makes a 3R or 2H motif, which is semiconducting, as shown in Fig.1.1(a)

and (b), respectively. These atomic models are visualized with the software of

VESTA [20]. The octahedral coordination makes a 1T motif, which is metallic, as

shown in Fig.1(c). Both 2H and 3R motifs are semiconducting, while the 1T phase is

reported to be metallic [21]. The most stable state at room temperature is the triangle

prismatic coordination in the bulk 2H motif, which has been investigated in this work.

Figure 1.1. (a)-(c) The atomic structure 3R, 2H and 1T phase of MoS,, respectively.

Upper: the top view; bottom: the lateral view.
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Similar to graphene, the 2D MoS> can be prepared by the mechanical exfoliation

method from bulk. It was reported that the band gap of 2H MoS: is changed from 1.2

eV (indirect, bulk) [22] to ~1.7 eV (direct, 1 Layer) [23] with the reducing thickness.

1.1.2 Influence of strain on the properties of MoS>

Among the properties of 2D materials, electronic properties have important effects

on the electrical behavior, such as bandgaps, carrier density, and mobility, which are

keys for the application on the electronic device. Also, the electronic properties of 2D

materials are sensitive to strain so that the 2D materials could change both the crystal

structure and bandgap structure [24-26]. As for MoS: structure, its energy band

changed from indirect to direct and the carrier mobility can be enhanced significantly

by applying the strain [27]. What’s more, the bandgap of the bilayer MoS» was reported

to reduce to 0 eV with applied 8% tensile strain [28], as shown in Fig. 1.2. It means that

it has the transition from semiconducting to metallic behavior. Although this

phenomenon makes it a promising application in low-power and sensor devices, its

mechanism has not been clarified. The strain-induced electronic stated change of MoS»

has been mainly reported by the theoretical calculation, while it has been rarely reported

by experiments.
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Figure 1.2. Plots of band gap (Eg) versus strain for mono- and bi-layer MoS; [28].

1.1.3 Rippled structure of 2D materials
The strain can not only modulate the electronic properties of 2D material, but also
their structural properties. Due to the ultra-thin layered structure, 2D materials have
been suggested to be not perfectly maintain the flat sheets owing to intrinsic thermal
instability [29-31]. Graphene has been reported to form a rippled structure such that
the out-of-plane displacement (amplitude) and the fluctuation wavelength (period) of
carbon atoms were approximately 1 and 10 nm, respectively [29,30]. Additionally,
ripple structures of graphene were observed near the position where the dislocations
were intentionally introduced [32], suggesting that the ripple structures can also be
formed by internal strain due to the dislocations [33]. Such kinds of ripple structures,
which formed due to the thermal instability and internal strain were not periodic

structures, as shown in Fig. 1.3.
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Figure 1.3. The diagram for corrugated graphene [29].

Meanwhile, periodically rippled structures were found in 2D materials, it was

reported both in graphene [34-38] and MoS; [11,39]. Such periodic structure was

formed due to externally imposed strains, such as the strain generated from thermally

expansion mismatch [36,38] and the strain from substrate straining [39,40]. In the

former one, the strain was generated by the difference in thermal expansion coefficient

(TEC) between the 2D materials and the substrates. After the heating and cooling

process, this mismatch of TEC resulted in the strain in the 2D materials that lead to

formation of the periodically rippled structure. As for the latter case, the strain was

generated by the pre-strained or stretching substrates. By stretching the substrate in

advance before 2D materials was placed on it, the strain was induced and the periodic

ripple structures were formed by the shrinking of the substrate. The periodically rippled

structure were also formed by stretching the substrate directly that induced the
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externally imposed strain. The scanning electron microscope (SEM) image of periodic

ripple structures is shown in Fig. 1.4.

Figure 1.4. SEM image of a bilayer suspended graphene with periodic ripples [36].

The structure of the ripple structures is predicted to be sensitive to the longitudinally
tensile strain [41-43], which generates a transverse strain depending on Poisson’s ratio
to induce an atomic-scale wavy pattern perpendicular to the stretching direction.
According to continuum mechanics [41], the relationship between the ripple geometry
(the amplitude A, and the period 1) and longitudinal tensile strain (&) can be described

by:

(27Lt)"?

O (1.1)
|:3(1—V2)8]
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1/4
16¢
A= L)Y —— | | 1.2
(L) [Sﬁz(l_vz)} w2

where L is the longitudinal length of the sample, t is the thickness, ¢ is the applied tensile
strain, and v is Poisson’s ratio. Equations (1.1) and (1.2) show the relationships A ~ & /4
and A ~ g4,

The mechanical response of rippled graphene under strain conditions has been
extensively studied through theoretical approaches such as molecular dynamics
simulations. The stretching of rippled graphene has been approximated with continuum
mechanics, according to which the competition between the bending and stretching
energy causes the period (1) and amplitude (A) of the ripple to follow a 1/4-power
scaling law [41] for the longitudinally tensile strain (g), such as A ~ ¢ ¥4 and A ~&*/*.

Such a relationship seems to be unique and can be helpful for understanding the

mechanical response of 2D materials under stretching.

1.1.4 The bending of 2D materials

The rippling of 2D materials involves their bending behavior, which is related to their
thickness, several attempts have been done to clarify the bending of single/multiple
layer 2D materials.

The bending of single layer 2D materials, such as graphene and MoSy, is reported to

be not involve the in-plane distortion. The molecular dynamics (MD) simulations of
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monolayer graphene suggested that the monolayer graphene could be bended by =-
orbital misalignment instead of in-plane o-bond deformations [44], which means there
is no in-plane distortion occurred in the bending of single layer graphene. And, the MD
simulations of monolayer MoS: also showed that the bending does not change the Mo—
Mo atomic distance even when the bending radius is greater than 4 nm [45]. Also, the
Mo-Mo atomic interaction has been reported not to contribute to the bending modulus
of monolayer MoS> [46]. Thus, the in-plane distortion is suggested to be negligible in
the bending of single layer of 2D materials.

In the meanwhile, the bending of multilayer 2D materials is complicate than that of
single layer, due to the interaction between the layers. Depending to the interlayer
interaction, there are two bending models for describing the bending behavior of 2D
materials, the plate model and the layer model [47], as demonstrate in Fig.1.5 (a) and
(b). The plate model assumes a strong interlayer interaction that the layers act as the
glued interfaces, thus, the extension/compression of bond length occur in the
outer/inner part of bending region that result in the in-plane distortion, as shown in
Fig.1.5 (a). Whereas the layer model assumes a weak interlayer interaction that the
different layer acts as the bending of a single layer without in-plane distortion, as shown
in Fig.1.5 (b). The bending stiffness (D) was suggested to be the function of the number

of layers (N) such as D~N2 and D~N in the case of plate and layer model, respectively.

9
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Previous experimental studies using pressurized bubbles have reported that the
multilayer 2D materials showed an intermediate behavior corresponding to the two

models [47] according to the measured bending stiffness, as shown in Fig.1.5 (c).

(;?O/O’O'W Plate model (c) 14 :
W\% E 12¢ = Graphene ”I D~Ne i 2
OQ.O(}U@@QQO z e hBN L T B
W@% Bending with 5 10} A MQS2 //4— = A .
Of)OOOOOOOO in-plane distortion. % o[ £ N
Glued interfaces @ )/ A
b 2 8 : A8
(b) - £ A
Q_OC}OOOO o 4t s
S : Layer model =g / 74 i a
O > : c
. = 21 /’ B (7\
OOOGOOOO‘Q , E ‘i“i | 1 'gny
m 0 _——;hw D~N

O
Q‘OOQOI)O()O Bending without : L "
QQOO-OQOOOO in-plane distortion. 0 5 10 15 2 S
Thickness (nm)
Ultralubricated interfaces

Figure 1.5. Bending of multilayer 2D materials [47]. lllustration of the deformation
of bended multilayer 2D materials with plate model (a) and layer model (b), which
shows glued and ultra-lubricated interfaces, respectively. (c) The thickness dependence
(N: number of layers) of bending rigidity (D) of 2D materials, the dash-dotted and solid
lines indicate the theoretical predictions of bending rigidity in the plate and layer

bending model, respectively.

Although the MD simulation or experimental methods have been achieved to clarify
the bending of 2D materials, the structural characterization of the bending behavior on

atomic scale has been rarely reported. To clearly comprehend such atomic-scale

10
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mechanics, ripple structures of 2D materials in the subnanometer range should be

studied.

1.2 Strain engineering and characterization methods of 2D materials

To clarify the influence of strain on the properties of 2D material, several

experimental methods have been developed to apply strain in 2D materials.

One of the common methods to induce the strain in 2D materials is to deform the

substrate, such as the bending or stretching of the flexible substrate [48—51], as shown

in Fig 1.6. By applying strain on the flexible substrate and combining with spectroscopy

methods, such as Raman spectra, and photoluminescence spectroscopy, the strain-

induced energy bandgap modulation has been investigated [52]. Also, the morphology

can be obtained with scanning electron microscope and atomic force microscope

(AFM). Additionally, the electrodes can be deposited on the flexible substrate that

makes it possible for analyzing the influence of strain on the application of flexible

electronic devices, as shown in Fig 1.6.

Figure 1.6. The schematic image of the bending device of MoS> [49].
11
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For the suspended sample, the indentation of a tip can also induce the strain for the

2D materials [53], as shown in Fig.1.7, in which the STM/AFM tip was also used to

introduce the strain in the 2D materials. With the help of the AFM tip, which can reflect

the information of stress, the mechanical properties can be obtained. Experimentally,

the Young’s modulus and the elastic constant of the exfoliated graphene was calculated

to be 1.0 TPa and 342 N/m [2], respectively. Moreover, the Young’s modulus and the

tensile strength was estimated to be 270 + 100 GPa, and 23 GPa in the monolayer MoSa,

respectively, with the ultimate strain of 11% [6].

Source Drain

Si0,
Si

Figure 1.7. The schematic of the indention of MoS; monolayer with AFM tip [53].

While, it is difficult to realize direct observation of atomic structural change during

the straining process. Transmission electron microscopy (TEM), which is a powerful

tool to study the structural properties of materials on atomic scale, is attractive for

investigating the strain in 2D materials. It was achieved by combining with different

12
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types of TEM sample holder for inducing the strain, such as AFM based [54] and
Micro-Electro-Mechanical Systems (MEMS) chip-based [55-57] TEM holders as
shown in Fig.1.8. These methods could analyze the strain-induced structural change
during the stretching by TEM observation. But limited to the operation of the AFM
cantilever and the actuator of the MEMS chip, it is difficult to get stable atomic-scale
resolution during observation. It is worth to establish an experimental characterizing
method with the atom-scale resolution for quantitative analysis of 2D materials under

strain conditions.

Compression
(a) Force-sensing cantilever (b) 5

LL__ 1

W tip Piezoelectric tube

Figure 1.8. (a) Image of the AFM based TEM holder and the TEM image of a stretched

graphene nanosheet [54]. (b) SEM image of the MEMS chip and TEM image of the

patterned graphene nanoribbons with diffraction patterns from the nanoribbons [56].

13
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1.3 Purpose and contents this research

Understanding the physical properties of 2D materials is the key to their application.

However, experimental results about the straining process on atomic scale have been

rarely reported and corresponding structural change has not been clarified.

Experimental investigations are extremely important in clarifying their strain

dependence of physical properties. Therefore, to address these issues, the main purpose

and contents of this research aim to:

1. Development of in situ stretching TEM holder for 2D materials

characterization. The in situ TEM holder has the stretching function, which is

driven by a piezo actuator, and must be stable and effective for the TEM

observation on atomic scale.

2. By in situ stretching of MoS» layers, the fracture process of a multilayer

MoS; nanosheet is studied.

3. Exploring the method analyzing the atom-resolved TEM images to estimate

the ripple structure in the MoS; nanosheet quantitatively. Considering the

projective feature of TEM images, the ripple structure is thought to be

identified by estimating the apparent strain.

4. Investigation of the mechanical response of MoS; nanosheets under strain

conditions. The geometric evolution of rippled MoS; nanosheets with
14
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increasing tensile strain is investigated. We estimate the strain dependence of

the Poisson’s ratio of MoS; nanosheet.

15
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1.4 Conclusion

In this chapter, we introduce the background of our research. In Chapter 1.1, we

discussed the unique properties of 2D materials and the influence of strain on the

properties of 2D materials, the rippled structures in 2D materials and the bending

behavior of single and multilayers were also introduced. In Chapter 1.2, we briefly

reviewed the recent research progress on the strain engineering and characterization of

2D materials. We introduced the previous method to explore the structure and properties

of 2D materials in the experimental aspect of view, corresponding advantages and

limitations were analyzed. In Chapter 1.3, we clarified the purpose of our research, the

method, and the main point of this thesis.

16
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Chapter 2 Experimental method

Introduction

This chapter describes the experimental methods which are related to this work. In
Chapter 2.1, we introduce the basic principle of TEM characterization methods, which
including the component and the imaging of TEM, the geometric phase analysis method,
and the visibilities of the TEM images. In Chapter 2.2, the fabrication process of Si chip
for 2D material is introduced. In Chapter 2.3, we will introduce the method of sample

preparation and transfer.

17
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2.1 Transmission electron microscopy

To investigate the properties of 2D materials on atomic scale, the transmission
electron microscope (TEM) is performed, which is a powerful tool to characterize the
structure on atomic scale. The ultra-high vacuum TEM (UHV-TEM) (JEM-2000VF,
JEOL), with the accelerating voltage of 200 kV, is used in our experiment, it is
maintained with a high vacuum (~0.8 X 10 Pa) to avoid the adsorption of carbon

contaminants during electron beam irradiation, the photograph is shown in Fig. 2.1

Figure. 2.1. The photograph of the TEM (JEM-2000VF, JEOL).

2.1.1 The component of TEM

TEM is an electron microscopy method that using transmitted electrons for

imaging. Comparing to the optical microscope (OM), the electron beam is used as the

18
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light source and the magnetic lens is used as the lens. Similar to the OM, the image
resolution of TEM can be approximately estimated by the Rayleigh criterion with the

following [58]:

0611

0 =—
usin g’

2.1)

where / is the wavelength of the electron waves, u is the refractive index of the viewing
medium, and f is the acceptance angle of the objective lens. The Eq. (2.1) expresses the
limitation of the resolution, thus, reduce the 4 is the effective way to improve the image
resolution. As for a TEM with the accelerating voltage of 200 kV, the wavelength of the
electron waves is 0.00251 nm, which is much less than the diameter of the atom, that it
can achieve an atomic-scale resolution. The structure of the conventional TEM [59] is
shown in Fig. 2.2 (a), compared to that of the OM, as shown in Fig 2.2(b).
(a) (b)

{ s
LY
High Voltage L Erectron source J Light souce

Source of radiation

~_ Condenser
lens

~ Specimen

Objective o
aperture ~—Objective lens—
Selected-area «— Intermediate lens

aperture

_.le..l..........k._ Screen ;_\_
Figure 2.2. The structure of the transmission electron microscope (TEM) (a) and an
optical microscope (b) [59].
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As demonstrated in Fig. 2.2, a typical TEM is composed of the electron gun, the

vacuum system, the electromagnetic lenses, the sample stage, the apertures, and the

image recording system. The electron gun is acted as the source of the electron beam.

The vacuum system is used for maintaining the high vacuum of the TEM chamber to

reduce the influence of gas molecules on the electrons (reducing the mean free path of

the electrons) and samples (reducing the electron beam-induced deposition). The

electromagnetic lenses in TEM are used to focus the electrons, and it is divided into

condenser lens, objective lens, intermediate lens, and the projector lens, as shown in

Fig.2.2(a). The sample stage is used to clamp the sample holder in the TEM chamber,

in order to produce the image/ diffraction pattern of the sample through the objective

lens. The sample stage allows the insertion of different types of sample holders, with

which we can achieve specific TEM observation of the specimen. The apertures are

used to filtered the electron beams. The image recording system is used to record the

image from the electrons.

2.1.2 The imaging of TEM

The TEM imaging is achieved with the transmitted electrons. The basic imaging

process is described as following.

a. The electron gun emits and accelerates electrons, and the emitted electrons are

focused by the condenser lens.
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b. Then, the incident electrons interacted with the sample, and the electrons will

transmit/scatter through the specimen.

c. These transmitted/scattered electrons are focused by the objective lens for

imaging. With the help of the intermediate lens and the projector lens, TEM images will

be obtained.

There are two working methods for TEM, the imaging mode and diffraction mode,

as shown in Fig.2.3(a) and (b). The diffraction pattern is formed in the back focal plane

by the objective lens, and the image generates in the image plane (it is called

intermediate image). The imaging and diffraction modes are changed by the

intermediate lens, as the focusing of the intermediate lens can adjust the image or

diffraction pattern showing in the second intermediate image, then magnified by the

projective lens. Finally, the image or diffraction pattern is present on the screen, or

recorded by the camera. In this study, the TEM images which represent the atomic

structure of samples are obtained by imaging model and recorded by a CCD camera.

To obtain the atomic structure of samples, high-resolution transmission electron

microscopy (HR-TEM) is used in our experiments. The imaging contrast of HR-TEM

is origin from the interference between scattered electron waves with transmitted

electron wave. For the very thin sample, it can be treated as an object that the amplitude

of the incident electron wave is not changed but the phase of the wave slightly changed
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after the interaction. In this case, due to the interaction between sample and incident
electron wave, and the interference of the electron exit waves, the phase change that
occurred is relative to the incident wave peaks at the location of the atomic columns.
By recording the amplitude of the phase interference, the HR-TEM image is recorded

with a CCD camera, it is represented the projected structure of sample.

(a) Imaging mode (b) Diffraction mode

f Electron gun
1

|

Condenser lens
Condenser aperture
Specimen
Objective lens
Back focal plane == , Objective aperture

Selected area aperture Image plane

Intermediate lens

Projector lens

Screen

Diffraction pattern
Figure 2.3. Schematic of the imaging mode (a) and diffraction mode (b) of TEM.
Imaging/diffraction mode is adjusted when the image/diffraction pattern is showing in

the plane of the second intermediate image by adjusting the intermediate lens.
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2.1.3 The geometric phase analysis of TEM image

The atomic image can be obtained by HR-TEM, which makes the possibility to reveal
the structural deformation of materials on an atomic scale. To obtain the atomic-scale
structural deformation (strain) mapping, we introduce the geometric phase analysis
(GPA) [60,61] method to the HR-TEM images. The basic principle of GPA is that the
displacement of the lattice can be measured by calculating the Fourier components of
the lattice fringes in the HR-TEM image, therefore, the corresponding strain map can
be revealed.

The intensity of an HRTEM image, /(r), can be described as:

1(r) =" 14(r)e?™e°r, (2.2)
9

where, g are the reciprocal lattice vectors of the lattice without distortion. The local
Fourier components can be obtained as:

I, (r)= A, (r)e™®, (2.3)
where, Aq(r) is the amplitude that indicates the local contrast, Py(7) is the phase that
indicates the position. The phase is representing to the displacement field u(r) of the
lattice, as following:

P,()=—2mgeu(r). (2.4

Therefore, by measuring two different phases, such as Pg;(r) and Pg(r), which

present two different reciprocal lattice vectors of the image, the 2D displacement field
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is determined as:
U() === [P, (N3, + P, (r)a,] 2.5)
27 gl al g2 24> :
where, a; and a are the basis vectors of the lattice in real space corresponding to the g;

and g». Then, the strain field can be retrieved from the gradient of the displacement

field:
a, o,
_ gxx ‘gxy _ aX 6y
&= Ex &y B ou, ou, | (2.6)
ox oy

Thus, the 2D strain map on atomic scale can be retrieved from the HR-TEM image.
In this study, we can reveal the deformation of the atomic structure during the in situ

TEM observation by applying the GPA on the HR-TEM images.

2.1.4 The influence of thickness on the visibility of HR-TEM image
Generally, the HR-TEM image represents the projection of the electrostatic potential
(p(r)) of atoms making up the crystal [58], that is, intensity of the HR-TEM image is
related to the projected electrostatic potential (¢ '(r)) along the parallel direction to the
incident electron beam. The projected electrostatic potential is related to the
electrostatic potential and the thickness of the sample (7), and can be described as:
. t
P'(Xy) = IO dze(X,Y,2) . (2.7)

And the intensity of HR-TEM image (/(r)) can be expressed as following:

1(r) =1-20¢'(r) 2.8)
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where ¢ is the interaction constant between sample and the electrons. Therefore, the
changes in the thickness will result in the modulation of the (¢ ’(r)), correspondingly,
the intensity of the HR-TEM image is modulated. Previous report has shown that the
intensity of the N and Al column in the HR-TEM images increased with increasing
thickness [62].

Thus, the changes in the intensity of HR-TEM image will result in the changes in the
visibility of the sample. Hence, the visibility of the HR-TEM image is defined as the
function of the intensity of atomic column (/n4x) and the spacing between atomic

column (Zin). The visibility of the atomic column (Vis4wm) 1s described as:

: _max min
VISAtom -

Imax + Imin . 29)

As shown in the Fig.2.4(a), the simulated HR-TEM images of the sample shows a
contrast of lattice, and the corresponding intensities was obtained from the profile of
the marked region, as shown in Fig.2.4(b). We should also notice that there is a Fresnel
fringes appears in the edges of the sample, as shown in both Fig.2.4(a) and (b), the

visibility of the Fresnel fringes (Visrres) can be described by the bright (/) and dark (Ip)

intensity of the Fresnel fringes, as following:

Fres — . 2.10
I +1, (2.10)
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Figure 2.4. (a) The simulated HR-TEM image of MoS,, with a thickness of 4.92 nm,

and focus of -55 nm. (b) Profile of the HR-TEM image marked with red frame in (a).

According to the Eq. (2.8), the intensity of HR-TEM image is modulated with the

thickness, obviously, the intensity of the columns and the Fresnel fringes will change.

Thus, both the Viswom and Visrres are sensitive to the thickness.

To estimate the thickness of MoS; layers by the visibilities, we simulated HR-TEM

images with different layers (thickness) of MoS; crystal. The simulation conditions

were set to be the same as the observation ones: with the accelerating voltage of 200

kV, the spherical aberration of 0.7 mm, beam convergence of 3.4 mrad, defocus value

of -55 nm (under-focus). The thickness of the MoS: layers were range from 1 to 10

layers. The visibilities were calculated based on the Egs. (2.9) and (2.10), and the

relationship between the visibilities and the thickness (number of layers) of MoS; layers

is shown in Fig.2.5. Consequently, the number of layers (thickness) of the MoS; layers

can be identified based on such a relationship.

26



Chapter 2

Visibility
(—) [—] (—) [(—) [—) (—)
N W R W oa

0.1

Layer

Figure 2.5. Relationship between visibilities and the number of layers of MoS,.

2.2 Fabrication process of Si chip for 2D material

To mount the 2D materials for the experiment, a Si chip is introduced for providing
a flat surface on atomic scale. The fabrication process of the Si chip consists of a
standard electron beam lithography (EBL) process, the wet etching process, the dry

etching process, and the electron beam deposition (EBD) process.

2.2.1 The experimental equipment used in the fabrication process

EBL system

The EBL process is carried out with the EBL machine (ELIONIX, ELS-3700), as

shown in Fig.2.6. The EBL is used to produce the designed pattern on the sample by

using a focused beam of electrons. The surface of the sample is covered with the

electron-sensitive film (which is called a resist, and here we using Polymethyl

methacrylate: PMMA), the solubility of the PMMA changed with the electron exposure.
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Then the exposed regions of PMMA can be removed by solvent, and the designed

patterns are shown.

Figure 2.6. Photograph of Electron Beam Lithography system (ELS-3700, ELIONIX).

Dry etching system

The dry etching is carried out with the reactive ion etching system (RIE-10NR,

SAMCO), as shown in Fig.2.7. In the dry etching process, the active plasma is

generated by the electromagnetic field and it is used to remove specific materials. In

our experiment, dry etching is used to remove the Si3N4 film on the surface of the Si

chip for the further etching.
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Figure 2.7. Photograph of the reactive ion etching system (RIE-10NR, SAMCO).

EBD system

EBD is a deposition method by using electron beams to evaporate the target materials.

In our experiment, the EBD system (MUE-ECO-EB, ULVAC) is used to deposit the

chromium/gold (Cr/Au) on the Si chip to fabricate the electrodes, as shown in Fig. 2.8.
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Figure 2.8. Photograph of the EBD system (MUE-ECO-EB, ULVAC).

2.2.2 The overall fabrication process of Si chip
The Schematic fabrication process of the Si chip is shown in Fig.2.9. The Si wafer
(<100>, N-type, 0.2 mm of thickness) with 50nm silicon nitride (Si3N4) is used to
fabricate the Si chip,
The detailed process is described as follows.
1. Substrate cleaning. The Si wafer is cleaned with solutions in the order of
isopropyl alcohol (iPA), acetone, and deionized water, each for 3 min.

2. PMMA coating. The cleaned substrate is coated with PMMA by spin coating,
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the spinning speed is 4000 rpm, and the time is 60 s. Then, it is baked with

180 °C for 5 min.

3. EBL process. The EBL system (ELS-3700, ELIONIX) is used in this process,
with the beam current (Ipeam) of 1.5 nA, and the dose time (tdose) of 7 s. The

accelerating voltage of the electron gun is 30 kV, the scan area is 500 pm?, and

the size of a dot is 25 nm, and the Pitch is 4. After the pattern is drawn by EBL,

the development is carried out in the solution of methyl isobutyl ketone (MIBK)
and iPA. It is developed with the solutions in the order of MIBK:iPA=1:3,

MIBK:iPA=1:1, for 2min and 20 sec, respectively. Finally, it rinses with iPA
for 45s.

4. Dry etching. The dry etching is performed with the reactive ion etching

system (RIE-10NR, SAMCO) to remove the Si3N4 membrane for patterning.

The etching is carried out with the carbon tetrafluoride (CF4, 20 sccm) gas,

operated with a pressure of 4 Pa, the power of 30W for 2 min.

5. Wet etching. The wet etching is performed with KOH solution (33 wt%,

Kanto chemical) to make a trench in the Si chip. The KOH solution is

maintained with a temperature of 80°C and lasts for 4h. The etching occurrs at

the region where Si3N4 membrane is etched in the dry etching process. Due to

the anisotropic etching rate of the Si, in which the (111) plane shows the lowest
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etching rate, a trench with a slop of (111) plane is fabricated, as shown in
Fig.2.9.

6. EBD process. It is an optional process and specific for fabricating Au
electrodes on the Si chip for the conductance measurement. The electrodes
deposit on the Si chip are performed by the EBD system (MUE-ECO-EB,
ULVAQ). Firstly, a Cr layer is deposited, 5 nm thick with a 1.0 A/s deposition
rate, as the adhesion layer. Secondly, the Au layer is deposited, 40 nm in

thickness at a deposition rate of 2.0 A /s.

1. Substrate 2. PMMA 3. EB Lithography 4. Dry Etching
cleaning spin coating patterning

=
ey

5. Wet etching 6. Electron beam

deposition

Figure 2.9. Schematic of the fabrication process of the Si chip.

Fabrication of the Si chip

After the fabricating process, the Si chip with a trench is prepared, a Si chip mounts

on TEM holder is showed in Fig.2.10(a). The width of the trench can be achieved to ~5
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um by the wet etching. The Si chip can be cracked along the trench by applying stress,

the cracked region can also act as the trench for stretching the 2D materials, as shown

in Fig.2.10(b).

Figure 2.10. Photograph of the Si chip. (a) Si chip with a trench. (b) Si chip after

cracking, mark 1 and 2 indicate the initial and stretched width of the cracked trench,

respectively.

2.3 Sample preparation and transfer

The MoS: nanosheet is prepared with the mechanically exfoliate method [63,64],

in which the natural MoS; is exfoliated by scotch tape. Then, the target sample is

transferred to Si chip by the dry transfer method [65,66].

2.3.1 Preparation

The natural MoS» (produced in Shirakawa) bulk is used for preparing the sample,
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as shown in Fig. 2.11 (a). The MoS: is exfoliated with the tape (Nitto) several times, as

shown in Fig. 2.11 (b). Then, the MoS; flake is transferred on a polydimethylsiloxane

(PDMS, Gel-Pak) stamp, as shown in Fig. 2.11 (c)-(d).

Figure 2.11. Mechanical exfoliation of MoS:. (a) Photograph of the natural MoS> bulk.

(b) Exfoliating the MoS; flake with tape. (c) PDMS stamp on the glass slide. (d)

Transferring MoS; flake on PDMS stamp.

The optical microscope (Axis Pro2, Micro Support) is used to check and select the

target sample, as shown in Fig.2.12(a). The PDMS with MoS: flake is mounted on the

manipulator of the optical microscope, as shown in Fig.2.12(b), for assessing the

thickness of the sample.
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® % (8 RAR .

Figure 2.12. (a) Photograph of the optical microscope. (b) Checking of the sample.

2.3.2 Dry transfer process

After the MoS; flake is prepared and inspected, the target sample can be transferred

on Si chip by controlling the movement of the manipulator, as shown in Fig.2.13. The

dry transfer process is described as follows.

1. Assessing and focusing the target sample on the PDMS stamp with the optical

microscope.

2. Moving the target sample to the top of the Si chip, then aligning the sample to

the target Si chip.

3. Focusing on the Si chip and lowering the height of sample/PDMS, approaching

the sample to the Si chip slowly.

4. Making the contact between the Si chip and the sample/PDMS.

5. Removing the PDMS stamp slowly, the sample is transferred on the Si chip.
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After the transfer process, the sample, which is mounted on the Si chip in the holder

should be baked for removing the contaminants, then, it can be observed in TEM.

1. Focus on target sample 2. Alignment of sample and chip 3. Approaching of sample and chip

4. Contacting of sample and chip 5. Transferred sample

Figure 2.13. The transfer process. (a) Assessing and focusing on the target sample. (b)

Alignment of target sample to the Si chip. (¢) Approaching of the sample to the Si chip.

(d) Contacting of the sample and Si chip. (e) Removing the PDMS stamp.
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2.4 Conclusion

In this chapter, we have introduced the mainly experimental methods used in the

work of this thesis, for the better understanding of our experimental results.

The principle of the transmission electron microscopy is introduced. The basic

component and the imaging methods of TEM are present. Then the principle of high-

resolution TEM is also explained, and the corresponding GPA of the HR-TEM image

is introduced for retrieving the strain distribution on atomic scale. The relationship

between the thickness (number of layers) of MoSz and visibilities of HR-TEM image

are also revealed.

The fabrication process of the Si chip is introduced. The Si chip is specific fabricated

for the stretching and TEM observation of the 2D materials. The related experimental

methods are also discussed.

Finally, the sample preparation and transfer process is explained. The sample is

prepared with the mechanical exfoliate method, and transferred on Si chip by the dry

transfer method.
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Chapter 3 Development of stretching TEM holder for 2D

materials

Introduction

This chapter introduces the development of stretching TEM holder for 2D materials.
In Chapter 3.1, we describe the design of the in-situ stretching TEM holder and clarify
the working mechanism of stretching. In Chapter 3.2, we carry out the in-situ testing of
the stretching holder. The stability and stretching ability of the holder are characterized,
the corresponding atomic TEM image and linear relationship between applied bias
voltage and gap distance are revealed. In Chapter 3.3, the conductance measurement

system is introduced.
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3.1 The design of the in situ stretching TEM holder

As for an in situ stretching TEM holder for 2D materials, it should be mechanically

stable that can obtain the atomic image, proving the mechanical force for stretching

sample and a flat surface for placing the 2D sample.

Considering the planar structure of 2D materials, we introduced a Si chip, which

can provide a flat surface, to mount the sample for the stretching of 2D materials. The

Si chip is fabricated with a trench by the etching method, and the sample is suspended

across the trench. It means the strain can be applied to the sample by stretching the

trench. In the meanwhile, the gold (Au) electrodes can be fabricated on the surface of

the Si chip, for the measurement of electrical conductance. For the stretching of the Si

chip, a titanium (Ti) plate is used for generating the planar deformation. To obtain an

atomic-scale resolution, the stretching process should be stable. Therefore, we use a

piezo actuator for introducing the displacement during stretching, as it is more

controllable and stable at small displacement than the mechanical one.

Thus, the holder consists of four parts, the frame, the Ti plate, the piezo actuator,

and the Si chip. The design of the stretching holder is shown in Fig. 3.1. Such a specific

design is made for the purpose of stretching for 2D materials.
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Si chip
Probe

Ti plate

Figure 3.1. Diagram (left) and photograph (right) of the stretching TEM holder.

The assemble of the stretching TEM holder is showed as the diagram in Fig. 3.1.

The piezo actuator is fixed with the frame of holder and contact with the Ti plate, the

Ti plate is mounted on the frame and fixed by three screws. The Si chip, which is etched

with a trench, is mounted on the Ti plate with silver paste. The stretching is achieved

by applying bias voltage on the piezo actuator, which the length is extended that

generates a longitudinal displacement. Then, the piezo actuator drives the deflection of

the left beam of the Ti plate, the motion of the Ti beam stretches the trench of the Si

chip, correspondingly, both the trench of the Si chip and the sample across the trench

are stretched.

In the stretching holder, the key is the deflection of the Ti plate, which drives the

stretching of the Si chip and sample. Therefore, we simulate the deformation of the Ti

plate under load by the software Ansys 2019, as shown in Fig. 3.2. With the load from

the piezo actuator applying from the right side and the bottom is fixed with screws, the

deformation of the Ti plate differs in parts that can lead to the stretching. As we can see
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the simulated deformation with a 1 N load in Fig. 3.2, the deformation of the position
1 is zero, while it deforms in the position 2, it means the left beam moves to the left
side and the central part keeps static that result in a stretching between the position of

1 and 2. The simulation result indicates our design works.

3.1359e-6 Max
2.7875e-6
2.4391e-6
2.0906e-6
1.7422¢-6
1.3937e-6
1.0453e-6
6.9687e-7
3.4844e-7

0 Min

Stretching

0 0.0045 0.009(m)

0.0023 0.0068

Figure 3.2. Deformation of Ti plate under load. Simulated by the software Ansys
2019 with a load of 1 N on the right side marked with the red arrow, the fixed

positions are the three screw holes in the bottom. The color bar indicated the

deformation.

3.2 The calibration of the in situ stretching TEM holder

With the TEM holder assembled, we carried out the calibration experiments for

evaluating its performance during the in situ stretching. The motion of the stretching
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holder was combined with a piezo actuator and a piezo driver. The piezo actuator

(KEMET AE0203D16DF, YAGEO company) was used in our holder, it can work with

a maximum voltage of 150 V (DC) and a corresponding maximum displacement of 17.4

um. A piezo driver was used to drive the piezo actuator (MESS-TEK, M-2680), as

shown in Fig. 3.3, it can control the applied voltage with a minimum step of 1 mV that

adjust the strain rate during the stretching.

Figure 3.3. Photograph of the piezo driver.

The stretching test was performed with the Si chip which contains an open trench

(85 um wide). By recording the image of the trench with different applied bias voltage

on piezo, as shown in Fig. 3.4. In the TEM holder, the gap distance changed in

proportional to the applied bias voltage, which was from the initial 85 pm to 102 um
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when the voltage was 142 V. By recording the bias voltage and corresponding trench

width, the relationship between the displacement of the trench and applied voltage was

obtained, as shown in Fig. 3.5.

Figure 3.4. (a)-(b) Image of the trench with the applied bias voltage of 0 V and 143 V,

respectively.

The relationship between trench width and the applied bias voltage was linear, it

indicating that the holder was effective for stretching.
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Figure 3.5. Relationship between trench width and applied bias voltage.
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In order to characterize the stability of the TEM holder, which is a key factor for

obtaining the atomic image, we carried out an in situ stretching test of a gold (Au) wire,

as shown in Fig. 3.6. The fast Fourier transform (FFT) pattern indicating a [110] zone

axis of Au. The TEM image showed clear atom contrast, which means the holder is

stable for the atomic-scale observation.

Figure 3.6. Atomic TEM image of Au wire. Inset is the corresponding FFT pattern,

indicating a [110] zone axis.

To characterize the displacement step during the stretching, we recorded the

position of the tip of the Au wire and the corresponding applied bias voltage. As shown

in Fig. 3.7, it showed a displacement of ~60.0 pm within 1 V applied voltage, implied

a displacement step of 16.7 mV per nm. With the minimum step of 1 mV of the piezo

driver, the minimum displacement step can achieve to 0.06 nm, such a step is applicable

for stretching on atomic scale.
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Figure 3.7. (a)-(d) TEM image of the tip of Au wire with applied bias voltage of 22.0V,

22.3V, 22.7V, and 23.0V.

3.3 Electrical conductance measurement

The conductance measurement of 2D materials can be performed at the same time

during the stretching measurement. As the Au electrodes are fabricated on the Si chip,

by contacting the conductance wires to the electrodes, the conductance of 2D materials

can be measured. The electrical conductance measurement system consists of the

Source Measurement Units (Keithley Model 2635A) and the test LabVIEW program,

as shown in Fig.3.8. The measurement system can perform the measurement on the

resistance and the current-voltage characteristic curve (I-V curve).
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Figure 3.8. Photograph of the electrical conductance measurement system.

Applying strain can modify the electronic properties of 2D materials, since it changes

the band structure that results in the change of the conductance behavior. Herein, we

carried out experiments to measure the conductance behavior of MoS; flake during the

stretching. The setup of the stretching TEM holder for measuring the conductance

behavior of the MoS: flake is showed in Fig. 3.9(a). The sample was transferred across

the trench, and attach with the Au electrodes on the Si chip, as shown in Fig. 3.9(b).

The electrodes were in contact with the conductance wires for the measurement.
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Figure. 3.9. (a) Image of the stretching TEM holder for 2D materials. (b) Optical image

of the MoS; flake transferred on the Si chip mounted on TEM holder.

The relationships between the applied voltage and electrical current (the I-V curve)

during stretching were measured, as shown in Fig.3.10. It is found that the conductance

reduced with the increasing tensile strain. Such a phenomenon is not consistent with

the previous report that the conductance increases with increasing strain, this situation

might be originated from the contact resistance change during stretching.
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Figure.3.10. The relationships between the applied voltage and electrical current of the

MoS; flake with the tensile strain of 0.18%, 1.8% and, 3.6%, respectively.
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3.4 Conclusion

In this chapter, a stretching TEM holder was developed for the purpose of

investigating the strain dependence of physical properties in 2D materials. The working

method of the holder is introduced.

The design of the holder is introduced. The holder consists of four parts, the frame,

the Ti plate, the piezo actuator, and the Si chip. The stretching function is performed

with the piezo actuator, which generates a displacement by applied bias voltage and

drives the motion of the Ti plate that stretching the trench in the Si chip. The Si chip

was introduced for placing 2D materials and corresponding stretching and conductance

measurement.

The in situ stretching experiment was carried out successfully for calibration. The

atomic TEM images and linear relationship between applied bias voltage and gap

distance indicated that it was stable and effective for the observation of 2D materials.

The displacement step of the holder was measured, which is 0.06nm /mV. Our testing

result indicating the stretching holder is applicable for stretching 2D materials on

atomic scale.

The strain dependence of the conductance behavior of MoS; flake was measured with

in situ TEM holder. The conductance of MoS; flake is found to be reduced with

increasing tensile strain.
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Chapter 4 The stretching and fracture of MoS: nanosheet

Introduction

This chapter contains the observation and analysis of the structure of the MoS,
nanosheet by in-situ stretching TEM holder. The fracture and stretching of MoS»
nanosheet are studied.

In Chapter 4.1, we show the TEM observation of the MoS, nanosheet, its atomic
structure is revealed. In Chapter 4.2, we show the structural modulation of MoS»
nanosheet under a small strain condition. In Chapter 4.3, we show the results of in situ

stretching MoS» nanosheet, and the fracture mechanism is investigated.
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4.1 The structure of the of MoS:2 nanosheet observed in TEM.

With our developed TEM holder, the suspended MoS: nanosheet can be observed

with/without the strain condition. The MoS: nanosheet was prepared by mechanical

exfoliation and transfer on the Si chip by the dry transfer method, as described in

Chapter 2. The sample was suspended between the trench after being transferred on the

Si chip, as shown in Fig. 4.1. The width of the trench in Si chip where the sample

mounted was ~5 pm.

Figure 4.1. Optical image of MoS2 nanosheet suspended across the trench of the Si chip.

After baking in the vacuum for 48 h, the sample was observed in UHV-TEM for

TEM observation. Fig. 4.2 shows the typical TEM image of MoS; at low and high

magnification. The TEM image shows that the MoS; nanosheet is suspended across the

trench, as shown in Fig. 4.2 (a). The dark contrast region corresponds to the Si chip.

The high magnification image shows clear atom columns, as shown in Fig. 4.2 (b). The

FFT pattern shows a hexagonal pattern viewing from the [001] zone axis of MoS; layers.
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In the TEM image, we observe contrast of contaminant, which is probably adsorbed on

the nanosheet when transferring by PDMS. Since the contrast of contamination is

relatively sharp (not blurred), the nanosheet is thought to be only a few layers in

thickness. Actually, the thickness could be confirmed to be 2.5 nm (four layers) by

estimation of the visibility (0.265%0.05).

Figure 4.2. TEM image of MoS: nanosheet with low magnification (a) and high

magnification (b), inset is the corresponding FFT pattern.

In the dry transfer method, when transferring the nanosheet adsorbed on PDMS to

the Si chip, it is necessary to press the nanosheet strongly against the chip. Such press

results in the stress left in the nanosheet and lead to the deformation after the transfer.

Actually we often observed Moiré patterns in the nanosheet, as shown in Fig. 4.3. The

Moir¢ patterns are original from the superposition of two different lattices, which have

a suitable mutual orientation but a small difference in lattice spacing with each other.

The appearance of Moiré patterns indicates there is a lattice mismatch or orientation
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difference between the layers of MoSz nanosheet. The Fig. 4.3 (a) shows that the lattice

mismatch/orientation difference in the MoS> layers were not uniform. The high

magnification TEM image, which was taken at the region marked by red rectangle in

Fig.4.3(a), did not show Moiré patterns and its FFT pattern was a single hexagonal

pattern, indicating there is no lattice mismatch or orientation difference, as shown in

Fig.4.3(b). At the edge region, The TEM image of more complicated Moiré patterns

was obtained as shown in Fig. 4.3(c). Its FFT patterns consisted of two sets of hexagonal

patterns with a rotation angle of 12°, which means that the rotation has occurred

between the layers of the sample. The mismatch and rotation between layers may be

caused by the transfer process, considering the layered structure of MoS; has weak

interlayer interaction.

Figure 4.3. TEM images of MoS: nanosheet with Moiré patterns. (a) Low magnification

image in the central part of the sample. (b)High magnification image of the marked

region in (a). (¢) High magnification image of the sample near the edge. Insets are the

corresponding FFT patterns.

Meanwhile, we notice that the samples, which were obtained by the exfoliated
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MoS: film, have a tendency to be stepped structure with zigzag edges, as showed in Fig.
4.4 (a)-(d). It suggests that the zigzag edge is more easily formed by the exfoliation. We
think that the crack may propagate along the zigzag configuration more frequently than
along the armchair configuration. Our experimental results agrees with the MD
simulation result [67], in which the simulation was performed with a 50 x 50 nm
monolayer MoS> model. They discussed about the energy release, which was defined
as the total energy change per unit length of the crack. The energy release along the
zigzag direction (2.09 eV/A) was lower than the armchair direction (2.48 eV/A), so that
the crack propagation presented predominant zigzag edges, indicating that the crack is

more easily propagated along the zigzag direction.

Figure 4.4. TEM images of MoS; nanosheet. (a)-(b) Low magnification images of the

central region and the stepped structure. (c)-(d) High magnification image of the

stepped edges and the central region.

53



Chapter 4

Moreover, the stepped structures of the edge in Fig. 4.4 (b) and (c¢) demonstrate the

interlayer fracture of MoS; layers. Such a phenomenon is conflicted with the previous

report [68], in which the MD simulation results showed a brittle fracture of multiple

layer MoS: (six layers or thicker) by assuming the combination between every layer is

tight, the crack of fracture was penetrated layer by layer that is called intraplanar

fracture. The difference between the report and our results should come from the pre-

stretching conditions in the MD simulation, which assumed a strong interlayer

interaction that the cracks could penetrate the adjacent layers. Our results showed clear

stepped edges imply an interlayer fracture of MoS; nanosheet, such an interlayer

fracture indicates the interlayer interaction between MoS: layers should be weak in the

experiment.

4.2 The structural modulation of MoS:2 nanosheet under stretching

The structural response of the 2D materials under stretching is important for

understanding their mechanical properties. To understand such kind mechanical

response, the in situ stretching of the MoS:2 nanosheet with a small tensile strain (~0.7%)

was performed.
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Figure 4.5. Atomic images of a three-layer MoS; nanosheet. (a) Before stretching. (b)

Stretched with a ~ 0.7% tensile strain. The arrow indicates the stretching direction.
g

Figure 4.5 (a) and (b) show the atomic images of the MoS; nanosheet without and

with stretching (0.7% tensile strain), respectively. The thickness of MoS; nanosheet was

estimated to be 1.8 nm (three layers) according to the visibility of atomic columns. In

order to reduce the contrast of contaminates which might be induced during the dry

transfer process, we performed the fast Fourier transform (FFT) filtered process on the

atomic TEM image, as shown in Fig.4.6 (a)-(b).

We found that the contrast of the sample was periodically modulated along the

armchair direction of MoS; structure, which showed a clear/unclear contrast of atomic

columns, as shown Fig.4.6(a). With applying a 0.7% tensile strain, the atomic contrast

was modulated that the inverse contrast was occurred, as marked with the white and

black dots in Fig.4.6 (b). The FFT patterns of the nearby regions, which were marked

with white and black frames that corresponding to original and inversed atomic
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contrasts, showed the same pattern. It suggests that such an inverse contrast should

origin from the changes in focus due to the out-of-plane displacement.

Figure 4.6. (a)-(b) Filtered HR-TEM images of the thin MoS; layers, corresponding to

the Fig. 4.5 (a)-(b), respectively. The insets show the FFT pattern of marked regions.

(c)-(d) Overlap of filtered TEM images and corresponding strain map (&,y) of (a) and

(b), respectively, the inset is the enlarged image of the region marked with red box. The

white and dark dots indicate the original and inverse contrast.

For the further analysis of the structural modulation, we carried out the GPA on the

TEM images of Fig.4.6 (a) and (b) to obtain the strain (¢,,) distribution by choosing a
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clear-contrast region as the reference, the x- and y-direction are defined along the zigzag

and armchair direction of MoS; structure, respectively. The overlapping of the atomic

images and corresponding strain maps were showed in Fig.4.6 (c) and (d). The periodic

pattern of the strain map indicated the periodic modulation of the projected atomic

distance in TEM image, the blue/yellow region of the strain map indicates the

compressive/tensile strain that corresponding to the relatively shorter/longer atomic

distance in the TEM image. Since we found that the contrast modulation was original

from the out-of-plane displacement of the MoS, nanosheet, such a kind of periodic

strain distribution was attributed to the periodically ripple structure in the TEM image

of the MoS; nanosheet. It is because the projected structure of the wavy ripple can form

the periodic modulation of the atomic distance in TEM image, resulting in the periodic

strain map. The details will be discussed in Chapter 5. Therefore, the contrast changes

in the MoS; nanosheet under stretching is attribute to the wavy pattern of ripple

structure.

4.3 The fracture of MoS2 nanosheet

To get a further understanding of the mechanical response of MoS; under strain

condition, we have studied the fracture of multilayer MoS> at large tensile strain

condition (~30%) by in-situ stretching TEM observation. We found that the fracture of
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multilayer MoS» should be an interlayer fracture with a preferred zigzag orientation.

Figure 4.7 shows the recorded TEM images of the MoS, nanosheet during

stretching, with a stretching rate of ~1nm/s. The in situ stretching experiment showed

that the fracture of multilayer MoS; was cracked layer by layer, which was an interlayer

fracture, as shown in Fig. 4.7 (a)-(f). The fracture started at the position marked with

the dark dash line in Fig. 4.7 (a), then the crack in the fracture region was propagated

and the cracked layer was slid with stretching, as it was shown in Fig. 4.7 (b)-(f). Finally,

the MoS; nanosheet was break, as shown in Fig. 4.7(g). We found that the broken part,

which was fractured and separated from the MoS: nanosheet, was consist of a layered

structure, suggesting an interlayer fracture. The area, marked with the yellow lines, of

the broken parts was kept a crystal structure, and the left part was amorphous which

may be damaged by the electron beam. Such an interlayer fracture could also be

observed in the propagated break of the nanosheet, as shown in Fig. 4.7(i) and (j). The

left MoS: layers were finally broke with increased stretching, and the edge of fracture

was maintained as a single layer, as shown in Fig. 4.7(j). It confirmed that the fracture

in the multilayer MoS: was broken layer by layer.
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Figure 4.7. Screenshots of the in situ stretching TEM images of MoS: nanosheet. (a)-

(1) TEM images recorded the fracture of multilayer MoS> during the stretching. (j) The

TEM image of the MoS: nanosheet after fracture by stretching. The stretching direction

is marked with the red arrow. The dark dash line indicates the fracture edge of the

sample; the yellow dash line indicates the edges of the sample after the fracture.

We checked the fracture edge of the same broken sample and noticed that the edges

of the fractured MoS; was clearly showed the same layered fracture, as shown in Fig.

4.8. The thickness of the regions, which were marked with III, II, and I in Fig.4.8, were

identified to be 1.85 nm (three layers), 1.23 nm (two layers), and 0.62 nm (single layer),

respectively, according to the visibility of atomic columns. Additionally, we found that
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the fracture presented a preferred zigzag edges, which were marked as red dashed line

the Fig.4.8.

Figure 4.8. Atomic TEM image of MoS: nanosheet after fracture. The red dash line

indicates the fracture edges, and the regions in different thickness are marked with I, I,

and I11.

Therefore, the fracture process of the multilayer MoS: nanosheet under stretching is

demonstrated in Fig.4.9. It can be described by the following four process: (a) the initial

nucleation of crack in the layer of MoS: under stretching, (b) the slid and propagation

of the initial crack, meanwhile, the crack nucleated in the second layer, (c) the further

the slid and propagation of the cracks, (d) the finally break of the fracture, resulting in

a stepped structure, as shown in Fig.4.9 (a)-(d).
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(a) MoS, nanosheet (b) MoS, nanosheet
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Figure 4.9. Illustration of the fracture of MoS» naosheet under stretching. (a) The

initial nucleation of crack in the first layer. (b) The slid and propagation of the initial

crack, meanwhile, the crack nucleated in the second layer. (¢) The further sliding and

propagation of the cracks. (d) The finally break of the fracture.

For further study the fracture property of MoS: layers, we checked the structure of

fracture in other samples and confirmed the stepped structure with the preferred zigzag

edges. Fig. 4.10 shows the morphology of the fracture region of another MoS:

nanosheet. The low-magnification image of the fracture showed serrated edges, as

shown in Fig.4.10 (a). With the TEM observation of the fracture region in a higher

magnification, we found that the fractures should cracked layer by layer in the MoS,

nanosheet. The steeped structures were formed on micrometer scale (the distance

between the edges was ~1 pm), as shown in Fig.4.10 (b) and (c). With the atomic-scale

TEM observation, we found that the stepped structure in micrometer scale was consist

of several nanometer-scale steeped structures. As we found nanometer-scale stepped
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structures in Fig.4.10 (d)-(e), which corresponding the region marked in Fig.4.10 (b).

Also, the nanometer steeped structures showed predominant fracture edges along the

zigzag direction, as marked by the red dashed line in Fig.4.10 (d)-(f), it confirmed that

the break of MoS; nanosheet should be an interlayer fracture.

(a) (b) (c)

Figure 4.10. Images of MoS> nanosheet after the fracture. (a)The image of the fracture
region at low magnification. (b)-(c)The edges in the crack region of marked with red
and black in (a), respectively. (d)-(e) The atomic images of the sample from fracture
edges to center region. The red dash line indicates the edges of the different layers in

the sample.

Such an interlayer fracture with stepped structure MoS; layers is reasonable, since
the zigzag edge is more easily formed during the crack propagation in the fracture. As
we mentioned in Chapter 4.1, previous MD simulation and calculation results [67]

showed that energy release along the zigzag direction (2.09 eV/A) was lower than the
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armchair direction (2.48 eV/A), that makes a preferred zigzag edges in fracture.
Additionally, another DFT calculations [55] showed similar results that the edge energy
and surface energy (the energy cost for creating the edge/surface) of the zigzag
orientation in MoSz monolayer were 0.71 eV A™! and 1.83 J m™2, respectively, which
were lower than that of armchair orientation (0.72 eV A and 1.87 ] m2, respectively).
Therefore, the zigzag edge is the preferred crack propagation orientation that consistent

with our experimental results.

63



Chapter 4

4.4 Conclusion

In this chapter, the suspended MoS, nanosheets were observed with our developed

TEM holder, and the in situ stretching TEM observations were performed for

investigating the mechanical response of MoS; under stretching.

We performed the TEM observation of the exfoliated MoS, nanosheet. The

hexagonal FFT patterns of the TEM images indicated they were viewed from the [001]

zone axis. The Moir¢ patterns were also obtained and suggested that there were lattice

mismatch or rotation between the layers, it may be caused by the transfer process due

to the weak interlayer interaction in the layered structure. Moreover, the MoS;

naosheets were found to have the tendency to form the stepped structures with the

zigzag edges, since the propagation of cracks along the zigzag configuration is preferred.

It demonstrates the interlayer fracture in multilayer MoS> and confirms that the

interlayer interaction between MoS; layers should be weak.

With the in situ stretching experiment under a small tensile strain condition, we

observed the structural modulation of the MoS; nanosheet. The periodic contrast

modulation during stretching with an approximately 0.7% tensile strain was revealed,

it was attributed to the out-of-plane displacement of the ripple structure during

stretching.

The in situ stretching experiments under the large tensile strain were performed for
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understanding the fracture process of the multilayer MoS> nanosheet. The in situ TEM
observation of the fracture process showed the propagation, the sliding, and finally the
break of the crack, suggesting an interlayer fracture. Moreover, the crack region of other
sample showed serrated edges and stepped structures. Such stepped structures were
observed on both micrometer and nanometer scale, and the nanometer stepped
structures showed predominant fracture edges along the zigzag direction.

Our results suggested that the fracture of the MoS; nanosheet is an interlayer

fracture that presented stepped structures with zigzag edges.
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Chapter 5 The atomic-scale ripple structure in MoS:

nanosheet

Introduction

This chapter contains the observation and identification of the periodically rippled
structure of the MoS> nanosheet. We demonstrate a strain-analysis method for the
quantitative estimation of the ripple structure in the sub-nanometer scale from TEM
image.

In Chapter 5.1, we show the TEM observation of the ripple structure of the MoS>
nanosheet. In Chapter 5.2, we clarify the origin of the apparent strain in the HR-TEM
image of the rippled structure and demonstrate the strain-analysis method to identify
the rippled structure on atomic scale with HR-TEM images. In Chapter 5.3, we retrieve
the ripple structure from experimental results. In Chapter 5.4, we will discuss the
application of the strain analysis method, which shows the layer bending of the

observed MoS; layers.
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5.1 The TEM observation of the ripple structure of MoS2 nanosheet

In the TEM observation of the suspended MoS: nanosheet, an atomic-resolved

TEM image was observed near the side of the trench, as shown in Fig. 5.1. This

nanosheet was identified to be 3 layers in thickness, according to the visibility of the

atomic column. It is found that the contrast of the lattice fringes was modulated such

that areas where the lattice fringes were clearly visible and areas where they were not

arranged alternately. Such kind of contrast seemed to correspond to a rippled structure

in the MoS» nanosheet.

Figure 5.1. HR-TEM image of MoS2 nanosheet with rippled structure. The left and right

inserted images represent the low-magnification TEM image and the FFT pattern of the

HR-TEM image, respectively. The HR-TEM image was obtained at the region marked

with red frame.
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The filtered HR-TEM image of Fig. 5.1 and the corresponding apparent strain map,

which was obtained by using the GPA method to the HR-TEM image, were shown in

Fig. 5.2 (a) and (b). Such kind of periodically modulated strain distribution indicated

the spacing of the lattice was modulated along the y-direction (armchair direction) due

to the projected information of the TEM image. It was suggested a rippled structure in

the suspended MoS: nanosheet.

Strain (%)
0

Figure 5.2. (a) Filtered HR-TEM image of the MoS; nanosheet in Fig.5.1. (b)

Corresponding apparent strain map of the MoS»; the periodically distributed pattern

suggests the rippled structure.

The periodical ripple structures have been reported in suspended 2D materials due

to imposed external strain [36,69]. Considering the exfoliate preparation and dry

transfer process in our experiment, it seems that the rippled structure may be strain-
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induced ripples. The strain was induced to the MoS» nanosheet during the dry transfer

process, because of the contact between sample and the PDMS substrate. The MoS»

nanosheet, which was adsorbed on the PDMS, may be stretched between the trench

when it was pressed to the Si chip for making contact with the substrate. Furthermore,

the MoS:> nanosheet may be stretched longitudinally between two anchored boundaries

of the trench, as showed in Fig 5.1, such a longitudinal stretching enhances the

transversely compressive stress on the sample that may lead to the formation of the

rippled structure.

To explain the periodical structure induced by the strain, theoretically, the sinusoidal

function has been suggested to be suitable for describing ripple structure [34,35,70-72],

since the sinusoidal structure showed the lowest energy. According to the reports in

both supported graphene [40,73,74] and suspended graphene [36,75], the height

profiles of strain-induced ripple structures also showed sinusoidal patterns. Therefore,

it is reasonable to describe the rippled structure by the sinusoidal function.

Thus, based on our experiment results, we propose that the atom-scaled ripple

structures can be identified from the strain distribution of the ripples that retrieved from

their HR-TEM images.
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5.2 Strain-analysis method to identify the atomic-scale ripples with TEM images

The projected information is obtained in the TEM image, when observing the rippled

structures, as showed in Fig 5.3(a). Here the lattice spacing of the ripple structure of 2D

materials is assumed to be the same, as we mentioned in Chapter 1.14. While, due to

the wavy pattern of the ripple structure, the projected structure is modulated, which

means the projected lattice spacing of the slop region is reduced, as marked with blue

frame in Fig.5.3(a). In the meanwhile, the lattice spacing of the crest and trough region,

marked with red frame, is almost unchanged. Based on the modulation of the projected

lattice spacing, the apparent strain can be obtained, as shown in Fig.5.3(b). It is found

that the compressive strain appears in the slope region, the period and the value of the

apparent strain is related to the geometry of the ripple structure.

(b) Ripple structure
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Figure 5.3. (a) Diagram shows the modulation of the projected structure to the ripple

structure. (b) The relationship between the ripple structure and corresponding apparent

strain, the amplitude and period of the ripple structure are 0.5 and 10 nm, respectively.
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Therefore, following such a relationship, we demonstrate that the atomic-scale ripple
structure can be quantitatively estimated by analyzing the apparent strain in the TEM
image, since the apparent strain can be obtained by applying the GPA method to the
TEM image. Note that the apparent stain is originated from the modulation of projected
lattice spacing in TEM image, it is not a real strain in the ripple structure of MoS;

nanosheet.

5.2.1 Apparent strain of the rippled structure
When the rippled structure is formed along the y-direction and observed from the
perpendicular z-direction; the projected lattice spacing (d’) of the ripple structure is
slightly reduced than the original one (d) at the region where the lattices are inclined
due to the rippled pattern, and it can be described as the following equation:
d'=dcosd, 5.1
where 6 indicates the tilt angle of the tangent of ripple structure. Then, the apparent

strain € appears in the HR-TEM image of the ripple structure is defined with:

(a—d)
d

E =

= cosd-1. (5.2)
The derivative of the out-of-plane displacement, z, in the ripple structure along the

y-direction (g—;) is defined by the tangent of the tilt angle 6:

dz
@y tand . (5.3)

By combining the above formulas (5.1), (5.2), and (5.3), the apparent strain (eGp4)
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is described as the following equation:

g=—====-1. (5.4)

The formula (5.4) indicates that the apparent strain, which origin from the projected
structure of the ripple, depends on the geometric structure of the ripple. It means that
the amplitude, the period, and the shape of the ripple structure can be identified by
mapping the apparent strain .

Considering that the ripple structure can be represented by the sinusoidal pattern
with amplitude 4 and period 4; the out-of-plane displacement, z, can be described along
the y-direction as follows:

Z = Asinm_ (5.5)
A

Therefore, the apparent strain in the TEM image of the sinusoidal ripple can be

described with following:

£= 1 1. (5.6)

2A . 27y,
\/(ﬂcos/i) +1

The Eq. (5.6) shows that the period of apparent strain is half to that of ripple, 4, and

its value is related to the 4 and 4 of the ripple structure.

5.2.2 Apparent strain in the HR-TEM image of the rippled structure

To investigate the apparent strain of the ripple structure in HR-TEM image, we

made the atomic models of the rippled structure with MoS; monolayer. The apparent
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strain was obtained by applying GPA method to the simulated HR-TEM images of
ripple structures. Thus, the relationship between the geometric structure of the ripple
and the apparent strain mapping was quantitatively investigated.

The atomic models of the rippled MoS: structure were obtained by using the
software Material Studio. Regarding the simulated HR-TEM image in Fig. 5.4, the
supercell was set to 30 x 0.63 x 1.5 nm® when the amplitude was 0.5 nm and the period
was 10 nm. In the simulation of HR-TEM image, the cut-off wavenumber was set to 15
nm ! and the Mott formula with the Doyle-Tuner X-ray scattering factor was used as
the atomic scattering factor. Image calculation was performed by dividing the rippled
MoS:; structure into 10 slices. When the direction of the incident electron beam was
tilted from the c-axis, the MoS; nanosheet was divided on the plane perpendicular to
the incident direction to create slices, and then the image calculation was performed.
The parameters of the simulation were set according to our observation conditions, that
the accelerating voltage, spherical aberration, beam convergence, defocus value, and
the defocus spread were set to 200 kV, 0.7 mm, 3.4 mrad, 50 nm (underfocus), 5 nm,
respectively. The HR-TEM images simulated with the focus of -50 nm well reproduced
the experimental HR-TEM images. The apparent strain mappings of the rippled
structures were obtained with the software xHREM by applying the GPA method to the

simulated corresponding HR-TEM images.
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Figure 5.4. (a) Atomic model of the rippled structure of MoS, monolayer, which is

h

aligned along the x (zigzag) direction and modulated along the y (armchair) direction.
(b)—(e) The simulated HR-TEM image (upper) and the corresponding strain map
(lower) of the ripple structure with a period of 10 nm and amplitude of 0.5, 0.75, 1.0,
and 1.5 nm, respectively. The apparent strain is almost zero near the maximum out-of-
plane displacement, and the period in the strain map is shown to be half of that structure

model. Scale bar: 2 nm.

Thus, by making the atomic models of the ripple structures of MoS,, simulating the

HR-TEM images, and obtaining corresponding apparent strain mappings, the

relationship between the geometric structure of the ripples and apparent strain mappings

was quantitatively investigated. As shown in Fig. 5.4(a), a rippled structure of

monolayer MoS> sheet was described with a sinusoidal pattern of 10 nm in period (X).
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The amplitude (out-of-plane displacement) was set from 0.1 nm to 1.5 nmin a 0.1-nm

step. In the simulated HR-TEM images, the contrast of Mo or S atoms was found not

to be slightly modulated due to the small amplitude. As shown in Fig. 5.4(b)—(e), the

apparent strain mappings were obtained by applying the GPA method to the simulated

HR-TEM images of the ripples with the amplitudes of 0.5 nm, 0.75 nm, 1.0 nm, and

1.5 nm, respectively.

To estimate the apparent strain from the HR-TEM image with the GPA method, the

region where the strain is zero should be selected as the reference. However, owing to

the wavy pattern of ripple structure, there is no flat area that perpendicular to the

direction of incident electron beam. Therefore, we selected the region of lattice spacing

at the crest/trough region of the ripple structure in the HR-TEM images, where the

ripple slope was gentle, as the reference to obtain the apparent strain mapping.

Additionally, considering that the ripple structure should have only compressive strain

because the projected lattice spacing of the ripple was always reduced than of the flat

region, the obtained strain was adjusted so that the maximum strain was zero, as

demonstrated in Fig. 5.4. The apparent strain mappings show periodical patterns with

half of the period of the ripple structure as mentioned above. In the area of the

crest/trough region of the ripple, the apparent strain becomes zero in the apparent strain

mappings. Moreover, the maximum compressive strain appears in the slope regions.
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When the incident electron beam is perpendicular to the z-direction of the sinusoidal

ripple of MoS2 monolayer, the maximum compressively apparent strain is obtained to

be -0.045, -0.90, -0.155, and -0.275 for the amplitudes of 0.5, 0.75, 1.0, and 1.5 nm,

respectively, as shown in the line profiles of Fig.5.5(a). It is found that he maximum

compressive apparent strain is almost proportional to the amplitude, as shown in Fig.

5.5(b). We observed that the change in apparent strain (the maximum compressive

strain) is sufficiently sensitive to the amplitude at the sub-nanometer scale. Since it is

reported that the accuracy of GPA method in the measurement of the strain was

approximately 0.01 [61], that means the small variation of amplitude, such as 0.05 nm,

can be precisely measured. In Fig. 5.5(a), when the amplitude is larger than 1.0 nm, we

found that there is a small deviation of data points from the smooth fitting curve. Also,

we observed that the apparent strain profile is slightly distorted when amplitude is 1.5

nm. We suppose that such a deviation in data is not intrinsic, it is origin from the limited

pixel size in the simulation, it seems not small enough to appropriately describe the

ripple structure when increasing the amplitude (out-of-plane displacement).
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Figure 5.5. (a) Line profile of the apparent strain map for the amplitudes of 0.5, 0.75,
1.0, and 1.5 nm, respectively. (b) Relationship between the amplitude of the sinusoidal

ripple and the simulated maximum compressively apparent strain.

Considering that the rippling plane of the rippled structure may inclined to the
perpendicular plane of the incident electron beam, that is the ripples may incline around
the x axis, we analysed the influence of the tilting angle on the strain profile, as showed
in Fig.5.6. It is found that the period of ripple is the same with the strain profile, the
value of strain increased with inclination, and the shape of strain profile was modulated
by the inclination. Such a phenomenon is a result of the projected structure of ripples
was modulated due to tilting.

Thus, based on our strain analysis method, by analyzing the value and distribution of
the apparent strain profile, the structure of the ripple, including the amplitude, period,

and inclination angle, can be quantitatively estimated on sub-nanometer scale.
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Figure 5.6. Inclination angle dependence of the apparent strain of rippled structure.

With the period and amplitude of 5.5 and 0.5 nm, respectively

5.3 Retrieving ripple structure from experimental result

5.3.1 Analysis of the observed MoS: rippled structure

To retrieve the rippled structure, as shown in Fig 5.2 (a), we analyzed the rippled
structure on atomic scale and measured the profile of the apparent strain, as shown in
Fig 5.7. Fig. 5.7(a) and (b) showed the atomic image and corresponding apparent strain
mapping, and the superimpose of the atomic image with the apparent strain mapping

was shown in Fig. 5.7(c). It is found that the ripple structures were aligned parallel to
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the x-direction, which defined along the zigzag configuration, and the ripple structures

were periodically modulated to the y-direction, which is along the armchair

configuration. This result agrees with the previous report, in which the simulation

demonstrated that the rippled structure formed along the armchair configuration is more

stable [75].

To obtain the apparent strain distribution, it was measured by averaging along the

y-direction within a black frame in the apparent strain map of Fig. 5.7(b), and the

corresponding profile of the apparent strain was estimated along the y-direction, as

shown in Fig. 5.7(d). We noticed that there are fluctuated values of maximum

compressive strain between different periods, such a phenomenon might be attributed

to the slight amplitude modulation or the measurement error. Regarding the former, the

apparent strain could change by about 1.6% when the amplitude differed by 0.1 nm.

This suggests that the amplitude may slightly fluctuate from a place to another.

Regarding the latter, the error of the GPA method for measuring the strain has been

reported to be approximately 1% by Hytch et al [60]. For simplification, the average

value of the maximum compressive strain, which was indicated by an arrow in Fig.

5.7(d), was used to reproduce the out-of-plane displacement of the ripple structure.

The profile of apparent strain, as shown in Fig5.7(d), shows a clearly periodic

pattern, but it is a little different from a standard sinusoidal pattern as it shows sharp
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grooves. This suggested that the periodic profile includes not only a certain frequency
component, k, but also those of higher frequencies, such as 2k and 3. Therefore, we
carried out Fourier transform (FT) analysis on the apparent strain profile of Fig. 5.7(d).
It is found that it comprises with three major frequencies, k, 2k, and 3k, which have
amplitude (out-of-plane displacement) ratios of 1, 0.5, and 0.2, respectively, as given

by the following equation:

&= g,{sin(27rky) +0.5sin(27r-2ky) +0.2sin(27-3Ky)} . (5.7)

Strain (%)
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Figure 5.7. (a) Filtered HR-TEM image of Fig.5.1. (b) Corresponding apparent strain

map; the periodic pattern indicates the ripple structure. (c¢) Superimposed apparent

strain map and enlarged atomic image, the atomic-scale ripple structure is revealed. (d)

Profile of the apparent strain map in the region of black-frame rectangle region in (b).

80



Chapter 5

As we know that the apparent strain is origin from the structure of ripple. Thus,

according to the formula (5.7), the amplitude profile, z, was retrieved by combining

these three frequency components, as shown in Fig. 5.8(a). We noticed such a structural

pattern is asymmetric, which means it was not stable under a strain condition. Instead,

we noticed that the profile pattern and the corresponding structural pattern was an

inclined sinusoidal pattern with respect to the incident electron beam, as shown in Fig.

5.8 (b). Note that Fig. 5.8 (a) shows the structure (out-of-plane displacement) of the

ripple, while Fig. 5.8 (b) shows the displacement including the inclination of the ripple

structure. Such an inclination seems to be reasonable, since the incident electron beam

does not always perpendicular to the nanosheet. It was confirmed by the FFT pattern of

the HR-TEM image in Fig. 5.1, as the larger and blurred FFT spots were observed along

the direction of the ripple, indicating the inclination of the MoS: nanosheet. Therefore,

we examined the apparent strain of the ripple structure when the sample was slightly

inclined with an angle o. By simulating the HR-TEM image of the ripple structure of

MoS: nanosheet with different inclined angles, we obtained the corresponding profiles

of the apparent strain, as shown in Fig. 5.8(c). It is found that one of the two adjacent

grooves of the apparent strain profiles tends to be deeper while the other tends to be

shallower, when the inclination angle increases. It means that the distribution of

apparent strain modulated with inclination, the period of the profile changes to be the
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same as that of ripple structure, the maximum compressive strain decreases with

inclination. Meanwhile, both the maximum and minimum compressive apparent strain

occurred near the slope area of the ripple structure.
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Figure 5.8. (a) The out-of-plane displacement of the ripple structure retrieved from the

apparent strain profile. (b) The structure model shows the out-of-plane displacement of

the inclined sinusoidal ripple. The red arrow indicates the direction of the incident

electron beam. (c) Apparent strain profile of the sinusoidal ripple structure with

different inclination angle. (d) Experimental and simulated apparent strain profiles, the

inclination angle of the simulated ripple is 7.1°, the experimental result obtained from

the region marked with the arrow in Fig. 5.7(d).

5.3.2 Estimation of the observed MoS: ripple structure

As we mentioned in section 5.2, it is easy to estimate the period and amplitude of

rippled structure from the apparent strain, when the nanosheet is not inclined. However,
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when the sheet is inclined, the both the shape and value of the apparent strain modulated

with the inclination angle. The situation is different. Therefore, firstly, we should

identify the amplitude and period based on the geometric information obtained from

the apparent strain map and TEM image; then, we can estimate the inclination angle

according to the value of the apparent strain.

Firstly, the amplitude can be obtained from the geometric relationship between the

(full) length (which is measured within one period of the ripple structure), amplitude,

and period of the ripple structure. The length of the ripple structure, S, can be obtained

by integrating the pattern of ripple along the y-direction as following:

S :.[:dy 1+(%)2 :J’Oldy\/l{AZT”cos(ZZ—y)} . (5.8)

The length S should be equal to multiplying the bond length with the number of lattice
spacing within one period. The number of the lattice spacing within one period of the
ripple structure was measured to be 21 (marked with black arrow in Fig. 5.7(c)). Thus,
the length S, could be calculated to be 5.7 nm. Therefore, the amplitude, A, was obtained
by solving formula (5.8), which is 0.3 nm.

Secondly, we can estimate the inclination angle based on the value and shape of the
apparent strain. We built the atomic model of the ripple structure with the different

inclined angles, then correspondingly simulated HR-TEM images and apparent strain
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mapping/profiles could be obtained. It is found that when the inclination angle s 7.1°,

one adjacent grooves disappeared and became almost flat; that apparent strain profile

is a similar pattern to the experimental profiles, as shown in Fig. 5.8(d). Moreover, the

simulated results of the apparent strain profile showed a maximum compressive value

of -8%, it also reproduced the same value as the experimental result. Therefore, the

observed ripple structure could be explained by an inclined sinusoidal ripple.

5.4 The bending of multilayer MoS: nanosheet

5.4.1 Apparent strain of ripple structure with a small inclination angle

In chapter 5.2 and 5.3, we discussed the influence of the inclination angle on the

strain profile and showed an experimental result with an inclination angle of 7.1 degrees.

As we showed in Fig. 5.6. and Fig. 5.8(c), the inclination angle can modulate both the

distribution and the value of the strain profile. Therefore, when the inclination is small,

there will be steep and distinctly shallow grooves in the strain profile.

Here, we identified a ripple structure with a small inclination angle, as shown in Fig

5.9 (a)-(c). The thickness of the sample was estimated to be about 2.5 nm (four layers),

it showed a small fluctuation in the minimum and maximum strain value, for

simplification, we investigated its shape and inclination by using the method we

demonstrated in chapter 5.3 with the average value of the four periods marked with the
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arrow. The period was measured to be 9.5 nm, and the amplitude and inclination angle

was estimated to be approximately 0.28 nm and 3.6 degrees, respectively.

Strain (%)

35

Simulated

Experiment

Distance (nm)

Figure. 5.9. (a) HR-TEM image of MoS: nanosheet. (b) Apparent train map of (a). (c)

Apparent strain profile of the black frame region in (b) and the estimated ripple

structure.

5.4.2 Bending model of the multilayer MoS:

The observed ripple structures, as shown in Fig.5.1 and Fig.5.9, were identified to

be multilayer MoS: with three and four layers in the thickness instead of a single layer.

While, it was quantitatively estimated based on the simulation with a monolayer model.

It is important to verify this estimation when applied to multiple layers, as the bending

of single layer and multilayer of 2D material might be different. Therefore, we checked

the bending of multilayer MoS: based on our experimental results.

In the bending of ultrathin 2D materials, there are two structural models for

describing the bending behavior, the plate model and the layer model [47], in which the

bending was involved and was not involved the in-plane distortion, respectively.
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Usually, the bending of the monolayer 2D materials was treated as not with the in-plane

distortion. As reported by Zhang et al. [44], the molecular dynamics calculation showed

that there was no participation of the ¢ bond in the bending of monolayer graphene.

Instead, the m-orbital misalignment between adjacent carbon atoms occurred, that

resulting in the lack of in-plane strain in the bending.

Meanwhile, in the multilayer graphene case, they proposed that the bending can be

described as the plate model, in which the atoms in each layers were interacted by van

der Waals force. In the plate model, the atom spacing was compressed/stretched in the

concave surface /convex surface stretched. Thus, the in-plane strain distribution was

occurred in the bending, as the atom spacing in each layer is alternatively extended or

shrunken in the ripple structure.

For checking if the plate model were suitable or not to explain the bending

multilayer MoS;, the atomic ripple structure with plate model (in-plane distortion

model) was designed for the case of triple layers, as shown in Fig.5.10(a). The atomic

spacing is extended in the outer layer and shrunken in the inner layer, so the relative

atomic positions between the two layers are maintained as much as possible. The

corresponding simulated TEM image and apparent strain map were obtained and

showed in Fig.5.10(a). It is found that the HR-TEM images is complex and the apparent

strain profile shows a complex pattern even when the triple-layer is not inclined, as
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shown in Fig. 5.10(b). With the inclination increases, we can observe that the inclination

makes a more complex pattern in the apparent strain map.
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Figure 5.10. (a) Plate model of the triple atomic layers with in-plane distortion,

corresponding HR-TEM image and apparent strain map without inclination was shown.

(b) Apparent strain profile with inclination of plate model bending within two periods.

Atomic models were designed with the period and amplitude of 10 and 0.5 nm,

respectively.

Our experimental results always showed simple patterns in the HR-TEM image and

apparent strain maps, even though the thickness was different. The multi-layer plate

model with in-plane distortion is obviously unsuitable to explain the experimental

results. Therefore, by considering that there is very weak interaction between layers,

we can make the triple-layer layer model without in-plane distortion, which means each

layer of the model have the same atomic arrangement, as shown in Fig. 5.11(a). In this
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layer model, the simulated HR-TEM image and corresponding apparent strain show

simple patterns. The profiles show the same pattern as the experimental results.

Moreover, it also shows the same inclination dependence with the monolayer model, as

shown in Fig. 5.11(b). Therefore, our experimental results can be explained by such a

layer model, which suggests that interlayer interaction between MoS, layers may be

weak.
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corresponding HR-TEM image and apparent strain map without inclination was shown,
the layers were consisting as a AB stacking. (b) Apparent strain profile with inclination
of plate model bending within two periods. Atomic models were designed with the

period and amplitude of 10 and 0.5 nm, respectively.

Additionally, we compared the strain profile of ripple structure of MoS; layer in
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different thickness, as shown in Fig. 5.12. The thicknesses of the samples (a)-(c) were
estimated to be three, five, and eight layers, since their visibilities were measured to be
0.06, 0.08, and 0.12. We find that they show simple patterns in the apparent strain
mappings regardless of thickness. Though the samples were inclined and showed

fluctuations in their amplitude, but they showed periodicities.
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Figure. 5.12. (a)-(c) AR-TEM images of MoS: nanosheets with different thicknesses.

(d)-(f) Strain map of (a), (b), and (c), respectively. (g)-(i) Strain profile of the bold

rectangle area in (d), (e), and (f), respectively.

So we suggest the layer model (no-in-plane distortion with multiple layers) is
suitable to describe the ripple structures in our observation. And we believe our strain-

analysis method is useful for estimating the rippled structures of multiple-layer 2D
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materials. As the ripple structures were observed in thicker samples, they showed

similar periodic strain profiles. So we believe our method and the layer model are valid

when the thickness of 2D materials was thicker than three monolayers.

5.4.3 The appearance of the atomic-scale MoS: ripple structure

The previous report [36,39] showed that the amplitudes of the ripple structures in 2D

materials were in the range from 10 nm to several microns. According to continuum

mechanics, the relationship between the ripple geometry and longitudinal tensile

strain [41] can be described by:

__ @™ (5.9)
[3(1—1/2)6‘]1/4
168 1/4

where L is the longitudinal length of the sample, t is the thickness, ¢ is the applied tensile
strain, and v is Poisson’s ratio. Egs. (5.9) and (5.10) suggest the relationships of 4 oc
Y and A ¢ which can be obtained by minimizing the total energies of bending
and stretching with respect to 4. Though such a relationship is retrieved from the
macroscale elastic sheet, it has been applied to 2D materials, such as graphene, in
previous reports [35,36]. Meanwhile, a sub-nanometer scale ripple structure was

reported on graphene [34,69]. It was found that the 1 and A did not follow such a power
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scaling law to &, which was attribute to the lack of bending resistance in monolayer
graphene.

To clarify the appearance of the atomic-scale ripple structure in multilayer MoS, the
bending energy term should be considerate. In the continuum mechanism, the total
energy (Ur) of the ripples is the sum of the bending energy (Ug), due to deformations
in the y-direction (i.e., the direction of the periodic ripple pattern), and the stretching
energy (Us), U;=Ug+Ug . Here the bending energy is given by
Uy, = %J‘A B(@iC)ZdA, where B =Et’/[12(1-v*)] is the bending stiffness,  is the out-
of-plane displacement, A is the area, E is Young’s modulus, t is the thickness, and v is
Poisson’s ratio. The bending energy term implies the energy for bending induced by in-
plane strain. The stretching energy (Us), which is loaded as the tension T(x) along the
x-direction, can be described as U, zéj‘AT(X)(axé’)sz . When combined with the
constraint of inextensibility, which indicates the length of the un-rippled structure and
rippled structure is the same, and the sinusoidal function of {, then Ut can be minimized

with respect to A to obtain the 1/4-power scaling laws described in Egs. (5.9) and (5.10).
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Figure 5.13. Diagram of the plate bending. Left: an infinitesimal part of the bending
beam. Right: the cross-section view of the left part. R is the curvature radius, B is the

radian due to bending.

We should notice that the bending energy term (Ug) of continuum mechanics is
related the plate model, in which the bending energy is approximate to the energy
induced by the in-plane strain. The diagram of the plate model is shown in Fig.5.13.

The bending energy terms in the plate model can be derived as following, with a
segment of a bending beam with a barycentric axis, as shown in Fig. 5.13. The
infinitesimal sector of the bending beam: dI=Rdp, where R is the curvature radius. The

in-plane strain of a small bending of the beam:

_(R+x)dg-Rdp _x

where x is the distance from the barycentric a axis, thus, the bending energy:
1 1.Eg? B
508 _ijmdldS(x) 211 , RZ l,d (5.12)
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3

Here, o is the stress, |y is the moment of inertia, |, = bt

1 , substituting with the thickness

(t) and width (b).Then, we obtain:

1 1

Us = 211 2R2y 2I12(1 v?) R? (6.13)

It is equivalent to U, :%J.AB(Gig)sz , as we mentioned above. The retrieved
expression indicating the bending energy term of the plate model (continuum
mechanics) is related to the bending-induced in-plane strain.

However, our strain analysis showed that the experimental results can be explained
by layer model, instead of plate model. It means the bending behavior of the multilayer
MoS: in our experiment was the same with the single layer. Therefore, the failure of
the continuum mechanics, which shows the atomic-scale ripple structures in MoS;
nanosheet, is suggested to the invalid plate model in 2D materials, due to the bending
behavior of 2D materials is different from bulk materials that no in-plane strain was
induced during the bending.

As the ripple structure of graphene at subnanoscale has been reported to have a much
smaller amplitude and period [69] than those calculated using Egs. (5.9) and (5.10),
suggesting a breakdown of continuum mechanics approximation. It has been thought
to be attributed to the lack of out-of-plane bending resistance in monolayer graphene.
Also, MD simulations showed that the plate model assuming in-plane strain distribution

broke down for monolayer graphene [44]. It was considered that the bending of
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monolayer graphene involved m-orbital misalignment instead of in-plane o-bond

deformations. The MD simulations of monolayer MoS; also showed that the bending

does not change the Mo—Mo distance when the bending radius is greater than 4 nm [45].

And, the Mo—Mo interaction has been reported not to contribute to the bending modulus

of monolayer MoS; [46]. Thus, the strain stored in the monolayer MoS; was suggested

to be negligible, which is contradicted the bending behavior of the plate model in

continuum mechanics.

The observed MoSz nanosheets are multiple layers, which is thought to be different

from the monolayer case at a glance. However, we think that even multilayer MoS:

nanosheets do not have in-plane strain distribution in the rippling direction like

monolayer graphene. Because the ripple structure of MoS; nanosheets has been

reported to show the same pattern regardless of the thickness in the apparent strain map,

as shown in Chapter 5.4.2. It implies that each layer comprising the nanosheet has the

same ripple structure, suggesting no in-plane strain in the bending. In this sense, the

out-of-plane bending resistance of monolayer or multilayer 2D materials may be so low

that the ripple structure can be formed easily at the atomic scale.

These results are consistent with our consideration indicating that the plate model

was also invalid in multilayer 2D materials. That is, the invalid plate model indicating

the bending energy term in continuum mechanics approximation was inapplicable, it
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results in the failure of continuum mechanics and the appearance of atomic-scale ripple

structure in 2D materials.
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5.5 Conclusion

With the TEM holder, the suspended MoS> nanosheet can be observed under the

strain condition. In the TEM observation, the periodic ripple structures of the MoS;

nanosheet, which formed parallel to the armchair configuration, were observed.

According to the geometric structure of ripple and the projective characteristic of

TEM observation, we proposed a strain-analysis method for identifying the rippled

structure of MoS: nanosheet on atomic scale from HR-TEM images. We revealed the

apparent strain in the HR-TEM image of rippled structure, and found its distribution

was sensitive to the geometric structure of ripples. Therefore, the rippled structure can

be estimated from the apparent strain of its HR-TEM image, and we demonstrated that

the ripple structure could be quantitatively estimated at the sub-nanometer scale.

In the TEM observation, we found the rippled structure in the MoS; nanosheet, as

it showed a periodic contrast and the latticed spacing was apparently modulated along

the armchair orientation. By applying the GPA method to the HR-TEM image, the

corresponding apparent strain distribution was obtained. By analyzing the apparent

strain distribution of the rippled structure, we found that it was inclined sinusoidal

ripple (approximately 7.1°) of 0.3 and 5.5 nm in amplitude and period, respectively.

Furthermore, our method is valid for the multilayer of MoS> nanosheet, since the

periodicity of the apparent strain is always simple in the thicker sample. It is found that
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the interlayer interaction between layers of MoS» nanosheet was suggested to be very

weak, so that the bending of MoS; layers can be explained with the layer model, in

which the in-plane distortion can be ignored due to weak interlayer interaction in

multilayer sample. Additionally, the layer bending in MoS> nanosheet results in the

appearance of atomic-scale ripple, due to the negligible bending resistance.

Therefore, we proposed a method to retrieve the ripple structure of 2D materials

from the HR-TEM images, and our results proved such a method is effective for

quantitatively estimating the ripple structure in 2D materials on the sub-nanometer scale.
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Chapter 6 Strain dependence of the ripple structure in MoS>

nanosheet

Introduction

This chapter contains the observation and analysis of the strain dependence of
physical property in MoS> nanosheet. The in situ stretching experiments were
conducted on the rippled structures in MoS; nanosheet and the mechanical response
was revealed on atomic scale by analyzing the structural evolution of the ripple
structure.

In Chapter 6.1, we show the in situ TEM observation of the MoS; nanosheet under
stretching, the structural evolution of rippled structure is revealed. In Chapter 6.2, the
strain dependence of the geometry of the rippled MoS> nanosheets is investigated.
Based on the geometry analysis, the strain dependence of the Poisson’s ratio is studied,
and a structural model is proposed to reveal the increasing of Poisson’s ratio under

tensile strain, which is attributed to the change of bond length and angle.
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6.1 The strain dependence of the ripple structure of MoS2 nanosheet

Previously, the mechanical response of rippled 2D materials, such as graphene, and
MoS,, under strain conditions has been extensively studied through theoretical
approaches such as molecular dynamics simulations [35,39]. The stretching of rippled
graphene has been approximated with continuum mechanics [36], according to which
the competition between the bending and stretching energy causes the period (A) and
amplitude (4) of the ripple to follow a 1/4-power scaling law with the longitudinally
tensile strain (¢), such as A ~ ¢ * and 4 ~ ¢""*. First-principle calculations have shown
that the bending stiffness of graphene decreases as the stretching strain increases.
However, the mechanical behavior of atomic-scale MoS; under tensile strain has been
rarely reported. In this section, the strain dependence of the atomic-scale ripple
structure in MoS:2 nanosheet was investigated by using in situ TEM equipped with a

stretching function.

6.1.1 The initial ripple structure of MoS: nanosheet before stretching

The TEM observation was carried out for structural analysis of the rippled MoS>
nanosheet. The TEM image shows a periodic contrast modulation that the areas with
and without clearly visible lattice fringes are alternately observed, suggesting the

formation of the rippled structure, as shown in Fig. 6.1(a). This periodic structure is
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arranged along the armchair direction (y-direction). We fabricated a hole in the MoS>

nanosheet by bombarding it with a convergent electron beam to serve as a marker, as

shown in the upper center of the image. The thickness of the MoS; layers was estimated

to be 4.92 nm (8 layers), according to the visibilities of lattice and the Fresnel fringe,

as we mentioned in the Chapter 2.1.4.

Figure 6.1(b) shows the corresponding apparent strain (eGp4) map obtained by

applying GPA to the HR-TEM image of Fig. 6.1(a). The periodic distribution of

apparent strain attributes to the projected lattice spacing in the HR-TEM image of

periodically rippled structure. In the apparent strain map, as shown in Fig. 6.1(b), the

regions of tensile (positive value) and compressive (negative value) strains seem to

correspond to antinode and node of the ripple structure, respectively. In principle, in

order to obtain the apparent strain map, it is required to specify a region in the HR-TEM

image of Fig. 6.1(a) where the strain is zero to act as a reference region, but it is difficult

to specify such a region due to the wavy structure of ripple. Theoretically, the apparent

strain in the antinode region of the ripple structure should be almost zero when the

incident electron beam is perpendicular to the sheet. Therefore, the experimental

apparent strain is thought to have been shifted as the reference area deflected from the

antinode region. We noticed that the ripple structures were always formed along the

armchair direction. For simplicity, hereafter, the rippled MoS: nanosheet is discussed
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by defining the zigzag and armchair direction as the x- and y-direction, respectively.

Figure 6.1. (a) TEM image of the rippled MoS; nanosheet. (b) Corresponding apparent

strain map. The obtained strain was not adjusted, so the maximum strain was not zero.

According to the apparent strain map, as shown in Fig. 6.1(b), the amplitude of the
ripple structure was obtained by comparing with the experimental HR-TEM image and
corresponding apparent strain, as we demonstrate in Chapter 5.2. The ripple structure
can be described as a sinusoidal pattern:

§:Asinm, (6.1)

A
where ( is the out-of-plane displacement, 4 is the amplitude, and 4 is the period. By
comparison, the period and amplitude of the observed ripple were estimated to be
7.70+0.04 and 0.14+0.07 nm, respectively. Here, the error of the period indicates the
standard deviation of measured data, and the errors of amplitudes are obtained from the
estimation process with corresponding range in periods. The abnormal apparent strain

in the lower right corner in Fig. 6.1(b) seemed to be attributed to a defect.
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We found that the MoS; nanosheets had a ripple structure, even though they were not
stretched by the piezo, indicating the existence of strain in the initial rippled structure.
The shear or tensile strain may be induced to the nanosheet, because of the dry transfer
method, in which the sample is contacted with the substrate on the Si chip directly. In
Fig. 6.1(a), the initial ripple was observed to be parallel to the zigzag configuration,
which had an angle of a (45°) to the boundary of the trench. Previously, the shear strain
has been reported to generate the ripple structure not perpendicular to the trench for
graphene [35,36,76,77] and thin polymer films [43,78]. It suggests that the observed
ripple structures may be generated by the shear strain, which induced a tensile strain,
because of similar geometrical relation. Taking into account that the ripple structures
were 45° with respect to the trench edge, the initial shear-induced tensile strain exs
along with the stretching (x-) direction of the ripples can be described as:

£ = %7sin 20 = % . (6.2)

Here, the initial shear strain was estimated to be 0.012, which was determined by the
relationship between the tensile strain and the geometry of ripple structure in Chapter
6.21. Correspondingly, the total tensile strain, &x, which is equal to exs, can be estimated

to be 0.60%.
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6.1.2 The evolution of ripple structure during stretching

In order to investigate the mechanical behavior of the ripple structure under tensile
strain. The stretching of the ripple structure was achieved by increasing the applied bias
voltage from zero to 10, 20, 30, and 40 V, which indicating the trench was stretched
with corresponding applied strains (eappr) Of 0.51%, 1.02%, 1.53%, and 2.04%,
respectively. Fig. 6.3 shows the TEM images and corresponding apparent strain maps
of the ripple structure under different stretching conditions. The apparent strain maps
show that the period of the ripples decreased with increasing strain: 7.64+0.05,
7.48+0.04, 7.23+0.03, and 6.70+0.02 nm at applied strains (zapp) of 0.51%, 1.02%,

1.53%, and 2.04%, respectively.

We should notice that the strain applied on the ripple is different from the strain on
the trench, as the rippled structure is 45° to the boundary of the trench. Notice that the
ripple structure is formed by a tensile stress along the zigzag direction (tensile strain,
&x) Which induces transverse strain (ey). As we mentioned above, the zigzag/armchair
direction is regarded as the x-/y-direction, since the ripple structures were always
observed to form along the armchair direction regardless of the stretching direction, as
shown in Fig. 6.2(a). It means we should estimate the applied tensile strain (exap) on the
sample during the stretching for quantitative analysis. Therefore, the tensile strain

applied to the sample is estimated to be:

Exap = Eappl sina, (6.3)
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where eappi IS the stretching strain applied on trench caused by the piezo actuator and «

is the angle between the x-direction of the sample and the stretching direction, as shown

in Fig.6.3(b). Thus, the tensile strain applied on the ripple is estimated from the strain

applied on the trench during the stretching.

Therefore, the tensile strain (exap) applied on the MoS> nanosheet during stretching

can be estimated to be 0.26%, 0.51%, 0.77%, and 1.02%, when the applied strains (eappi)

are 0.51%, 1.02%, 1.53%, and 2.04%, respectively.

Trench

Figure 6.2. (a) Illustration of a MoS; nanosheet suspended on the trench of the Si chip,

showing the ripple structure formed by stretching the nanosheet along the x-direction

(corresponds to the direction along the zigzag edge), the ripple structure formed along

the armchair edge marked by y. eappi: tensile strain applied to the trench because of

stretching, exap: tensile strain along the stretching direction of the ripple.
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o

Figure 6.3. TEM images of rippled MoSz nanosheets with applied tensile strains (exap)

of (a) 0.34%, (b) 0.68%, (c) 1.02%, and (d) 1.36%, respectively; (e)-(h) Corresponding

apparent strain maps. When converted, the ex was estimated to be 0.86%, 1.11%, 1.36%,

and 1.61%, respectively.

The period was estimated by averaging the four ripple patterns, as marked in Fig. 6.3.

At each pattern, the period was determined by averaging among 6 different regions.

Then, the lengths of the ripples within one period were obtained by a multiply of the

number of lattice spacing with one period and the lattice spacing in combining the

apparent strain map and atomic image, because it was confirmed that there was no in-

plane strain in the rippling direction of rippled structures of MoS; nanosheet. With the

period, the length of the ripple, and the Eq. (6.1), we can estimate the corresponding

amplitudes, which were 0.16+0.07, 0.19+0.06, 0.26+£0.05, and 0.29+0.04 nm,

respectively. Thus, the evolution of ripple structure under stretching was revealed. Here,

the error of amplitudes is a little larger than that of period, due to the estimation of
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amplitude involves not only the statistical error from the period and the value of
apparent strain but also the calculated error from the approximate calculation of the
amplitude. Additionally, both the locally absorbed contaminate and the noise on the
apparent strain can contribute to the error of apparent strain, thus result in the relatively
large error of amplitude.

Considering that the initial ripple structure was induced by shear strain, and it was
stretched by the tensile strain applied to the trench in our experiment. We estimated the
total tensile strain (ex) of ripple, which is consisted of the initial shear-induced tensile
strain (exsn) and the applied tensile strain (exap) induced by the stretching (eappi), t0
evaluate its mechanical response under stretching. With the ripple structures were
stretched, the shear-induced tensile strain exsn changed with the eappi. The detailed strain
analysis can be found in Appendix I. It was evaluated to understand the mechanical
response under stretching. During the stretching, the initial tensile strain exsn changed

from Eq. (6.2) to the following:

_1 vy
gxsh - 2 1+gapp| : (6-4)

Combining Eqgs. (6.3) and (6.4), and the rippled structure is 45° to the boundary of the
trench, then the total tensile strain (ex) of the ripple during stretching can be defined as

the sum of the strain-induced by shear and stretching:
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1
Ex =&EgntExgp = E(ﬁ*’gapm) . (6.5)
app

Thus, the total tensile strains, &y, are estimated to be 0.6%, 0.86%, 1.11%, 1.36%, and
1.61%, respectively, when the applied strains (eappi) are 0, 0.51%, 1.02%, 1.53%, and
2.04%, respectively. The relationship between the geometric structure of the ripple and

total tensile strain is obtained and showed in Fig.6.4.
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Figure 6.4. Relationships of the period and amplitude with .

It is found that the amplitude and period are not in proportion to &, indicating that
the ripple structure at the subnanometer scale does not follow the continuum mechanics.
We think that this discrepancy must come from the inapplicable plate model [79] base

on continuum mechanics.
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6.2 The strain dependence of the Poisson’s ratio of rippled MoS: nanosheet

Our experimental results showed that the evolution of ripple structures was not
followed the continuum mechanics, hereby, we perform the analysis on the relationship
between the tensile strain and the geometry of ripple structure for clarifying the such a

structure evolution.

6.2.1 The strain dependence of the geometry of rippled structure

The rippled structure is formed under a longitudinally tensile strain as schematically
illustrated in Fig. 6.5. For simplicity, it is assumed that the nanosheet is stretched along
the zigzag edge. The width of the nanosheet should be compressed along the transverse
direction by stretching due to the Poisson effect. The transverse strain can be described
as ¢, =—¢v . The nanosheet cannot form the ripple structure near the clamped
boundary as indicated by red arrows in Fig. 6.5, but it is compressed along the
transverse direction (no out-of-plane displacement). While, at the middle, the nanosheet
forms the ripple structure along the transverse direction as illustrated in Fig. 6.5. We
suppose that out-of-plane displacement is hardly occurred due to physical restrictions
near the clamped boundary and the ripple structure is more stable than the compressed

structure without out-of-plane displacement.
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Figure 6.5. Diagram of the formation of the ripple structure under tensile strain. The

ripple structure was formed due to the transverse strain (ey). W is the initial width of the

sample before rippling, W’ is the projected width of the ripple structure. The region a

and b indicate the non-rippled and rippling region.

The transverse strain (g,) induced by total tensile strain (ex), which is the sum of e

and &xqp, 1s related by Poisson’s ratio (v) as follows,

&, =—&EV. (6.6)

y X

Substituting Eq. (6.6) into Eq. (6.5), we obtained:

/4

appl

g, ——gv——l(

2 l+ +gappl )V . (67)

Taking the geometry of the ripple structure into account, the transverse strain (gy) (as

shown in region a of Fig. 6.5), which is equal to the transverse strain due to rippling (as
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shown in region b of Fig. 6.5), can be also described by the ratio of both widths of the
sheet before and after rippling (W and W’, which is shown in Fig.6.5) as follows.

g, =E——=——-, (6.8)

Assuming that the in-plane strain in the ripple structure is negligible, the length of

the rippled sheet should be equal to the width of the non-rippled sheet, such as:

w=[" fl+0,0)dy ~ I:V[u%(ayg)z}dy. (6.9)

Also, the relation between these two widths can be described by:

[, [E(ayg) )—\ﬂdy_o, (6.10)
where A is the difference in width, A=W-W’. This assumption satisfies the
inextensibility condition. From this condition, the following formula about the

transverse strain &y [41]:

72 A?
Sy :—2—/12. (611)

Equation (6.11) shows the relationship between the ripple geometry and transverse
strain. From combining Egs. (6.7) and (6.11), we obtain:

ﬂ,-ZAZ

S (6.12)

17
E =—&V=—— +& V=-
g " 2 (l+ Eappl o)

Thus, the relationship between the strain and the geometry of the ripple structure was
revealed. The initial shear strain was estimated to be y = 0.012, when &appi is zero, and

Poisson’s ratio was assumed to be the bulk value of v =0.27 [6,80], by using Eq. (6.12).
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6.2.2 The strain dependence of Poisson’s ratio

The relationship between the total tensile strain and the transverse strain was obtained,
as shown in Fig. 6.6(a). Here the error bar indicates the errors obtained from the
estimation process by Eq. (6.12), which origin from the errors in the periods and
amplitudes. It shows nonlinear behavior that suggests the Poisson’s ratio is not constant
when increasing the tensile strain by considering Eq. (6.16). According to Eq. (6.12), v

can be obtained from experimental results as follows:

B w2 A? B 2 A?

V= 7 =
28)(1 ( V4

(6.13)

Eappl +€app|)/7~2 |

Each Poisson’s ratio (v) was determined by substituting the experimental values to
Eq. (6.13) as shown in Fig. 6.6(b). The error bars were caused not only the statistical
errors but also by variation in the amplitudes and periods of the ripple structures. Even
if the errors are taken into consideration, we can confirm that the Poisson’s ratio
changes with respect to the tensile strain. It is found that the Poisson’s ratio (v) is almost
constant when the total tensile strain (ex) is small (~1.1%). When the total tensile strain
is increased to ~1.6%, v increases from 0.27 to ~0.57. The variable value of v during
the increase in strain represents a nonlinear elastic response of MoS; nanosheet, and it

could contribute to the failure of continuum mechanics at the atomic scale because the

Poisson’s ratio is not constant when the strain is increasing.
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Figure 6.6. Relationships between the (a) total tensile strain ex and imposed transverse

strain ey and (b) total tensile strain ex and estimated Poisson’s ratio.

Our results showed that atomic-scale MoS; nanosheets have nonlinear elastic
properties. Regardless of the direction of the stretching, the ripple structure was formed
along with the armchair (y-) direction by stretching the nanosheet along the zigzag (x-)
direction. The observed ripple structure had the period and amplitude at the
subnanometer scale. We found that the Poisson’s ratio, which was estimated by the
ratio of the longitudinal tensile and transversely compressive strains, was variable
depending on the stretching.

Previously, the first-principles calculations [81,82] expected that the Poisson’s ratio
decreased with increasing the strain in 2D honeycomb materials such as graphene,
silicene, h-BN, and h-GaN. However, there is no experimental report on this issue. Our

results showed the tensile strain dependence of the Poisson’s ratio even when the strain
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was quite small (~1%), as shown in Fig. 6.6(b). The Poisson’s ratio is found to be close

to 0.27, which corresponds to the bulk value, when the total tensile strain is below

~1.1%. Meanwhile, it increases gradually with the tensile strain above ~1.1%. Such a

strain dependence of Poisson’s ratio revealed the nonlinear mechanical response of

MoS: layers on atomic scale.

The ripple structure of the MoS> nanosheet is bridged between the two substrates via

non-ripple regions near the clamped boundary, as shown in the illustration of Fig. 6.5.

In such non-ripple regions, the ripple structure does not occur due to physical

restrictions as described above. But the width in the transverse direction is narrowed,

when the MoS> nanosheet is stretched along the x-direction. It means that, in the non-

ripple regions, the strain occurs in the plane, such as changes in the bond length of Mo

atoms and changes in the bond angle. Therefore, we think that the bond length of Mo

atoms and the bond angle will change depending on the tensile strain and the width of

the non-ripple regions will be determined by these changes. Taking into account that

the width of the non-ripple regions should be the same with one of the ripple structure

due to smooth connection, we suppose that the amplitude and period of the ripple

structure are determined by the width of the non-ripple regions.
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Armchair

Figure. 6.7. (a) Top view of the lattice structure of MoS: with projected geometry

parameters (bi, bz, and 60), The &, and ¢, represent the tensile strain by stretching and

compressive strain due to Poisson’s effect. The purple and yellow atoms indicate the

Molybdenum and sulfur atoms, respectively. (b) Stereogram of the MoS: structure, a-d

present different atoms.

We consider that the Poisson’s ratio of MoS2 nanosheet is related to its atomic

arrangement, which is determined by the bond length between two neighbor Mo atoms

and the bond angle under the tensile strain, as shown in Fig. 6.7 (a) and (b). We analyze

the in-plane strain of the MoS:> (Fig. 6.7) to explain the experimental strain dependence

of the Poisson’s ratio in Fig. 6.6(b). In the structural model of Fig. 6.7(a), we assume
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that the bond length of Mo atoms perpendicular to the zigzag direction (b1), the bond

length of Mo atoms along with the zigzag configuration (b2), and the bond angle

between two neighbor bonds along with the zigzag configuration (6) changes as a

function of the tensile strain (ex). By applying the tensile strain, when the changes in

the bond length (bs, b2) and angle (0) are defined as Ab1, Abz, and A#, respectively. And,

the change rate of the bond lengths are defined by ¢ =% and ¢, = A:J)Z , respectively.

The lattice constant along the x-direction (zigzag) and y-direction (armchair) are

2b, sing and b, +b, cosg, respectively. Thus, the tensile strain ex can be expressed as:

. 0+A0 . 0
2(b, +Ab2)smT—2b2 smE Ab, A6 .6
o 0 T, 2%
2b, sin~, 2 : (6.14)
AO .0
=g, +—Cot—
2 2
And the corresponding transverse strain &y:
b, + Ab, + (b, +Ab2)c059+2A6'—b1 -b, cosg
E =
y
b, +b, cosg

AO . 0 0 (6.15)
B Ab, —b, 7sin§+Ab2 cosE

0
b, +b, cosE
By taking into account that the initial projected bond length b=b;1=b, and #=120°, the

Poisson’s ratio can be demonstrated as:

£ 1.2 J3ra0 1
V=—g—i=—€—x(§€l—T+§€2). (616)
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Here the Poisson’s ratio is expressed by the function of &1, &2, and Af. At constant
Poisson’s ratio (v = 0.27), the rate of change in the bond length along the direction
orthogonal to the zigzag direction shows almost a linear relation with that along the
zigzag direction (g1~ -0.02 &2). Therefore, as shown in Fig. 6.8(a), the dependence of &x
on ¢z is considered by the following three assumptions: (1) 2 is proportional to &, (2)
g2 =0, and (3) &2 is proportional to &x up to 1% and becomes constant for values beyond
1%. Using Eq. (6.14), the dependence of the & on the change in bond angle, A6, is
obtained for the three assumptions, as shown in Fig. 6.8(b). With respect to assumption
(1), A@ is also observed to be proportional to ex. In assumption (2), A8 is proportional
to the ex with higher slope than the one calculated in assumption (1). In the case of

assumption (3), the slope of A@ shows an increase when the &x is 1.1%.

{
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Figure. 6.8. (a) Three relationships between &, and &> ( &2 is the rate of change in the ba:

& = Ab—bz ) obtained by three different assumptions as shown in the legend (liner, constant
2

and linear-constant). (b) The three relationships between ¢, and A8 (A@ is the change in

bond angle 6). (c) The three relationships between &, and the calculated Poisson’s ratio.
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The dependence of the tensile strain on Poisson’s ratio for the three different

assumptions are calculated using Eq. (6.16), as shown in Fig. 6.8(c). In the cases of

assumptions (1) and (2), v is noticed to be almost constant at 0.27 and 1, respectively,

regardless of &x. On the other hand, in the case of assumption (3), v is found to be almost

constant at 0.27 for the ex below 1.1% and it gradually increases above &x of 1.1%. These

results indicate that an increase in v is contributed by the constant &2 when ex is larger

than 1%. As the constant &2 with increasing ex will lead to the raising increment of 6, as

demonstrated in Eq. (6.14), that results in the reduced &y and correspondingly increased

v, as shown in Egs. (6.15) and (6.16). We find that the model based on the assumption

(3) matches well with the experimental results as shown in Fig. 6.6(b). The results seem

to be reasonable, as we consider that the energy required to alter the bond angle may be

lower than the energy required to change the bond length in the stretching. The strain

dependence of Poisson’s ratio also agrees well with the previous studies based on first-

principles calculations [83,84],, which showed an increase in Poisson’s ratio of MoS;

layer by stretching the nanosheets along the zigzag direction.

In conclusion, by analyzing the rippled structure under stretching, we experimentally

revealed the geometric evolution of the atomic-scaleMoS; nanosheet, which have been

subjected to stretching using in situ TEM. It was found that the continuum mechanic

was inapplicable for the atomic-scale ripple structures, because of the invalid plate
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model, and it can be explained by the layer model. Additionally, we retrieved the

nonlinear mechanical response of the MoS» layer: Poisson’s ratio was constant below

the tensile strain of 1.1%, while it gradually increased for the tensile strain higher than

1.1%. This nonlinearity can be explained by the structural model that the bond length

does not change in proportion to the tensile strain above 1.1%. Although the strain

dependence of Poisson’s ratio for 2D materials has been reported by MD simulations

or first-principles calculations [85], experimental results have been reported rarely. In

this sense, our experimental results are extremely important in clarifying the

mechanical response of MoS; or 2D materials on atomic scale.
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6.3 Conclusion

In this chapter, we experimentally investigated the mechanical response of MoS»

nanosheets under strain conditions. By applying GPA to TEM images, the ripple

structure of MoS» nanosheets being stretched was obtained based on its apparent strain.

We studied the geometric evolution of rippled structure with the increased tensile strain,

and investigated the strain dependence of its mechanical behavior.

The strain dependence of the ripple structure of the MoS; nanosheet is revealed based

on the in situ stretching experiment. It was found that the relationship between the

tensile strain &x and the amplitude/period was not followed with the 1/4 power scale low,

which means the continuum mechanics is failed in explaining the behavior of 2D

materials at the atomic scale.

By analyzing the strain dependence of the geometry of the ripple structure, we

obtained the relationship between the applied tensile strain and the estimated Poisson’s

ratio. Thus, the strain dependence of Poisson’s ratio of MoS: nanosheet was revealed,

it was found that the v was constant below the tensile strain of 1.1% and it increased to

0.57 with the strain increased to ~1.6%. Based on our structural model, such a nonlinear

strain dependence of Poisson’s ratio was found to be originated from the atomic-scale

bonding response under stretching, due to the bond length does not change in proportion

to the tensile strain. The results of our geometric analysis indicate that it can potentially
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be applied for estimating the Poisson’s ratio of 2D materials.

Such a strain-dependent mechanical property is important for understanding the

physical and chemical properties of 2D materials. The in situ TEM observation in this

study clarified the inherent nonlinearity, which is important in understanding the

specific mechanical properties of 2D materials. The obtained mechanical behavior of

2D materials under strain conditions can potentially be used for understanding their

mechanical properties at the atomic scale and developing future applications.
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Chapter 7 Summary

Understanding the physical properties of MoS> under strain conditions is essential
for its application in electronic devices. In this work, we developed an intuitively
experimental method to investigate the strain dependence of physical properties of
MoS; on atomic scale.

We developed an in situ stretching TEM holder, which was designed for the purpose
of investigating the strain dependence of 2D materials. The atomic-scale TEM image
and a linear relationship between the applied bias voltage of the piezo actuator and the
trench distance were achieved, indicating that it was stable and effective for the in situ
stretching TEM observation. The displacement step of the holder was measured to be
0.06 nm/mV that is applicable for stretching on atomic scale.

We performed in situ stretching TEM observations of the MoS: nanosheet by our
developed TEM holder for investigating the mechanical response of MoS: under
stretching. The fracture process of a multilayer MoS» nanosheet was studied, in which
the crack of the sample was propagated along the zigzag edge layer by layer. Our results
suggested that the fracture of MoS: nanosheet is an interlayer fracture with a zigzag
propagated orientation. In the meanwhile, the structural modulation of the MoS»

nanosheet under 0.7% tensile strain was also found. The periodically atomic-contrast
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change during stretching was revealed, it was attributed to the out-of-plane

displacement of the sample during stretching.

The periodic ripple structures of the MoS; nanosheet, which formed parallel to the

armchair configuration, were observed in the MoS, nanosheet. According to the

geometric structure of ripple and the projective characteristic of TEM observation, we

proposed a strain-analysis method for identifying the rippled structure of MoS;

nanosheet on atomic scale from HR-TEM images. We revealed the apparent strain in

the HR-TEM image of rippled structure, and found its distribution was sensitive to the

geometric structure of ripples. Therefore, the rippled structure can be quantitatively

estimated from the apparent strain of the HR-TEM image at the sub-nanometer scale.

By analyzing the apparent strain distribution of the rippled structure, we found that it

was described to be inclined sinusoidal function (approximately 7.1°) of 0.3 and 5.5 nm

in amplitude and period, respectively. Furthermore, our method is valid for the

multilayer of MoS; nanosheet, since the periodicity of the apparent strain is always

simple in the thicker sample. The interlayer interaction between layers of MoS:

nanosheet was suggested to be very weak, so that the bending of MoS> layers can be

explained with the layer model, in which the in-plane distortion can be ignored due to

weak interlayer interaction in multilayer sample. Due to the layer bending, the bending

resistance of multilayer MoS: nanosheet should be quite small that the atomic-scale
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ripple structures could formed.

We experimentally investigated the mechanical response of MoS; nanosheets under

strain conditions. By using our strain-based analysis on TEM image. The geometric

evolution with increasing tensile strain was revealed. The relationship between the total

tensile strain &, and the amplitude/period did not follow the 1/4-power scaling law,

indicating the continuum mechanics was failed in explaining the ripple structure of 2D

materials at the atomic scale. We investigated the relationship between the applied

tensile strain and geometry of the rippled structure, by analyzing the strain dependence

of the geometry of the ripple structure. We estimated the Poisson’s ratio of MoS;

nanosheet from such experimental results and found that the v increased to 0.57 with

the strain increased to ~1.6%. We proposed the structural model, which revealed that

the increase of the Poisson’s ratio was originated from the bond length that does not

change in proportion to the tensile strain.

In summary, this study provides an experimental method for investigating the strain

dependence of physical properties of 2D materials. We propose a strain-analysis method

for identifying the rippled structure with TEM images. Based on the revealed rippled

structure, we can analyze the strain dependence of the geometry of the ripple structure

of MoS: layers and obtain the relationship between the tensile strain and Poisson’s ratio.

The results of our geometric analysis indicate that it can potentially be applied for
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Chapter 7

estimating the strain dependence of the structural and mechanical properties of 2D

materials, which can potentially be used for understanding their mechanical properties

at the atomic scale and developing future applications.
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Appendix I

The evaluation of total tensile strain on the ripple structure

We should notice that the rippled structures, which are induced by the initial shear
strain, the longitudinal x-direction is 45° to the boundary of the trench, as we mention
in Chapter 6.1. Here we show the method to estimate the tensile strain on the rippled
structure.

The direction that perpendicular to the trench is the X direction, it is the original X-
Y coordinate when we discuss the initial shear strain, and the shear strain vy is along the
Y-direction. When we discuss the tensile strain of ripple structure (the x direction of
ripples, the x-y coordinate, angle between the x-direction and X-direction is 45°), there
is a transformation of strain from one coordinate system to another (from X-Y to x-y
coordinate). The relationship can be retrieved from Morh’s circle, and it can also be
retrieved from the deformation.

Considering the rippled structures were formed by the initial shear strain (y). For a

All__l , where AH is the displacement perpendicular to the trench, as

simple shear that , =

shown in Fig. S1.1. Here, the x- and y-direction indicating the longitudinal and

transverse direction of ripples. The initial length along the x-direction is L the
Sina
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longitudinal deformation with a shear strain is AHcosa, thus, the tensile strain (exsh)

induced by the shear strain is:

_AHcosa _AHcosasina _ 1 sin 2
Exsh = L - L - 27 o, (Sll)

Sina

Trench

Figure S1.1. Diagram of the relationship between the initial shear strain y and
correspondingly induced tensile strain exsh Of the ripples. The green line and red line
indicate the longitudinal length without and with the shear strain y. « is the angle

between the x-direction of the ripple and the perpendicular direction of trench.

When the eappi applied on the trench, the shear strain will change to:

AH
.___AH L /4
7/ == = = . (81.2)
L+AL 4 AL l+e,,

The relationship between the applied strain on the trench (eapp)) and the

correspondingly tensile strain component (exap) Was illustrated the Fig. S1.2. The
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AL

applied strain on the trench can be defined as: ¢ =T where L is the initial width

appl

of the trench, and the AL is the deformation of the width with stretching, as shown in

Fig. S1.2. The length along the x-direction of ripple is _L | and the longitudinal

sina

deformation is ALsin« , then, the stretching induced tensile strain exap can be

calculated as:

_ALsing _ ALsin*a

gxap L L - gappl Sin2 a . (813)

sina

Figure S1.2. The diagram shows relationship between the strain applied on the trench

and corresponding tensile strain. The green line and red line indicate the longitudinal

length before and after the strain applied on trench. And a is the angle between the x-

direction of ripple and the trench. The x- and y-direction indicating the longitudinal and

transverse direction of ripples.
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Therefore, the total tensile strain ex can be obtained by the sum of shear induced

tensile strain exsh and stretching induced tensile strain exap, as illustrated in Fig. S1.3.

The & can be obtained:

& =& +& L7 sin2a+¢,  sin“a (S1.4)
X — “xsh xap — appl . .
21+gappl
In the case of a is 45°, Eq. (S1.4) is simplified as &, =%(%+8app|)

(a) L)

Trench yr=—"
14840
Exsh Exsh
1
'h_E ¥
%@0?
o
—
ppl
_1
Exap = Egappl
1 1
Exsh™ 5 = z
20 2148,
8x=8xup+8uh
Before stretching Stretched the trench with ¢, ,

Figure S1.3. lllustration showing components of the tensile strain of rippled structure,

where vy is the original shear strain, eappi iS the applied strain on trench, o is 45°.
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