THE HONG KONG
Q POLYTECHNIC UNIVERSITY
& Fenian

Pao Yue-kong Library
BEREEE

Copyright Undertaking

This thesis is protected by copyright, with all rights reserved.
By reading and using the thesis, the reader understands and agrees to the following terms:

1. The reader will abide by the rules and legal ordinances governing copyright regarding the
use of the thesis.

2. The reader will use the thesis for the purpose of research or private study only and not for
distribution or further reproduction or any other purpose.

3. The reader agrees to indemnify and hold the University harmless from and against any loss,
damage, cost, liability or expenses arising from copyright infringement or unauthorized
usage.

IMPORTANT

If you have reasons to believe that any materials in this thesis are deemed not suitable to be
distributed in this form, or a copyright owner having difficulty with the material being included in
our database, please contact lbsys@polyu.edu.hk providing details. The Library will look into
your claim and consider taking remedial action upon receipt of the written requests.

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

http://www.lib.polyu.edu.hk




TRANSMISSION ELECTRON MICROSCOPY
CHARACTERIZATIONS WITH IN SITU ELECTRI-
CAL MANIPULATIONS ON TWO-DIMENSIONAL

MATERIALS

WONG LOK WING

MPhil
The Hong Kong Polytechnic University

2020



The Hong Kong Polytechnic University

Department of Applied Physics

Transmission Electron Microscopy Characterizations
with In Situ Electrical Manipulations on Two-Dimen-

sional Materials

WONG Lok Wing

A thesis submitted in partial fulfilment of the requirements

for the degree of Master of Philosophy

August 2019



Certificate of Originality

I hereby declare that this thesis is my own work and that, to the best of my
knowledge and belief, it reproduces no material previously published or written, nor ma-
terial that has been accepted for the award of any other degree or diploma, except where

due acknowledgement has been made in the text.

(Signature)

WONG Lok Wing (Name of candidate)




@b The Hong Kong Polytechnic University

Abstract

Abstract

With nanomaterials emerged since the 1980s, nanotechnology rapidly develops.
Recently, two-dimensional materials get enormous attention, which means a van der
Waals materials, for example, single-layered graphite, graphene, the first two-dimen-
sional materials. Afterwards, other layered/van der Waals materials have been success-
fully lowered down to monolayer structure, including h-BN, transition metal dichalco-
genides, and Xene (X = Group IV elements). Most of them exhibit excellent properties
compared with conventional materials. Thus, the next-generation two-dimensional-based
devices are intensively reported. However, there is a lack of fundamental studies in the
nano-contact with mechanical and electrical stimulations. In this thesis, transmission elec-
tron microscopy characterizations with in situ mechanical and electrical manipulations
have been conducted. In the nano-contact, the size effect induced electric field is high
enough for tunnelling. Field emission dominant transport is preferred, and it has been
successfully demonstrated. The corresponding barrier width and height have been statis-
tically analysed in different contact geometry and thickness. All results demonstrated
thickness dependence expect for barrier width in face contact. Thickness-dependent elec-
trical conductivity has been studied by current density versus voltage plot and the con-
ductivity is increased with the decreasing thickness. Mechanical force induced screw dis-
location has been observed and proved by video record and simulated high-resolution
electron microscope image. The slope of the current-voltage plot is almost twice when
the screw dislocation is formed, that implies the conductivity is almost double by screw
dislocation. Moreover, if the nano-contact is intimately such as welding, the current-volt-

age usually behaves like thermionic field emission. In terms of mechanical test, titanium
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alloy ultrathin film has been bent. The results indicate the grain boundary is the weakest

in the whole structure and the flexibility of the film is high. Other than metallic films,
wrinkling observations in two-dimensional membranes provide a valuable shape transi-
tion and the strain release mechanism. In terms of mechanical-electrical test, stress-de-
pendent electrical properties have been measured. The data demonstrates the tunnelling
current and barrier form change with the local stress. These two-dimensional contacts are
believed to apply shortly soon. Hence, the in situ studies are beneficial to not only the
two-dimensional materials fundamental studies, but also the next-generation electronic
devices in terms of design, processing, and fabrication. The challenges of two-dimen-
sional devices are stability and feasibility on two-dimensional contacts. The flexibility of
two-dimensional materials enhances the tolerance of the contacts. More investigations are

needed for forming better two-dimensional contacts in the future.
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Chapter 1.  Introduction and Literature

This chapter is going to introduce the basis of transmission electron microscopy
(TEM) and in situ TEM characterization literature. TEM is a powerful tool for us to un-
derstand the structure-function relation. In this thesis, mechanical and electrical manipu-

lations inside TEM are focused to investigate different materials properties.

Since the 1980s, fullerene was directly observed in TEM ! and its spectrum was
also recorded 2. It was a giant step of nanotechnology. Then, carbon nanotube was found
in 1991 3. The attention on nanotechnology rose and the low-dimensional materials were
widely investigated to study their excellent properties and potential applications. Low-
dimensional materials are lighter and better functions than conventional materials. For
example, carbon fibre provides more strength and less weight than aluminium 4®. Re-
cently, carbon fibre reinforced aluminium still gets attention because of low weight and
high strength that is promising for the application of sports instruments, aviation, and
vehicle "°. On the other hand, the demand for electronic devices keeps rising, and most
devices are Si-based integrated circuit. By following Moore’s law °, when the number of
transistors can be installed into the chips is doubled with a cycle, the ability of the chips
will be also doubled. The cycle was a double per year in the beginning, and then changed
to be per a year and a half and became longer. The slowing down has been concerned and
it is harder to reduce the scale of the transistor. To keep strengthening the electronic de-
vices, the ability of a transistor is attempting to be upgraded other than only putting more
transistor. Then, graphene was firstly exfoliated since 2004 1. The scotch tape method
and the concept of breaking down van der Waals materials have brainstormed more meth-
ods to synthesize two-dimensional (2D) materials, a single-layered van der Waals mate-
rial 121°, Due to the increase of area-to-volume ratio, some fascinating properties of 2D

WONG Lok Wing 1
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materials have been discovered such as indirect-to-direct band transition *2°, There were
several prototypes of transistor made by these new 2D materials with high-performance
applications 618 Those applications are promising to fabricate the next-generation elec-
tronic devices. To study the functions of the low-dimensional materials, TEM plays an
important role to study their structures. The in situ manipulations such as heat, force,
or/and electricity with TEM characterizations provide more vital information to see how

the properties change.
1.1. Introduction

It is essential to understand the functions of the materials by studying structure **
20 TEM is a powerful equipment for us to study the structure of the materials by directly
investigating the atomic structure 2°. In situ holder enables TEM workers to manipulate
specimen inside TEM by force 2123, electricity 2% 23?7, gas 22-%, and heat 2+ 26-33, Usually,
the in situ manipulation holder contains two or more features for multipurpose. For in-
stance, catalysis can be conducted by gas flow with the heating holder. Therefore, the
direct characterization of structural changes by different stimulations can be observed and
recorded. Furthermore, the mechanism of the changes can be investigated more directly

to understand the structure-function relation.

Besides, the selected area electron diffraction (SAED) can be recorded to further
analyse such as crystal structure and crystallinity. In order to study the atomic structure,
the limitation of the resolution is introduced. TEM is different from traditional optical
microscopy. The electron beam acts as a light source instead of the photon. The wave-
length of the electron (4,) is deduced by de Broglie equation and relativistic effects 2° and

that of the photon (4,)) is deduced by Plank-Einstein relation %%,

WONG Lok Wing 2
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h
Ao = eV Eq. 1
\/ZmeeV (1 + W) e
e
hc

where h is the Planck’s constant, ¢ is the speed of light, e is the elementary charge, V is
the accelerating voltage of the filament, me is the rest mass of the electron and E is the
energy of the photon. The advantage of using electron beam as a light source is that the

theoretical and practical resolution, which is governed by Rayleigh criterion %,

A

ATin X Opin B Eq. 3

where Ar,,;, is the minimal resolvable distance, 6,,,;,, is the minimal resolvable angle,
and D is the diameter of the aperture. In comparison between Eqg. 1 and Eq. 2, the wave-
length generated by electron gun is much shorter than that generated by the photon emis-
sion in the same driving voltage. Thus, according to Eq. 3, the minimal resolvable dis-
tance or angle of electron source is smaller because of the smaller wavelength. Typically,
a wavelength of electron generated by 200 kV electron gun is about 2.5 pA. However,
there are limitation and aberrations in the lens system which limits the highest resolution

of the TEM. The highest practical resolution in a TEM is denoted by,

Ar = \/ Ar? + ArZ + Ar? Eq. 4

where Ar is the diffraction limit, Ar is the spherical aberration and Ar, is the chromatic

aberration.
0.61A,
T' =
a sinf8 Ea. 5
Arg = 533 Eq. 6
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Ar,=C.—f Eq. 7

where £ is the collection semi-angle of the magnifying lens, C; is the spherical aberration
coefficient close to the focal length of lenses, C. is the chromatic aberration coefficient,
AE is the energy loss of the electron, and Ej, is the initial beam energy. The diffraction
limit can be improved by increasing accelerating voltage to lower the wavelength of the
electron or extending the column length of TEM to reduce the collection semi-angle of
the magnifying lens. However, increasing accelerating voltage would provide more irra-
diation damage to the specimen 35-*" and extending the column length of TEM would
increase the volume of the TEM chamber which requires a better vacuum system to re-
main high or ultra-high vacuum level. The effect of spherical aberration and chromatic
aberration can be minimized by spherical aberration corrector and monochromator %, In

this thesis, JEOL 2100F TEM is employed with 200 kV operation voltage.
1.2. Literature of in situ TEM characterizations

Since the emerging of low-dimensional materials, their properties are different
from bulk because of the change of atomic structure. In terms of low-dimensional mate-
rials, graphene and transition metal dichalcogenides (TMDCSs) have got enormous atten-
tion due to their wide range of applications and special properties. In the perspectives of
properties, highly flexible * %% 40 direct-to-indirect band transition 25, quantum hall
effect 41, piezoelectricity “> 43, superconductivity *, supercapacitance & 5. Getting the
advantages of their properties, energy storage & 4546 electronic device &%, gas sensing
device 47, photonic devices ¢ %°, piezoelectric devices 2, spintronic devices *°, laser *’

and wearable devices °! have been reported, and some of them with high-performance
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compared with the conventional materials 16184248 However, there is lack of fundamen-
tal studies in the nano-contact about the low-dimensional materials. It is critical for low-
ering down the size of the device. To deal with this, TEM characterizations with in situ
manipulations would be implemented. The structure-function relations can be studied un-
der TEM and there are several studies about low-dimensional materials by using in situ
technique in the following. It is beneficial to unravel the behaviour change of the low-
dimensional materials by different stimulations. On the other hand, the limitations of 2D

materials studies will be also cited below.

As Huang et. al. 2! indicated, the superplastic deformation of single-walled carbon
nanotube in the high temperature reached 280% which is much greater than the theoretical
limit and the thickness is one-fifteenth from the original. This result was conducted by in
situ TEM pulling test. Although it is well-known that the properties of materials would
be different when the size is narrowed down to nanoscale and the temperature is high, the
result is indeed surprising for such a dramatic change in plasticity. The heat, approxi-
mately 2000 °C, on the carbon nanotube was generated by a 2.3 V d.c. voltage due to the
Joule heating effect. The voltage was applied by external add-on of the in situ holder. In

situ TEM is a dynamic technique which allows researchers to explore the material science.

In Zhao’s 2* studies, in situ conductive atomic force microscopy experiment on
single crystalline GaN and Ag nanowires was conducted. They found that the model of
the breakdown rule for nanowires. Metal nanowires follow electro-breakdown while sem-
iconductor nanowires follow thermo-breakdown because of thermal conductivity and
electrical conductivity. Metal nanowires have higher thermal and electrical conductivity.
When the high bias voltage is applied over the metal nanowires, the electromigration ef-

fect is dominant and the Joule heating effect is negligible. As a result, the metal nanowires
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were broken around two ends under a giant voltage. On the contrary, the Joule heating
effect on semiconductor nanowires in breakdown mechanism is dominant. It is caused by
lower electrical and thermal conductivity. The heat accumulates in the middle of the nan-

owires and hence it is broken.

Cold welding of ultrathin metal nanowires was observed 2. Gold and silver nan-
owires can be welded without any heating and biasing in nanoscale. The welding just
needs two nanowires to contact together in an ultrahigh vacuum atmosphere. The welded

nanowires had the same conductivity, strength and crystal orientation.

In situ TEM characterization can be also conducted by electron beam irradiation.
The electron beam irradiation would provide heating effect, knock-on damage and irra-
diation damage which would change the structure of materials and the special ability of
nano-materials can be investigated in real-time. For instance, elastic-plastic deformation
of Si nanowires could be triggered by electron beam irradiation under low strain rate 52,
Amorphization would be induced under high magnification electron beam illumination
and the irradiated part would be softened, weakened and extended. As a consequence, the
bending strain of Si nanowires achieved over 40%. The second example is that a rigid
and stable atomic carbon chain was constructed by gradually irradiating graphene and
which was theoretically proved °3. Phase transformation of 2H-MoTe, was verified by
electron beam irradiation in scanning transmission electron microscopy (STEM) 4, Te
atoms were predicted to be sublimed at about 400 °C. The heating effect of electron beam
irradiation created irreversible Te vacancies such that 2H-MoTe»-to-1T’-MoTe; transi-

tion occurs.

Ni nanowire/multi-wall carbon nanotube/amorphous-carbon nanotube hetero-
junctions and zinc oxide nanowire have been characterized by in situ experiment 2> 2,
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The semiconductive nanowires were contacted with a metal probe. The electrical
transport mechanisms of the semiconductive nanowires were proposed to be thermionic

emission or thermionic field emission within 10 V in metal-semiconductor.

In the perspectives of limitations, although there are many studies about electrical
properties of 2D membranes, only a few transistor-based reports highlighted the contact
geometric effects on 2D materials >>°8, On the other hand, field emission is preferred to
be the transport regime in M-S nano-contact rather than thermionic emission 2 or ther-
mionic field emission 2° due to the size effect enhanced giant electric field on both W
probe and the edge of 2D materials *°. Besides, metal-semiconductor contact in few nm-

scale is absent in the fundamental studies.

In terms of mechanical tests, other than the static flexural testing, the dynamical
methods that are feasible with nanowires or nanotubes % ® but unsuitable for atomic
membranes due to lack of self-supporting. Alternatively, some ultra-flexible films, such
as biofilms %2, were measured by atomic bulging methods 2 or atomic force spectroscopy
%4 for experimental evaluation of flexural behaviour. 2D materials such as graphene and
single-layer MoS; 1588 their flexural properties were mainly evaluated theoretically,
for example, density functional theory (DFT) calculation 87. Compared to the basal plane
tensile tests available for 2D materials %, although their nature of high flexibility has been
well known, especially based on the facts that nm-diameter nanotubes can be rolled up
by the 2D membranes % 70 as well as numerous other folded ™ or creased 2 2D structures
have been observed, at present a continuous flexural test on the 2D membranes is still
absent, in part due to the difficulties in loading fixture and atomic-scale manipulations on

the membranes.
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In short summary, TEM characterizations can provide valuable information for
understanding the structure-function relations. In situ manipulations provide a platform
in TEM to observe the structural changes and hence the function changes. At the end,

more functions of low-dimensional materials can be discovered and understood.

1.3. Objectives

In this thesis, Nanofactory™ in situ scanning tunnelling microscopy-transmission
electron microscopy (STM-TEM) holder was employed in all characterization experi-
ments. The low-dimensional materials such as graphene and TMDCs were manipulated
by either mechanical or/and electrical stimulation to investigate the structure-function re-
lation. Indeed, although there are many possible applications have been reported above,
the mechanism of transport and the mechanical, as well as electrical properties in the
nano-contact, are not fully understood. Herein, there are several objectives in this thesis.
(1) To study and understand the transport mechanism of metal-semiconductor (M-S)
nano-contact which essentially affects the performance of the next-generation instru-
ments and hence to improve their performance effectively. (2) To explore the mechanical
properties of 2D membranes. (3) To investigate the thickness-dependent electrical prop-
erties. (4) To trigger, monitor and characterize phase transition or defects in the low-di-
mensional materials. In order to complete the purposes, there are several theories that

should be mentioned.
1.4. Basic Theory of Metal-Semiconductor Contact

The formation of metal-semiconductor contact depends on the mismatch of the
Fermi level difference between metal and semiconductor. The Fermi level (EF) is simply
equal to the work functions (@), which is the minimum energy required for an electron to

WONG Lok Wing 8
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exit from a solid to vacuum level. The electron affinity (y) is the minimum energy re-
quired for an electron escapes from conduction band minimum (Ec) to vacuum. The
bandgap (Eg) is the gap between the valence band maximum (Ev) to Ec. Once metal con-
tacts with a semiconductor, the Er of metal and semiconductor would align with each
other, that changes the band structure. Using n-type semiconductor as an example Figure
1, after contact, if ®yerqr > Prtype semiconauctor» @ Potential barrier ¢z would be
formed. The current-voltage (I-V) characteristic behaves rectifying. On the contrary, it
behaves ohmic and the potential barrier is absent. The behaviour in a p-type semiconduc-
tor is reverse under the same condition. The I-V characteristic is important data for ana-

lysing the transport regime.

Vacuum Vacuum

Potential (eV)
Potential (eV)

N-type
Semiconductor
Before contact After contact

Semiconductor

Figure 1 Band structures of metal-semiconductor contact before and after contact.

1.5. Basic Theory of Fowler-Nordheim Tunnelling

There are three main theories of I-V characteristics, including thermionic emis-
sion (TE), thermionic field emission (TFE) and field emission (FE). At absolute zero,
electron transport completely follows FE. Otherwise, FE, TFE, and TE are coexisted.
Under a small electric field, TE is dominant in transport. As the increasing electric field,
the contribution of TFE gets more. Under a giant electric field, the effect of FE becomes
dominant. In the nano-contact experiment, the STM probe and 2D membranes have very

sharp edges. The charge concentration at the edges is higher because of the shape and size
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effect. As a result, the electric field across the nano-contact should be huge such that FE
is preferred. Fowler-Nordheim (F-N) tunnelling model is a cold FE, which model basi-
cally applies when the electric field is greater than 108 V/m "3, This giant field-induced
emission of electrons can be emitted from either a solid or liquid. F-N model can be ap-

plied for investigating the 1-V characteristic of nano-contact. The F-N model is denoted

by,

3
_ aAv? vbozt
I = mexp(— v ) Eq. 8

where, a is the first F-N constant, b is the second F-N constant, A is the contact area, V is
the bias voltage, t is the thickness, ¢ is the potential barrier, A is the local pre-exponential
correction factor which corrects the process of emission, v is the correction factor for
Schottky-Nordheim barrier which is about the shape of the barrier. The model in loga-

rithmic form is easier to be analysed.

3
I aA vbo2t C,
In (W) =In (Atzq’)) Ty ATy Eq. 9

where C1 and C; are the fitting parameters. The potential barrier and barrier width can be

derived from the fitting parameters.

§? = —2
bv ﬂ Eqg. 10
Aa
3
(ecl E
m)
= O x Eq. 11
2 bv
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Since the barrier width depends on permittivity (er), built-in potential (V) and carrier con-

centration (Np and Na), the thickness-dependent permittivity be also estimated ™,

1

2, ( 1 1 ) 2
~ — ) W - V)]
[ q NA ND bi Eqg. 12
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Chapter 2. Methodology

This chapter is going to introduce the probe preparation, specimen synthesis, set-
ting of TEM, and the electrical and mechanical test with their analytical procedures. Part
of the information in Chapter 1 involves in this chapter. The methods we used would be

introduced as detailed as possible.
2.1. Tungsten Probe Preparation

An electrochemical method of fabricating tungsten probe was employed in this
thesis . The probe was utilized to manipulate the low-dimensional materials either me-
chanical force or electrical bias. The setup can be seen in Figure 2. 3 mm diameter tung-
sten wire was held and immersed in a droplet of 1 M NaOH solution, which is an etchant,
held by a stainless steel plate with a small hole. The tungsten wire was connected to anode
and the steel plant was connected to cathode. 6.0 V bias voltage is applied in this system
until a tip is dropped. After the tip drops, it will be rinsed by ethanol and deionized water
immediately. Finally, the tip is dried by air blower or heat to remove residual liquid on

the tip.

Tungsten Wire

RWWE Holder

Stainless Steel Plate

/

Power Supply

Tip Collector

Figure 2 lllustration of the setup of electrochemical etching.
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2.2. Specimen Preparation

Specimen preparation for in situ TEM characterization can be divided into two
categories: bottom-up and top-down. Bottom-up means a specimen is built from the low-
est units, atoms. The atoms are arranged properly to react and stack onto each other. Sim-
ilar to Lego, a Lego building is constructed by numerous small pieces of Lego. Based on
this concept, chemical vapour deposition (CVD) and molecular beam epitaxy (MBE)
were designed to synthesize low-dimensional materials by precise atom arrangement °.
Top-down means breaking something big down into small pieces. There are two common
top-down approaches which are mechanical exfoliation (ME) and liquid exfoliation (LE).
ME and LE are always employed to break down bulk layered materials such as graphite
and transition metal dichalcogenides. In the following, four commonly used synthesis

strategies will be briefly introduced one by one.

CVD synthesizes materials on a substrate by one or more vaporized precursors in
the vacuum. The deposition is taken place on the surface of the substrate by the reaction
and/or decomposition of the precursors. Usually, one or more by-products are synthesized
simultaneously, but those by-products would be removed by gas flow. The control of the
parameters such as ratio of precursors 77, substrate size 77, substrate distance '8, different
substrates 7°, temperature 88!, gas flow rate 8 would totally change the quality of the

product.

MBE requires a high vacuum environment (at least 10 Torr). Pure elements are
heated separately until the elements start slowly sublime. The gaseous elements are di-
rectly deposited onto a substrate. The elements would react to each other on the substrate.
The rate of material impinging on the substrate surface is controlled by the temperature

that is a crucial parameter for MBE 7582,
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ME breaks layered materials down by using a mechanical method. The mechani-
cal force overcomes the van der Waals attraction between adjacent layers. The first ME
of graphene by using scotch tape was in 2004 1. A graphite was repeatedly exfoliated,
and the thickness was gradually reduced until it became single-layered graphite, graphene.
There are other ME methods such as ball milling 8 8 which enhanced the productivity

of the ME.

Similar strategy to ME, LE overcomes the van der Waals attraction mainly by
sonicating a solution 8-, A suitable solvent is necessary for ion intercalation and ion
exchange can weaken interlayer van der Waals attraction. The solvent also can avoid
reaggregation of the exfoliated materials. Otherwise, the solute will be reaggregated and

sedimented.

In this thesis, ME and CVD specimen are involved for both mechanical and elec-
trical measurements. A bulk MoS; and highly ordered pyrolytic graphite (ZYA Grade,
provided by 2D Semiconductor Inc.) were mechanically exfoliated by conventional
scotch tape method 1. The exfoliated specimen would be transferred by thermal release
tape onto conductive TEM grid directly &. Then, the thermal release tape can be com-
pletely peeled off at 140 °C. CVD grown MoS: and ReS; were provided by Dr. LY Thuc

Hue and her group.
2.3. Transmission Electron Microscopy Configurations

Since there are contact geometric effect, two main types of contact would be
shown in this thesis, which are edge contact and face contact. There are three side view

illustration are shown to provide a better understanding of the TEM images in Results
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session Figure 3a-c. The plane surfaces of the 2D membranes can be perpendicular (pla-
nar view) Figure 3a-b or parallel (edge-on view, edges were bended) to the viewing di-
rection of TEM. The W probe was gently moved and connected with the edges or surfaces
for the two types of contacts. For contacts in planar view, the thickness (layer number) of
contact position was confirmed by mechanically bending the edges into edge-on config-

uration, thus the layer numbers can be directly counted.

Figure 3 Side view illustrations of a 1L MoS; edge contact, b 2L MoS; face contact and ¢ 2L MoS; edge
contact in edge-on configuration. The yellow, purple and white balls on represent Sulfur atoms, Molyb-
denum atoms and Tungsten atoms, respectively.

2.4. Current-Voltage Measurement

TEM grid was held on the fixed end of Nanofactory in situ STM-TEM holder with
15° inclination and W probe was held on a 3-axis controllable hat as seen in Figure 4.
When the desired flake was observed, the probe would be firstly moved by the inertial
slider-driven coarse control. The inertial slider-driven coarse control aims to approach the
low-dimensional flake as close as possible such that the flake can be contacted in the fine
control range. The piezo-driven fine control has the finest step of 2 pm with the maximum
range of £14.000 um for up-down and left-right, and £700.000 nm for forward-backward,
allows accurate control to contact with the flake. Then, the I-V measurement can be con-

ducted by using our homemade LabVIEW program.
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P.iezo-driven Tungsten tip
fine control Inertial slider-driven ) DC bias by Keithley 2400 multimeter
coarse control 2D TMDs specimen . Specimen Foils
on quantifoil \ ”
e ] OV O .

Figure 4 Schematic diagram of in situ experiment.

The LabVIEW program was designed for controlling Keithley 2400 to apply bias
voltage and measure current flow Figure 5. Parameters can be changed such as bias volt-
age range, pulse voltage steps, increment. After the W probe contacts with a low-dimen-
sional material, the program can be started immediately. The data will be collected in txt
file into the destination you set with a file name. The graph in the program can have a

quick preview of the I-V measurement.

[+] Keithley_1-Vai* - [m] X
File Edit View Project Operate Toels Window Help ]
S® 0N P s
-~
Keithley 2400 |-V measurement‘
ey Save location File Name
%icoma E me\e EI testO1
IV Graph G | |
Start Voltage (V) 0.1+
d-2
Increment (V)
‘End Voltage (V)
9l2
‘Time step (ms)
J‘ 500
‘Precision MNumber
J‘ 12
\Complian(e Level (0.1)
dot S
Voltage (V)
Instruction:
1. Select the correct port in VISA resource name.
2. Change the parameters you need.
3. Check the save location.
4. Change the file name for each test.
5. Press Run to test.
v
< >

Figure 5 User interface of the homemade LabVIEW Program.
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A piezo-controlled sharp W probe was used to manipulate the contacts with the
2D membrane in terms of different thickness, contact configurations, defect types, and
stress. The contact area formed were all less than 50 nm?, and more importantly, one side
of the contact was truly in 2D. Different from the bulk or nanowire contacts mentioned
above 2% 7 we predicted the field emission (FE) in such 2D contacts was dominant
because giant electric field could be built up at the contacts due to the reduced dimension,

even in low bias regime (<1.00 V). This can be verified by the F-N plot (Chapter 1.5).
2.5. High-Resolution TEM Images Simulation by Multislice in jems

Multislice algorithm is a common method for simulating HRTEM images based
on calculating the interaction between electron beam and specimen such as scattering *°.
The condition of the simulation was selected as follow. JEOL 2100F TEM was selected
and the preset values were directly used. Specimen setting was along [010] direction. In
the HREM map, only defocus, image dup-y and noise were changed to 80.0 min/nm, 6

and 5%, respectively.
2.6. In Situ Welding Experiment

2D electrical contacts have been determined to test with different metal probe.
The setup was similar to Chapter 2.4. The specimen was changed from a grip to a wire
as seen in Figure 6. Metal nanowires had been attached to the gold wire by rub. The W
probe would approach to the metal nanowires which pointed to the desired direction, par-
allel to the W probe. The aim of this welding experiment is to weld a single nanowire
onto the W probe with the same direction. Afterwards, the welded metal nanowire as a

probe would contact the 2D materials for the electrical measurements. Different metals
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have different work functions. This is a good chance to study 2D electrical contacts with

different band formations.

Gold wire

;T'—')—:Ij / Metal nanowires

L Y —

Figure 6 Setup of welding experiment.

2.7. Joule Heating Estimation

The hottest point must be the narrowest cross-session area, where is the M-S nano-

contact. Thus, only voltage drop across the M-S nano-contact had to be considered,

Vi=V-1I R
Jj system 'system Eqg. 13

The heat would flow through both W probe and 2D membrane. The heat flow of W probe
is negligible in this experiment. The estimation can be simplified to assume the electrical
conductivity (o) and thermal conductivity (k) of the whole 2D membrane are constant.
The lowest temperature (T,) in this system should be at the boundary of the 2D membrane
supported by quantifoil and that is approximately equals to room temperature. Conse-

quently, the maximum temperature is 24,

Tmax —To = —= Eq. 14

2.8. Crystal Plane Study Metallic Membrane by Loading Test

Metallic ultrathin films were prepared by Focused lon Beam (FIB). The speci-
mens were prepared by Dr. YU’s group or purchasing from Sandvik™ (SDK). The de-
sired crystal planes were selected and cut to be an ultrathin film. The film was studied by

WONG Lok Wing 18



Q The Hong Kong Polytechnic University

Q'v Chapter 2. Methodology

the mechanical loading test to investigate the mechanical properties of each crystal plane.

A schematic diagram can be seen in Figure 7. Since the ultrathin film are usually flexible,
the loading aims to bend the film until a crack is observed. The cracked specimen would

be further analysed by Dr. YU by using double Cs-corrected TEM.

Top View Side View

Metal Force
ultrathin film

S

FIB Lift-out
grid W tip

Figure 7 Scheme of loading test from top view and side view.

. |
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Geometric effect of nanoscale contacts was intensively studied by transistor, the
electrical transport through the heterojunction between a nanowire or a nanotube is dis-
tinct from the bulks >, Luo et al. % conducted conductive atomic force microscopy
(CAFM) experiment on Ni nanowire/multi-wall carbon nanotube/amorphous-carbon
nanotube heterojunctions, and Zhang et al. ?® studied the zinc oxide nanowire contacts.
They proposed the transport behaviour follows either thermionic emission (TE) or ther-
mionic field emission (TFE) in metal-semiconductor nano-contacts 2 26, It should be
noted that the size effect > is crucial to control the electric field across the junctions, and
hence the resultant transport regimes should be FE. Nevertheless, the electrical transport
across metal-semiconductor junctions in few nm-scale or less are yet to be fully under-

stood.

We investigated the electrical transport across various types of contacts of 2D
MoSz. The specimen preparations were shown in Chapter 2.2. In situ TEM-STM tech-
nique is a direct method to study the structure-property relationship and empower the
atomic-scale understanding of the electrical performances of materials 2> 2%, Figure 4
shows the experimental schematic of our in situ TEM-STM setup, with programmable
bias voltage and current measurement module (Chapter 2.4). The electrical properties

would be measured by I-V data and which would be further analysed.

3.1. Thickness-dependent Conductivity

The thickness-dependent band structure of 2D materials has been widely reported
9193 It is interesting to study the conductivity of 2D materials for future nano-devices.

TEM images captured from the video are shown in Figure 8a-d and Figure 9a-c. The
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false colour enhanced the thickness contrast in Figure 8a and Figure 9a, presenting the
stair-like structure of the 6-vdW-layered (6L) MoS> which enabled the W probe contact
different number of vdW layer(s) by changing the contact positions, including the single-
layer (1L) contact. Figure 8a-b shows a typical 1L edge contact, Figure 8c-d display the
bilayer (2L) and 6L edge contact, and the 1L, 2L and 6L face contact are shown in Figure
9a-c, respectively. The W probe was sufficiently sharp which provided atomic-accurate
contact. The 2D (x-y plane) projection effect of TEM may cause overlap between W
probe and 2D membranes, however all the edge and face contacts in our experiments have
been precisely controlled in three dimension by the movable W probe so that the relative
position (including z-direction) of the W probe and membrane edge can be unambigu-
ously determined (Supplementary video 1 for details). For example, in the video, the
probe was moved to the left and then touched a MoS, membrane, which was bended into
be edge-on configuration, that means face contact is formed. If the probe was moved
slightly rightward and let the edge of the flake contact with the W probe, that contact
would become edge contact. Simultaneously, the two-terminal 1-V measurement for each
contact was carried out. The recorded I-V responses showed large variations for different
contacts even at the same edge position of the same MoS2 membrane, exhibiting the con-
tact governed transport behaviour. The electrical conductivities were usually higher for
the contacts with a smaller number of layers, irrespective of edge contact or face contact

(Figure 8e and Figure 9d).
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Figure 8 TEM images of (a&b) 1L, ¢ 2L, and d 6L edge contact. Scale bar: 5 nm. The colour on a aims to
enhance the contrast of the stair-like structure. e current density versus voltage curve for edge contact.
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Figure 9 TEM images of a 1L, b 2L, and ¢ 6L edge contact. Scale bar: 5 nm. The colour on a aims to
enhance the contrast of the stair-like structure. d current density versus voltage curve for face contact.

3.2. Thickness and Contact Geometry Effect on Potential Barrier and

Barrier Width

Further analysing the I-V data, in most of cases, the 1-V behaviour were linear
beyond +2.00 V bias mainly corresponding to the system and MoS> specimen (including
the edge towards the contact) resistances, and non-linear within £2.00 V (Figure 10)
caused by the contact rectification and emission. Therefore, the I-V responses of the con-
tacts within £2.00 V can be retrieved after subtracting the linear voltage drops contributed
by system and sample resistances (Eq. 13). Then, the common TE, TFE models for metal-
semiconductor contacts were unsuitable for this highly symmetric 1-V data (Figure 11).
TE presents a rectifying 1-V behaviour and the 1-V behaviour of TFE likes a diode. The
best fitting for the measured 2D contact behaviour was the FE, F-N model ** (Figure 10
and Figure 11). The contact area depends on the probe size which is crucial to the

transport regime. FE is dominant on both forward bias and reverse bias when the probe
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Is within around 10 nm. Furthermore, the potential barrier and barrier width can be deter-
mined by the fitted parameters (Chapter 1.5). The fitted parameters of all our measured

contacts were presented in Table 1.

A total number of 21 tests for edge contact and 20 tests for face contact were
conducted. The electrical transport showed high reproducibility for each contact type. The
potential barriers ranged from 0.042 eV to 0.95 eV and it was found that the potential
barrier was smaller when the layer number (thickness) of the contact was smaller (Figure
12). Meanwhile, the face contact always had a larger barrier than edge contact for the 1L
and 2L contacts. The average potential barriers of edge contact were 0.16 eV, 0.51 eV,
and 0.84 eV and the mean of face contact were 0.22 eV, 0.61 eV and 0.72 eV for 1L, 2L,
and 6L MoS: respectively. The thickness-dependent barrier heights in forward and re-
verse bias were similar. Although both edge and face contact had increasing barrier
heights with the thickness increase, the increasing rate of face contact was less than that
of edge contact. As for the barrier width, the results of edge contact decreased with the
increase of thickness (Figure 13). However, the face contact barrier widths were much
smaller and showed thickness independence (Figure 13). Besides, all of the barrier width
is under 5 A, which means the barrier is extremely thin. It is beneficial to the tunnelling

effect.
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Figure 11 Typical 1-V behaviour of thermionic emission (TE) and thermionic field emission (TFE).

Table 1 Fitted parameters of F-N modelling for thickness-dependent and contact geometric electrical test

st o, No. of Type of S Forward Bias Reverse Bias
layer(s) Contact Contact Area c1 c2 c1 c2
1 1 Edge 3.27 -16.4 -0.00916 -16.6 -0.00947
2 1 Edge 3.27 -17.0 -0.00855 -17.2 -0.00883
3 1 Edge 197 -18.5 -0.0149 -18.8 -0.0157
4 1 Edge 1.20 -18.9 -0.0319 -20.2 -0.0394
5 1 Edge 3.55 -18.2 -0.0177 -18.6 -0.0189
6 6 Face 62.6 -19.3 -0.1712 -19.3 -0.163
7 6 Edge 16.0 -16.1 -0.0809 -16.2 -0.0943
8 3 Edge 8.13 -20.8 -0.230 -19.9 -0.0828
9 1 Edge 211 -18.8 -0.147 -19.0 -0.0769
10 1 Edge 1.88 -18.4 -0.0921 -18.3 -0.0596
11 2 Edge 8.54 -19.0 -0.167 -19.0 -0.109
12 2 Edge 6.89 -15.7 -0.0301 -17.1 -0.0342
13 1 Edge 3.98 -15.2 -0.0296 -16.0 -0.0522
14 1 Edge 1.28 -17.3 -0.0356 -17.8 -0.0432
15 1 Edge 3.74 -18.3 -0.169 -184 -0.0722
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16 1 Edge 3.61 -19.0 -0.230 -19.0 -0.161
17 6 Face 51.9 -19.4 -0.259 -19.2 -0.169
18 6 Face 422 -19.3 -0.283 -19.4 -0.271
19 6 Face 444 -18.8 -0.233 -18.8 -0.174
20 6 Face 27.6 -19.0 -0.271 -19.0 -0.224
21 6 Face 291 -18.7 -0.234 -18.6 -0.164
22 6 Face 24.2 -18.8 -0.246 -18.8 -0.210
23 3 Edge 5.32 -20.5 -0.311 -20.6 -0.359
24 2 Edge 4.34 -20.5 -0.335 -20.6 -0.370
25 2 Edge 3.33 -19.5 -0.361 -19.6 -0.339
26 6 Edge 425 -18.9 -0.272 -18.9 -0.236
27 6 Edge 41.0 -19.0 -0.305 -19.0 -0.264
28 6 Edge 40.9 -18.9 -0.293 -19.0 -0.256
29 6 Face 214 -18.9 -0.344 -19.0 -0.314
30 6 Face 23.2 -18.5 -0.263 -18.5 -0.251
31 6 Face 44.7 -18.1 -0.223 -18.2 -0.196
32 1 Face 9.40 -18.6 -0.0495 -18.7 -0.0489
33 1 Face 9.31 -18.6 -0.0469 -18.9 -0.0486
34 1 Face 8.29 -18.9 -0.0473 -18.8 -0.0458
35 3 Face 17.8 -18.0 -0.221 -18.1 -0.225
36 3 Face 18.8 -18.2 -0.247 -18.3 -0.233
37 3 Face 185 -18.6 -0.323 -18.6 -0.296
38 3 Face 27.8 -18.7 -0.339 -18.8 -0.313
39 6 Face 41.8 -18.6 -0.365 -18.5 -0.340
40 6 Face 41.8 -18.6 -0.369 -18.5 -0.333
41 6 Face 48.8 -18.1 -0.286 -18.0 -0.255
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Figure 12 Potential barrier distribution for edge contact and face contact with respect to 1L, 2L, and 6L
contact as well as bias direction. Black boxes represent forward bias and red boxes represent reverse bias.
The numbers on the x-axis represent the number of layer(s).
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Figure 13 Barrier width distribution for edge contact and face contact with respectto 1L, 2L, and 6L contact
as well as bias direction. Black boxes represent forward bias and red boxes represent reverse bias. The
numbers on the x-axis represent the number of layer(s).

The thickness-dependent band structures in 2D MoS; have been extensively in-

vestigated via optical or other methods °*°3. The potential barriers at the 2D MoSz-W

contacts are caused by the band alignments at the interfaces (Figure 14). The reported
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electron affinity °2 of 2D MoS; is around 4.0~4.3 eV, lower than the work function of W
(4.6 eV), yielding potential barriers of 0.3~0.6 eV at the contact in reverse direction (Fig-
ure 14). On the other hand, the work function of n-type 2D MoS: is within 4.1 eV~4.5
eV with thickness dependence %, therefore the band realignment after contact will create
potential differences of 0.1~0.5 eV in forward direction (Figure 12). In this highly doped
MoS, membrane, fermi level is very close to the conduction band and hence the potential
barrier of reverse bias which is very close to that of forward bias. In addition, the surface
state on 6L MoS; edge contact realigns the band structure, and hence the potential barrier
of reverse bias is significantly lower than that of forward bias (Figure 12 and Figure 14).
This is caused by the larger contact area in 6L M0S; edge-on configuration as shown in
Fig. 1f-h and the edges are not totally parallel to the W probe, such that the probe only
partially contacts with that “6L” MoS and hence creating a huge surface state effect. In
other cases, for example, 1L and 2L MoS: edge contact as well as face contact. The con-
tact area in those two contacts is much easier to form a perfect contact with the W probe
compared with 6L MoS; edge contact. In the perspective of face contact, no matter the
layer number is increased, the contact area is similar, that implies that the effect of surface
state is negligible under face contact with small contact area. Indeed, the probe would
provide a small force to the 2D flake when the contact forms (Figure 15). Probably, this

small force might level the effect of surface state.
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Figure 14 Band diagram for tungsten nanotip and 1L, 2L, and 6L MoS; before and after contact based on
the results of Figure 9 & 10.

Figure 15 IHlustration of small force in face contact.

FE model work well mainly because of the ultra-small widths of barriers for these
2D contacts. The fitted barrier widths for all the face and edge contacts are smaller than
the layer thickness (plane distance along z-direction) in MoS; (0.62 nm), showing the
good electron screening and the 2D dimension reduction effects of the 2D MoS,, and the
contact barriers are well-restricted within the first atomic layer of MoS,. The 2D mem-
branes have strong anisotropic permittivity given by the vdW layered atomic structure,
the out-of-plane permittivity for face contact (&.) is 4 times less than in-plane permittivity
of edge contact (e/) (Figure 13 and Eq. 12), hence the barrier widths of face contact are
usually smaller than edge contact. The slightly increased barrier width in mono- and bi-
layer of MoS: edge contacts may be attributed to the reduced carriers/free electron den-
sities by the good contact configurations and less defects remained, as the higher mechan-
ical flexibilities in thinner 2D membranes will assure the better conformations at the in-

terface edges.
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A CVD grown MoS; monolayer was also tested. A relatively clean 2D MoS; was
found that and the crystallinity was good by checking the selected area electron diffrac-
tion pattern (Figure 16). Three contact sites were selected to employ I-V measurements.
In Figure 17-Figure 19, the contact locations, I-V plots, and F-N fitting of W probe-CVVD
1L MoS: contact were displayed. The I-V plots were symmetric, and the F-N fits coin-
cided with the data points that field emission was dominant in this M-S nano-contact. On
the other hand, the potential barrier distribution and barrier width distribution without
considering contact geometry this time can be seen in Figure 20-Figure 21. The potential
barrier of this test was higher than the former tests, but the barrier width of this test was
lower. Similar to the previous results, the reverse bias demonstrated a lower potential
barrier than forward bias, but the decrease of potential barrier was larger than the exfoli-
ated 1L MoS». The apex of W probe was about 8 nm which was close to the former test
and the probe was more uniform in shape than the former one. Although the difference
between exfoliated MoS2 and CVD grown MoS» was huge, the sample size was still low.
The results can only provide a preliminary insight into the barrier formation. In a sum-
mary of the barrier formation of the F-N tunnelling, the rectangular shape barrier had a
certain degree affected by the probe size and shape as well as the synthesis method of the

MoS,.

Figure 16 a TEM image and b selected area electron diffraction pattern of CVD grown 1L MoS:.
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Figure 20 Potential barrier distribution for the M-S contact of exfoliated 1L MoS; and CVD grown 1L
MoS; with bias direction. Black boxes represent forward bias and red boxes represent reverse bias.

WONG Lok Wing 33



@b The Hong Kong Polytechnic University

v Chapter 3. Results

1.0
Exfoliated 1L MoS, CVD grown 1L MoS,
084 "
£
C ®
<
O 0.6
=
12
o 0.4 -
o0
o - -l—
=
% 0.2 I l
o — —
0.0

Figure 21 Barrier width distribution for the M-S contact of exfoliated 1L MoS; and CVD grown 1L MoS;
with bias direction. Black boxes represent forward bias and red boxes represent reverse bias.

3.3. Stress-Dependent Electrical Properties

There were two stress-dependent electrical tests would be introduced. The first
one was the exfoliated 6L MoS> and the second one was the CVD grown 1L MoS,. The
first one only covered a half grid; the W tip was under the 6L membrane and made a
contact (Figure 22a). The 1-V measurements were tested when the tip was moved upward
(in z-direction) with a certain distance that provide the stress on the membrane (Figure
22b). The conductivity slightly increased with stress. Due to the symmetricity, the F-N
fitting had been applied to all I-V data. Hence, the effect of the stress in potential barrier
and barrier width was found (Figure 22c-d). The potential barrier was decreased with the
increasing stress while the barrier width was increased with that. On the other hand, a full
grid 1L MoS; was contacted by a W tip (Figure 23a). The I-V measurements were also

tested when the tip applied different stress onto the membrane and the conductivity was
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decreased when the stress increased (Figure 23b). Finally, the potential barrier was inde-

pendent of stress which held around 0.69 eV but the barrier width was dropped with the
increasing stress (Figure 23c-d). The upward test would change the boundary condition
since the membrane was put away from the supporting grid. This may affect the stress
test. In the second one, the tip pressed on the near the grid, that provided an imbalance
force. That may also affect the stress test. The tip should press around the middle of the

membrane, that can simplify the studies, even in the theoretic calculation.
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Figure 22 a TEM image of W-6L MoS; contact. b 1-V plot with different z-direction from the original
contact point. The stress-dependent ¢ potential barrier and d barrier width.
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Figure 23 a TEM image of W-1L MoS; contact. b 1-V plot with different z-direction from the original
contact point. The stress-dependent ¢ potential barrier and d barrier width.

3.4. Screw Dislocation Induced Conductivity

The effect of crystal defects is distinct in 2D contacts. Except for the results above,
it can be further demonstrated by the in situ formed/annihilated screw dislocation. In a 6L
face contact (edge-on view) measurement, a screw dislocation was observed to emerge
from perfect layers (Figure 24, 17 s, supplementary video 2), induced by the local shear

strain (scheme shown in Figure 25, also see supplementary video 3). The excess layer
edge on the top after half unit cell slip (also burger’s vector = %ZA) through the layers
during screw dislocation formation could be visualized (Figure 24b-c). The screw dislo-
cation existed for 6 s and then disappeared (Figure 26, 3 s, supplementary video 4). The

contact zone was totally recovered after the annihilation of the screw dislocation. The

supplementary video 2 and 4 presents this entire process. The atomic model and TEM
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image simulation by multislice method (Chapter 2.5). Figure 27 was built and tested for

the screw dislocation core, the result coincides with our in situ TEM observations. Be-
sides, this screw dislocation is reversible, which self-healing of screw dislocation in few-

layer MoS: has been observed, but the mechanism has to be further studied.

Figre 24 TEM images of the form of thé screw dislocai'on.during measurement at a 0 S, b 17s,¢20s.
Scale bar: 5 nm.
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Figure 25 Scheme of local shear strain including action and reaction force.
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Figure 26 TEM imae§ of annihilation of the screw dislocation during measurement at a 0 s,b3s,c20s.
Scale bar: 5 nm.
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Figure 27 a Atomic model (VESTA), b simulated HREM image (multislice in jems),;and ¢ experimental
image enlarged from the red dash box in Figure 13c along zone axis [010].

Two I-V measurements (x2.00 V scan) were simultaneously carried out through
the above process. It can be seen the conductance was abruptly enhanced when the screw
dislocation was formed. In specific, the conductance was risen from 2.00 to 3.88 nS (Fig-
ure 28a). Vice versa, when the screw dislocation annihilated, the conductance returned
to the origin, decreased from 4.81 to 2.39 nS (Figure 28b). Thus, the screw dislocation
increased the system conductance by nearly 100%, which is in strong agreement to our
CAFM measurements on single screw dislocations % (Figure 29). Because of the screw
dislocation, all the 6 atomic layers were connected and contributed to the transport, rather
than relying on the vdW interactions and electron tunnelling in perfect multilayer MoS..
The conductance enhancement by screw dislocation was widely found in many other ma-
terials %%, however, much higher conductance was gained by single dislocation in 2D

contacts due to the change from vertical transport into in-plane transport.
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Figure 28 I-V plots for the measurements of a Figure 24 and b Figure 26.
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Figure 29 Circuit of the 2L MoS; edge contact before and after screw dislocation emerges.

3.5. Different Metal Probe

In order to study M-S contact, different work function would be considered. As
mentioned in Chapter 2.6, the probe was attempted to be modified by welding a silver
nanowire in a parallel direction. The welding experiment was attempted at least 30 times,
but only 1 completed welding a silver nanowire. The process of the success 1 will be
shown below. A silver nanowire was first approached by a W tip and the electrical bias
was applied gradually as seen in Figure 30. A breakdown can be clearly observed in the
I-V plot that a sharp drop of the current at 6.00 V (Figure 30b-c). A part of the nanowire
was welded onto the tip with an undesired direction and ball-shaped vertex. Then, the tip
approached another silver nanowire and tried to weld the silver nanowire onto the tip
(Figure 31). Similar to the previous one, a breakdown voltage occurred at 5.60 V and a

part of the nanowire was twisted and attached to the tip. Since it just attached to the tip
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and hence it lost when the tip approached another nanowire. In Figure 32, the third silver
nanowire was approached and welded by electrical bias. This time succeeded to weld a
silver nanowire onto the tip with the desired direction. This welding was benefited by the
previously welded nanowire on the tip. In Figure 32b, that welded nanowire became a
joint to fix the direction of the twisting nanowire and the twisting force would bend the
nanowire as seen in Figure 30 and Figure 31. In Figure 32c, the two twisted points can
be observed which was induced by bias. The first one was close to the W tip and the other
one was the end of the nanowire which was broken in the nearly middle of the whole
silver nanowire. The breakdown was about 2.20 V this time (Figure 32d). Although elec-
tro-breakdown should be the main mechanism of the silver nanowire 24, the Joule heating
was also significant. The strong welding in Figure 30b implied that the nanowire must
be melted and then welded onto the tip. Otherwise, the weak attraction liked Figure 31c
would easily be removed. In Figure 32, electrical driven twisting made the nanowire self-
twisting and the thermal energy high enough to melt the attached nanowire as solder to
solder the target nanowire. Therefore, it is difficult to confirm whether the target nanowire
was broken-down thermally or electrically. However, the other end of the target nanowire
was broken without synthesizing a ball shape which meant the other end of target nan-
owire was probably solely electrical breakdown. Eventually, the Ag nanowire probe at-
tempted to contact a multilayer MoS, membrane and the I-V plot behaved as typically
TFE (Figure 33). The work function of Ag nanowire is around 4.2 eV * which is close
to the work function of W around 4.5 eV. There was no effect on to the original band
structure even the work function had a slight change. However, the silver nanowire in
ultrahigh vacuum silver can contact intimately 22, that made the 1-V characteristic change.

There was only one set of data since the nanowire was shortened and the ball between the
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nanowire and the tip hindered the contact. Hence, the other probe measurements have to

be attempted in the future again.
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Figure 30 TEM images a before and b after applying bias. ¢ I-V plot for the welding.
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Figure 31 TEM images a before and b after applying bias. ¢ TEM image after a slight pulling. d 1-V plot
for the welding.
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Figure 32 TEM images a before and b after applying bias. ¢ TEM image after a slight pulling. d 1-V plot
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3.6. In Situ Observations of Welding

Other than screw dislocation, welding was observed under a high bias voltage
electrical measurement (Figure 34). When the 1-V measurement started, a part of the W
probe was welded immediately. The flake on the tip should be WOs3 since the W probe
had been etched before the experiment and the melting point of WO3 is much lower than
that of W. It was unexpected that WO3 flake was melted firstly rather than few-layered

MoSz. The corresponding I-V plot can be seen in Figure 35 and the I-V characteristic
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behaved like TFE compared with Figure 11. The Joule heating generated by +10.00 V I-
V measurement was at least 1298 K so that the WO3 melted in ultra-high vacuum. This
electrical contact was different from the previous results that the WO3 and few-layered
MoS; were contacted intimately, similar to Chapter 3.5. This was an alternative evidence

to prove the previous electrical contacts followed FE.

LA # s &
Figure 34 TEM images captured from the video a before 1-V measurement and b at the beginning of the
measurement.

080

[
060 -
u
< 040
: ;
=
@
= u
3 020 .
n
u
0.00 4 - '...--l-ll-ll-ll-ll-ll
-0.20 T T T T T T T T T
-10.00 -5.00 0.00 5.00 10.00
Voltage (V)

Figure 35 I-V plot of the I-V measurement of Figure 34.

3.7. Mechanical Loading Test of Ultrathin Titanium Alloy Film

A FIB cut titanium alloy (Ti/WC) ultrathin film was made by Dr. YU’s group and
the loading test was employed to the film (Figure 36). This specimen had an intrinsic
hole which was predicted that the crack would expend during the loading test because of

the concentrated strain. However, a loading induced crack was firstly observed along a
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grain boundary rather than from the hole in Figure 36b. That implied the grain boundary
was the weakest part of Ti/WC that was unexpected. The STEM-HAADF image and
STEM-EDX mapping were showed a splintered grain boundary of Ti/WC (Figure 37).
The grain boundary was very weak due to the loose structure. In Figure 37b-f, the bond-
ing of grain boundary can be clearly analysed that Co was doped into undesired grain
boundary and hence the zig-zag grain boundary was formed. Consequently, the strain
applied by the loading test would concentrate on the grain boundary rather than the in-

trinsic hole. Thus, this is why the crack was along the grain boundary.
Figure 36 TEM images of Ti aIon captured a before loading test, b during loading test, and c after loading
test. The orange circle indicates the crack.
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Figure 37 a STEM-HAADF image of Ti alloy. STEM-EDX mapping of b interested area and the elements,

which are c W

dC,eTi, F Co.

The SDK Ti alloy (Ti/WC/Co) ultrathin films were also tested and their STEM-

ABF images were pictured which clearly showed the grains (Figure 38-Figure 40). Sim-

loading test, three SDK Ti alloy ultrathin films were bent until a crack

ilar to the previous

was noticed. Interestingly, two films were found that the crack was created near centre.

The remaining one was cracked from the margin. All ultrathin films demonstrated high

45

flexibility and the cracks were created when the bending was about 90°. The cracks are
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waiting for further analysis by Cs-corrected TEM to verify the crystal planes and their

structures, so the further results will be reported in the future.

Y

b

c H d
Figure 38 a STEM-ABF image of Ti alloy for crystal plane analysis. TEM images of Ti alloy captured b
before loading test, ¢ during loading test, and d after loading test.

c i d
Figure 39 a STEM-ABF image of Ti alloy for crystal plane analysis. TEM images of Ti alloy captured b
before loading test, ¢ during loading test, and d after loading test. The orange circle indicates the crack.
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Figure 40 a STEM-ABF image of Ti alloy for crystal plane analysis. TEM i'mages of Ti alloy captured b
before loading test, ¢ during loading test, and d after loading test. The orange circle indicates the crack.
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Chapter 4.  Discussions

All TEM characterizations with in situ manipulations have been presented. Real-
time measurements have implicated many fundamental properties of 2D materials. The
dynamic changes induced by direct stimulations have been recorded and analysed. In situ
manipulations with TEM characterizations provide a platform for observing the structure-
function relation in low-dimensional materials, especially for the promising materials
such as graphene and 2D TMDCs. This chapter is going to provide the interpretation of
the results, discuss the implications, acknowledge the limitations, and plan the future ex-
periments in both mechanical and electrical properties. In first, electron beam damage in
electron microscope get more attention recently, and the irradiation damage will be firstly
discussed which affects all measurement under TEM. Afterwards, electrical properties

will be discussed secondly, followed by mechanical properties.

4.1. Irradiation Damage

JEOL 2100F with 200 kV accelerating voltage was employed in all experiments
above. The irradiation damage is mainly knock-on damage and heating 3>-%". However,
the electron dose was controlled under 1 C/m? in all experiments. No apparent damage
was discovered on the membranes by electron beam during the experiments. In terms of
electrical measurements, the 1-V plots for the same spot were highly reproducible which
also implies the minimized beam damage. The heating up by the electron beam can be
estimated by the thermal conductivity of the membranes with the dose 1% 1% and the
temperature rise is within 20 K. In short, the defects involved in the membranes were

mainly intrinsic or induced by in situ manipulations.
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4.2. In Situ Electrical Measurements

2D materials have been widely reported to be next-generation devices promisingly
16-18, 42,48 Owing to uncompleted fundamental studies of nano-contact, here, parts of me-
chanical and electrical properties have been unravelled for understanding the mechanisms
which benefits the future design of the next-generation devices. The thickness-dependent
electrical conductivity in the nano-contact has been confirmed that the conductivity is
decreased with the increase of thickness in both edge contact and face contact. Different
from the transistor-based thickness-dependent measurement, all electrical properties in
this thesis has been measured from the same MoS, membrane. Because of the symmet-
ricity of the I-V plot and the F-N fitting, field emission should be dominant in the transport.
Thus, the trend of thickness-dependent conductivity is possibly caused by the increasing
potential barrier and decreasing barrier width of vdW gap between the M-S nano-contact.
Interestingly, the formation and annihilation of a screw dislocation has been observed
during the I-V measurement due to the mechanical force. The magnetic field inside TEM
is perpendicular to the current flow through the M-S contact. Real-time response of the I-
V plot suggests that the conductivity was around double when the screw dislocation was
formed. Another strong evidence of the screw dislocation induced conductivity change is
the annihilation of the screw dislocation in the very next measurement that real-time re-
sponse of the I-V plot indicates the conductivity is half. The screw dislocation has been
confirmed by simulated images, acts like a switch that turns the circuit all in parallel.
Joule heating may be one of the concerns to affect the conductivity test, but the tempera-
ture rise by Joule heating is estimated below 1 K, which is negligible 1%, This electrical

study demonstrates some fundamental insight into the 2D materials.
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Unfortunately, the study of electrical properties of nanosheet is incomplete. The
I-V measurement in the nano-contact can be only conducted by two-terminal. If the four-
terminal measurement can be conducted, more electrical properties can be determined
such as hall mobility, sheet resistance and actual conductivity. Although the data can be
classified into different layers, hopefully, there will be a better stair-like structure to be
studied. Moreover, the sample size is insufficient, only 41 tests are recorded. However,
the measurement is difficult to be repeated. It requires an excellent tip with a well orien-
tated stair-like few-layer membrane. However, it is possible to repeat, just need more
attempts. There are still many interesting topics will be investigated such as stress-de-
pendent electrical conductivity. The other combination of metal-semiconductor nano-

contact can be also attempted.

The CVD grown single-layered MoS» was also measured and fitted by F-N mod-
elling. The I-V plots show the good symmetricity of forward and reverse bias, similar to
the mechanically exfoliated MoS> membrane. However, the fitted results show a huge
different in potential barrier that may be caused by the different W tip and the different
contaminations on the membranes. In the future, a W tip will be kept even after use. Alt-
hough there must be some contaminations on the tip, there should be a way to clean the

tip. The aim of keeping a tip is to reduce random variables, such as shape and size.

4.3. In Situ Welding

Both thermal and electrical breakdown would occur during welding. Thermal
breakdown is preferred for welding that forms a better soldering. Electrical breakdown
not only breaks the nanowire but also twist the nanowire a lot. However, the control of

breakdown is difficult. It will be tried in the future. On the other hand, a special welding
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of M-S contact has been observed. The metal part firstly melts rather than the semicon-
ductor. That flake on the tip must be oxide which has a much lower melting point. How-
ever, that melting may prove the I-V behaves TFE in hundreds nm-scale when the contact
is intimately. This hypothesis needs further investigation to prove. It is suggested to find

the condition of the intimate contact in the future.

4.4. In Situ Loading Test

The loading test of metallic thin films has been demonstrated. The films would
crack along different crystal plane to release strain. If the weakest plane is found, the
strongest plane can be found eventually. Hence, the strongest metallic thin film can be
fabricated. However, the analysis is still ongoing. Thus, the analysis will be finished in
the future. It is recommended to use around 500 nm diameter tip to implement the me-
chanical loading test, because of the strength of the tip. Based on the experience, the
optimal loading can be applied by this condition. If the tip is too small, the strength is
insufficient for bending the potential stored by the bending membrane. On the contrary,
the tip is too large, the tip would hinder the observation of morphology change, that neg-

atively affects the further analysis and causes accidental damage to the membrane.

During the loading on the 2D membrane, bias voltage can be also applied to study
the stress-dependent electrical properties. Upward and downward tests have been con-
ducted. Although the boundary condition is changed in the upward test, valuable data can
provide much information in electrical response of applying local strain onto the 2D mem-
brane. Thus, the barrier height and width change with the stress. On the other hand, the
results of downward test indicate the opposite trend for the electrical conductivity change
with stress from upward test. Moreover, the potential barrier is independent of the stress,

but the barrier width decreases with the stress. From this experiment, the preliminary
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understanding of stress to electrical properties is found. However, the further experiments
are recommended to conduct downward tests on the middle of a single-layered membrane
which covers a whole grid of quantifoil. The stress applied would be more balanced and

the theoretical calculation can be simplified.
4.5. In Situ Flexural Test

The flexural test describes the flexural properties of 2D membranes by analysing
the morphology change with theoretical calculations (Details in Publication 1). To avoid
being plagiarism and disturbing the process of publication, the contents can be briefly
introduced here. Although AFM experiment can provide actual values of the force and
morphology check, the continuous monitoring and 3-axes manipulations are absent.
Therefore, TEM characterizations with in situ manipulations were employed to achieve
real-time observations. During the manipulations, some wrinkles were formed on the 2D
membranes and the shape of wrinkles has been theoretically modelled. The shape transi-
tion condition has been determined for both experimental and theoretical results. Moreo-
ver, the mechanisms of releasing strain of the wrinkles have been recognized due to the
height of wrinkles. This flexural experiment is beneficial to the fundamental studies of
nano-mechanics. If it is interested, it is recommended to read the publication. The contri-
bution in this flexural test is to design an add-on for the in situ holder, discuss how to do

the experiments together, and discuss the results and share our data.
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Chapter 5.  Conclusions

TEM characterizations with in situ mechanical and electrical manipulations on 2D
materials have been conducted. Real-time monitoring on the structure-properties relation
has provided valuable information for understanding the mechanism and properties of
ultrathin membrane in electrical and mechanical properties. 2D electrical contacts and
mechanical test have been demonstrated which successfully complete the objectives.

These two categories will be concluded below.

Different from the bulk contacts, due to the reduced dimension in 2D materials,
the current is mainly attributed to field emission through ultra-thin potential barriers. The
forward and reverse behaviour are almost the same. The thickness and geometry depend-
ent transport comes from the shifting of band states and different band alignments. The
face contact is more easily influenced by the mid-gap defects states and Fermi level pin-
ning effect, which will yield higher barriers for transport. The differences in vertical and
in-plane screening in 2D materials also lead to different barrier widths. The current den-
sity-voltage plots in two contact geometry shows similar thickness dependence. The elec-
trical conductivity has been compared in J-V plots, that indicates the conductivity in-
creases with reducing the number of layers. There is another method to reduce the contact
resistances, by introducing the screw dislocations into multilayer 2D contacts. It can be
understood easily by a circuit diagram. Hence, according to the results, the edge contact
with monolayer MoS; (or other 2D semiconductors) is the best contact which has the
highest similarity with “Ohmic contact” and the IV responses least affected by contact
issue. Although the I-V measurements are well reproducible in the same spot, errors
caused by impurities and environmental fluctuations are unavoidable which affect the

stability of the 2D contacts and hence the measurements. It is recommended to conduct
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the experiment in the session with less environmental noise and freshly synthesized spec-
imen. In the future, other 2D materials will be tested, especially for the materials with

phase transformation.

The welding of WO3 between W tip and multilayer MoS; has been observed for
under 10.00 V bias voltage test. The I-V characteristic of the contact implies TFE is dom-
inant. On the other hand, the Ag nanowire probe has been used to make a contact with
multilayer MoS». The characteristic of Ag also creates an intimately contact which also
behaves following TFE. The coincidence of these two M-S contacts implies the intimate

M-S contact behaves like TFE.

The loading test in 2D Ti alloy has been conducted that indicates the grain bound-
ary is the weakest overall. The strain will be released by cracking from along the grain
boundary, if the bending of 2D Ti alloy is strong enough. The crystal planes of the grain
boundary will be further analysed later. Moreover, in the stress-dependent test, the tun-
nelling current and barrier shape provide preliminary insight. The local stress would grad-
ually change the conductivity and the formation of barrier. However, the changing mech-

anism is still under investigation.

In conclusions, TEM characterizations with in situ mechanical and electrical stim-
ulations on 2D materials have significant implications that allows the direct observation
of the structure-function relation. Based on the findings above, the results contribute to
the fundamental understanding of 2D electrical contacts, dynamic properties and the me-
chanical properties as well as the mechanisms about releasing strain. This helps the pre-
diction of the other 2D materials with similar structures. The findings are also beneficial

to the next-generation electronic devices and other applications in design, processing and
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manufacture. The most concern of 2D devices is about stability and feasibility. The re-
lated researches will keep investigations. Other than testing the other 2D materials in the
same way to expend the sample size of the tunnelling barrier, phase transformation in-
duced by either electricity or mechanical force are interested. In order to treat this problem,
lower accelerating voltage TEM with Cs correction is recommended to minimize the ef-
fect by electron irradiation and record clearer structural change. Hopefully, other hidden
properties and unknown mechanisms can be discovered by in situ manipulations in the

future.

. |
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