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Abstract

Two-dimensional (2D) materials provide an ideal platform for the study of
fundamental properties of system with atomic-level thickness. These studies motivate a
large number of device application in various fields, for example, electronics and display
technology. After the first discovery of remarkable properties such as high
impermeability, large heat and electrical conductivity etc., of 2D carbon sheet known as
graphene, other layered materials including transition metal dichalcogenides (TMD) have
been widely investigated. These TMD possess a sizable bandgap that is very promising
for future optical and electronic devices. However, other 2D family groups such as 2D
layered superconductor and p-n junctions formed by 2D materials still remain relatively

unexplored.

In this thesis, firstly, we characterized the basic properties of 2D iron-based
superconductor. This study shows that the thickness of exfoliated FeTe is correlated to its
number of layers, similar to other TMD materials. The effect of the layer thickness on the
Raman spectra have been measured. As the number of layers goes down to few layers,

the separation of the Raman peaks Aig and E%g decreases. Furthermore, the

superconductivity in the exfoliated FeTe and FeSe has been studied. The temperature
dependent resistances were measured and structural transition sometimes could be

observed.

Secondly, Raman spectra of encapsulated bulk and few layers MoSz in multiple
uniaxial strain direction have been measured. A modified bending technique has been
employed to apply precise uniaxial tensile strain along different directions of MoS; which

was encapsulated in between octadecagon polyethylene terephthalate (PET) and a layer

TAN Choon Kiat iv



QQb Abstract

THE HONG KONG POLYTECHNIC UNIVERSITY

of polymethimethacrylate (PMMA). For bulk MoS;, the Raman shift rates of the E,4 and
A1g mode (the change of the Raman peak position versus strain level) are almost the same
for strains applied along different directions. The Raman shift rates of few layers MoSy,
on the other hand, are larger than those in bulk MoSz. In addition, they also exhibit
distinctive anisotropic strain responses. We believe that the Armchair and Zigzag
directions of the exfoliated MoS, might be determined by monitoring the variation of

Raman Shift of the E»y and Aigmodes in different strained direction of MoS:.

Lastly, the Raman spectroscopic study of the effect of electrode preparation on
the structural properties of As>Sz has been carried out. As;Sz is an intrinsic p-type
semiconductor with a melting point around 310 °C. Electrode preparation involving E-
beam lithography and E-beam evaporation, might result heating on the samples. Raman
spectra have been measured before and after the two above mentioned processes. Raman
spectra of As,Ss; before and after the processes are indicating that the electrode
preparation does not influence the AssSz. Furthermore, p-type As.Ss and n-type MoS;
have been used to study the p-n junction behaviour in 2D materials. Current-Voltage (I-
V) curves were measured under various circumstances such as low temperature and
illuminating under white light. IV curves of As,Sz and PN junction showed high

resistance which might due to the low mobility in AssSs (101° cm?/Vs)
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1. Introduction

1.1. Introduction of two-dimensional materials

Since the discovery of remarkable properties of two-dimensional (2D) sheets of
carbon known as graphene[1],2D materials experienced a glowing age since it was the
very first mechanically exfoliated material from three-dimensional (3D) graphite in 2004
[1]. Monolayer graphene possesses some highlighted properties, such as high electrical
conductivity (~10*Qlcm™), high thermal conductivity at room temperature
(3x10°W/mK), high Young’s modulus (1.1TPa) and high transparency [2, 3]. However,
the zero or low band gap character of graphene do not favour the development towards

electronic and optical devices[4].

The discovery of graphene has sparked researchers’ interest in other graphene-like 2D
materials aiming at broadening the range of application and the shortage of graphene [3].
Scientists, then, focus on other 2D materials such as transition metal dichalcogenides
(TMD) with a general chemical formula of MXz2 (M=Mo, W; X=S, Se, Te) which exhibit
distinctive electronic and optical properties[5, 6]. For example, the crystal structure of
molybdnite monolayers was already studied in 1923 by Dickinson and Pauling [7] and in
2014 monolayer MoS> was investigated again[8]. These layered materials have layered
structure with strong in-plane ionic bond/covalent bonds within layers and weak van der
Waals (vdW) coupling between layers [9, 10]. As a result, layered materials can be
exfoliated and the number of layers can be reduced down to monolayers. With reduced
dimension, the physical properties of such materials change drastically. For example, the

electronic states of tungsten disulphide (WS) shift from indirect bandgap at bulk to direct

TAN Choon Kiat 1
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WO; films showed extraordinary photoluminescence between 1.99 and 1.94 eV at
different positions of the sample, which is dependent on thickness[11]. Generally
speaking, layered materials can be categorized into different family groups based on their
chemical formula, such as graphene family, 2D oxides and 2D dichalcogenides, or based
on their electrical properties, such as insulators (BN, HfS,), semiconductors (GaSe, GaS,
CuS), semi-metals (graphene) and superconductors (NbSe,, FeSe, FeTe) as shown in

Figure 1.1.

CrO,, CrS,, etc. Graphene, etc.
(E,:0-1eV) H,Jﬁr (E.=0eV)
: '3.9 g

s s =
Mos,, WSe,, etc. »% > "d}{}: VO, Vs, et

(E;1-2eV) . v V¥

> i A
5&’)} '29/,: . ((g} * "*4((:\"*
/ S Y . k k
L m’bo e®
4 Nay N\
h-BN (E,>5 eV) Clo, NbSez, etc.

\.i\m‘ ' | 2D Crystals ,?é > .

tt»-titt Insulator Superconductor %‘,\(4

vbv\ﬂ'— -

Figure 1.1 Various types of 2D materials from insulator to superconductor. Eg

denotes the band gap from ref. [12]

The ground-breaking work of Novoselov et al[1], who were able to separate a single
layer of graphene from graphite through micromechanical cleavage showed that these
mono-layers indeed exist [1]. Scientists, then, have been looking for alternative methods

to produce single layers of various 2D materials including chemical and liquid-phase
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exfoliation of single layers from their bulk crystals [13, 14], and chemical vapour
deposition (CVD) growth of 2D materials [15, 16]. There are different pro and cons in
these methods. For example, the lateral size of the exfoliated 2D materials is typically of
the order of micrometres by using mechanical cleavage [5, 17] . Chemically exfoliated of
2D materials usually possess an irreversible chemical modification of their structure and
properties [18]. Although CVD growth technique can produce macroscopic areas of 2D
material films; it is still difficult to grow a continuously and uniform film because CVD
growth needs a dedicated experimental setup and specific conditions for each 2D

materials.[16].

Compared to other methods, the scotch tap based mechanical cleavage is the fastest
and easiest way to obtain good structural quality atomically-thin layers of 2D
nanomaterials, including Graphene, MoS2, WSe, and NbSe; [1, 19-23]. This method

allows us to have a direct investigation of the intrinsic properties of 2D materials.

Many techniques have been established to characterize these 2D materials, such as
scanning electron microscopy (SEM) [24] , transmission electron microscopy (TEM) [25],
Raman spectroscopy and optical microscopy [21, 26]. Among these different techniques,
Raman spectroscopy is a powerful and sensitive technique for the rapid identification and
characterization of 2D materials [20, 27]. It is commonly used for the study on the

structural changes of 2D materials [28].
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Figure 1.2: Timeline of Superconductor from Ref. [29]

As shown in Figure 1.2 shown, superconductor was first discovered in the early
1900, when the scientists cooled mercury to liquid helium temperature, 4K, and its
resistance suddenly disappeared [30]. Afterwards, researches have put a lot of efforts on

finding potential superconductor materials.

Since the discovery of LaO1.xFxFeAs as a high-temperature superconductor in
2008 by Hosono group in Tokyo Institute of Technology [31], it has sparked a great
interest in iron-based superconductivity. Soon after this discovery, another group has
raised the superconducting transition temperature Tc up to 55K by replacing La with other

rare-earth elements, which is now called the “1111” phase. [32].

For the Fe-based superconductor families, there are normally two different
approaches in which superconductivity can be achieved. i.e. through charge doping and/or

physical pressure [33]. For example, the Tc of undoped 1111-type LaOFeAs was
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increased by inducing pressure [34]. These two approaches, however, decrease the

critical temperature of 111-type LiFeAs [35].

1.2. Property of 2D materials

1.2.1. Molybdenum disulphide (MoS,)

In a single layer of MoS; films, Mo (+4) and S (—2) atoms are arranged in a
sandwich structure by covalent bonds in a sequence of S—Mo-S [36], whereas the
sandwich layers are interacted by relatively weak van der Waals forces (Figure 1.3(a)).
Generally, each layer has a thickness of ~0.65 nm. Monolayer MoS; with trigonal
prismatic polytype is found to be semiconducting (referred to as 2H), while that with
octahedral crystal symmetry configuration (referred to as 1T) is metallic (Figure 1.3 b)
[37].Very similarly to graphene, MoS is mechanically flexible with a Young's modulus

of 0.33 £ 0.07 TPa [38].
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Figure 1.3 Crystal structure of MoS:z. (a) Chemical structure of two layers of MoSa.
(b) Two polytypes of single layer MoSz: trigonal prismatic (1H) and octahedral
(1T). (c) Schematic illustration of the two typical Raman active phonon modes (E%g

and Aig ) from Ref.[39].

Raman spectra is a very direct and convenient characterization tool to illustrate
the evolution of structural parameters in layered materials, especially when materials
changing from 3D to 2D van der Waals bonded constructions in 2D materials [39, 40].
In early 2010, a systematically characterized study of single- and few-layer MoS. were
studied by using Raman spectra [41]. Two Raman peaks E§g and Azg were investigated
to reflect the crystal structure of MoS; [41]. These two Raman peaks are often used as
indicators of in-plane and out-of-plane vibration modes of S atoms, respectively (Figure

1.3(c)) [41]. Hong Li’s group reported that the feature peak E%g exhibits a regularly blue-

shifted while the other peak Aigshows an opposite red-shifted (shown in Figure 1.4 and
Table 1) as the number of MoS; layer decreases [42]. From Table 1, it is noticed that that
the frequency spacing is about 25 cm™ and 19 cm™? for bulk and monolayer MoS;

respectively.
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Figure 1.4 Raman characterizations of sample S2 using 532 nm line. The Raman
spectra of different locations with various thicknesses on sample S2. Inset: optical
image of sample S2. The left and right dashed lines indicate the positions of the and
peaks in bulk MoSz, respectively. The scale bars represent 2 pm. “1 L”, “2 L”, “3
L”, “4 L”, and “5 L” indicate monolayer, bilayer, trilayer, quadrilayer, and

quinquelayer, respectively from ref. [42]
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Layer | Raman Shift of E%g Raman Shift of Ay Feature Peaks Separation
(cm™?) (cm™) (cm™)
1L 384.7 402.8 18.1
2L 383.3 405.5 22.2
3L 383.2 406.5 23.3
4L 382.9 407.4 24.5
Bulk 383 408 25

Table 1 Summary of the E%g and Aig peak frequencies measured by a 488nm laser.
“1L”,“2L”, “3L”, and “4 L” indicate monolayer, bilayer, trilayer, and quadrilayer,
respectively. A single data represents the average value from three different samples
from ref. [42].

Furthermore, photoluminescence (PL) spectra are found to be closely related to
the number of layers in MoS». As shown in Figure 1.5 two evident absorption peaks at
670 nm and 627 nm, identified as Al and B1 excitons, are observed in the spectrum for
1L MoS2, while they both disappear in bulk MoS; [43]. Splendiani’s group assigned it as
the two excitons to be associated with the energy split from valence band spin-orbital

coupling [43].

In term of electrical performance, monolayer MoS: has a large direct bandgap of
1.8 eV, which is suitable for switching Nano-devices. The mobility of MoS; could be up
to 200 cm?/Vs at room temperature with the current on/off ratio to be 1 X 108 [22].
Generally, MoS; is a n-type semiconductor [44], and it has a very outstanding

performance in area of photocurrent generation and annihilation [45].
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Figure 1.5 Layer dependence of photoluminescence efficiency in MoS2. (a)

Photoluminescence and Raman spectra of MoS2 monolayer, bilayer, hexalayer, and

bulk sample. Different Raman peaks can be assigned to the MoS: and silicon

vibration modes. For MoS: thin layers, monolayer MoSz Raman signal is relatively

weak because less material is being excited. However, photoluminescence is the

strongest in monolayer MoS: in spite of reduced material. (b) Photoluminescence

spectra normalized by Raman intensity for MoS: layers with different thickness,

showing a dramatic increase of luminescence efficiency in MoS2 monolayer from ref.

[42, 43].
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Since the report of superconductivity in PbO type FeSe at 8 K in 2008 [46], it has
brought tremendous interest to other scientists. FeSe is composed of only FeSe layers
with a tetragonal structure at room temperature as illustrated in Figure 1.6 (a) [47]. The
crystal structure of FeSe possesses of a continuous stacking of FeSe layers, where a
square-lattice layer of iron atoms is sandwiched between two twice-sparser layers of
bonding chalcogenide atoms within P4/nmm space group [47]. The crystal structure of
FeSe is the simplest with a less toxicity than iron pnictides among Fe-based
superconductors. Thus, these nature advantages of FeSe superconductor have attracted a
lot of researchers using FeSe as the key material to elucidate the mechanism of Fe-based
superconductivity. In addition, FeSe shows a structural phase transition at around 90K
from tetragonal to orthorhombic phase, and becomes superconductor below T¢ = 8.5K

[48] .

(a) (b)

:333;
:; :t :; jt ::Fe

FeSe

- 109A

Figure 1.6 Crystal structure of FeSe from ref. [47].
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1.2.3. Iron Telluride (FeTe)

F11.1A

Figure 1.7 Characterizations of atomically thin FeTe samples. (a) Three-
dimensional representation of the structure of FeTe. Single layers, 11.1 A thick. (b)

Tetragonal structure of FeTe from ref. [49, 50]

Iron Telluride (FeTe) is metallic layered transition metal chalcogenide, and
composed of nontoxic element. Thus, it is very worthy for further investigation [51].
FeTe is simplest system because it is composed of a simple stacking of Fe-chalcogen
layer without any interlayer elements as depicted in Figure 1.7(a). Each layer consists
of Te-Fe-Te but the Te layer is containing twice as much atoms compared to
chalcogenide layers (Figure 1.7(a)). Generally, layers are very weakly coupled by van
der Waals forces to its neighbouring layers, so that single crystals can be cleaved easily.
It has a tetragonal structure at room temperature (Figure 1.7 (b)) [52]. Tetragonal FeTe
has a structure very analogous to superconducting FeSe [49]. However, FeTe does not
show any superconductivity. A transition around 80 K shows an anomaly change of

resistivity due to its structural transition [51].
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1.2.4. Arsenic Trisulfide (As,Ss3)

Chalcogenide glasses such as As;Ss are interesting materials that have
applications in many fields, including photonics and phase-change memories [53].
Arsenic trisulfide is the most studied chalcogenide glass and deserves applications in
optical coatings and infrared optics due to its resistance to moisture or chemical, excellent
IR transmission, and large glass-forming tendency [54]. As>Sz is a layer-like structure
with 4.2 A between each layer as shown in Figure 1.8. It possesses a direct bandgap at
around 2.2 eV and has a melting point around 300 °C [53, 55]. It belongs to one of the
intrinsic p-type semiconductors in group V/VI1 that with photo-induced and phase-change

properties. It, however, has a low hole mobility (10° cm?/Vs) [56].

As,S,

Figure 1.8 Structure of As2Ssfrom ref. [57]
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1.3. Literature review

1.3.1. Strain Effect on MoS;, by Raman Spectroscopy

Strain engineering is a powerful and widely used strategy for boosting the
performance of optoelectronic, electronic and spintronic devices [58, 59]. The carrier
mobility in semiconductors can be increased or the emission efficiency of light emitting
devices by can be enhanced applying a strain through bending of films on elastic
substrates or inducing a lattice mismatch between films and substrates [58, 60]. Generally
speaking, the emerging 2D crystals such as MoS; are more favoured for strain engineering
[61], as they have only one or a few atoms in thickness. Therefore, few layers or
monolayer MoS», have attracted great interest because of their distinctive electronic and
optical properties; especially their band gap has been highly sensitive to strain effect [5,

62].

In 2013, a group measured the Raman Spectra of compressively strained in tri-
layer MoS; sheet on top of a piezoelectric actuator substrate [63]. For an applied strain of
0.2 %, the two feature peaks at 380 cm™ and 400 cm™ shifted by ~3 and ~ 2 cm™,
respectively [63]. Another group from US studied the strain dependency of optical
absorption and photoluminescence of atomically thin MoS> deposited on top of PMMA
(ePlastics) [64]. They reported that under relatively small strains, a redshift of ~ 70meV/%

strain was observed for the direct-gap exciton for both mono- and bi-layer MoS: [64].
1.3.2. P-N junction in 2D materials

The p-n junction is the basic building blocks in electronics since it has a vast range
of applications such as rectifying diodes, light emitters, optical sensors and photovoltaic

solar cells [65]. 2D materials have become the next key building blocks for p-n junction
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which holding great promise for nanoelectronics. In this respect, heterojunctions of 2D

materials are of great interest.

Among various 2D transition metal dichalcogenides (TMDC) semiconductor, few
layer-thin MoS: is a well-known n-type semiconductor, since it displays a high on/off
current ratio, excellent carrier mobility and a good sub-threshold swing in field-effect
transistor (FET) [17, 36, 66-74]. Relying on the van der Waals interactions, atomically
sharp 2D heterstructures can be achieved without the problems caused by lattice
mismatches between materials [72]. Many TMDC junction systems have been fabricated
in order to study the properties of 2D based P-N diodes. For example, n-MoS,/ p-Si bulk
[70, 75], n-MoS2/p-WSe: [66, 70, 76, 77] and n-MoS./p-Black phosphorous junctions [72]

have shown distinctive properties.

In 2014, Deng’s group reported an electrically gate tuneable black phosphorus-
monolayer MoS; van der Waals heterojunction p-n diode [72]. They showed that 2D p-n
diodes exhibit strong gate-tuneable current-rectifying 1-V characteristics. As a
photodetector, the p-n diode shows a photo detection responsivity which is nearly 100
times higher than the reported black phosphorus phototransistor which is very suitable for

broad-band and sensitive photo detection [72].

A research team led by Jong Tae reported a p-n diode made of n-MoS/p-WSe>
[36]. This p-n diode shows a high photo responsivity at zero volt without any electric
power, and it appears comparable to those of commercially-optimized Si p-n diode [36].
They have maximized the photovoltaic energy benefits with optimized TMDC thickness

[36].
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1.3.3. Superconductivity in Iron-Based 2D materials

Superconductors have many applications. One of the common applications for our
future is to transport electricity without loss of energy. Other promising future
applications include high performance transformers, power storage devices and magnetic
levitation devices etc. Furthermore, magnetic resonance imaging (MRI) using

superconductor has been widely employed in medical facilities.

Early pioneering studies aimed at probing superconductivity in layered materials
can be date back to the 1970s [78, 79], but only over the last few years the experimental
control necessary to unambiguously identify the thickness of atomically thin layers has
been developed. Only until recently researchers have paid much intention into 2D
superconductors. For example, a group reported that transition temperature (T¢) of 2D
superconductor NbSe. decreased when the number of layer decreased[80]. It shows a
good indication that properties of 2D superconductor are worth being studied. A limited
number of research has been conducted on other 2D superconductors in particularly

layered Iron-based chalcogenides.

Iron-based superconductors showed a very promising result in the past few years
(Figure 1.2). Superconductivity of the layered Iron-based chalcogenides was revealed in
FeSe with T. ~ 8K [46].T. of substituted compounds FeSexTei1x reached up to ~14K at
x=0.4 [50]. Under hydrostatic pressure, Tc of Fei+ySe was enhanced to ~ 37K around 7-

9 GPa and Tc even increased up to 100K in a single-layered FeSe film grown on SrTiO3
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substrate. Together with the observation of its unique electronic structure and nodeless

superconducting gap, these studies have generated much interest among scientists[81-83].

Until now, it is still a question to debate whether superconductivity can be
observed in FeTe [84]. Several recent studies have suggested that the FeTe layer has the
potential to produce superconductivity if (i) Te is substituted by small elements like Se
or (ii) under interfacial stress, and more specifically tensile stress. These methods can turn

FeTe into tetragonal FeTe compound by inducing chemical pressure [51, 85].
1.4 Objective of research

The unique and extraordinary properties of 2D materials have aroused the attention
of many scientists since the discovery of graphene. Some scientists have paid much
attention and afford to discover high transition temperature superconductors in 2D
materials [86], study the electrical properties of monolayer 2D materials and fabricate
flexible 2D electronic devices [38]. In this thesis, we will focus on the investigation of
optical and electrical properties of 2D materials. A gap in our understanding of the
relationship between Iron-based 2D materials and its Raman spectra needs to be filled.
For example, if a relationship similar to the identification of individual and few layers
WS, by using Raman spectroscopy can be established for those Iron-based 2D materials
[11], then Raman spectroscopy can be used as an useful and direct tool to identify the

thickness of Iron-based 2D materials instead of using atomic force microcopy.

Furthermore, the effects of strain on CVD monolayer MoS> have been extensively
studied for recent years [87]. These studies have demonstrated great advantages that can
be very useful for the development of optoelectronic devices. However, limited research

has been conducted on the strain effect on exfoliated MoS, along different MoS;

TAN Choon Kiat 16



QQb Introduction

THE HONG KONG POLYTECHNIC UNIVERSITY

directions. Here, we have demonstrated a modified bending technique to apply precise
uniaxial tensile strain along different directions of MoS, together with these
measurements of Raman spectra, on the basis of our measurements, we hope that the
Armchair and Zigzag directions of the exfoliated MoS> can be determined by monitoring

the variation of Raman Shift in different strained directions.

Most of the 2D semiconductors are intrinsic n-type semiconductors. Due to the lack
of intrinsic p-type semiconductor, few investigations have been done to study the
properties of p-n junction of 2D semiconductor and also the effect of electrode preparation
on these 2D materials. In this thesis, we have tried to study the electrical properties of p-
As>S3 / n-MoS; and also to investigate the effect of electrode preparation on low melting

point material like As2S3 by using Raman spectroscopy.

Very few 2D superconductors exist in nature, iron-based 2D materials like FeSe are
categorized in this group. Hardly any study has been conducted on these iron-based 2D
materials. This thesis attempts to investigate the superconductivity behavior of exfoliated

FeTe and FeSe.

1.5. Outline of thesis

The sequence of the thesis arrangement is as the following described:

In chapter 1, a brief introduction on 2D materials is presented and properties of MoS;,
FeSe, FeTe and As,Ss are listed. Furthermore, literature review of strain effect on MoS»
by Raman spectroscopy, p-n junction in 2D materials and superconductivity in iron-based
2d materials are introduced. The objectives and outline of this thesis are also contained in

this chapter.
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Chapter 2 introduces the experimental techniques and various characterization
methods. Basic principle of photolithograph, magnetron sputtering, e-beam evaporation,
mechanical exfoliation and dry transfer method are summarized. This chapter also
introduces the measurement techniques such as AFM, Raman spectroscopy measurement,

two-point and four-point measurement.

After that, chapter 3 describes the optical characterization of MoS; and FeTe. The
fabrication of the modified bending technique for MoS; and also the respond of its Raman
peaks to the different strained directions are discussed. The next section talks about the

thickness dependency of FeTe Raman spectra.

Chapter 4 mainly focuses on the electrical properties of 2D materials. At first, effect
of electrode preparation on As,Sz is discussed. Then the result of 1-V characteristic of p-
n junction is discussed. The next section presents the superconductivity behavior in the

iron-based 2D materials including FeTe and FeSe.

Conclusion and future work are presented in chapter 5. In this chapter, the results of
this thesis are summarized and concluded. Meanwhile, future work on different 2D

materials is suggested in this chapter.
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2. Methodology

In this chapter, principle of fabrication methods and characterization techniques used
in this project are introduced. This chapter is divided into two sections: (i) substrate
patterning and sample fabrication methods and (ii) the equipment used for
characterization of structural morphology and optical properties measurements of the 2D

materials.

2.1. Substrate patterning and Sample Fabrication Methods

2.1.1. Photolithography

Photolithography, also known as UV lithography or optical lithography, is a
process typically used in microfabrication to do patterning on a thin film or a bulk
substrate. This technique is commonly used to create extremely small patterns (~1um in
size). It involves light exposure through a photomask to a light-sensitive “photoresist”
chemical, then the photoresist is developed to form three-dimensional relief image on the
substrate. In an ideal case, photoresist image has the exact geometric pattern of the desired
pattern on the plane of the substrate. Thus, the final resist pattern is binary i.e.: parts of
the substrate are completely uncovered with resist while other parts are covered. To
achieve a high quality pattern transfer, this binary pattern is needed since the parts of the
substrate covered with resist will be protected from etching, deposition, or other pattern

transfer mechanisms.

The general sequence of processing steps for a typical photolithography process
is divided into 7 parts: (i) substrate preparation, (ii)photoresist spin-coat, (iii)pre-bake,

(iv) exposure, (v)post-exposure bake, (vi)development, and (vii)post-bake. At the end,
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users can either choose to etch the substrate or deposit desired materials on top of it.

Figure 2.1 is the UV contact aligner (OAI 800) with 450W UV light.

sz | 4

Figure 2.1 UV contact aligner

2.1.2. Magnetron Sputtering

Sputtering is a common physical vapor deposition technique that allows different
“targets” (oxides, metals or semiconductors) to be deposited on top of substrates[88]. This
technique is mainly dependent on the establishment of direct-current (DC) discharge

present between the surface of target and the substrate[89]. During the deposition process,
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a plasma is created and positively charged ions from the plasma are accelerated by an
electrical field superimposed on the negatively charged “target”. The positive ions are
accelerated by potentials,and strike the negative electrode with sufficient force to dislodge
and eject atoms from the target with a very high kinetic energy[90]. As a result, these
atoms might penetrate through the surface of substrate with a depth of about centimetres
and will be ejected in a typical line-of-sight cosine distribution from the face of the target.
The ejected plasma will condense on surfaces that are placed in proximity to the
magnetron sputtering cathode. The experiment is conducted under the level of pressures
at about ten millitorr to ensure the efficiency of film production becomes reliable[91, 92].
The schematic diagram and the experiment setup of the D.C. magnetron sputtering system

used in our project is shown in Figure 2.2 (a) and (b) respectively.
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Figure 2.2 (a)Schematic diagram of the D.C magnetron sputtering system (b) The

experimental setup of the D.C. magnetron sputtering system used in this work.
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2.1.3. Electron beam Evaporation

Electron Beam Evaporation (E-bean) is another commonly used physical vapour
deposition method. It is a high vacuum deposition technique that is commonly used for
thin film fabrication or deposition of metal coating on the surface of various materials.
To generate an electron beam, a current is sent through a filament which is located in an
area outside the deposition zone to avoid any contamination. The filament is heated until
the thermionic emission of electrons occurs and magnets are used to focus the electrons
to form a beam which is directed toward a crucible. The crucible is then heated by the
beam so that the material inside the crucible is evaporated and converted into a gaseous
state for deposition. The material vapour vaporizes toward the sample and coat on top of
it. Figure 2.3 and Figure 2.4 are the schematic diagram of E-beam evaporation and the

photo of the E-beam evaporation equipment used in our work.
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Figure 2.3 Schematic Diagram of Electron Beam Evaporation from ref. [93]

AV - —ap

Figure 2.4 Electron Beam Evaporation
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2.1.4. Mechanical Exfoliation

2D materials of van der Waals layered structure can be prepared by mechanical
exfoliation. For example, graphene is prepared by exfoliating graphite. The concept of
this mechanical exfoliation is that monolayer 2D materials can be peeled from their bulk
single crystal layer by layer. Van der Waals attraction force between the layers, is the
main resistance needed to be overcome in order to achieve a monolayer 2D material. The
attraction force can easily be overcome by mechanical forces. In general, there are two
mechanical forces. The first one is the normal attraction force between layers and this is
the force that needed to be overcome when peeling two layers apart. A typical example
is micromechanical cleavage by Scotch tape[1, 19]. Another one is the lateral force that

comes from the self-lubricating ability in the lateral direction of those 2D materials[94].

2.1.5. Dry Transfer

The first all-dry technique for transferring 2D materials, developed by a team led
by Herre van der Zant and Gary Steele in Netherlands, has brought huge impact to
research in 2D materials [95]. In their studies, a thin layer of a commercially available
transparent viscoelastic material called “Gelfilm” was used, and the thinnest flake was
selected by using an optical microscope which was fixed onto a XYZ sample stage just
shown in Figure 2.5 (a). As the stamp was transparent, the sample could be seen through
under the optical microscope and the flake could be aligned with wherever desired
substrate. To transfer the flake, the stamp was needed to be pressed against the sample
surface and peeled off slowly [95]. As shown in Figure 2.5 (b), tri-layer graphene was

then transferred on top of the boron nitride without any bubbles or wrinkles.
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Figure 2.5 (a) SEM image of tri-layer graphene on the surface of the viscoelastic
stamp (b) SEM image of tri-layer graphene transferred onto hexagonal boron
nitride from ref. [95]

The working principle of this method is viscoelasticity. The stamps are made from
a silicone rubber which is a viscoelastic material [95]. The stamp behaves like an elastic
solid over small amount of time onto the surface and with longer timescales it can flow
all over the surface until it becomes intimately joint to it. With this behavior, the flakes
can be adhered to the stamps without applying any glues. To detach the flakes from the
stamp surface, this can be achieved by peeling the stamp off slowly, the flake can stick to
the desired substrate. Figure 2.6 is the experimental setup for doing dry transfer which

consists of XYZ stage together with optical microcope.

TAN Choon Kiat 26



qu Methodology

THE HONG KONG POLYTECHNIC UNIVERSITY

Figure 2.6 XYZ stage together with optical microscope for dry transfer

2.2. Characterization techniques

2.2.1. Atomic force microscopy (AFM)

Atomic Force Microscopy (AFM) is a tool that can provide nanoscale 3D image
of the material surface. It is an important tool to be used for analysing the surface topology
of materials. The working principle is shown in Figure 2.7 (a). AFM consists of a
cantilever with a sharp tip at its end which is used to scan the specimen surface. When
the tip is brought within the interatomic separation between the sample and tip, force
between the tip and the sample lead to a deflection of the cantilever. Therefore, by

measuring the deflection of the cantilever, the topographic features of the surface can be
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mapped out. The deflection of the cantilever is usually monitored by using a laser and a
detector as shown in Figure 2.7 (b). A laser beam illuminating on the backside of the tip
is reflected from the cantilever, and the signal is detected. Then the surface morphology

and three-dimensional images can be produced with the aid of software (NanoScope

Analysis 1.5)
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Figure 2.7 (a) Principle of AFM (b) schematic of AFM from ref. [96]

AFM can be operated in three different modes, namely, contact mode, tapping
mode and non-contact mode. Among them, tapping mode is the most common by used
as the tip does not contact with the sample surface directly, thus it is non-destructive to
the samples. This mode, therefore, has many advantages, including overcome problems
associated with friction, adhesion and viscosity. In this thesis, the type of the AFM used

was Nanoscope 8 (Digital Instruments Ltd. Co.) which is shown in Figure 2.8.
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Figure 2.8 Atomic force microscopy

2.2.2. Raman spectroscopy

Raman spectroscopy is a convenient and non-destructive characterization
technique for chemical bonding identification, structural characterization, stress analysis
and vibration mode detection by irradiating the monochromatic light on specimens [97].
The shift in wavelength (Raman shift) of the scattering photon provides the chemical and
structural information. When the light is incident onto the specimen, the light will be
scattered with excitations of bond vibration within between molecules and scattered
photons will be different depending upon the vibrational state of the materials, and these
photons will be collected by Raman spectroscopy. A simplified energy diagram is

illustrated in Figure 2.9.
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Figure 2.9 Schematic diagram of Raman scattering from ref. [98]

Figure 2.9 shows three conditions on excitation of molecules to upper vibrational
levels. The phenomenon of inelastic light scattering is known as Raman radiation
[99].Firstly, Rayleigh scattering is a photon interacts with a molecule and raising the
molecule to a “virtual” energy state soon then the molecule drops back to its ground state
by releasing a photon. Since the molecule is dropping back to the same state, the energy
in the scattered photon must be the same as the energy from the initial photon. Then, no
information regarding the vibrational energy levels of the sample can be obtained, and
this is called the Rayleigh scattering. If the molecule is promoted from a ground to a
virtual state and then drops back to a vibrational state with higher energy, then the
scattered photon has less energy than the incident photon with a longer wavelength, and
this is called Stokes scattering. Anti-Stokes scattering is the reverse of Stokes scattering

which the molecule is in a vibrational state to begin with and after scattering the molecules
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IS in its ground state, then the scattered photon has more energy with a shorter wavelength

[99].

Raman spectroscopy is a technique to measure the shift between the incident and

scattered light. The Raman shift is shown in the equation below.

1

1
RamanShift = —

Aincident /1Raman Scattering

Raman shift can be used to identify the particular energy of vibrational bonds in
the samples, which is representing to the corresponding bonding. Thus, the bond that

composes the samples can be identified [99].

Horiba HR800 Raman microscope shown in Figure 2.10 system was used to
measure the Raman shift of the 2D materials. This spectrometer has a spectral resolution
< 0.5 cm™*, which embedded with a 488 nm Ar™ laser as incident source for the excitation
of specimens. The emitted light from the sample is collected by a typical microscope via
the 100x objective lens with a numerical aperture of 0.9 at room temperature. The spot

size of ~1 um with a laser power of 180 mW was used.
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Recommendation from Crgincer in July 2015:

Onlylaser should be turned off after use.

BOnGt clase software and equipment after use,
S —— =

& i

Figure 2.10 Raman spectroscopy

2.2.3. Two-point & Four-point measurement
Ohm’s law relates voltage V across a circuit component, current | through a circuit

%4
component, and resistance R of that component, i.e. R = 7 [100].

Error I-R
in contact resistance

Contact

Resistance
al Current - Sample

LO —‘

Keithley 2400

Figure 2.11 Two-wire resistance measurement configuration
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Two-terminal Keithley 2400 source current test through the contact resistance and
sample, terminating at the HI-LO inputs of the Keithley 2400 as shown in Figure 2.11.
Keithley 2400 can be used as a source-measure unit, applying voltage to a device and
measuring the current through it. With the help of LabVVIEW program, an I-V characterize
curve can be generated using Keithley 2400 as shown in Figure 2.12 (a). This two-wire
ohms’ system works fine for most resistance measurement applications. For measuring a
small resistance (below 100 Q), the I-R drop in the contact resistance can cause
inaccuracies that become apparent in low resistance sample measurements[101]. Figure

2.12 (b) presents the experimental setup of Two-point IV characterize curve measurement.
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Figure 2.12 (a) Two-point IV characterize curve measurement configuration (b) The

experimental setup of Two-point IV characterize curve measurement

TAN Choon Kiat 34



QQb Methodology

THE HONG KONG POLYTECHNIC UNIVERSITY

Four-point measurement, also known as Kelvin measurement, is the way to bypass
the voltage drops across contact resistance by bringing two high impedance voltage sense
leads out to the resistance of our samples[102, 103], as shown in Figure 2.13. There is
very little current in the sense circuit because of the high input impedance, so there is
effectively no I-R drop in the contact resistance, and the voltage seen by the sense

terminals is the same as the voltage developed across our samples[104, 105].

Contact

Resistance
E—

Contact

Resistance

Source HI
Sense HI Current m—)

Quantum Design
Sense LO———

PPMS

9|dwes

Source LO —— Contact

Resistance

Contact

Resistance

Figure 2.13 Four-point resistance measurement configuration

In my work, Quantum Design Physical Properties Measurement System (PPMS)
was used to measure the resistance as well as the superconductivity behaviour in low
temperature as shown in Figure 2.14. It has a sealed sample chamber with 2.6 cm diameter

sample access with Continuous Low-Temperature Control that maintains temperature
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below 4.2 K and offers smooth temperature transitions when warming and cooling

through 4.2 K.

Figure 2.14 Physical Property Measurement System
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3. Optical properties of 2-

Dimensional Materials

This chapter presents an overview about the optical properties of MoS; and FeTe
measured by Raman spectroscopy. It is divided into three sections: (i) preparation of
MoS; and FeTe, (ii) Raman spectra in different strained directions of MoS; and (iii)
Raman spectra for different thickness of FeTe. A modified bending technique for
applying strain in different uniaxial directions for the sample is also introduced. The
Raman shift rate of different thickness of MoS; being strained in different uniaxial
directions is discussed. At the end, the relationship of different thicknesses of FeTe with

respect to their thicknesses is discussed.

3.1. Preparation of MoS; and FeTe

3.1.1. Mo$S;

Polyethylene terephthalate (PET), a transparent and conventional plastic, was used as
the substrate for this experiment. Firstly, the PET was cut into an octadecagon shape with
24 mm diameter as shown in Figure 3.1. Schematic diagram of PET with octadecagon
shape is shown in Figure 3.2. Octadecagon PET was then coated with SU-8 photoresist
(=400 nm) with a speed of 4000 rpm for 40s to enhance the visibility of MoS; and reduce

the surface roughness of the PET which also serves to increase the adhesion of MoS; on
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top of PET [106, 107]. The PET with a layer of SU-8 was then baked with 110°C for 10
minutes to evaporate the excess solvent of SU-8. The mechanically exfoliated MoS; was
deposited at the centre of the PET substrate. As the size of the MoS; was very small
compared to the thickness of PET, therefore the induced strain to the flakes can be
assumed to be the same as the applied strain to the PET substrate [108]. At the end, a thin
layer of Poly (methyl methacrylate) (PMMA) with thickness around 100 nm was
immediately covered on top of the deposited MoS; using a spin-coater operated at a speed
of 4000 rpm for 30s. The PMMA layer was used to prevent the slippage and protect the
MoS: from degradation in ambient. The sample was then baked 110°C for 1 minute to
harder the PMMA layer. Figure 3.3 shows the detailed fabrication process of MoS;

encapsulated in between SU-8 and PMMA on PET substrate.

Figure 3.1 PET with octadecagon shape
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Figure 3.2 Schematic diagram of PET with octadecagon shape

(a) (b) (c)
i 5U-8 = suU-8 | :
PET PET | PET
Spin Coater > Baker
4000 rpm
for 40s 110° C for 10 mins
(f) ' (e) (d)
PMMA [ Mos: ik
MoS2 e
PET PET
—
Bak
aner 4000 rpm PET
110° C for 1 min for 30s

Figure 3.3 Schematic diagrams showing the fabrication process of MoS2
encapsulated in between SU-8 and PMMA on PET substrate (a-b) Spin coating of
SU-8 (c) Baking process (d) Transferring MoS2 on top of PET (e) Spin coating of
PMMA (f) Baking process (Not drawn to scale)
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3D printer was used to build rectangular moulds of different sizes as shown in

Figure 3.4. Those moulds were used to induce strain onto the PET substrate. Different

strains from 1% up to 8% were induced to the PET substrate.

Figure 3.4 Moulds built by 3D printer

PET substrate was placed in between the gaps of the 3D mould, and the
sample sitting on PET substrate was measured by Raman spectroscopy at different
applied strains as shown in Figure 3.5. Six Raman spectra were obtained for each strain
level and an average Raman shift for each peak was calculated. After Raman
measurement in a specific uniaxial strain, PET substrate would be placed on a flat surface
for one day to release its strain. In the next day, the uniaxial strain would be applied on
the PET substrate with a 20 ° rotation with respect to previous measurement. Raman
measurements were carried out from Q° rotation up to 180° rotation. Encapsulated MoS;
with different thicknesses were measurement in this work to compare their respond. All

the room temperature Raman spectra were measured with a 100x objective lens with
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numerical aperture (NA) of 0.9. The diffraction grating was set as 1800 mm™. The power

of 488nm laser was attenuated to 50 uW to avoid the possible localized heating effect.

Figure 3.5 PET substrate embedded in between 3D mould

3.1.2. FeTe

The FeTe single crystal was purchased from 2D Semiconductors based in the United
State. And its composition was confirmed by using secondary ion mass spectrometry
(SIMS). FeTe was mechanically exfoliated to silicon substrate with 300 nm silicon
dioxide. Optical microscopy was used to locate FeTe. Furthermore, some basic
characterizations were done by using Atomic Force microscopy (AFM) and Raman
Spectrometry. Measurements of Raman spectra were carried out by using Horiba Jobin
Yvon HR800 Raman system. An external linear polarized diode pumped solid state laser
of 488nm was utilized to excite the sample. 100 x objective lens with NA of 0.9 was used

to focus the laser onto the sample with a spot size of roughly 1.0 pum at room temperature.
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The diffraction grating was set as 1800 mm™. The power of the incident laser on the
sample was attenuated to 50 pW to avoid the possible localized heating effect and

oxidation from the solid-state laser [109].

3.2. Raman Spectra in different strained direction of MoS;

Figure 3.6 Optical image of the encapsulated bulk MoSz on PET substrate without

applied uniaxial strain

Figure 3.7 Optical image of the encapsulated quadrilayer MoS2 on PET substrate

without applied uniaxial strain
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Figure 3.8 Raman spectra of the encapsulated quadrilayer MoS2 on PET substrate

without applied uniaxial strain

Optical microscopy was first used to allocate different thicknesses of MoS; on PET
substrate. Figure 3.6 and Figure 3.7 present the optical image of the bulk MoS; which
was around 100nm and quadrilayer MoS; on PET substrate without applied uniaxial strain.
Number of layer was then identified by measuring their Raman spectra. A typical Raman
spectrum of encapsulated quadrilayer MoS; on PET substrate without applied uniaxial
strain is shown in Figure 3.8. Lorentzian peak fitting was employed to fit the feature peaks
E%g and Aig of MoS,. The Raman peak separation was roughly 24 cm™ which
corresponding to four layer/ quadrilayer [42]. For the bulk MoS>, Raman separation of its

feature peaks was roughly 25 cm™ which was similar to report value [42].
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Figure 3.9 Raman shift of E%g modes of the bulk MoS: as a function of the applied

strain for different uniaxial strain directions together with linear fitting

Direction / degree Raman Shift rate (cm™/Strain)
160 -0.31
140 -0.43
120 -0.25
100 0.18
80 -0.54
60 -0.7
40 -1.19
20 -0.67
0 -1.20

Table 2 Raman shift rate of E%g modes of the bulk MoS: for different uniaxial

strain directions
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Figure 3.10 Raman shift of Aigmodes of the bulk MoS: as a function of the applied

strain for different uniaxial strain directions together with linear fitting

Direction / degree Raman Shift rate (cm™/Strain)

160 -0.22
140 -0.13
120 0.11
100 0.17

80 -0.31

60 -0.07

40 -0.47

20 -0.11

0 -0.16

Table 3 Raman shift rate of Aig modes of the bulk MoS: for different uniaxial strain

directions
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Figure 3.9 and Figure 3.10 shows the Raman shift of E%g and Aig modes of the bulk
MoS: as a function of the applied strain for different uniaxial strain directions together
with linear fitting respectively. Table 2 and Table 3 are the Raman shift rate of E%g and
A1g modes of the bulk MoS; for different uniaxial strain directions respectively. Positive
sign in the table indicates red shift of the vibrational mode and negative sign means blue

shift. For E%g mode, only applied uniaxial strain directions from 0 ° to 80 ° had a Raman
shift rate that greater than 0.5 cm™/strain. Raman shift rate E%g of had the biggest when

the uniaxial strains were applied along 0 ° and 40 °. On the other hand, it only happened
to Aigwhen the strain direction was 0 °. Others including those Raman shift rate in Ayqg
mode, however, had a Raman shift rate smaller than 0.5 cm™. The resolution of our
Raman system is 0.5 cm™. Thus, the changes in those bulk MoS, might be due to the

system error.

TAN Choon Kiat 46



&

Optical properties of 2-Dimensional Materials

THE HONG KONG POLYTECHNIC UNIVERSITY

Direction
39371 . ; e 160
R 140
E 391 ] ) < 120
= 100
S 390 - A v 80
% 389 4 « « « 4 60
> 388 - 4 ‘ T e 40
= a0
< 387 - v 4
c 386 - 3 _ v v
E 385 -
(0]
¥ 384
et - [ ]
[b]
S 3B3{s & ¢ = — .
= | & . . - "
O 3824 _ _ .-
381 I I/II 1 T 1 1 ) I 1
0002 03 04 05 06 07 08

Strain (%)

Figure 3.11 Raman shift of E3, modes of

the quadrilayer MoS: as a function of the

applied strain for different uniaxial strain directions together with linear fitting

Direction / degree Raman Shift rate (cm™/Strain)
160 -0.60
140 -0.89
120 0.051
100 -0.31
80 -1
60 -1.54
40 0.86
0 -0.13

Table 4 Raman shift rate of E%g modes of the quadrilayer MoS: for different

uniaxial strain directions
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Figure 3.12 Raman shift of Aig modes of the quadrilayer MoS: as a function of the
applied strain for different uniaxial strain directions together with linear fitting

Direction / degree Raman Shift rate (cm™/Strain)

160 -0.13
140 -0.64
120 0.38
100 0.32

80 -0.30

60 -1.53
40 1.03

0 -0.21

Table 5 Raman shift rate of Aig modes of the quadrilayer MoS: for different uniaxial

strain directions

TAN Choon Kiat 48



QQE Optical properties of 2-Dimensional Materials

THE HONG KONG POLYTECHNIC UNIVERSITY

The Raman shifts of E%g and Aig modes of the quadrilayer MoS: as a function of the
applied strain for different uniaxial strain directions together with linear fitting are shown
in Figure 3.11 and Figure 3.12 respectively. The Raman shift rate of E%g and Aig modes
of the quadrilayer MoS for different uniaxial strain directions are presented in Table 4
and Table 5 respectively. For Raman shift rate of Aig mode of the quadrilayer MoS: in
different applied uniaxial strain, most of them had a Raman shift rate higher than 0.5cm’

Ystrain especially in the direction of 60 °, both E%g and Aig modes have a red shift rate
that around 1.5. When a further 60 ° is applied onto it, which is around 120 ©, E%g and Ay

modes become very insensitive to the applied uniaxial strain. This finding perhaps implies
that applied uniaxial strain at 60 ° is applying along to the armchair direction of
quadrilayer MoSz, which explains that why in this direction it has a very high Raman shift

rate for both E%g and Aig modes. Furthermore, when a further 60 °angle is applied, the

uniaxial strain has attributed from armchair direction to the zigzag direction, which is the
reason why it becomes relatively not sensitive to the applied uniaxial strain. It has also
been reported that the anisotropic thermoelectric behaviour in armchair and zigzag
direction can behave differently [110]. Therefore, the different Raman shift rate in
armchair and zigzag direction can be used as a method to determine the crystalline

orientation direction of exfoliated samples.
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3.3. Raman Spectra for different thicknesses of FeTe
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Figure 3.13 Basic Raman Study of FeTe. (a) Optical image of bulk FeTe (b) Raman
spectra of bulk FeTe

Figure 3.13 (a) presents an optical image of FeTe for Raman study. As shown in
Figure 3.13 (a), FeTe flakes with different thicknesses and various colour contract of the
sample were observed. Since mechanical exfoliation was used, the crystal orientation
FeTe sample was not able to be predicted. Optical microscopy was used to locate the
FeTe samples. Black spot in Figure 3.13 (a) is the position where Raman spectrum was
measured. As shown in Figure 3.13 (b), peaks around 120cm® and 140 cm¥,
corresponding to its vibrational modes Aigand Big respectively, are observed. Different
from MoS: [42], relationship between Raman peak separation and number of thickness
of FeTe has not been reported. If a relationship can be established, it would save time for
doing AFM. For bulk FeTe the Raman peak separation between Aig and Big is about 20

cm™,
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Figure 3.14 Optical images of thin FeTe. (a) Optical image of thin FeTe (b) AFM

image (c) Optical image of thin FeTe (d) AFM image
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Figure 3.15 Characterization of thin FeTe. (a) step height measurement of the thin

FeTe (b) step height measurement of another thin FeTe (¢c) Raman spectra of thin

FeTe (d) Graph of Thickness of FeTe against peak separation.
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Figure 3.14 presents the optical image of thin FeTe together with its AFM image.
Figure 3.15 shows the characterization result of thin FeTe. Coloured spots in Figure 3.14
(@) and (c) represent the positions where Raman spectra were measured. The coloured
spots in Figure 3.14 (a) and (c) were corresponding to Raman spectra of same colour in
Figure 3.15 (a), and (c) respectively. In Figure 3.15 (c) consists of Raman spectra of these
four positions that corresponding to different thickness of FeTe. Both vibrational modes
Aigand Big were obtained by using Lorentzian fitting. As the findings in Figure 3.15 (c)
indicates the thinnest layer in Figure 3.14 (a) (black spot) had a broad Raman Spectrum.
A possible explanation for this result is the lateral size of the thinnest layer part is smaller
than the spot size of the Raman Spectroscopy, the other signals near to the thinnest area

of FeTe are also collected.

Graph of thickness of FeTe against peak separation was plotted to study the thickness
dependence of FeTe to its Raman spectra as shown in Figure 3.15 (d). As is shown Figure
3.15 (d), the peak separation of FeTe does vary corresponding to its thickness. This kind
of changes is also observed in other 2D materials such as MoS2, WS, and etc. [42, 111].
A linear change of Raman shift can be observed in Figure 3.15 (d). However, in order to
improve the accuracy of the results, Raman spectroscopy with better spatial resolution

will be required.

3.4. Summary

In summary, comprehensive study of the anisotropic strain response in Raman modes
of different thicknesses MoS. using a modified bending technique has been carried out.

The Raman shift rates of the E, and Aigmodes of the bulk MoS;, are not sensitive to the
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different applied strain directions. On the other hand, when the applied strain direction
was applied to the quadrilayer MoS; 60 °with respect to the original direction, it had a

highest Raman shift rate among the others for both E3, and Aigmodes. When additional

60 °was added (crystalline direction changes from armchair to zigzag direction), Raman

shift rate had become very small. Based on the anisotropic strain response in E%g and Ay

modes for mono or few layer MoS2, this work shows the possibility of a new simply
method to identify the crystalline orientation of thin MoS; using the strained exfoliated
MoS: and the Raman spectroscopy. On the other hand, a basic optical characterization
of different thickness of exfoliated FeTe was studied in this work. FeTe samples were
prepared by using mechanically exfoliation and Raman spectra were carried to investigate
the relationship between thickness and Raman shift. The result shows that the Raman

spectra for different thicknesses of FeTe change corresponding to its thickness.
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4. Electrical properties of 2-

dimensional Materials

This chapter provides an overview about electrical properties of different 2D
materials. It is divided into four sections: (i) experimental setup, (ii) effect of various
electrode preparation processes on As,Ss, (iii) study of I-V characteristic of P-N
junction and iv) superconductivity in iron-based 2D materials. At first, whether the
electrode preparation process using e-beam lithography will bring any damage to
As>S3, a 2D material with low melting point, was studied. Raman Spectra were
obtained after different processes such as covered by PMMA, treatments after E-beam
lithography and E-beam evaporation. Besides, the I-V characteristic of the p-n
junction formed by using p-As2Sz and n-MoS; is presented. At the end of this chapter,
temperature dependent resistance of FeSe and FeTe are displayed in order to observe

the superconductivity in these iron-based 2D materials.
4.1. Experimental Setup

Silicon wafers covered with 300nm thermally grown silicon dioxide were used as
substrate. All the substrates were cleaned by standard procedure with acetone and
ethanol. The alignment mark was made by pre-coated a layer of AZ5214 photoresist
on the substrate and then patterned by the assist of photolithography. It was then
developed and deposited by using Magnetron sputtering. After the deposition process,
it was lift-off by using acetone. Figure 4.1 shows the alignment mark in the silicon

substrate. The thickness of each alignment mark was Au (50nm)/ Ti (5nm) in our
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experiment. These alignment marks were used to locate the target sample more easily

in optical microscopy as well as e-beam lithography.

Figure 4.1 Silicon Substrate Alignment Mark

The As;Sz3, FeTe and FeSe single crystals were purchased from 2D
Semiconductors based in the United State. As2Ss crystal was then mechanically exfoliated
and put on top of the marked Si substrate. Then Raman spectra were carried out after
patterned by e-beam lithography and deposited with Au (50 nm)/ Ti (5 nm) electrode.
These results were compared with another As,Ss sample of similar thickness which was
exposed under e-beam for 15 secs. All the Raman spectra were measured by a laser line
488 nm of power at 15 uW with a 100x objective lens, NA of 0.9. The laser spot onto the

sample had a spot size around 1.0 pm.

The configuration of the p-n junction was P-As>Ss/ N-MoS>, As>Ss was prepared
by mechanically exfoliated onto the silicon substrate. MoS> was then transferred on top

of As;Ssz by using dry transfer method. All the |-V characterize curves were measured
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using a two-point measurement setup including a Keithley 2400 meter with our own
LabView program. I-V characterize curves were measured under different circumstances.
For example, measurements were done when p-n junction was illuminated with and
without white LED at low temperature. Raman system was used to characterize the

structural properties of the samples.

FeTe was also mechanically exfoliated and transferred on top of silicon substrate.
Then it was immediately coated by PMMA to avoid degradation in the ambient. Au 50
nm/ Ti 5 nm electrodes were fabricated by using e-beam lithography, e-beam evaporation
and lift-off method. Graphene was dry transferred on top of the FeTe as a protection layer.
Raman system was used to identify the samples. The four-point resistivity measurements
were obtained at a slow heating and cooling rate of 5K/min from 300K to 50K and 1K/min

from 50K to 2K using a Physical Properties Measurement System (PPMS).

FeSe was prepared differently from others. Four electrodes (Au 50 nm/ Ti 5 nm)
were pre-fabricated by using e-beam lithography, e-beam evaporation and lift-off method.
FeSe was dry transferred on top to those electrodes and covered immediately by PMMA.
The four-point resistivity measurements were obtained at a slow heating and cooling rate
of 5K/min from 300K to 50K and 1K/min from 50K to 2K by using a Physical Properties

Measurement System (PPMS).
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4.2. Effect of Electrode Preparation process on As;S3
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Figure 4.2 (a) Optical image of Original As2Ss (b) Optical image of Asz2Ss after E-
Beam Lithography (c) Optical image of As:Ss after E-beam Evaporation (d) Raman
spectra with respect to original, part cover under PMMA, part after E-Beam
Lithography, part cover by gold and without gold of As2Ss

Figure 4.2 (a), (b) and (c) show the optical images of original As,Ss, after it was
patterned by using E-beam lithography and after it was deposited by using E-beam

evaporation respectively. E-beam lithography can induce heat up to 300K on to the
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sample and this might able to damage the sample [112]. E-beam evaporation, on the other
hand, does not induce any heating on the sample as shown in our temperature detector
inside the e-beam chamber in. As shown in Figure 4.2 (a), (b) and (c), no physical damage
can be observed under their optical images. As shown in the Raman spectra in Figure
4.2(d), two feature peaks can be observed at around 310 cm™ and 355 cm™. As,Ss can be
characterized by peak at ~355 cm™ which is attributed to the symmetric stretching
vibrational mode of AsSs» pyramids. Besides this strong band, there is an additional
feature at approximately 310 cm, which is assigned to the asymmetric stretching modes
of AsSaz2 pyramids[113]. As shown in Figure 4.2(d), the two feature peaks are still able
to be observed in all the Raman spectra. This finding perhaps indicates that electrode

preparation does not have any structural influence on As>Ss which has low melting point.
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Figure 4.3 (a) Optical image of Original As2Ss (b) Optical image of As2Ss under
Raman microscopy (c) Optical image of As2Ss after E-beam lithography (d) Raman

spectra with respect to before and after E-Beam Lithography.

Figure 4.3 (a), (b) and (c) show the optical images of original As,S3, optical image
of As2Sz under Raman microscopy and optical image of As,Ss after e-beam lithography.
After exposed under e-beam lithography for 15 sec, the colour of the exposed sample
under e-beam lithography had changed as shown in Figure 4.3 (b) and (c). It indicates
that if As>S3 exposes under e-beam lithography more than 15 secs the sample will have
some structural changes which also can be observed in its Raman spectra as shown in

Figure 4.3 (d) as the feature peaks cannot be observed after the e-beam lithography.
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4.3. Study of |-V characteristic of P-N junction

N

Figure 4.4 Optical image of PN junction formed by As2Ss and MoS2

In Figure 4.4, the big and translucent sample that connected by two electrodes is
bulk MoS; which has been transferred on top of bulk As;S3 using dry transfer method.
We believe that a then a p-n junction was formed by using these two 2D materials as the

MoS: is a n-type semiconductor while As;Sz is a p-type semiconductor.
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Figure 4.5 (a) Raman Spectra of As2Ss and MoS:z (b) 1-V characteristic curve of
MoS: (c) I-V characteristic curve of As2Ss (d) I-V characteristic curve of p-n

junction

Raman measurement was carried out to confirm the materials on top of Silicon
substrate which is shown in Figure 4.5 (a). As shown in Figure 4.5 (a), both feature peaks
for MoSz and As»>Ss, red and black dot lines, were able to be observed. I-V characteristic
measurements were conducted on MoS; and As,Ss respectively. Figure 4.5 (b), (c) and
(d) show the I-V characteristic curves of MoS2, As.Sz and p-n junction respectively. As
shown in Figure 4.5 (b), MoS; was much more conductive than As,Ss, as shown in Figure
4.5(c). Currents in MoS; and As;Ss were at the range at order of 10 and 102 respectively.

Converting it by using Ohm’s law, the resistance of As»>Sz is six order of magnitude higher
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than MoS,. As observed in Figure 4.5 (d), the current of the p-n junction had the smallest
current among the others with similar resistance large as there Is As,Ss. This probably
reflects the fact that why p-n junction of p-As,Sz and n-MoS; had the least conductive
among the others. Perhaps this finding also indicates that the low mobility in As>S3 has
caused the high resistance in the result. On the other hand, instead of showing p-n junction
result in I-V characteristic curve, it shows an Ohmic contact behaviour which might also

because of the low conductivity in p-As,Sa.

A further analysis was studied to this junction under different conditions such as
illuminating under white LED and low temperature environments. There were no changes
in the I-V characteristic of MoS: in the two circumstances. For As,Sz and p-n junction,

however, reacted differentially under those circumstances [56].
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Figure 4.6 (a) 1-V characteristic response of As2Ss exposed to white LED (b) I-V

characteristic response of p-n junction exposed to white LED

Inset of Figure 4.6 shows the respond of As>Ss and p-n to the present of white LED.
As shown in Figure 4.6 (a) and (b), the illumination of white LED would lead to a split
in the IV curve which is a change when compare to the result when the white LED

switched “OFF”. The reason that causing the split when the white LED “ON” is still
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undetermined. As»Sz and p-n junction, generally, had become more conductive under the
present of white LED. A possible explanation for its becomes more conductive by 15%
Is that As>Ss has a direct band gap around 2.2eV that illumination of white LED on to
those samples has enhanced the hole mobility which lead it becomes more
conductive[114]. Furthermore, the |-V characteristics of As2Sz and p-n junction were not

responsive to applied low temperature (77 K)

4.4, Superconductivity in Iron-Based 2D materials

4.3.1. Iron Telluride (FeTe)
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Figure 4.7 (a) Structural diagram of FeTe sample (b) Enlargement of Raman
Spectrum from 1000 to 3000 cm™! (¢) Enlargement of Raman Spectrum from 100
to 300 cm™! (d) Raman Spectrum of FeTe after covered by Graphene.

Thin FeTe layer was prepared by mechanical exfoliation. It was transferred to

silicon substrate and then Graphene was transferred on top of FeTe. Figure 4.7 (a)
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shows the schematic diagram of FeTe sample in this experiment, and Raman
measurement was performed to verify the sample. It is noticed from Figure 4.7 (d) that
both feature peaks from Graphene and FeTe were observed, indicating indicated that
Graphene had been successfully transferred on top of the FeTe. Tetragonal FeTe has a
structure very analogous to superconducting FeSe [49]. However, FeTe only shows its
superconductivity behaviour under high pressure or by chemical doping [51]. A
transition around 80 K shows an anomaly change of resistivity due to its structural

transition [51].
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Figure 4.8 Temperature dependence of resistance for FeTe together with the

enlargement image of the low temperature part

Figure 4.8 shows the temperature dependence of resistance for FeTe with different
thicknesses which are roughly 60nm, 100nm and 40nm respectively. Figure 4.8 (b), (d),

(F) are the enlargements of the low temperature part for Figure 4.8 (a), (c), (e) respectively.

As shown in in Figure 4.8 (a), it is noticed that a transition temperature around
11K is observed. Above the transition temperature, a semiconductor behaviour is

identified and metallic behaviour is revealed below the transition temperature. This
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transition was also observed in other researches’ work[85]. The vast majority of people
believe that it is due to structural change from tetragonal to orthorhombic phase. Other
researchers, however, reported that the transition temperature was at ~ 80K [85]. Even
there was a transition observed in the resistance (Figure 4.8(a)), a perfect 2D
superconductor without any offset could not be obtained. For other samples, transition
temperature could not be observed up until 2K. This phenomenon may be attributed to
the different thicknesses of FeTe. As shown in the optical images shown in Figure 4.8 (a),
(c) and (e) the colour contrast in those images suggested that the difference in thickness.
As it is expected to see a Tc around 9.1K, however it cannot be observed due the thickness

of FeTe.

4.3.2. Iron Selenide (FeSe)

FeSe was prepared differently from FeTe because scientists believe that
FeSe is highly sensitive to air environment i.e. it can be easily oxidized in air
[115].Electrodes, therefore, was pre-prepared on top of Silicon substrate then the FeSe
was transferred on top of the electrodes immediately by using dry transfer method. Then,
it was covered spontaneously by PMMA to avoid further contamination. As reported by
Takano et.al, FeSe shows a structural phase transition at around 90K from tetragonal to
orthorhombic phase, and it becomes superconductivity below Tc = 8.5K [48]. Structural

diagram of our FeSe sample is shown in Figure 4.9 (a).
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Figure 4.9 (a)Structural diagram of FeSe sample covered by PMMA (b)
Temperature dependence of resistance for FeSe covered by PMMA (c) Structure of

FeSe sample without PMMA (d) Temperature dependence of resistance for FeSe

Figure 4.9 (b) shows the temperature dependence of resistance for FeSe covered by
PMMA, resistance increased dramatically when it was closed to 77K. One of the possible
explanation is that air was trapped under the gap below FeSe, when the temperature
reached around 77K, the nitrogen gas in air condensed to liquid phase which resulted in

a bad contact between electrodes and the FeSe. The condensation of the nitrogen gas

TAN Choon Kiat 68



?Qa Electrical properties of 2-dimensional Materials

THE HONG KONG POLYTECHNIC UNIVERSITY

caused the pressure in the enclosed area to be decreased which resulted in the bending of

the FeSe that caused a bad contact. At the end, the resistance increased significantly.

Nitrogen

Figure 4.10 Bad contact for FeSe with gold electrodes below 77K

A further analysis was done to study this phenomena, another sample was prepared
without the protective PMMA layer as shown in Figure 4.9(c). As the Figure 4.9(d)
reveals, the resistance did not increase dramatically like the previous sample. On the other
hand, when the temperature reached around 125K, the resistance increased steadily which
showed a semiconductor behaviour. From Figure 4.9(d), no superconductivity could be
observed as it is expected to observe a transition around 8K, which might be due to the

contamination of sample to the environment.
4.4, Summary

In conclusion, Raman spectra of As,Ss were found to be same after the electrode
preparation. This finding perhaps implies that electrode preparation does not have any
structural influence on As,Sz, a low melting point material. I-V characteristics curve of
MoSz, As2Ss3 and p-n junction, then, were measured under various circumstances such as
low temperature and under LED white light. IV curves of As;Sz and p-n junction have
shown a behaviour of high resistance which might due to the low hole mobility in As>S3

(1071° cm?/Vs) [56]. The present of white light did increase the conductivity however the
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increment is not very significant. Different transition behaviours were observed in FeTe
samples. This phenomenon may be attributed to the different thicknesses of FeTe. As
shown in optical images, Figure 4.8 (a), (c), (e), the colour contract in these images might
suggest that the difference in thickness. For FeSe sample, covering it by using PMMA
has caused a bad contact which leads to drastically increase of its resistance. Lastly, none

of the FeTe or FeSe samples on silicon substrate reveals the superconductivity behaviour.
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5. Conclusion and Future Work

5.1. Conclusion

In conclusion, this thesis was an attempt to study the optical and electrical properties
of 2D materials. Several experiments have been conducted in order to understand the
fundamental properties of iron based 2D materials (FeTe, FeSe), As2Sz and MoS,. All

key results and conclusions of these research works are summarized in this chapter.

Crystalline orientation and thickness identification of 2D materials are very important
research topics due to the unique properties of 2D materials which making them a
promising candidate for optic electronic and sensing devices. MoS, was encapsulated in
between PMMA and SU-8, and modified bending technique was applied in different
uniaxial strain directions to study the Raman respond of Ez%g and Aig modes with respect
to various strain directions. For bulk MoS;, the Raman shift rates of these two modes
were insensitive to different direction of applied strains. On the other hand, the Raman
shift rates of E%g and Aig modes of few-layer MoS, were around 1.5 cm™/strain with
additional 60 °© applied to this angle, the Raman shift rates dropped to a small value. A
possible explanation for this result is that originally the bending direction is along
armchair direction after the additional 60 ° applied angle causes it changes from the
armchair to zigzag direction. A facile technique can be used to identify the crystalline
orientation direction of the few layer MoS; using the strained exfoliated MoS> and Raman

spectroscopy based on the respond of Egg and Aig modes with respect to different strain
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directions. This method provides a way to explore the anisotropic strain-depend electrical

and optical properties of MoSo.

Secondly, Raman spectra of different thicknesses of exfoliated FeTe on top silicon
substrate were also presented in this work. The vibrational modes Aigand Big of FeTe
were used to identify the thickness of exfoliated FeTe. This study has shown that the
thickness of FeTe is correlated to its number of layers. This kind of changes is also observed
in other 2D materials such as MoS,. It is hoped that the present research has made a
contribution to further study in FeTe and also provides evidence that Raman spectroscopy,
can be a good tool to be use to confirm the thickness of FeTe if a clearer relationship can be

established.

Thirdly, Raman spectra of exfoliated As2Ss on silicon substrate were also studied in
this thesis in order to understand the influence of electrode preparation on 2D material
with low melting temperature. Raman measurement was carried out after different
electrode preparation processes. Raman spectra were found to be the same after each of
the processes. Thus, we believe that electrode preparation does not bring any structural
influences in 2D materials. Furthermore, exfoliated As,Ss was used to form p-n junction
together with n-type MoS, which was transferred on top of AsSs by using dry transferred
method. -V characteristic curve was obtained under various conditions in order to
investigate the electrical properties of p-n junction. I-V curve of AsSz and p-n junction
showed a very low current conductivity. One of the possible reason is that the low hole

mobility in As>Sz which leads to the low current conductivity.

Lastly, superconductivity behavior of FeSe and FeTe was studied in this work. Both
materials were prepared in two different approaches which FeSe was dry transferred on

top of electrodes but FeTe was mechanically exfoliated on silicon substrate then
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electrodes were prepared on top of it. Only one of the samples showed a structural

transition. However, none of the FeSe or FeTe shows the superconductivity behavior.

5.2. Future work

In this project, the most apparent limitation of the study lies in the number of samples
are limited. A priority in future research would be to prepare more samples for FeTe and
FeSe to obtain more data points. More studies are recommended to determine whether
the relationship between Raman peak separation and its number of layers of FeTe sample
and the same time, it would be interesting to discover whether the superconductivity
behaviour of FeTe sample changes corresponding to its number of layers. Based on the
finding of others regarding how the substrate effect on its superconductivity[85] ,there
seems to be a need for the study of superconductivity of FeTe on different substrates like
PMN-Pt, MgO or STO. At the meantime, it would be interesting to discover whether
superconductivity of NbSe2 varies to different substrates to learn about what is the
relationship between its substrate and superconductivity. Since superconductivity of
NbSe2 on silicon substrate was fully studied [80], and it showed a promising result.

Therefore, a further study can be conducted.

The modified bending technique in this thesis can also be used to investigate other
electrical, optical or thermal property of other 2D materials which can bring a significant
influence in fabrication of devices. A further study regard 2D family group in
superconductor should also be done to full up the gap. For example, FeSeixTex is a
layered material that has a transition temperature at 11.8 K [116]. However, it is still a

gap to be filled regard to the thickness dependence of this material.
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