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ABSTRACT

Transition metal dichalcogenides (TMDC) layered materials with their
remarkable layer-dependent electrical and optical properties have attracted a great
deal of research interests recently. The weak van der Waals force dominated layer
interactions can accommodate large lattice mismatch to reduce interface defects,
because the bonds in a single layer are fully saturated. Additionally, lattice strain is
almost absent between layers for such materials. These features make TMDC layered
materials to be as potential materials for the fabrication of ultra-thin and flexible
electronic and optoelectronic devices. Single-layer or few-layer TMDC materials can
be easily acquired by mechanical exfoliation from a single crystal for basic
investigations to fabricate proof-of-concept electronic devices. Nevertheless, the
exfoliation method is limited to microscale, which is not appropriate for production
on large scale. In this thesis, wafer-scale p-type WS thin film growth by molecular
beam epitaxy (MBE) and chemical vapor deposition (CVD) had been systematically
investigated. In addition, WS,/GaN p-n junctions with low leakage current were
fabricated by the transfer of p-type WS; thin films onto n-type GaN, and ultra-thin
WS,-based FETs were fabricated by using 40 nm WS; thin films as the channel layer.

Only the (002) family X-ray diffraction (XRD) peaks were detected for the WS,
thin film grown by MBE method, indicating strong preferential growth along the [001]
crystal orientation of WS». For the CVD growth of the WS, thin film, by employing
a thin Ni layer as texture promoter, the crystal structure of the WS thin film changed
from randomly oriented crystallites to large layered crystals with their c-axis oriented
perpendicular to the growth substrate with the carrier mobility of 63.3 cm?/Vs. The
liquid NiSx phase in the sulfurization process served as the liquid crystallization seeds
for van der Waals rheotaxy resulting in horizontal growth of WS, crystallites with
enhanced crystal size.

Taking advantage of the hydrophobicity of WS, and hydrophilicity of sapphire



substrates, the wafer-scale etching-free transfer method was developed to transfer the
as-grown WS; thin films onto other substrates without inducing cracks or wrinkles to
fabricate heterojunctions. Compared to conventional epitaxial-grown heterojunctions,
a wide range of semiconductors can be used for the fabrication of heterojunctions by
this etching-free transfer method. Additionally, the etching-free approach does not
require the use of any destructive etchants and thereby enables the reuse of substrates.
The p-n junctions fabricated by transferring p-type WS thin films onto n-type GaN
layer had a quite low leakage current density of 29.6 pA/cm?, whereas the direct
grown WS,/GaN p-n junction had a large leakage current density of 92.4 mA/cm?.
This demonstrates superior performance of the transferred device compared to the as-
grown WS,/GaN p-n junctions. This etching-free transfer method is expected to
enormously expand the applications of WS, thin films for optoelectronic and
electronic devices.

Layered WS thin films, which have fewer dangling bonds, are attractive for use
as channel layers in ultra-thin field effect transistors (FETS). In this thesis, uniform
large-area ultra-thin WS; thin films, down to 40 nm, were obtained by a chemical
etching method to fabricate ultra-thin FETs. The WS;-based FET employing a 40 nm
WS thin film as the channel layer had a field-effect mobility of 0.54 cm?V-s and
on/off ratio of 2700.
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CHAPTER 1 INTRODUCTION

1.1 Introduction

Semiconductor material is important for the electronics industry due to its optical
and electrical properties that can be applied to fabricate electronic and optoelectronic
devices. [1, 2] Silicon is the main material used for large-scale integrated circuits. [3]
However, in the field of ultra-high-speed integrated circuit and optoelectronic devices,
compound semiconductor materials are irreplaceable. [4, 5] The famous Moore’s law
states that the number of transistors per chip can double every two years,
approximately. [6] Moore’s law has been proven accurate for several decades, and
was employed to guide long-term planning for research and development in the
semiconductor industry. However, as integrated circuits are becoming increasingly
compact in size, the Si-based transistor will eventually meet its physical dimension
limitation due to the quantum tunneling effect that starts at about 6 nm, [7] by which
electrons can easily tunnel across the junction. Therefore, it will be difficult to
produce the next generations of electronic devices by relying on today’s
manufacturing techniques. Moreover, the modern era of electronics demands the
development of more novel electronics, such as flexible electronics, large-area
electronics, and transparent electronics. Consequently, we need to explore new
materials to produce more compact chips and develop new applications.

The two-dimensional (2D) materials system is a very promising candidate to



advance device fabrication technology because of its high packing density, resulting
in a faster circuit speed and lower power consumption compared to the traditional Si-
based electronic devices. In 2D layered materials, the force between cationic layers
is dominated by van der Waals force, which theoretically provides the possibility of
high tolerance in interface mismatch in a solid-state junction. The excellent
performances of the electronic devices produced by transition metal dichalcogenides
(TMDCs) layered materials, including field-effect transistors, [8, 9] sensors[10, 11]
and photodetectors, [12] showed their potential as prospective alternatives to Si in
conventional electronic devices and organic semiconductors in flexible devices. [13,
14]

Two-dimensional materials, including graphene as a conducting material,
hexagonal boron nitride (BN) as a dielectric material, and TMDCs as semiconductor
materials are key components for the fabrication of 2D devices. Graphene was
discovered by Novoselov and Geim [15] in 2004 is the most widely studied 2D
material due to its remarkable physical properties, such as its high optical
transmittance and superior electrical conductivity. [16-18] However, unlike the
semiconductor Si, graphene has no bandgap between its valence and conduction
bands. This limits its application in the semiconductor industry. [15, 19] Two-
dimensional TMDC materials, such as MoSez, WS;, MoTez, MoSz, WSe, etc., are
promising channel materials to fabricate ultra-thin field-effect transistors (FETS). [20,

21] These layered semiconductors also have the potential to be used as solar materials



due to their high light absorption and proper bandgaps ranging from 1 eV to 2.2 eV.
[22] Although the surface morphology and crystal structure of TMDC materials have
already been widely studied, [23, 24] an in-depth study of their electrical and optical
properties, which are the critical parameters for device performance, is still needed.
Obtaining high quality TMDC thin films, not only with excellent crystallinity
and surface morphology, but also with high carrier mobility and low surface defects,
is a key objective when it comes to fabricating high quality electronic and
optoelectronic devices. To acquire 2D materials for electronic device fabrication, the
mechanical exfoliation from bulk materials developed by Novoselov and Geim [15]
in 2004 is the most widely used method. Although high quality and micro-sized 2D
materials can be obtained through this mechanical exfoliation method, it is only
appropriate for basic material examination and proof-of-concept device fabrication.
This is because the thickness and effective area of the mechanically exfoliated 2D
layers are difficult to replicate and control. For electronic and optoelectronic
applications, large-area 2D materials are definitely significant for the large scale
manufacturing of flexible and transparent electronic and optoelectronic devices. Thus,
a suitable technique for the realization of large-area 2D materials should be developed
to replace the mechanical micro-exfoliation of 2D materials. Molecular beam epitaxy
(MBE) and chemical vapor deposition (CVD) are two effective deposition methods
to grow high quality, large-area 2D materials. In this thesis, the synthesis of large-

area WS layer materials by both the CVD and MBE methods is systematically



studied.

1.2 Motivation

In this thesis, the research focus is on the investigation of the van der Waals epitaxial
growth of high quality WS> layered material and its application in the fabrication of
electronic devices. The motivation behind this research is as follows:

(1) The most commonly used method to obtain monolayer or few layers TMDC
materials is the micro-mechanical exfoliation of a single crystal due to the weak
layer interaction governed by van der Waals force. However, the exfoliated
materials are limited to micron-sized scale which is not appropriate for production
on large scale. In this thesis, different epitaxial growth techniques are studied to
grow large-area WS thin films.

(2) WS2 commonly exists in a mixture of type-1 and type-II crystallites with their c-
axis parallel or perpendicular to the surface of the substrate. However, for
electronic applications, WS> with large type-11 layered crystallites is required for
device fabrication. Thus, a detailed investigation is performed to grow highly
textured type-11 WS; thin films.

(3) Most of semiconductors and conductors are not suitable for the high growth
temperature of WS,. In addition, they may not be stable in a sulfur rich
environment. For example, a Si substrate can be destroyed at around 900°C under

S atmosphere, because it can be converted to SiSy and its melting point is much



lower than that of Si. This imposes significant restrictions on the fabrication of
WS,-based heterojunctions. Thus, the development of a layer transfer technique
to overcome this restraint is very important. Furthermore, the layered material can
be transferred to any arbitrary substrate without suffering from any mismatches
in the lattice constant and thermal coefficients.

(4) The traditional transfer of 2D materials commonly makes use of chemical
etchants, such as KOH and HF, which contaminates the surface of the film,
resulting in considerable degradations of device performance. Thus, the
realization of an etching-free transfer method will have a significant impact on
the fabrication of TMDC electronic devices.

(5) Another significant characteristic of 2D TMDCs is the flexibility of the weak
interlayer interaction of van der Waals forces. This creates the possibility of
fabricating wearable electronics. In addition, the layered WS> is a suitable

candidate to fabricate ultra-thin FETs.



CHAPTER 2 BACKGROUND

2.1 Two-dimensional Layer Materials

Two-dimensional materials with their novel electronic and optical properties
have the potential to be used in nano-electronic and optoelectronic devices. Graphene
was first acquired through micro-mechanical exfoliation from graphite by A. K. Geim
et al. in 2004.[15] Since then, it has attracted of the attention of researchers who are
interested in its remarkable physical and chemical properties, for instance, its large
specific surface area of 2630 m?/g,[25] outstanding mechanical strength with a
Young’s modulus as high as 1 TPa,[26] and remarkable optical transmittance reaching
97.7%.[16] Moreover, graphene has a superior electrical conductivity of 200 S/m due
to its novel band structure. This means that the conduction band meets the valence
band at a specific point, called the Dirac point, in the Brillouin zone, [17, 18] as shown

in Figure 2.1.
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Figure 2.1 Crystal structure and energy band structure of graphene.

However, graphene has no bandgap between its valence and conduction bands.
This limits its replacement of silicon in the semiconductor industry.[15, 19]
Following the discovery of graphene, other isolated monolayer or few layers
materials have emerged and rapidly developed. These materials include dielectric
hexagonal boron nitride (hBN), transition metal trichalcogenides (NbSes, TaSes),
transition metal dichalcogenides (TaSe2, MoS,, WS, MoSe,,WSe;, etc.), transition
metal oxides (LaMnOs, LaVO3), and other complex oxide layered materials. The

categories of 2D materials are summarized in Table 2.1. [27, 28]



Table 2.1 Category of 2D materials. [27, 28]

Graphene
Family

2D
Chalcogenides

2D Oxides

Others

Transition metal dichalcogenides layered materials have a forceful in-plane
bonds, and their out-of-plane forces mostly are weak van der Waals forces which
enables us to obtain 2D thin layers of transition metal chalcogenides.[29, 30]
Transition metal dichalcogenides, such as MoSez, WS, and WSe;, with different sized

direct or indirect bandgaps are necessary components for ultra-thin 2D electronic



devices, such as transistors, photodetectors and electroluminescent devices. [31-34]
The improvement of 2D film quality and the fabrication of efficient devices
composed of 2D materials has become a hot research topic recently.

TMDCs with the formula MX, M is transition metal element (Mo, W) and X is
chalcogen element (Te, S or Se), have several different combinations of chemical
compound with different electronic properties. For example, NbS, and TaS; have
metal and superconducting properties, whereas MoS; and WS, are semiconductor
materials that have the potential to be used in a large variety of applications due to
their proper bandgaps. [20, 21] The electronic properties of TMDCs are summarized

in Table 2.2. [29, 35-37]

2.1.1 Crystal Structures and Physical Properties of TMDCs

Every individual layer of bulk TMDCs includes a transition metal (Mo, W)
atomic layer in between two chalcogen (S, Se) atomic layers. These layered materials
have the form of X-M-X consisting of a hexagonal plane of transition metal atoms in
between two planes of chalcogen atoms, such as MoS; and WS,.[38-40] The
hexagonal structure of MoS2 (WS) layers are constructed by a trigonal prism of six
sulfur atoms with one Mo (W) atom located in the center.[41-43] This kind of tri-
layer sandwich structure of monolayer MoS; (WS;) can form three possible
configurations of bulk MoS> (WS2) by different stacking orders and atom

coordination with adjacent S atoms, as shown in Figure 2.2.[44, 45]



Table 2.2 Electronic properties of TMDCs. [29, 35-37]

NbS> Metallic; NbSe2 Metallic;
Superconducting Superconducting
TaS; Metallic ; TaSe> Metallic ;
Superconducting Superconducting
MoS> Semiconducting MoSe; | Semiconducting
1L: 1.8 eV; 1L:1.5eV;
Bulk: 1.2 eV Bulk: 1.1 eV
WS; Semiconducting WSe; Semiconducting
1L:1.9-2.1eV; 1L: 1.7 eV,
Bulk: 1.4 eV Bulk: 1.2 eV

The 3R and 2H structures, with trigonal prismatic coordination, are commonly
found in nature.[46, 47] The 3R form has a rhombohedra symmetry consisting of
three S-Mo-S (S-W-S) units. The 2H form has a hexagonal symmetry including two
S-Mo-S (S-W-S) units for each primitive cell. The 1T form has a tetragonal symmetry
with a octahedral coordination geometry that is a metastable configuration of only

one S-Mo-S (S-W-S) layer as the repeated unit.[48, 49]
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Figure 2.2 Crystal structure and three configurations of bulk MoS; or WS;.[45]

Recently, the unique layer-dependent properties of TMDC materials have
attracted attention, especially since the bandgap of a few TMDCs can change from
an indirect bandgap of the bulk material into a direct bandgap while in the monolayer
form. For example, the bandgap of the bulk WS, changes from an indirect energy
bandgap of 1.3 eV to a direct energy bandgap of 2.1 eV for a monolayer structure.
(Figure 2.3).[50-52] As photoluminescence only occurs in the direct bandgap
materials, it provides the possibility that TMDCs can be used for light emission
applications by reducing the thickness to a single layer.[36, 53, 54] Valley
polarization exists in the monolayer MoS> due to its novel electronic property, which

cannot be observed in bulk MoS>.[55, 56]
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Figure 2.3 Band structures of bulk and monolayer MoS; and WS,.[57, 58]

2.1.2 Synthesis Methods of TMDC Materials

One primary and significant area of TMDC research is the reliable manufacture
of atomically thin 2D layers. To date, two main methods are used to acquire
monolayer TMDCs: one is the top-down method including chemical[59, 60] and
micro-mechanical exfoliation[61] from bulk materials; another is the bottom-up
growth method by chemical vapor deposition (CVD) or MBE (Figure 2.4).[58] The
former method is cost-effective and time-effective to get a high quality single layer

or few-layer TMDCs. The material quality of the micro-mechanical exfoliated
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monolayer TMDCs is usually higher than that of the bottom-up grown monolayer.
Since fewer impurities are formed on the surface, it is more appropriate for
fundamental materials examination and proof-of-concept device fabrication.
However, the drawbacks are size limited, typically in the range of dozens of
micrometers, and randomly distributed on a target substrate. In addition, there is no
control in the final thickness of the TMDCs prepared by the micro-mechanical
exfoliation method. Thus, it is not a suitable technique for production processes that
requires a larger area format and more precise control over the film’s thickness.[62-

64]
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Chunxiao Cong , Ting Yu, et al. Adv. Optical Mater. 2, 131-136 (2014)
Coleman, .J. N. ef al. Science Eda, G. et al. Nano Leit.

1, Sa87 (2010, 11, 51115116 (2011)
< ] / \ Qi-Kun Xue. et al. Nature Physics 6, 584-588 (2016) /
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Figure 2.4 Two primary methods to acquire monolayer TMDCs:
Top-down method and bottom-up method.

Top-down methods

The micro-mechanical exfoliation method introduced by Novoselov and
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Geim[15] in 2004 is the most widely used technique to synthesize 2D materials
because of its economical price and flexibility. This method is used to synthesize
layered materials of thicknesses ranging from a monolayer to several layers of
crystallite flakes, as well as maintaining excellent crystal quality. Scotch tape is
employed in this straightforward process to exfoliate a monolayer (or a few layers)
of graphene from the bulk of the graphite material. Then, the exfoliated graphene
flakes are transferred to an arbitrary substrate, such as SiO2/Si.[65, 66] Since the
successful preparation of graphene layers by micro-mechanical exfoliation method,
the technique has also been used for synthesizing other layered materials, such as
TMDCs. Up to now, many reports have demonstrated the synthesis of WS;, MoSy,
MoSe, and WSe> by using the micro-mechanical exfoliation method.[67-69] The
exfoliated flakes are free from impurities, thereby making them suitable for
fundamental material characterization and to fabricate proof-of-concept electronic
devices. Unfortunately, this technique is not suitable for large-scale commercial
manufacturing.

Another top-down method is sonication exfoliation in solvent, in which
sonication is used to generate 2D micro flakes dispersed in a liquid solvent.[60, 70]
The sonication energy as external power to generate 2D materials should be carefully
adjusted to an appropriate level to exfoliate the bulk layered materials to a monolayer
or few layered thin flakes.[71] Coleman et al. has reported that the sonication power

and timing used during the dispersion process are the key factors to control product
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quality.[72, 73] In the liquid exfoliation process, various kinds of organic solvents are
used as dispersing solvents, according to the bulk layered materials. Several 2D
materials have already been synthesized by employing the liquid exfoliation
technique, such as TaSez, MoS, WS,, MoSe».[72, 74]

Lithium intercalation is another method used to synthesize monolayer MoS;
flakes. It is generally carried out by dipping the bulk layered materials into a
butyllithium hexane liquid for several days in a flask filled with protective gas.[59]
Through the intercalation of lithium ions among the MoSe> layers, the bulk layered
materials can be exfoliated into single layers by hydration forces, thereby producing
reliable MoS; monolayer flakes suspended in a liquid.[75, 76] LixMoSe> produced
by this method can be collected by filtering and hexane is then used to remove
excessive Li and organic residue.[77] The phase conversion caused by the
intercalation could be reversed by thermal annealing to recover the semiconductor
properties of the original MoSe>. This is supported by the existence of the bandgap
shown in the photoluminescence spectra.[78] Based on the reaction of LiBHs + WS>
— LiWS; + 1/2B2Hs + 1/2H>, lithium intercalation was employed to produce WS;

monolayer flakes by using LiBH4.[79]

Bottom-up methods

For electronic and optoelectronic applications, large-area 2D materials are

definitely significant for the large-scale manufacturing of flexible and transparent
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electronic and optoelectronic devices. Chemical vapor deposition (CVD) is
commonly thought as an efficient chemical reaction approach to grow large-area thin
films.[80] The technique has been widely used to grow thin films of different varieties
of materials including metals, semiconductors and insulators.[39, 40] Li et al.[81]
were the first to use CVD to synthesize large-scale graphene 2D materials on copper
at 1000°C with methane as the precursor gas. CVD has also been used to grow large-
scale 2D TMDCs.[82]

There are two routes to synthesize monolayer MoS; or WS, by CVD, as shown
in Figure 2.5.[42, 47, 83] The first one is regarded as a two-step route in which pure
metal or metal compounds are pre-deposited on the substrate and then sulfurized at a
high temperature to form MoS; or WS;, respectively.[84] The second route is
considered a one-step growth, in which gaseous transition metal compounds and S
sources are simultaneously introduced into a reactor to form MoS; or WS on a

substrate.[85, 86]

Pre-deposited metal or

® % metal compound precursors gas-phase precursors
M

Route 1: . Route 2:

Conversion from g wY Reaction of
pre-deposited T gas-phase precursors
precursors - and sulfur source

Monolayer MX,

Figure 2.5 Two routes to synthesize monolayer MoSz or WS; by CVD. [87]
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For the first route to synthesize MoS; or WS, transition metal oxide was the
most widely used kind of precursor to react with the gaseous S to synthesize 2D
TMDCs based on the reactions:[88, 89]

MoO,(WO,)+ S(g) » MoO, , (WO, , )+ SO, (9) (2.1)

MoO,_, (WO, _, )+ S(g) = MoS,(WS,)(s) (2.2)

During the CVD process, the MoOs or WOz was initially converted into MoOs or
WOz« at a high temperature, then it reacted with the gaseous S to form MoS; or WSa.
An advantage of using transition metal oxide precursors is that the reaction
temperature of the transition metal oxide with the S source is commonly lower than
when using pure metal precursors. The CVD method is suitable for manufacturing
large-scale multilayer TMDCs, but producing monolayer TMDCs by precisely

controlling the thickness on a monolayer scale is definitely a challenge.

2.1.3 Electronic and Optoelectronic Applications of TMDC

Materials

The specific properties of 2D semiconducting TMDCs, including fewer dangling
bonds, stable structure and high mobility, are the key advantages that make them
competitive candidates for the channel layers of thin-film field-effect transistors
(FETS).[90-92] P-type WSe, was the first of the TMDCs to be used as the channel
material in an FET in 2004.[93] Soon after, the MoS; thin-film FET was fabricated

in the back gate construction and its mobility reached 10 cm?V-1s™.[68, 94] The top
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gate FET was also fabricated by using an n-type single layer M0S,.[95] The mobility
of the top gate MoS; FET was about 200 cm?V-1s and the on/off ratio was about 108.
The p-type single layer WSe; flake was also used as channel material to fabricate the
top gate transistor, and its mobility was about 250 cm?V-1s?l. [67] The liquid
exfoliation synthesized MoS; flakes are another alternative to fabricating flexible and
transparent devices, and this method has been used to manufacture thin-film FET.[95]
The development of the synthesis of large-area 2D TMDCs by using the CVD
technique, as discussed above, created possibilities with regard to wafer-scale device
fabrication. The construction of the top gate and back gate ultra-thin FET with
TMDCs as the channel material is illustrated in Figure 2.6. The top gate construction
enables a decreased gate voltage and integrates various kinds of devices on a single
substrate. HfO> and Al,Os are effective high-k dielectric materials that are usually
employed in the single-layer MoS; and WS, FETSs. [33, 96]

To fabricate flexible electronic and optoelectronic devices, like wearable displays
and solar cells, different kinds of flexible and transparent materials including
semiconductors, dielectrics and conductors are used as functional parts, such as
optical absorbers, window layers and light emitters. Different 2D materials with
diverse properties should be integrated in one substrate to realize a variety of different
functions.[97-99] Graphene as a transparent conductor with high conductivity and
very low absorption is a resourceful substitute for the primary transparent conducting

material that is currently used.[100] In.O3/Sn0O; is indeed inflexible and increasingly
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expensive due to a shortage of In.[101, 102] TMDCs as semiconductor materials with
tunable bandgaps for visible light absorption are desirable alternative light absorption
materials in traditional thin-film photovoltaic cells.[103] Phototransistors fabricated

with a single layer of MoS; have the potential to become photodetectors.[104]

MOSZ UI"WSI

Dielectric layer

Back gate

Top gate
MoS, orws, /

Figure 2.6 Illustration of the top gate and back gate ultra-thin FET
with TMDCs as channel material.

2.2 Van der Waals Epitaxial Growth
2.2.1 Basic Concepts of Epitaxy

Epitaxy refers to the growth of a crystalline film on top of another crystalline

substrate along a particular orientation decided by the crystal structure of the
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substrate material.[105] During the epitaxy process, the gas or liquid molecule gets
close to the substrate material and bonds to the vacant site of the substrate surface
that serves as a seed crystal. A large number of molecules repeat this process to build
layer upon layer at a particular orientation. If it forms a random orientation, it is called
non-epitaxial growth. Epitaxy is a non-equilibrium process in which super saturation
is the driving force to convert the gas or liquid phase material into the crystalline
phase.[106] The flux can be written as:

J=ko (2.3)
where Kk is the coefficient of mass transportation and o is the driving force that can
be expressed by the partial differential of the chemical potential of the growth
material in the liquid or gas phase.

o =Au~RTIn(c/c,,)~RTIn(p/p,,) (2.4)
where # =(8G/an;) . s the chemical potential, ¢ and P are the concentration
and pressure of the growth material in the liquid or gas phase and C,, and P, are
the equilibrium concentration and pressure. The surface property of the substrate can
influence the growth rate, and an exorbitant growth rate will lead to poor crystal
quality. For most thin film applications, thin films do not have to be deposited by
epitaxial growth. However, it is strongly preferred to grow semiconductor epitaxial
films for electronic and optoelectronic applications.[107, 108]

If the epitaxial material and the substrate are the same material, the epitaxy

process is referred to as homoepitaxy;[109] otherwise, it is called heteroepitaxy.[110]
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For homoepitaxy, such as Si epitaxial growth on a Si substrate, the epitaxial layer is
usually purer than the substrate material and the epitaxy material can be doped
independently. For heteroepitaxy, the lattice mismatch will lead to a strained or
relaxed growth. Such deviations will cause the change of electrical or optical
properties of the epitaxial film. For the substrate selection, less lattice mismatch is
desired to reduce defects and increase carrier mobility. Lattice mismatch may induce
the epitaxial film to strain to match the lattice of the substrate to form pseudomorphic
growth during the initial stage of the growth.[111] If strain accommodation is not
possible due to the extent of the lattice mismatch, relaxed epitaxy will form due to
the large dislocation stress and the film will keep its initial lattice structure on top of
the substrate, as shown in Figure 2.7.[112, 113] For pseudomorphic growth, the initial
epitaxial layer has the same lattice space as the substrate. However, as the thickness
increases, a series of lattice misfits will occur due to the rising stress. The critical film

thickness d. can be expressed as:[114]

a,(f)
d = 0 b (2.5)
© ay(s)-a,(f) %2
where a,(f) and a,(s) are the lattice constants of the epitaxy film and growth

substrate and b is the unit cell dimension of thin film.
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Figure 2.7 Schematic of the heteroepitaxy structure of matched,
strained and relaxed lattices.[113]

Crystal defects not only result from large lattice mismatch but can also be caused
by rapid cooling from a high temperature, or high-energy electrons striking the solid.
According to dimension, the classification of crystal defects has three forms, which
are point defects, line defects and planar defects, as shown in Figure 2.8,[115] which
are important in terms of the electrical, optical and mechanical behavior of
semiconductors. Point defects refer to a missing atom or its irregular placement in the
crystal, including lattice vacancy, anti-site defect, interstitial and substitution atoms.
Line defects, also called line dislocation, are groups of atoms arranged in irregular
positions along a line. Planar defects are located at the grain boundaries of
homogeneous regions or interfaces between different materials. Planar defects
include grain boundaries and stacking faults. Grain boundaries are commonly derived

from uneven growth during crystallization.[116]
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Figure 2.8 Schematic illustration of three types of crystal defects.
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2.2.2 Molecular Beam Epitaxy

Molecular beam epitaxy is a thin-film deposition method in an ultra-high vacuum
to deposit crystalline thin films with precise control over their composition,
morphology and even monolayer thickness.[117] Since it was first used for depositing
high quality semiconductor thin films in the 1970s,[118] MBE has become one of the
most extensively used growth techniques for different kinds of materials, including
oxides, metals and semiconductors. In the process of MBE, beams of molecules are
evaporated in an ultra-high vacuum chamber toward the substrates where they can
diffuse and finally form an epitaxial film. By exercising this precise control, the
composition of the epitaxial film can be rapidly changed to make it possible to
produce atomically abrupt crystal interfaces. This in turn helps producing a wide
variety of unique structures consisting of quantum well structures, super-lattice
devices, lasers, etc.[119] MBE structures are the nearest approximation to solid state
physical models.

Figure 2.9 illustrates the schematic view of a MBE system, including a UHV
chamber, substrate holder with a heating and rotating system, effusion cells, cryo
panels and a surface analytical system, which commonly is a reflection high energy
electron diffraction system (RHEED). The substrate is mounted on a holder facing
the effusion cells with an internal system for substrate heating and rotating. Effusion
cells are installed directly beneath the substrate and covered with mechanical shutters,

which enable the molecular beams to be switched on and off. The heating system in
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the effusion cells typically consists of a heating filament around the pyrolytic boron
nitride (PBN) crucibles or electron beam heating. For electron beam evaporation,
thermionic electrons are generated from a filament, accelerated by an electric field of
a few kV, which pass through a confining magnetic field to trike the source material
to evaporate it.

Different temperatures are required according to the melting point and vapor
pressure of the materials used. For instance, the melting point of indium is only 156°C,
[120] but obtaining a suitable flux of indium requires temperatures above 700°C due
to the low vapor pressure at its melting point. Tungsten, with its very high melting
point of 3422°C,[121] can only be evaporated by the electron beam evaporation
method. The cryo panels surrounding the effusion cells and the substrate holder force
the beams to pass through a single path without being contaminated by other sources

and keep the background pressure at a very low level, usually less than 10~ torr.
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Figure 2.9 Schematic view of molecular beam epitaxy.

At a glancing incidence angle, the RHEED system provides the diffraction
pattern to indicate the crystal ordering of the sample surface. Ultra-high vacuum is
mandatory for the growth of high purity epitaxy films to avoid contamination that
could affect the film morphology and electronic properties. Based on the kinetic gas
theory, the flux F of gas molecules at the pressure P and temperature T on the

unit area of surface is: [122]

P

F=r— (2.6)
\J2rmk, T

where M s the molecule mass and k is the Boltzmann constant. As an example,
CO is considered the residual gas with a partial pressure of 10 torr at 300K, the

arrival rate of CO can reach 3.2 x 102 cms1. The number of atoms in a 1 cm? area
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of the Si surface is about 3.2 x 104, If we assume that all CO molecules that arrive

at the substrate can stick to the surface, then the residual gas would result in about

1% impurities in the epitaxy film, even in a high vacuum of 108 torr. Another

constraint for reproducible epitaxial growth is the cleanliness of the substrate surface.

The growth rate of MBE is commonly less than one monolayer per second. Impurities

on the substrate surface can capture diffusing molecules to form nucleation islands

during the slow MBE process. Assuming the sticking coefficient of residual gas is 1,

then to maintain the arrival rate of the residual gas at one per million would require

1012 torr vacuum pressure. Fortunately, many residual gases have sticking

coefficients that are much lower than 1 for typical deposition temperatures, and the

toleration of impurities for some kinds of semiconductor devices can be lower than

108 torr.

For a typical MBE growth process, there are four main steps, as illustrated in

Figure 2.10. These include:[123, 124]

(1) Molecular beams are evaporated from the effusion cells towards substrates.

(2) The evaporated molecules are adsorbed on the substrate by van der Waals force,
which is called physical adsorption, or form a chemical bond with the surface,
which is called chemical adsorption.

(3) The adsorbed molecules diffuse to vacant sites and interact with the atoms of
the surface. There are several different processes that can occur depending on

the types of atoms, substrates and the temperature, such as diffusion along the
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atomic step, diffusion along the edge, adsorption at the edge and desorption.

(4) Accumulated molecule islands merge into epitaxial layers.

diffusion along
the edge
; " 3 deposition
diffusion across adsorption at . .
MAOMCSER | the g 4 desorption
island
surface v [4
diffusion
substrate temperature P

nucleation mechanism

Figure 2.10 Behavior of atoms during the MBE process.[125]

Depending upon the growth conditions, three different growth modes can occur

during the MBE process, as illustrated in Figure 2.11.[126]

(1) Layer-by-layer growth is also named as Frank—van der Merwe growth mode.
Under the circumstance that the surface energy of substrate is greater than the
sum of the surface energy of the film and the interface energy of the film and
the substrate,[127] the growing layer reduces the surface energy, resulting in
atoms preferentially attaching to free sites on the surface, and thus becoming
atomically smooth.

(2) Island growth is also referred to as the Vollmer—\Weber growth mode. Under the
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circumstance that the surface energy of substrate is less than the sum of the film
surface energy and the interface energy of the film and substrate,[128] the
growing layer increases both the surface energy and the interface energy,

resulting in the nucleation of molecules to form large islands.
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Figure 2.11 Schematic illustration of three epitaxy modes. (a) Layer-by-layer growth
(Franck—van der Merwe mode); (b) Island growth (Vollmer—Weber mode); (c) Layer-
by-layer followed by island (Stranski—Krastanov mode). ® is the degree of monolayer
coverage.[126]

(3) Layer-by-layer growth followed by island growth is also termed as Stranski—
Krastanov growth mode. The substrate surface energy is greater than the sum
of the surface energy of the film and the interface energy of the film and
substrate at the initial stage, along with further growth, more lattice strain
accumulated to induce that surface energy of the substrate is less than the sum
of the film surface energy and the interface energy.[129] This mode is an
intermediate mode including smooth layer growth at the beginning and

subsequently followed by island growth. The change in equilibrium force
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commonly originates from the lattice mismatch between the epitaxy film and

substrates during the MBE process.

2.2.3 Van der Waals Epitaxy

Currently, good heteroepitaxy growth is only possible in a very limited
combination of materials due to the lattice mismatch in most cases. Lattice matching
is significant for both the growth material and the substrate, such as GaAs on Si. The
presence of dangling bonds on the surface of the substrate is detrimental to the
establishment of good heteroepitaxy. Layer materials, such as graphite, MoS,, WS,
and mica, with their 2D layer crystals combined with weak van der Waals force have
no dangling bonds on the surface. Thus, an epitaxy layer on the surface that is free of
dangling bonds will begin with its own constant lattice to keep the surface defects at
a minimum level. In 1984, Koma et al. [130, 131] developed the heteroepitaxy growth
of NbSe> on MoS; and this new kind of molecular beam epitaxy with weak van der
Wiaals interaction was termed as van der Waals epitaxy (vdWE). Taking advantage of
the weak van der Waals interaction, the lattice mismatch can be drastically relaxed,
as shown in Figure 2.12a. It has been demonstrated that the lattice mismatch
toleration of a thin film grown by the van der Waals epitaxy technique can reach as
much as 50%.[132] Therefore, the van der Waals epitaxy allows for a great variety of

different heterostructures.
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Figure 2.12 Schematic drawing of van der Waals epitaxy
and quasi-van der Waals epitaxy.[130, 132]

The van der Waals epitaxy method can be applied to a three-dimensional (3D)
substrate by passivating the dangling bonds on the flat surface of the 3D material,
known as quasi-van der Waals epitaxy, as shown in Figure 2.12b. For instance,
(NHa4)2S passivized GaAs(111) has been used as a van der Waals epitaxy substrate for
MoSe, and NbSe> thin film growth,[133] and high quality GaSe film was proven to
be grown on a hydrogen passivated Si substrate.[134] In addition, some organic
epitaxial layers have been grown by utilizing the van der Waals epitaxy, such as Cu-
phthalocyanine grown on a cleaved surface of MoS».[135] In conclusion, van der
Waals epitaxy effectively reduces the lattice mismatch of the epitaxy layer on

different substrates. This widens the scope for material selection to fabricate
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heterostructures for the innovation of novel devices.[130]

2.3 Chemical Vapor Deposition
2.3.1 Basic Concepts of Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a solid growth method achieved through
the reaction of gaseous materials.[136] Depending on the type of reactants, the
pressure range or the use of equipment with an enhanced activation system, there are
several variants of CVD, such as ultra-high vacuum chemical vapor deposition
(UHV-CVD),[137] metal organic chemical vapor deposition (MOCVD),[138]
plasma-enhanced chemical vapor deposition (PECVD),[139] hybrid physical-
chemical vapor deposition (HPCVD), etc.[140] CVD has various advantages
including: 1) The reaction can selectively occur in certain regions of the substrate; 2)
The CVD method is more easily used to cover a rough surface or the vertical
sidewalls of the substrate than some physical vapor deposition methods, like thermal
evaporation; 3) The gaseous materials used in the CVD process that flow into the
reaction chamber can be stored in external reservoirs to prevent contaminating the
growth chamber when refilling it with new materials; 4) CVD usually does not
require very a high vacuum; and 5) CVD is commonly used to produce larger batches
than thermal evaporation.

In CVD, source materials are delivered as volatile gases, known as precursors,

32



to deposit thin films through a series of chemical reactions of different precursors and
substrates. These reactions can occur both in the reaction chamber and on the surface
of the substrate. Gaseous precursors are commonly diluted in a carrier gas to deliver
the gaseous precursors to the reaction region. The typical carrier gases used in the
CVD process are nitrogen, argon, hydrogen, or mixtures of the three. The temperature
for the CVD process ranges from room temperature to 2000°C. If reactions require
higher energy, a plasma can be utilized to generate the radicals and ions reaction by
electron strike collisions to activate the chemical during reaction, which are called as

plasma-enhanced chemical vapor deposition (PECVD).[139]

2.3.2 Kinetics of Chemical Vapor Deposition

A normal CVD process involves a series of reactions, as shown in Figure
2.13.[141] The mass-transport mechanism is particularly important because the
reactions involved in the CVD process determine the growth rate and the design of
the CVD system. The sources, in the form of gas, pass through the pipes and valves
to the reaction chambers to change state from a gas to a solid at a certain temperature
and under a certain amount of pressure. In some cases, reactions may occur before
arrival at the substrate when the sources are still in their gaseous state. The steps
involved in the CVD process are summarized as follows:[142, 143]

(1) Gaseous sources are brought to the reaction zone by the carrier gas;

(2) Gaseous sources diffuse through the boundary layer;
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(3) Reactants move to the surface of the substrate;

(4) Physical absorption and chemical reaction occur on the surface of the substrate;
(5) Surface reactions occur for thin film deposition;

(6) Desorption of gaseous by-products; and

(7) Gaseous by-products diffuse away from the reaction zone.

Main Gas Flow Region
>
>
>
Gas Phase Reactions
w
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Desorption of Desorption of
@ Film Precursor Volatile Surface
Transport to Surface ik o Reaction Products
Surface Diffusion
] —> [
Adsorption of Film Precursor Nucleation Step-flow Growth
and Island
Growth

Figure 2.13 Schematic illustration of types of chemical reactions
in the CVD process.[141]

These steps take place in order and the slowest step determines the growth rate.
The behavior of gas flow in the CVVD chamber is described and characterized by fluid
mechanics and the Reynolds number, R, , a dimensionless parameter.[144] The gas
flow is usually regarded as laminar. Based on fluid dynamics, a boundary layer of the

gaseous mixture, also called a stagnant layer, develops in the reaction zone over the
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surface of substrate. The gas flow velocity near the inner wall of the reaction zone is
almost zero. The boundary is the area from the edge of the wall to the center where
the velocity of the gas flow changes from zero to a stable level, as shown in Figure

2.14. The boundary layer thickness is expressed as:[136]

T

boundary layer = R

(2.7)

R = 2% (2.8)

where # is the mass density, U, isthe flow density, X is the distance of flow from

the inlet position and # is the viscosity.
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Figure 2.14 Schematic drawing of the boundary layer
and the velocity changes in a tube reactor.[145]

This indicates that a lower gas flow and a longer distance from the inlet will
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increase the boundary layer thickness. The adsorption mode significantly depends on
the chemical properties of the source materials or the precursors pre-deposited on the
substrate. Source molecules can adsorb on the substrate surface though weak physical
adsorption. If there is enough chemical coordination between source materials or the
precursor pre-deposited on the substrate, stronger chemical adsorption is achievable
for a longer period of adsorption. Some adsorbate molecules or fragments, such as
dissociative chemical adsorbates, can react rapidly on the substrate surface due to the
weak original chemical bonds. Adsorbate molecules or fragments can diffuse along
the sample surface, some chemical sites or layer steps for their reaction. Generally,
surface diffusion is a necessary process for the eventual formation of the thin film.
Locating optimal adsorption sites through diffusion is critical to grow high quality
crystalline films that would ultimately determine the performance of an electronic
device.

There are two main limitations to the reaction rate of the CVD process: gas
transport limitation and surface reaction rate limitation.[145, 146] Gaseous source
concentration in the carrier gas and gas flow viscosity are two decisive factors in the
gas transport limitation, while the surface reaction rate limitation relys on the physical
and chemical adsorption rate, the reaction mechanism and the deposition temperature.
The entire rate of a CVD process considering these two primary limitations could be
expressed as:[146]

C, k.h,

9

"N,k +h, &9
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where C, is the concentration of the most rate limited gaseous source, K; is the
surface reaction rate, hg is the gas transport rate and N is the atom concentration
in the solid form of the most limited gaseous source. The net rate limited by surface
reaction and gas transport in Equation 2.9 as a function of inverse temperature is

shown in Figure 2.15.
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Figure 2.15 The net rate limited by surface reaction and gas transport
with inverse temperature (solid line).[146]

In most cases, source materials undergo chemical reactions in the gas phase
leading to the production of more reactive molecular fragments.[147] This process
can be activated thermally or by external energy, such as a plasma. In general, these
more reactive molecular fragments are part of the original molecule, or are even

radicals or ions when applying plasma to activate the chemical reaction. It should be
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noted that most CVD processes are carried out at a low pressure, enabling a
substantial lifetime for most reactive molecular fragments in comparison to many
other chemical reaction circumstances, such as a liquid solution. Hydrogen, as a
typical kind of carrier gas, usually participates in the gas phase reactions, while
nitrogen and argon may also take part in the reactions in the plasma activation CVD

process.[148]

2.3.3 Chemical Vapor Deposition System

The various reaction types and different deposition rates result in distinctively
designed CVD systems. It is necessary to take the design of the CVD system into the
consideration of the thin film growth. A typical CVD system includes source material
reservoirs, gas flow controllers, a reaction tube, heating system, pumping system to
remove by-products and residual sources, and a safety system to detect toxic gases,

as shown in Figure 2.16.[149]
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Figure 2.16 Schematic drawing of a typical CVD system.[149]
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The flow of gaseous sources into the reaction zone should be carefully monitored
to control the stoichiometry and the deposition rate. Source materials delivery is quite
critical because the flow rate could determine whether or not the deposition takes
place in some cases. For low vapor pressure source materials, the pipes and valves
through which gas flows are required to be heated to avoid the condensation of the
source material. A mass flow controller (MFC) is commonly used to precisely gauge
and control gas flows. An MFC is designed and calibrated to measure and control one
or several types of gas in a certain range of flow rate.

There are two classes of CVD systems based on whether they are operating at a
low pressure (LPCVD) or atmosphere pressure (APCVD).[150, 151] APCVD is easy
to realize since it does not need a vacuum system. APCVD yields a high growth rate
due to its high reactant concentration at low temperatures. However, its deposition
coverage is not usually as uniform as LPCVD, and powders are likely to form during
the deposition process. Thus, for most electronic and optical electronic materials, the
reactor configurations are LPCVD, since this can provide outstanding uniformity on
rough surfaces and deliver high purity deposition. The low pressure results in a low
deposition rate and requires a higher temperature; both of these are necessary for high
quality thin film growth.

For thermal CVD systems, a resistive heating system or a radio frequency

induced heating system is required to obtain a high temperature to activate the

39



chemical reaction. Up to 2000°C may be necessary to decompose some source
materials. There are two primary types of thermal CVD reactors based on the
substrate heating methods, the hot wall reactor and the cold wall reactor, as shown in

Figure 2.17.[146]
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Figure 2.17 Schematic illustration of the hot wall and the cold wall reactors.[146]

The hot wall reactor tube is placed in an isothermal furnace. Hot wall reactors
are usually large, and a number of substrates can be deposited at a time. The
temperature can be precisely controlled as the whole chamber is heated, which
permits superior temperature uniformity for a large number of substrate depositions.
However, a disadvantage of the hot wall reactor is that depositions take place not only

on the substrate but also on the chamber wall. Moreover, the fragments released from
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the chamber wall during the cooling down process may contaminate the sample
surface. In the cold wall reactor, only the substrate is heated. The most common
configuration of a cold wall reactor is to mount the substrate on a conductive holder,
such as graphite or Cu, and wrap the tube reactor with radio frequency coils. The
conductive holder can absorb the radio frequency energy to generate heat and
transport it to the mounted substrate, thus deposition is limited to the substrate.
Because deposition only occurs on the substrate, the depletion of source materials is
reduced, and without condensation on the reactor wall, the reactor wall is relatively
clean, thus preventing the contamination of fragments released from the wall. The
substrate holder in the cold wall reactor commonly has small thermal mass, so the
temperature rising and falling occurs much more rapidly to prevent the overreaction
of some high activity source materials. The most important issue with thermal CvVD
reactors is to maintain a uniform temperature throughout the wafer to prevent the
creation of non-uniform thickness as the growth rate strongly depends on temperature,
especially in LPCVD.

Plasma-enhanced CVD (PECVD), also known as plasma-assisted CVD
(PACVD), uses plasma to activate reactions at a much lower temperature in
comparison to thermal CVD. For instance, the deposition of SisNa4 thin film in thermal
CVD requires a temperature of between 700°C and 900°C, while ina PECVD system,
reactions can occur at a much lower temperature of 300°C.[152] Most plasmas used

in a CVD system is generated by a radio frequency field. The energy distribution of
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the electrons and ions in plasma gas is commonly in the range 0f 0.1 eV to 2.0 eV,[153]
which is adequate to excite molecules to higher activity energy or break chemical
bonds through collision. The reactive species produced in collisions have much lower
energy barriers for chemical reactions than their parent molecules and significantly
reduce the reaction temperature. In addition, the reactive species commonly have
higher stick coefficients to the substrate; hence, the PECVD reactions are dominated
by the plasma-generated reactive species on the substrate surface instead of the parent

molecules. A typical PECVD is shown in Figure 2.18.[154]
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Figure 2.18 Schematic drawing of plasma-enhanced CVD system.[154]

The wafers are located at the ground potential electrode. Gases used for plasma

generation are introduced from the center of the holder and pumped out from the
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edges or vice versa. The gases can also be introduced from evenly distributed small
holes in the upper electrode to achieve more uniform plasma distribution. The
magnetic drive is used to rotate the wafer holder during the CVD process to obtain a
more uniform deposition. PECVDs are favored in large-scale industrial production

due to their reduced deposition temperature and higher productivity.

2.4 Objectives of the Thesis

In this thesis, high quality WS> thin films were grown on different substrates,
including mica and sapphire, by molecular beam epitaxy, which is based on the van
der Waals epitaxy, and the chemical vapor deposition method. Making use of WS>
thin films, WS,/GaN p-n junctions and WS; thin-film FET were fabricated. The
objectives of the thesis are listed as follows:

(1) Synthesize high quality WS, thin films on mica and sapphire substrates by MBE
and the CVD methods. Film quality is one of the most important factors
impacting the performance of WS;-based electronic devices. The relationship
between the growth conditions and the phase compositions, crystal structure
and electron properties of WS> thin films needs to be systematically studied.
Micron-sized WS layered materials obtained through mechanical exfoliation
method is only suited to basic investigation and proof-of-concept device
fabrication, and is not suitable for large-scale commercial manufacturing.

However, MBE and CVD can be used to grow high quality large-area uniform
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(2)

©)

(4)

WS: thin films.

Explore the growth mechanism of the crystal structure of WS; thin films. WS,
commonly exists in a mixture of type-1 and type-11 crystallites with their ¢ axis
perpendicular or parallel to the substrate surface. Large layered type-11 WS;
crystals are necessary for the fabrication of WS;-based electronic devices. A
thin Ni layer has been used as a texture promoter to grow large layered type-I11
WS, crystals. The liquid NiSx formed during the growth process could serve as
the nucleation seed for liquid epitaxy, which leads to the horizontal growth of
WS, crystals.

Fabricate WS2/GaN p-n junctions via the wafer-scale etching-free transfer
method. Most semiconductors and conductors are not stable enough for the high
temperature growth of WS,. To overcome this constraint, the transfer method
to fabricate WS»-based heterojunctions by transferring the WS, thin film from
the sapphire substrate to arbitrary flat substrates needs to be developed. The use
of chemical etchants such as HF or KOH that can contaminate or damage the
surface of the film resulting in degradations of device performance should be
avoided in the transfer method.

Fabricate WS, field-effect transistors using thin WS, layer as channel material.
The specific properties of semiconducting WS, thin film, including fewer
dangling bonds, chemical stability and high mobility, make it a potential option

for the channel layer for thin-film FETs. Additionally, horizontal layered type-
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Il WS, crystals can serve as high-speed channels to transport electrons for the

fabrication of ultra-thin FETs.
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CHAPTER 3 CHARACTERIZATION
TECHNIQUES

3.1 X-ray Diffraction
3.1.1 Basic Principles

X-ray diffraction (XRD) is one of the most widely used non-destructive
techniques for determining the crystal properties of materials, such as the crystal
structure, phase, orientation, average particle size and crystallinity.[155] X-ray
diffraction peaks are generated by the monochromatic interference of diffraction at a
specific angle based on Bragg’s law, which is indicated by Equation 3.1

nA=2d,,siné (3.1)
where d,,, is the equivalent distance of the periodic crystal planes, and @ is the
angle between the incident beam and the parallel crystal planes.[156] If the difference
of the optical paths between adjacent X-ray diffraction is equal to an integral multiple
of the wavelength (1) to meet Bragg’s law, then constructive interference occurs. The
peak intensity and distribution are determined by the periodic arrangement of atoms
in the crystal lattice. Therefore, XRD patterns become the fingerprints of different
materials. Comparing an XRD pattern with a standard database can quickly identify

a large number of different crystalline samples.
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Figure 3.1 X-ray diffraction based on Bragg’s law.

An X-ray diffraction instrument contains three major components, including an
X-ray generation tube, a sample holder and a detector, as shown in Figure 3.2. The
electrons escape from a heated filament and accelerate through a high-voltage field
towards a metal target. When the electrons strike the target atoms, the inner shell
electrons of the target atoms gain sufficient energy to escape to the outer shell and
the X-ray is generated. The X-ray spectra comprise several components. K, and Kg
are the primary portions of the X-ray spectra and K, comprises K,1 and K,2.
Different target materials, such as Cu, Al and Mo, have unique sets of characteristic
wavelengths. By filtering with Ni foil and crystal monochromators, the
monochromatic X-ray necessary for diffraction is obtained. Cu is the most widely
used target material with K,1 and K,2 wavelengths of 1.541A and 1.544A,
respectively. The monochromatic X-ray extracted from the X-ray tube is pointed at
the sample and reflected into the detector. The detector rotates with the sample to

record the intensity of the reflected X-ray. When the incident angle of the X-ray to
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the sample meets Bragg’s law, constructive interference occurs and is recorded as a

peak.

Figure 3.2 Schematic illustration of the X-ray diffraction system.

3.1.2 Scan Modes of Operation

The X-ray diffraction system can be used to analyze both the powder and thin
film of crystalline material. For thin film characterization, three different types of
scan—~0-20 scan, ® scan (rocking curve) and phi-scan—are commonly used to
investigate thin film properties, such as crystallite size, orientation and lattice strain.
The working principles of these three scan types will be introduced in the following
section.

0-20 Scan
In the 0-20 scan, 0 is the angle between the incident X-ray beam and the substrate

surface. The angle between the detector and incident X-ray is 26. In this type of scan,
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keeping the X-ray beam fixed, while the sample rotates at an angle of 0, and the
detector rotates at an angle of 20 simultaneously to detect the reflected signal, as
illustrated in Figure 3.3. For polycrystalline thin films, several sets of peaks can be
detected due to the mixture of different crystal orientations. For a single crystal film
with its crystal planes parallel to the sample surface, 6 equals the angle between the
incident X-ray and the crystal planes ®, which is specifically referred to as the »-26

scan.

Detector

X-ray tube

Figure 3.3 Schematic of a ®-20 scan.

Rocking Curve

Another kind of scan is a  scan, which is also referred to as a rocking curve
scan. In the operation of the rocking curve scan, the X-ray beam and the detector are
set at a specific Bragg angle, then the sample is tilted around its equilibrium position.

The rocking curve is primarily used to evaluate the crystal quality of an imperfect
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crystal and yields a quantitative value.[157] The widening of the full width at half
maximum (FWHM), the width of a spectrum peak at the half maximum value, mainly
results from the existence of defects and various imperfections in the crystal, such as

misorientation and dislocation. An ideal crystal would give an extremely sharp peak.

X-ray tube / \ Detector

Figure 3.4 Schematic of ® scan.
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Figure 3.5 Illustration of the full width at half maximum (FWHM).

Phi-scan
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Both the 6-260 scan and the ® scan are referred to as out-of-plane techniques and
only provide the orientation information of the crystal planes parallel to the sample
surface. Phi-scan provides the orientation information of the crystal planes not
parallel to the surface of sample and is referred to as an in-plane technique.
Combining the out-of-plane and the in-plane techniques can provide more intuitive
orientation information than conventional asymmetric reflection methods.

During the phi-scan measurement, the X-ray beam and detector are set at a
specific Bragg angle, then the sample is tilted at an angle of x relative to the reflection
vector and rotated along the ¢ axis from O to 360 to get the in-plane symmetry
information of the crystal sample, as shown in Figure 3.6. A typical phi-scan XRD
pattern, which contains a set of peaks in equal intervals, reveals the specific
symmetrical characteristics of crystal samples. For example, four peaks indicate four-
fold symmetry, whilst six peaks may result from six-fold symmetry in a hexagonal
crystal structure.

X-ray tube Detector

Figure 3.6 Schematic of a phi-scan.
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Figure 3.7 A typical phi-scan XRD pattern.

3.2 Raman Spectroscopy
3.2.1 Basic Principles

Raman spectroscopy is one of the essential techniques used in the investigation
of the rotational and vibrational spectra of atoms or molecules inside a material. This
method is based on the Raman effect, the inelastic scattering of incident light by
atoms or molecules, which was observed by C. V. Raman in 1928.[158] When a
sample is irradiated with a laser, the re-emitted light has the same wavelength as the
incident laser, which is termed elastic scattering, or Rayleigh scattering. However, a
very small portion (about 10 times) of the scattered light has the frequency shifted
from the incident laser due to the vibration and rotation of atoms or molecules. This
frequency-shifted scattering process is known as inelastic scattering, or Raman

scattering.
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Without consideration of the molecular vibration and rotation, when an incident
light with the frequency of v, and the periodical electric field of E = E,cos(27v,t)
hits a molecule, a dipole moment is stimulated with the same frequency v,,. The dipole
moment 4 can be expressed as:

U1 =aE,cos(2zv,t) (3:2)

The polarizability & of the molecule changes as a function of the displacement
R of the vibration of atoms from the equilibrium position, which can be expanded
as:

a(R) =a(Ro)+g—g(R—Ro)+higher order terms (3.3)
R is time dependent and can be written as:

R =R,qcos(27v,;t) (3.4)
where V,; is the amplitude modulation frequency induced by the dipole moment.
Combining this equation with Equation 3.2, the first-order vibration Raman equation
IS given as:
ut) =a(R,)E, cos(2zv,t) + 3—;! E,a{cos[27 (v, + v, )t]+cos[27z (v, —v,;, )t]} (3-5)

In the higher order terms of Equation 3.2, (v,+2v,,), (v,£3v,), . . . can be
observed are called the second-order, third-order, . . . Raman effect. The three
different frequencies v,, (v, £v,;,) of the dipole indicate three different kinds of
scattering, including Rayleigh scattering, Stokes scattering and anti-Stokes scattering,
as shown in Figure 3.8.[158] In the process of Rayleigh scattering, the excited

molecule relaxes from the virtual state—the polarized state which is not a true energy
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state—to the initial state, and a photon is generated with the same frequency as the
incident light. Rayleigh scattering is an elastic scattering. In the process of Stokes
scattering and anti-Stokes scattering, the excited molecule relaxes from the virtual
state with the frequency of (v, v,,) to the initial state and a photon is generated
with a lower or higher frequency. Both Stokes scattering and anti-Stokes scattering
are inelastic and referred to as Raman scattering. In the Raman spectrum, the
frequency shift to lower energy is referred to as a Stokes line, while the shift to higher
energy is called an anti-Stokes line. Atoms or molecules have their specific Stokes
lines and anti-Stokes lines, which are independent of the incident light. According to
this characteristic, the Raman spectrum can be used as the fingerprint spectrum for

material identification.
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Figure 3.8 Schematic energy transition diagram for Rayleigh and Raman scattering.
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3.2.2 Operation of the Raman System

Raman spectroscopy usually makes use of a laser as its excitation source with
typical wavelengths of 473 nm, 532 nm, 633 nm and 780 nm. In order to obtain a
stronger Raman signal, shorter laser wavelengths are employed because the intensity
of Raman scattering is inversely proportionate to 2*.[159] This might encourage the
employment of a laser source with a shorter possible wavelength in the Raman system,
but the probability of fluorescence occurring is increased with the shorter wavelength
laser due to its higher energy excitation. Though low-level fluorescence disturbance
can be reduced or eliminated by some strategies or computer algorithms, strong
fluorescence saturates the photo detector and makes a Raman measurement
impossible. Fluorescence excitation caused by a specific wavelength light is much
less likely to occur if another wavelength light is used, so a typical Raman system is
usually equipped with different wavelength lasers to eliminate fluorescence The
frequency shifts of Raman scattering are quite small (in the order of 1cm?), so a
double or even triple monochromator is normally required to detect the inelastic
scattering to obtain a Raman spectrum. In addition, the line width of the frequency of
the incident light should be as narrow as possible—usually a laser—in order to
separate the weak Raman scattering light from the high-intensity elastic scattering
light. The edge of the Raman spectrum depends on the capability of the notch filters
to exclude the Rayleigh scattering. A schematic drawing of Raman spectroscopy is

shown in Figure 3.9.[160]
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Figure 3.9 Schematic drawing of Raman spectroscopy.

3.3 Scanning Electronic Microscopy

Scanning electron microcopy (SEM) is a powerful and widely used instrument
to obtain a picture of a three-dimensional object that can be directly observed by
people. The SEM image is formed using a different method than a normal optical
image. The main parts of a typical SEM image include an electron gun, condenser
and objective lenses, a series of apertures, the specimen controller and the vacuum
chamber, as shown in Figure 3.10. Free electrons are generated by the electron gun
and accelerated toward an anode with energies from 1 keV to 40 keV. Condenser
lenses are used to converge the electron beam into a small focused point, about 1000

times smaller than its initial size, on the sample.
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Figure 3.10 Schematic picture of scanning electronic microscopy.

The spot size can be less than 10 nm, but still has enough current to provide a
clear image. One or more apertures are equipped in the SEM system to eliminate
external electrons in the lenses. The final lens aperture below the deflection coil helps
to adjust the spot size of the beam on the sample. The resolution and the depth of
focus of a SEM image partly depend on the spot size on the sample; a higher
resolution can be obtained by decreasing the spot size, but this results in a loss of
brightness. The deflection coil in the objective lens controls the electron beam to scan
the sample to generate images. A vacuum chamber with a pressure of at least 5%10°
torr is required for the operation of the SEM system for various reasons. First, since

the filament to generate electrons works at a high temperature above 2000 C, the hot
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filament will be oxidized in the air. Secondly, particles and dust in the air will interfere
or block the electron beam before it reaches the sample surface. Third, the
acceleration field in the electron gun may be higher than 30 kV, which can cause the
ionization of air.[161]

A variety of signals can be obtained due to the complex interactions of the
electrons with the sample surface. The interaction depth is about 10 um, as shown in
Figure 3.11. Two types of signals, secondary and backscattered electrons, are utilized
to acquire a SEM image of a sample surface morphology. Secondary electrons and
backscattered electrons are generated by two different kinds of interactions that occur
near the sample surface. Secondary electrons are generated by the inelastic collision
between the incident electrons and the electrons in the sample surface at a depth of
about 100 nm. They are commonly used to investigate the structure of the sample
surface.

Backscattered electrons are generated by the elastic collision of the incident
electrons with the electrons or nuclei at a deeper depth, at about 1 pum from the
material surface. For further depth interactions between the electron beam and the
sample, X-rays are generated by the recombination of free electrons and holes. The
further depth X-ray signal can be used to investigate elemental composition through
energy dispersive X-ray spectroscopy (EDS).[162] Figure 3.11 shows a cross section
of the depth and the volume of several kinds of signals as a result of interactions

between the electron beam and the sample.
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Figure 3.11 Interaction of the electron beam and the specimen.

3.4 Atomic-force Microscopy
3.4.1 Basic Principles

Atomic-force microscopy (AFM) is a technique to investigate surface
morphology in three-dimensional view. AFM was invented by Binning et al. in
1986.[163] The sample surface is scanned by a sharp probe to measure changes in the
interaction force between the probe tip and the sample surface. Figure 3.12 shows the
schematic drawing of an atomic-force microscope. Applying a sharp tip above the

sample surface, the separation distance determines the dominant interaction force—
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either short-range or long-range force. A positive or negative bending of the
cantilever can be detected by a laser beam targeted at the back side of the cantilever
and reflected onto a photodetector. By using the probe tip to scan the sample surface
and recording the deflection, the surface morphology and other properties (such as
adhesion, friction, hardness and elasticity) can be detected.[164] AFM is commonly
used to investigate multiple kinds of materials, including conducting or non-
conducting materials, soft biological specimens and clusters of molecules or
individual macromolecules in different environments, such as air, liquids and in a
vacuum. In addition, sample preparation for AFM measurement is quite simple in

contrast to scanning tunneling microscope (STM).

Photo Detector

Figure 3.12 Schematic drawing of atomic-force microscopy.
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AFM can only operate in the condition that the tip and sample are within an
interactive force field. When the tip approaches the sample surface, different kinds of
forces operate as shown in Figure 3.13.[164] In the contact region, the probe tip stays
only a few angstroms above the sample surface, and the interaction force of the tip
and the sample surface is dominated by short-range repulsive force. This comes from
the electrostatic repulsive interaction between the electron clouds and the sample
surface, and is reduced as the tip and the sample are separated. In the non-contact
region, the probe tip stays up to hundreds of angstroms above the sample surface, and
the interaction force of the tip and the sample surface is dominated by the long-range
attractive force, also known as the van der Waals force. As the probe tip approaches
the surface of the sample, attractive van der Waals force increase to induce the
cantilever to deflect towards the sample. Nevertheless, at a distance of less than a few
angstroms, the repulsive electrostatic force becomes dominant to induce the positive
deflective of the cantilever. Along with the Coulomb force and the van der Waals
force, various other interactions can also affect the tip. When conducting AFM in the
air, there may be a thin layer of moisture covering the tip and sample surface. When
the tip approaches the sample surface, capillary force is generated due to the liquid

layer.
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Figure 3.13 Force versus distance diagram of tip and sample and operation modes.

3.4.2 Operation Modes

The three primary types of AFM include: 1) contact mode, of which the
separation of the probe and the sample is less than 0.5 nm; 2) intermittent contact
mode, which is also referred to as tapping mode, of which the separation of the probe
and the sample is in the range of 0.5 nm to 2 nm; and 3) non-contact mode, of which
the separation of the probe and the sample is in the range of 1 nm to 10 nm.[165, 166]

Contact mode is the most commonly used mode in AFM operation. In this mode,
the probe maintains gentle physical contact with the sample during the scanning
process. The bending force of the cantilever can be described by Hooke’s law:[167]

F=-k-x (3.6)

where k is the spring constant of the cantilever and X is the deflection of the
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cantilever. The tip works at a small constant distance above the sample, which is
called the constant distance mode. The cantilever keeps a constant force maintaining
a constant cantilever deflection by using the feedback loops, which is called the
constant force mode. The contact mode of AFM can provide a high-resolution image
of the sample surface, even at the nanometer scale.

Intermittent mode, also called tapping mode, is similar to contact mode. However,
in this scan mode, the cantilever is driven at its resonant frequency, usually at
hundreds of kHz. The tip is tapping lightly on the sample surface, maintaining a
constant oscillation. As the tapping is rapid relative to its oscillation time, the lateral
force is significantly reduced. Tapping mode is preferred to obtain high-resolution
images of samples that are soft and easily damaged, or when the structures are loosely
bonded to a surface. In non-contact mode, the cantilever oscillates above the surface
of the sample and the tip and the sample are separated by the attractive force regime
dominated by the van der Walls force. In non-contact mode, the tip operates at least
above the adsorbed thin water layer on the sample surface during scanning. If the
probe tip is too close to the surface, capillary force will bring the tip down to contact
the sample surface, which is referred to as jump-to-contact. The feedback loop is
applied to monitor the amplitude of the cantilever to measure the attractive force of
the surface.

The choice of AFM mode depends on the properties of the sample and which of

its characteristics are being investigated. Contact mode is commonly used to measure
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hard surface samples and enables the manipulation of the sample surface. However,
the tip may suffer contamination from the sample and excessive force in the contact
mode may damage the probe tip. In non-contact mode, the probe tip remains above
the sample surface, but it is sensitive to external oscillations and the absorbed liquid
layer on the sample surface in the air. In tapping mode, the tip periodically contacts
the surface. The primary properties of the three modes of operation are summarized

in Table 3.1.[164]

Table 3.1 Properties of the three modes of operation in AFM.

Mode of operation | Interaction force Probe state Contamination

Contact mode Strong repulsive Constant force or Yes
force constant distance

Non-contact mode | Weak attractive force | Vibrating probe No

Tapping mode Strong repulsive Vibrating probe Yes
force

3.5 X-ray Photoelectron Spectroscopy
3.5.1 Basic Principles

X-ray photoelectron spectroscopy (XPS) is a non-destructive technique for the
investigation of the chemical composition and electronic state of the sample surface.
The common detection depth of a sample surface is in the range of 5 nm to 10 nm.
The basic principle of the photoelectron effect that explains the energy conversion

when a photon is absorbed was initially described by Einstein in 1905.[168]
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According to the photoemission theory, Swede Kai Siegbahm developed the electron
spectroscopy for chemical analysis (ESCA) technique, which is also simply called
XPS today.[169] In doing so, Siegbahn revealed the existence of slightly different
energy levels due to the different electronic structure of an atom. When a beam of
photons strikes the sample surface, an incident photon transfers its energy to a bound
electron in the sample to excite the electron to a higher energy level, as shown in
Figure 3.14. If the excited energy is greater than the vacuum level, the electron has
enough energy to escape from the solid and can be detected by the electron
spectrometer. The energy conservation in this process can be expressed as:
E(A)+hv =E(A") + Eyjpie + © (3.7)

Eyneie =V —[E(A)—E(A)]-® =hv—E, - (3.8)

where E is the Kinetic energy of the escaped electron, hv is the photon energy,

kinetic
E; refers to the binding energy of the electron and @ is the work function. By
analyzing the energy state of the collected electrons and the energy of incident
photons, the initial energy of the excited electron can be obtained based on the energy
conservation equation. The XPS spectra plotted by the kinetic energy distribution
provide information regarding the sample’s chemical elements. The intensity of peaks
is proportional to the atoms number of elements, by which the stoichiometry is
obtained. The valence band maximum (VBM) with respect to the Fermi level is

determined by the intersection between the linear fits to the leading edge of the

valence band and the baseline.
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Figure 3.14 Schematic illustration of the photoemission process.

3.5.2 Experimental Setup

The XPS components include a UHV chamber, a hemispherical electron energy
analyzer, X-ray source and the electronic control system, as shown in Figure 3.15.
The X-ray source includes a filament to emit thermal electrons to bombard the anode
material, usually Al or Mg, to generate X-ray photons. The energy of emitted photons
for Al and Mg is 1486.6 eV and 1253.6 eV, respectively.[170, 171] The line width of
the energy distribution of the incident X-ray beam is an important parameter
determined by the resolution of the XPS spectrum. The line width can be reduced by
a quartz crystal monochromator. The typical line width values of the Al and Mg

anodes are about 0.85eV and 0.7eV.
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Figure 3.15 Schematic drawing of the XPS setup.

A hemispherical electron energy analyzer is used to detect ejected electrons from
the sample surface. It commonly includes a group of electrostatic lenses, two
concentrically positioned hemispheres analyzers and a detector. The electrostatic
lenses are employed to slow down the speed of the ejected electrons, and the
deflection voltage between the two hemispheres only permits electrons traveling at a
certain speed to pass through the hemisphere analyzer to the detector. The typical
detector used to detect the electrons that pass through the analyzer is an electron
multiplier to amplify the signal to about 108, permitting even a single electron to be
counted. Hence, the analyzer selects the electrons with specific energy and the

detector counts their number.

67



3.5.3 Reference Level

In the simple case of the gas phase, based on the free atom models, the binding
energy of the molecules are referenced at the vacuum level. However, for the solid
phase, the reference of the binding energy is more complicated. A convenient method
is to select the Fermi level as the reference level. The energy level diagram for solids
is shown in Figure 3.16. Equation 3.8 can be written as:

hv =B + Eg + @ =E

— “kinetic

dneic T En (3.9)

where Ef and E; are the binding energy referred to as the Fermi level and the
vacuum level. If the sample is in electrical contact with the detector, in the condition
of equilibrium, the Fermi level should be at the same energy level. The kinetic energy

of the photoelectron will be perturbed by the contact potential between the sample

and the spectrometer, and is given by:

El;enitic = Ekinetic - (CDSP - cI)S) (3.10)

Combining Equations 3.9 and 3.10, binding energy E; and E; can be expressed
as:
Es =hv—E i — P (3.11)

kinetic

E\é =hv— El;inetic _(CDSP _(I)S) (312)
The measured binding energy Ef depends on the work function @, , which is a

fixed value of a certain detector. However, E; depends on both @, and @, and

@, usually varies up to several eV due to the existence of impurities. Hence, Ef is

68



usually adopted as the reference.
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Figure 3.16 Schematic diagram of reference levels.

3.5.4 Quantitative XPS Analysis

XPS elemental spectra provide the qualitative information for the elemental
composition a few nanometers from the surface, since the number of detected
photoelectrons for a certain kinetic energy is proportional to the number of atoms of
corresponding binding energy. Relative concentrations can be calculated from the
areas under the corresponding peaks in the XPS spectra, which are proportional to
the measured photoelectron current.[169] Assuming that the sample composition is

uniform and the X-ray flux is set at a fixed value, the photoelectron current can be
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expressed by the equation:

1,(X)=KoLN ,4_sin(@)GD (3.13)
where K is the X-ray flux, o is the cross section of the photoionization, L is the
angular asymmetry factor of the photo emission from a certain core level, N, isthe
distribution of atoms, A, is the inelastic mean free path (nm), G s the
spectrometer etendue, D is the detector efficiency and @ is the emission angle.
According to Equation 3.13, the intensities of elements depend on the properties of a
certain material. The relative sensitivity factor is the normalization factor referred to

as the fluorine F1s peak. The sensitivity factor can be extracted from Equation 3.14.

|, _ KoLN,4,sin(6)GD _ S N,
KoLN A sin(@)GD " N,

f (3.14)
where G D K are reductions for the same instrument, and other terms can be put
together as the sensitivity factor relative to F atom. If the intensity of F atom is
regarded as one, the intensity of atom A is S, times the ratio of the atom number
of A to F.

Another more common method used to determine the sensitivity factor is to
measure the sensitivity factors of a specific system in a lab, which is a more accurate
method of considering slight modifications for a specific system. Nevertheless, the
determination of sensitivity factors in the lab requires high-purity standard materials,
and these sensitivity factors are usually provided by manufacturers. The relative

number of the specific atoms can be calculated by dividing the peak intensity by the

relative sensitivity factor, and the concentration of the specific element is obtained by
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dividing the number of the specific atoms by the total number of atoms. The atoms’
number of elements is proportional to the intensity of the photoelectron current

measured by XPS, thus the concentration can be written as:

——;(%n) (3.15)

where C, is the concentration of element A, 1, and I, are the signal intensity of

element Aandn,and S, and S, are the sensitivity factors of element A and n.

3.5.5 Valence Band Offset Measurement

The valence band maximum (VBM) can be measured by XPS in the energy range
from -5 eV to 30 eV. All of the valence electrons from the surface of the sample are
detected in this region. The VBM, with respect to the Fermi level, is determined by
the intersection between the linear fits to the leading valence band edge and the
baseline, as shown in Figure 3.17.[172-174] The energy of photoelectrons cannot be
higher than the energy level of the valence band maximum due to the fact that
electrons only fill in the valence bands, instead of conduction bands for
semiconductors. Because of the lattice interruption, the energy level of the crystal
interface has a deviation from the bulk materials. The Fermi level must align to be
equal for different materials in contact, thus band bending exists at the interface of

different materials for electron conduction.

71



GaN surface VBM:2.15eV
-
=
©
N
>
X
(7))
c
(0D}
)
£
(2.15 eV)‘\‘
. 1 . 1 [ W 1 . 1 . 1
8 6 2Y 0 -2 -4

4
Binding Energy (ev)
Figure 3.17 XPS spectra of the valence band of GaN.

To measure the VBM offset at the interface by XPS, an ultra-thin layer of
material needs to be deposited on the substrate to measure the relative shift at the
interface of two materials. The valence band offset AE, can be written as:

AE,=(E,-E})-(E,—E’)-(E\ -E}) (3.16)
where E and E,, are the binding energy of the core level of materials A and B,
EX and E? are binding the energy of the valence band of materials A and B, E,
and E? are the binding energy of the core level of materials A and B at the interface.
The conduction band offset can be obtained by adding the band gap difference to the

valence band offset.[175, 176]
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3.6 Low Frequency Noise Measurements
3.6.1 Spectral Analysis

Noise in semiconductor devices is a random, spontaneous fluctuation of
measured signals. Disturbances in electronic systems generated from exterior sources,
such as influences from adjacent circuits, light and vibrations, as well as radio
transmitters, are not discussed in this work, as the external disturbances can be
eliminated by shielding, filtering or the specific design of an electronic system. Noise
from internal disturbances, such as electron scattering and electron-hole pair
generation or recombination, can be reduced by the proper design of a device, but it
is impossible to be completely eliminated. The electronic signal fluctuation due to
noise can be written as a function of time X(t), where t is the time. An important
statistical function for the noise study is the power spectral density, which is written
as:[177, 178]

sgn:m@ (3.17)

where X (t) is the Fourier transform of x;(t),

X, |t <7,

o [t=T4

The unit of the spectral density is[x]2 / Hz . For the theoretical study of noise, the

X; (t) = (3.18)

autocorrelation function is commonly used to indicate the stochastic process and is

defined as:
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o, (t)=<x(r)x(r+1)>=lim=[" dr x(z) x(z+t)  (3.19)

Tow T 4-T/2
where the angle brackets denote the ensemble average. Considering the assumption
of the ergodic random variable, the ensemble average is equivalent to a time average.
The autocorrelation is independent of time t, but associated with the time difference
7. Based on the Winener-Khinthcine theorem, the power spectral density is connected
to the autocorrelation through the Fourier transform,

S, (f)= ZI:Odr D (v)exp(-j2rfr)= 4_[:dr @ (r)cos(2r fz) (3.20)
d)x(r)=I:df S, (f)cos(2x ) (3.21)
A factor of two locates before Fourier integrals by assuming the frequency is in the

positive range.

3.6.2 Noise Classification

According to the physical origins and the spectral density, noise in
semiconductors can be classified as the following types:[179]

(1) Thermal noise, also known as Johnson noise, originates from the thermal
agitation of carriers. At the condition of thermal equilibrium, the thermal noise
for a resistor is given by Nyquist’s formula, S, =4k;TR, where Kg is the
Boltzmann constant, T is the device temperature and R is the resistance.

(2) Shot noise results from the random transit of carriers in an electronic device.
This kind of fluctuation is commonly statistically negligible except in the case

of a rare number of transit carriers. Both shot noise and thermal noise are
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independent of frequency and are called white noise.

(3) Generation-recombination (G-R) noise arises from the capture and emission of
carriers by traps in a semiconductor, resulting in a local carrier density
fluctuation. The power spectrum of G-R noise can be expressed in a Lorentzian
form, as follows:

Br
Ss=—77—3
1+ (2x 1)

(3.22)
where 1 is a time constant and B is a function of current in a device.
(4) 1/f noise, also known as the flicker noise, is normally characterized by a

power-law spectrum, Soc 1/ f7, where y remains constant. The origin of 1/ f

noise is still debated.

Thermal noise and shot noise, which dominate at high frequencies, are white
noise. However, G-R noise and 1/ f noise are commonly found at low frequency

ranges and will be discussed in the following sections.

3.6.3 Generation-Recombination Noise Theories

The capture and release of carriers by traps and the random transitions of charge
carriers between different energy states in a semiconductor results in fluctuations of
carrier concentration, which may vary several orders of magnitude. Thus, G-R noise
is inherently owing to the fluctuations in carrier numbers, generally maintaining the

charge neutrality of the device.[180-182] Traps exist in various forms, consisting of
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shallow and deep levels of donors and acceptors, impurities and crystal defects, etc.
The trap sites introduce energy levels in the energy band diagram of semiconductors.
The transition of the carriers between the trap energy level and the conduction band
and valance band includes the following processes: a) the capture of electrons in the
conduction band by traps; b) the emission of electrons from the trap to the conduction
band; c¢) the capture of holes from the valence band by traps; and d) the emission of
holes from the trap to the valence band.[183, 184] A schematic illustration of these

transition processes is shown in Figure 3.18.

Conduction band

® Electron r g,
o Hole

\

° ) °
Valence band

Figure 3.18 Schematic illustration of the transition processes in the semiconductor.

The electron transition rate between the trap level ( E; ) and the conduction band

(Ec) is given by: [185]
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g, =e,n; (3.23)

r,=c,n(N; —n;) (3.24)

where ¢, is the electron capture coefficient with the unit of cm=s™, e, is the
electron emission coefficient with the unit of s, nis the density of electrons, N;
indicates the trap density, and N indicates the density of the filled traps with the unit
of cm™. In a similar way, the hole transition rate between the trap level ( E;) and
the valence band ( E, ) can be written as:

r,=c,pn, (3.25)

gp=ep(NT_nT) (326)

where ¢, is the hole capture coefficient with the unit of s, e, is the electron
emission coefficient with the unit of cm™s™ ,and P is the density of the holes.

All the capture and emission processes influence the fluctuations of n;; thus,
the net change rate of n; can be written as:

dn,

—=r -0 —-r + 3.27
dt n gn n gp ( )

Under the equilibrium condition, the net rate change of n; is equal to zero,

rh—9,-r,+9,=0 (3.28)

Considering there is a steady state, the accumulation of holes and electrons in the

valence band and conduction band should be equal to zero, thus:
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rp_gpchponTn_ep(NT_nTo)zo (329)
r=0,=C.N,(N;—n;)-en. =0 (3.30)
where the subscript O indicates the equilibrium condition. Then the emission

coefficients can be written with the capture coefficients as:

(3.31)

(3.32)

where fr =n; /N; is the fraction of the filled traps and can be expressed in the form

of the Fermi-Dirac distribution function:

1

1+ gexp (ETk_TEF J
B

where E; is the energy level of traps, E. is the Fermi level and 9 is the trap

f.=

T

(3.33)

degeneracy factor. Substituting Equation 3.33 into Equation 3.31 and 3.32, the

emission coefficients can be written as:

E.-E
e =qgc.n exp| ——F |=c.n 3.34
n g n o p[ kBT ) n s ( )
1 E.-E
e =—c_p.exp| -——T|=c 3.35
p g Ppo p( kBT ] pps ( )

where n, and p, are defined as:

E,-E
n, = gn, exp| ——F ] (3.36)
8=
p, = % P, exp( EFk_TET ] (3.37)
B
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Therefore, the change rate of n; can be written as:

dn,
dt

=cn(nNT—nnT—nsnT)—cp(pnT—%psNT+ psnTJ (3.38)

For n-type extrinsic semiconductors, the electron concentration is considerably
greater than the hole concentration. Therefore, the transitions of holes between trap

level and the valance band can be neglected. Thus, Equation 3.38 can be written as:

dn,
dt

=c,(nN; —=nn; —n.n;) (3.39)

By considering the fluctuation of n. with the equilibrium value Ny, n; can be
written as:

N, =n; +An, (3.40)

n=n,—An, (3.41)

Since there is little deviation of n; from the equilibrium value Ny , the relaxation

rate from n; to N; isgivenas:

%:%—tnT:—cn[(NT—nT0)+n0+ns]AnTE—A:T (3.42)

where 7 is the time of the relaxation process, which is given as:

1
(:n[(NT —nTO)+n0+ns]

T, = (3.43)

Based on the above equations, the kinetics of the electron trapping in an n-type

semiconductor can be entirely described by four parameters:c,, N;, 9,and n,.
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3.6.4 Generation-Recombination Noise Statistics

Random transitions of electrons and holes among the trap levels, the conduction
band and the valance band are considered in the G-R noise, leading to a considerably
complex calculation of the noise statistics. However, an approximation that each trap
level interacts independently with either the conduction band or the valence band is
made to simplify the calculation of noise properties. There are two criteria that need
to be satisfied to make this approximation valid: 1) the difference between the Fermi
level and the trap level is no less than the number of Kk;T ; and 2) the carrier
concentration is significantly higher than the trap concentration.[186]

For the electron transition between a single trap level and the conduction band,
the random electron trapping can be considered as free electrons N (t) , and the
current 1(t) is written as:

1(t)=&[N(t)]=&[ N, +AN(t)] (3.44)

The power spectra of Al(t) and AN(t) satisfy the proportional relationship:
S,(f)=S,(f)= 4_[dtd)A, (t)cos(2x ft) = (AIO)2 Sy () (3.45)
0
The autocorrelation function of the random variable of free electrons N (t) is:

@, (7)=(AN 2>exp(ri) (3.46)

T

where 7; is the relaxation time. Based on Wiener-Khintchine theory, the power
spectral density of N(t) is achieved through the Fourier transformation of ®,,(z)

as follows:
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25

_ 2
()= 4N e

(3.47)

By combining Equation 3.47 and Equation 3.45, the power spectrum of the current

fluctuations is given as:
5"
1+4x° 22

nO(NT_nTO) ) 7;
(NT —nTO)+n0+ns 1+47% f%,°

S,(f)=4(Al,")(AN?)
(3.48)

= 4(A1,1)Q

where ¢ is the unit of active volume in cm?.
Thus, the power spectral density of the current is in a Lorentzian form with the corner
frequency of f. =1/2z7; . Additionally, the kinetics of trapping is crucial for the

spectral shape of S, (f).[184, 187]

3.6.5 1/f Noise Theories

Flicker (1/f) noise exists in many different systems, including metal,
semiconductor, biological, etc. In solid-state materials, a variety of theories have been
developed to interpret the 1/ f noise.

According to the research on low frequency noise in gold and semiconductor

films, Hooger et al. proposed the 1/ f noise formula:[188-191]

Sl(f)z ay
1> N_f

(3.49)

where S,(f) is the spectral density of the noise of the current, 1 is the current
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passing through the material, N, is the density of the free carriers and «,, is the
Hooge parameter of 2x103. N_, depending on S,(f), reveals that the 1/ f noise
is induced by bulk effect.[192] In general, the spectral density has no linear
relationship with 1/ f | but is proportional to 1/ f* (0.8<a <1.4). Thus, Equation
3.49 is not a universal form in describing the current noise.

Handel [192-194] proposed a quantum 1/ f noise model which suggested that
the 1/ f noise was caused by the interactions between scattered carriers and the
electromagnetic field. Without considering inter-valley scattering, the Hooge
parameter is in the range of 108 to 10°, whereas by including inter-valley scattering,
the Hooge parameter is in the range of 10-° and10®. The validity of the quantum
1/ f noise model is still being disputed based on the reason that there is not enough
evidence to support it. Similar to Hooge’s model, Handel’s model requires a strict
1/ f dependence. Even so, the spectral density of the noise of many semiconductor
materials is proportionalto 1/ f* inthe low frequency range, where @ is not equal
to 1. But in some cases, the quantum 1/ f noise may be overwhelmed by other noise
sources.

For metal-oxide-semiconductor (MOS) systems, McWhorter [184] proposed that
the 1/ f noise comes from the fluctuations of carriers trapping in the localized
states in the oxide. The main processes of the trapping and de-trapping of carriers are
regarded as tunneling in this model. The power spectral density of the fluctuations of

the occupied number of traps in a unit volume Q = AXAyAz is given as:[195]
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T
S (f)=4N_(E,2)f. (1- fT)AxAyAzEm (3.50)

T

where N-(E,z) is the trap density in the unit of cm3/eV and

1

cn[(NT—nTO)+nO+nS

T, = } exp(xz) =7, exp(xz) (3.51)

where xZ refers to the tunneling probability, & is the WKB parameter and Z is
the distance from the trap to the surface of the semiconductor. The Fermi factor
f; (1— f;) mainly focuses on E; = E.. Thus, only the transitions that involve the
trap levels within a few kT towards the Fermi level make contributions to the
1/ f noise.

Based on the trapping kinetics of the G-R noise, the power spectral density of the
single trap level system can be written in a Lorentzian form. For the multiple trap
level system, an approximation is made to get the total noise power spectral density,
by assuming that trap levels independently interact with the valance band or
conduction band. Therefore, the total power spectral density can be expressed in a

Lorentzian form:[185]

7,7, T

S(f)=4jjijT(x,y,z,E)x

XxyzE

. dxdydzdE 3.52
(z,+7.) l+@’r’ y (352)

where 7, and 7, are the capture and emission time constants. The total time

constant 7 is given as:

T.7T E
=—2C =7 exp| — 3.53
g T +7T %o p(kBT] ( )

e c

where 7, indicates the inverse phonon frequency, E is the activation energy and
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kg is the Boltzmann constant. Assuming the distribution of E is uniform within the

overall frequency, the power spectral density S(f) can be expressed as:

A/”-T (Er)
1+4x° f22(E))

= AD, for y >> f >>y
4f 27rr, 2rr,

where 7, and 7, are the lower and upper limits of frequency and A is a constant.

s,(f)=[dE,D(E,)
(3.54)

Actual 1/ f dependence can be obtained from Equation 3.54 in the limited range of

frequency.

3.6.6 Experimental Details

The experimental setup of a noise measuring system is shown in Figure 3.19.
The device under test (DUT) was mounted in a metal shield box. The current
fluctuations were amplified by a Stanford Research SR570 amplifier. All experiments
were done in a shield room to eliminate external interference. The noise power

spectral density was recorded by a HP3561A dynamic signal analyzer.
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Figure 3.19 Schematic drawing of a low frequency noise measuring system.
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CHAPTER 4 MOLECULAR BEAM
EPITAXY OF WS;

The crystal structure of WS has the form of S-W-S with a hexagonal plane of W
atoms between two planes of S atoms. The structure of the hexagonal plane is
constructed by a trigonal prism of six S atoms with one W atom located in the center
as shown in Figure 4.1.[41-43] The tri-layer sandwich construction with weak
interlayer forces facilitates its exfoliation by chemical or mechanical methods to
obtain micron-sized single layer or few layers materials. The exfoliation technique is
proper for the basic investigation and the fabrication of proof-of-concept devices.
Nevertheless, this technique is not suitable for large-scale commercial manufacturing.
As one of the most extensively used techniques to grow high quality thin films,
molecular beam epitaxy (MBE) can be used to grow large-area uniform WS, thin

films.

wszee |

oW Os

cl2

Figure 4.1 Crystal structure of hexagonal WS..
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4.1 Experimental Details
4.1.1 Preparation of Source Materials and Growth Substrates

To ensure high-purity WS> thin films can be produced, high purity source
materials have been used, including 99.95% tungsten pellets (Kurt J. Lesker
Company) and 99.998% sulfur pieces (Sigma-Aldrich Company). In this study, mica
sheets were chosen as the substrates for WS, growth, and they have the layered
structure with relative weak van der Waals force between each layer. This kind of
weak interaction benefits the van der Waals epitaxy growth and enables it to endure
significant lattice mismatch,[196, 197] which makes mica an alternative to traditional
3D substrates for WS, growth. The chemical inertness, transparency for visible light,
and electrical insulation properties of mica also make it convenient to measure the
electrical and optical properties of the epitaxy growth material. Because of the weak
van der Waals force between each layer, mica can be uniformly cleaved to provide a
large, clean, atomically flat surface, as demonstrated in the atomic force microscope
(AFM) image presented in Figure 4.2. However, the freshly cleaved mica is usually
covered with inhomogeneous distribution potassium ions due to the damage to the

potassium layer in the air.
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Figure 4.2 AFM image of a freshly cleaved mica surface.

Several methods have been employed to remove the residual potassium ion on
the mica surface, such as evaporation of the potassium at a high temperature and laser
irradiation. However, high temperatures and laser irradiation may damage the mica
surface. Another gentler method is to allow the potassium to react with the CO; and
the moisture in the air to form potassium carbonate that can be dissolved in water and
rinsed away. The steps to prepare the mica substrates are as follows:

(1) Use a sharp blade or needle to penetrate the cross edge of the mica sheet, then
quickly separate the mica into two sheets using tweezers.

(2) Expose the freshly cleaved mica to the air for more than 24 hours.

(3) Rinse the mica sheets with DI water several times and dry them using high
purity nitrogen gas.

(4) After cleansing, immediately load the mica substrate into the growth chamber.
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4.1.2 MBE Deposition of WS,

As introduced in Chapter 2, MBE is used to grow high quality thin films
beneficial to the ultra-high vacuum condition. In this work, a modified SVTA MBE
system N35 was used to deposit WS; thin films. The MBE system consisted of a
growth chamber and a load lock chamber isolated by an ultra-high vacuum gate valve.
A CTI Cryo-Torr 8 cryopump and Varian titanium sublimation pump were attached
to the growth chamber to achieve an ultra-high vacuum condition. The load lock
chamber is equipped with an Agilent V550 turbo molecular pump backed by an oil-
free Varian TriScroll 300 scroll pump. A Grandville Philips 350 ionization gauge
controller was used to monitor the vacuum level of both chambers. The cryogenic
shrouds attached to the growth chamber were filled by liquid nitrogen to achieve a
base pressure of 8 x 10° torr and avoid the cross contamination among the K-cells
installed in the chamber.

An EBVV63 vertical UHV e-beam evaporator (Dr. Eberl Mbe-komponenten
Gmbh Company) was used to evaporate the tungsten metal. During the evaporation
process, the e-beam acceleration voltage was maintained at 6 kV and the emission
current of the e-beam was altered to adjust the effusion flux. The sulfur source was
evaporated by a VCS-63 valved cracker cell (Dr. Eberl Mbe-komponenten Gmbh
Company), which was designed for sublimation or evaporation of elemental sulfur in
MBE applications. The sulfur valved cracker cell provided precise sulfur flux control

by the integrated all metal valve controlled by a servomotor. The independent
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cracking module allowed the variation of the composition of the resulting sulfur
vapor depending on the cracking temperature as shown in Figure 4.3. Generally, the
high temperature cracked sulfur molecules of Sz, S4 and Sg were more reactive than
the uncracked molecules of Sg for chemical reaction. The cracker cell can provide
more effective controllability and stability of the sulfur flux beam to control the
composition of the film. Keeping the reservoir and cracker temperature at 130°C and
650°C, respectively, the S beam equivalent pressure (BEP) versus the micrometer
valve position was measured by an ion gauge and plotted in Figure 4.4. The S-BEP
was maintained at about 3 x 10 torr during the entire growth process. During
deposition, the base pressure was below 8 x 10° torr, then the substrate temperature
was raised to the target value at a rate of 15°C per minute. Then, the substrate
temperature was maintained for 15 minutes to thermally clean the substrate surface
and achieve an equilibrium temperature before the W and S cell shutters were opened.
The growth rate was about 1 nm/s, which was calibrated by measuring the film
thickness by a surface step profilometer. After growth, the substrate was cooled down

to room temperature at a rate of 15°C per minute.
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Figure 4.3 Schematic illustration of the thermal
sulfur cracker cell in our experiment.
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Figure 4.4 The S beam equivalent pressure (BEP) versus micrometer valve position,
maintaining the reservoir and cracker temperatures at 130 °C and 650 °C.
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4.2 Sample Characterizations

The surface morphology of WS; thin film was characterized by AFM and SEM
microscopy. The AFM was carried out with a Bruker NanoScope 8, employing a
silicon cantilever with a 10 nm tip in tapping mode. A JEOL 6490 microscope was
used to take SEM images to investigate film microstructures. The thin film crystal
structure was investigated by high-resolution X-ray diffraction (HXRD) with a
Rigaku SmartLab 9 kW X-ray diffractometer, using a Cu-K,: radiation source (A =
1.5406 A). Phonon behaviors were analyzed by a Raman microscope using a

backscattering configuration and the excitation laser wavelength is 488 nm.

4.3 Results and Discussion
4.3.1 Optimization of Growth Temperature

Figure 4.5 shows the HXRD diffraction pattern of the WS thin film grown on a
mica substrate by MBE at 250°C, 350°C, 450°C and 700°C. Four strong diffraction
peaks were at the angle of 14.2°, 28.6°, 43.5° and 59.4° in correspondence with the
(002), (004), (006) and (008) planes of WS, respectively. Only the (002) family of
diffraction peaks were detected in the X-ray diffraction, indicating strong preferential
growth along the [001] crystal orientation. At temperatures higher than 350°C,
significant enhancement of the crystallinity of the WS thin films was detected. The

peaks of WS, are sharper when growing at temperatures as high as 700°C, and the
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peak intensity is higher at high temperatures, especially for the (004), (006) and (008)
peaks, which indicates the better crystal quality of WSo.

The surface morphologies of the WS, samples were analyzed by SEM
microscopy. From the SEM image in Figure 4.6, it is apparent that the WS; thin films
change from small vertical platelets to large parallel crystals when the growth

temperature was increased from 450°C to 700°C.
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Figure 4.5 The high-resolution X-ray diffraction (HXRD) patterns of the WS,
grown at temperatures of (a) 250°C, (b) 350°C, (c) 450 °C and (d) 700 °C by MBE.

The WS polycrystalline films usually have an anisotropic structure, while the c-axis

of the crystallite is parallel to the substrate (type-1) and perpendicular to the substrate
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(type-I1). Type-11 films could be used as lubricants or absorbers in photovoltaic cells.

*20kV.  X20,000  1pm *  ° 10 30 SEI

Figure 4.6 SEM image of the WS; thin films by MBE grown
at temperatures of (a) 450 °C and (b) 700 °C.

Many different kinds of methods, such as pulse laser deposition (PLD),[198]
electro-deposition[199] and chemical bath deposition (CBD)[200] were employed to
attempt to grow a pure type-11 WS, thin film. However, in most cases the WS> film
is grown in a mixed texture form by a combination of type-1 and type-I1 crystal pieces.

For our MBE growth of WS; at a lower growth temperature of 450°C, many random
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vertical pieces (type-l1) dominated at the surface of the WS, thin film; when the
growth temperature was raised to 700°C, most of the surface crystallites changed into
large parallel crystal planes (type-Il). It is noted that a growth temperature of 700°C
is close to the dissociation temperature of mica substrate. Hence, the highest growth

temperature was limited to 700°C in the study of WS grown by MBE.

4.3.2 Growth Mechanism Study of Type-11 WS;

The SEM image in Figure 4.6(b) shows many cracks in the WS thin films. Such
cracks resulted from lattice mismatch and the different thermal expansions of the WS>
thin film and the growth substrate. During the high temperature growth, a large force
was exerted on the continuous WS; film to form the cracks. The existence of the
stems along the cracks indicates that cracks are likely to form when the film reaches
a certain thickness. We verified our hypothesis by systematically reducing the film
thickness to less than 1.5 nm. In the AFM images shown in Figure 4.7, the root mean
square roughness (RMS) of the film surface decreased from 10.1 nm to 0.621 nm
with the reduced film thickness from 60 nm to less than 1.5 nm. The crystals become
larger with fewer vertical pieces when the thickness is reduced. The cracks were
totally eliminated by reducing the thickness down to less than 1.5 nm, which indicates

that at the initial stage of growth, the crystal planes should be parallel to the substrate.
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Figure 4.7 AFM images of WS; thin-film surfaces according to different film
thickness: (a) 60 nm; (b) 30 nm; (c) 15 nm; (d) 1.5 nm. The root mean square
roughness (RMS) of the film surfaces decreased from 10.1 nm to 0.621 nm, and fewer
vertical platelets accompanied the reduced thickness.

Figure 4.9 shows the Raman spectrum of WS, thin films of different film
thickness from 60 nm down to 1.5 nm. WSy thin film has a special thickness
dependence on two typical Raman modes—A,, and Ezlg—which show contrary
tendencies by increasing the number of layers. The A;; mode represents an out-of-

plane vibration including only the S atoms, whereas the 5219 mode comprises the in-
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plane vibration of W and S atoms, as shown in Figure 4.8.[201, 202] The Ezzg mode
usually represents the vibration of two atom layers versus each other and is located
at rather low frequencies of less than 50 cm™.[203, 204] LA(M) is considered a first-
order phonon mode and the LA phonons at the M point of the Brillouin zone provide

the second-order phonon mode labeled as 2LA(M).[205]

>
T

29 19

Figure 4.8 Schematic illustration of A, and Ezlg modes of WS;.

The differences between the A4 and E;, modes of different thickness are as
follows:
60 nm: A4 - E;, =420 cm™ - 355 cm = 65 cm?
30nm: A, - E;; =420.5 cm? -355.5 cm™ = 65 cm?
15nm:  Ayg - E3; =420.1 cm™ -355.5 cm™ = 64.6 cm?

1.5nm: Ay - Ezy =419.5cm? -357.5 cm? = 62 cm
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The enhanced interlayer interactions with the increased thickness result in the upshift
of A4, whereas the downshift of Ezlg with the increased number of layers was
normally owing to the elevated dielectric screening of the long-range Coulomb force

that is able to weaken the recovery force on the atoms.[206]
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Figure 4.9 Raman spectrum of WS> spectrum of different film thickness
from 60 nm to 1.5 nm: (a) 60 nm; (b) 30 nm; (c) 15 nm; (d) 1.5 nm.

The Raman intensity ratio of the Ezlg and A;y modes (I(Ezlg)/I(Alg)) increases
first and then decreases with the thickness of WS, as shown in Figure 4.10. Different
groups reported contradictory results as the intensity ratio increased or decreased or

randomly varied with the thickness of the WS thin film. The optical interference
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between the incident and scattered light improved by the substrate are thought to
possibly explain the complicated behavior of the Raman intensity ratio altered by the

thickness of WS; thin film.[207]
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Figure 4.10 Raman intensity ratio of the Ezlg and A;, mode

altered by the thickness of WS, thin film.

4.3.3 Crystal Quality Enhancement by Adjusting Sulfur

The issue of small vertical crystal pieces on the WS; thin film can be alleviated
through providing more reactive sulfur molecules by increasing the cracker zone
temperature of the S cracker cell during the deposition process. The reservoir zone
temperature of the S cracker cell was increased from 130°C to 160°C and the cracker
zone temperature was increased from 650°C to 750°C to provide more reactive sulfur.
The cracked sulfur molecules of S;, Sa and Se by high temperature were more reactive

than uncracked molecules of Sg. These more reactive S molecules have much lower
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energy barriers for chemical reactions and more easily move into the crystal vacancy
site, thereby leading to a reduction in the crystal defects during the WS thin film
deposition process. As discussed above, the WS, film is very smooth in the initial
growth stage. As the thickness increases, more surface defects and stress accumulate
and these defects can serve as seeds for the growth of random vertical crystal pieces
in the later stage. More reactive S molecules can remarkably reduce the surface
defects during the deposition process and finally effectively decrease the density of
vertical pieces on the surface of WS; thin film. This is demonstrated in the AFM
image of the surface of WS; thin film grown with different reactive sulfur fluxes in

Figure 4.11.

Figure 4.11 AFM image of WS thin film surface grown with different reactive sulfur
fluxes: (a) (b) normal sulfur flux; (c) (d) more reactive sulfur flux provided during
deposition.
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Figure 4.12(a) shows that the HXRD rocking curve of the WS thin film changes
from a wide peak to a sharp peak with a wide base by increasing the amount of
reactive sulfur molecules with the increased cracker temperature. The FWHM is
remarkably decreased from 1.0151 to 0.1319 indicating high quality WS, crystals
were formed by providing more reactive sulfur source during the deposition process.
As mentioned above, by increasing the temperature of the cracker cell, sulfur
molecules changes from Sg to Sz, S4, Se which are more reactive to fill into the crystal
vacancy site to remarkably reduce defects in the WS> crystals. It is noted that, by
providing more reactive sulfur, the peak of the rocking curve can be divided into a
sharp peak embedded with another wide peak by using the Voigt profile function. The
fitting result (red solid line) exhibits very fine agreement with the measured
diffraction pattern (green dot), as shown in Figure 4.12(b). The FWHMs of the sharp
and wide peaks were calculated as 0.1159° and 1.5406°, thereby indicating that high
quality large grains co-exist with small- to medium-sized crystallites that have a
higher level of disorientation. The wide peak is generally related to disorientation
among sub-grains because small-sized sub-grains will increase the possibility of sub-
grain disorientation, and smaller-sized crystallites are another factor that widen the
FWHM in rocking curves. The sharp peak is related to the appearance of high quality
WS crystals in the thin film by providing more reactive sulfur molecules during the
deposition process. However, the intensity ratio of the sharp peak and the wide peak

is 0.258 indicating that the high quality WS; crystals is only about 20% of the total
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volume and the film still suffered from a high level of disorientation. Thus, more

reactive sulfur source, higher temperature are required to enhance the crystal quality

of the WS thin film.
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Figure 4.12 (a) The full width at half maximum (FWHM) of the rocking curve by
using different amounts of reactive S atoms; (b) The peak of the rocking curve was
separated into a sharp peak that was embedded with another broader peak. The fitting
result (red solid line) shows excellent agreement with the measured diffraction pattern
(green dot); (c) Fitting parameters by using the Voigt profile function.
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4.4 Summary

In the X-ray diffraction of the WS thin film, only the (002) family diffraction
peaks were detected, indicating preferential growth along the [001] crystal orientation
of the WS, film. At substrate temperatures higher than 350°C, significant
enhancements in the crystallinity of the WS> thin films are detected. The peaks of
WS, are sharper at higher growth temperatures up to 700°C. The WS thin films
change from small vertical platelets (type-1) to large parallel crystals (type-11) when
the growth temperature is increased from 450 °C to 700 °C. With decreased film
thickness, the root mean square roughness of the film surface decreases from 10.1 nm
to 0.621 nm, and the crystals become larger with fewer vertical pieces. The full width
at half maximum of the rocking curve was reduced to 0.13° by increasing the amount

of reactive S atoms.
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CHAPTER 5 CHEMICAL VAPOR
DEPOSITION OF WS;

Chemical vapor deposition (CVD), another large-scale thin film growth
technique, is extensively used for the growth of large-area TMDC thin films.[83, 208]
In this thesis, the CVD technique was adopted to grow WS thin films, using WO3
films as the precursor, on sapphire substrates. Figure 5.1 shows that WS; thin films
commonly exist as a mixture of type-1 and type-11 crystals with their c-axis parallel
or perpendicular to the surface of the substrate. Highly textured type-11 WS; thin films
were successfully synthesized on sapphire substrates by using a thin Ni layer as
texture promoter, because the formation of molten NiSx droplets during the deposition
process has the significant effect of minimizing the interface energy of the film and
the substrate, resulting in the van der Waals rheotaxy (vdWR) of WS>.[209, 210] Our
experiment proved that the crystal quality of WS thin films can be greatly enhanced
by utilizing a pre-deposited thin Ni layer as texture promoter. We systematically
investigated the growth of WS; thin films by the CVD technique on sapphire and n-

type GaN substrates.
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(b)

Figure 5. 1 Schematic drawing of (a) the mixture of type-1 and type-II
WS crystallites and (b) pure type-11 WS, crystallites.

5.1 Experimental Details

Three types of WS films were deposited at the temperature of 1000°C via the
CVD method: 1) WS; thin films grown on sapphire substrates without using a thin
Ni layer as texture promoter (type A film), 2) WS thin films grown on sapphire
substrates using a 5 nm Ni layer as texture promoter (type B film), and 3) WS thin
films grown on n-type GaN substrates using a 5 nm Ni layer as texture promoter (type
C film). To grow type A films, the sapphire substrate was cleaned by ultrasonic
cleaning in acetone, isopropanol and deionized water before the growth of the WO3
layer by e-beam evaporation. To grow type B films, a 5 nm Ni layer was deposited

by e-beam evaporation before depositing the WOs layer. To grow type C films, an n-
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type GaN thin layer on sapphire was used as the substrates for the deposition of a 5
nm Ni layer followed by the WOz layer by e-beam evaporation. The WOs film was
400 nm thick, as measured by a quartz crystal thickness detector during the deposition
process. The thickness of the film was also confirmed by a surface profiler after
growth. Thereafter, the samples were transferred to a tube furnace to grow the WS,
layers. The growth substrates and sulfur pieces were placed at different positions
inside the quartz tube, as shown in Figure 5.2. A quartz boat filled with 5 g sulfur
pieces (99.998%, Sigma-Aldrich) was placed upstream, while the substrates were
placed downstream. The sulfur source was heated by an independent heating belt

wrapped around the quartz tube.

Heat belt Furnace
—_— S source - Sample L j—
Ar gas inlet _] " Gas outlet
Quartz
tube

Figure 5.2 Schematic illustration of the experimental CVD setup.

Ultra-high-purity Ar gas was employed as the carrier gas, and its flow rate was
maintained at 100 sccm during the deposition process by using a high-precision mass

flow controller (MFC). The pressure in the chamber of quartz tube was pumped to
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3x107 torr. The reaction zone, where the substrates were located, was heated to
1000°C for 5 hours to ensure that the WOz precursor thin layer completely reacted
with the S vapor. The temperature of the entire reaction process is shown in Figure
5.3. Following that, the furnace was cooled to room temperature at a rate of 3°C/min.
The final thickness of the WS> film was approximately 400 nm, as measured by a

surface profiler.
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Figure 5.3 Temperature profile for the growth of the WS thin films.

5.2 Sample Characterizations

The surface morphology of the WS thin film was characterized by scanning
electron microscopy (SEM). A JEOL 6490 microscope was employed to obtain SEM
images to investigate the microstructure of the WS, thin films, and the electron

accelerating voltage was 30 kV. The crystal structure of the WS, thin film was
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investigated by high-resolution X-ray diffraction (HXRD), employing a Rigaku
Smartlab X-ray diffractometer with a Cu-K, X-ray source (A = 1.5406 A). The
phonon behaviors were characterized by using a backscattering Raman microscope,
and the excitation wavelength of the laser was 488 nm.

In 2D layer crystals, while the electron transportation exists in both vertical and
lateral directions, the lateral transportation rate is commonly faster than the vertical
transportation rate.[211] However, our layer structure WS, thin films are
polycrystalline thin films which contain a large number of vertical grain boundaries
and provided the paths for the vertical electron transportation across different crystal
layers. Thus, our 400 nm WS, thin films can be considered as typical 3D
semiconductor thin films for the resistivity and Hall mobility measurements.
Additionally, the WS; thin films with the thickness more than 20 layers are commonly
considered as bulk materials as they exhibit the electronic and optical properties of
the bulk materials. For example, the 20-layer WS thin film had an indirect energy
bandgap of bulk materials of 1.3 eV, while the monolayer WS; crystal showed a direct
energy bandgap of 2.1 eV.[50-52] In addition, the Raman spectra of the WS; thin
films with thickness more than 20 layers are same as the bulk WS crystals, whereas
the monolayer WS, crystal showed a smaller difference between E;, and A,
peaks than that of the bulk materials.[206] Therefore, standard methods for

characterization of resistivity and hall mobility for the bulk materials were employed.
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5.3 Results and Discussion

5.3.1 Surface Morphology of the WS, Thin Film

To change the crystal structure from WO3 to WS, by replacing the O atoms with
S atoms, high reaction energy is required for the sulfurization of the thin WO3 layer.
Therefore, the CVD growth of WS, requires a high sulfurization temperature
(between 800°C and 1000°C). In general, random crystallites with c-axis
perpendicular or parallel to the surface of the substrate normally exist in WS; film
grown at low temperatures. Larger layered crystals with c-axis perpendicular to the
substrate surface are favored by high sulfurization temperatures. Sapphire is a good
choice of substrates to grow WS, due to its good thermal stability and chemical
inertness in high temperatures up to 1000°C. Furthermore, sapphire has a similar
thermal expansion coefficient as WS, which avoids large strains at the growth
interface.[212] In depth studies were conducted on three types of WS, films: 1) WS>
thin films grown on sapphire substrates without a Ni layer (type A film), 2) WS thin
films grown on sapphire substrates using a pre-deposited 5 nm Ni layer as texture
promoter (type B film), and 3) WS, thin films grown on n-type GaN thin films using
a pre-deposited 5 nm Ni layer as texture promoter (type C film).

SEM was utilized to analyze the surface crystal structure of the WS, thin films.
Figure 5.4 shows the SEM images of the type A and type B WS thin films grown at

different temperatures of 900°C and 1000°C for 5 hours. During the CVD growth of
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WS, at a lower temperature of 900°C, the crystallization process was not completed,
as no obvious crystallites were observed. The carrier mobilities of the type Aand type

B WS thin films grown at 900°C were only 0 and 1.75 cm?/V-s.

Figure 5.4 SEM images of WS thin films grown (a) without Ni promoter (type A
film) and (b) with Ni promoter (type B film) at 900°C and WS; thin films grown (c)

without Ni promoter (type A film) and (d) with Ni promoter (type B film) at 1000°C.

A & A RNNE

When the growth temperature was increased to 1000°C, the degree of crystallinity
was greatly increased. The carrier mobilities of the type A and type B WS; thin films
were remarkably increased to 3.25 cm?/V-s and 63.3 cm?/V-s.

Three types of WS> films were grown at the optimized temperature of 1000°C,
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and their surfaces and cross sections were investigated by SEM, as shown in Figure
5.5. Many micro cracks and type-I crystal pieces can be observed on the type A film,
as shown in Figure 5.5a. However, the SEM image in Figure 5.5b shows that the
vdWR-grown WS; thin film (type B film), using a 5 nm pre-deposited Ni layer as
texture promoter, has a uniform surface with large layered type-I1 crystals and a few
small crystallites distributed on the surface.

At the initial growth stage, surface diffusion of the adatoms cannot be sufficiently
achieved, which leads to numerous dangling bonds at the surface and grain
boundaries between the crystallites. Consequently, the dangling bonds bond to the
substrate surface, forming type-1 WS, crystallites. In comparison with the type A film,
the carrier mobility of the type B film was greatly enhanced from 3.25 cm?/Vs to 63.3
cm?/V's with the carrier concentration of 7.12x10% cm. The crystallinity of the type
B film was greatly improved by using the Ni texture promoter, which forms liquid
NiSx at its melting point of 637°C. The liquid NiSx exists at the grain boundaries of
the WS, crystallites during sulfurization.[209, 210] Liquid NiSx droplets can be
considered as the nucleation seeds for liquid epitaxy, which lead to the horizontal

growth of WS crystals with a greatly reduced micro-strain and low level of defects.
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Figure 5.5 SEM images of the surfaces and cross sections of the WS, thin films
grown on a sapphire substrate (a) without Ni promoter (type A film) and (b) with Ni
promoter (type B film) and (c) WS> film grown on n-GaN/sapphire substrate with
Ni promoter (type C film).

In addition, the thin Ni layer, as the texture promoter, has the reliable and stable effect

of increasing the carrier mobility of the WS; thin film. The carrier mobility of the
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type B WS film fluctuated at an acceptable level. Table 5.1 shows the carrier mobility

of three different type B WS; films using the same growth parameter.

Table 5.1 Carrier mobility of three different WS; thin films grown
with Ni texture promoter under the same growth conditions.

WS thin film Carrier mobility
with Ni promoter [cm?/Vs]

1 63.3

2 58.7

3 60.1

The type C film is composed of compact small crystallites. Though the thermal
expansion coefficients and lattice constant of the GaN and sapphire substrates are
similar to those of the WS film,[213, 214] the thermal stability of sapphire at the
temperature of 1000°C is considerably better than that of GaN. The sapphire shows
chemical inertness and excellent thermal stability at high temperatures of
1000°C.[215] Nevertheless, the degradation of the GaN crystalline at 1000°C has
been proven by Raman spectroscopy and photoluminescence (PL) spectroscopy[216]
and is thought to be the major reason resulting in the substandard crystalline quality
of WS, deposited directly on GaN. Therefore, the transfer of p-type WS, onto an n-
type material should be a favorable approach to fabricate p-n junctions, as this method
allows a broader selection of n-type materials, including those unlikely to endure high

temperatures.
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5.3.2 Crystal Quality of the WS; Thin Film

The high-resolution X-ray diffraction (HXRD) patterns of the type A and type B
films are shown in Figure 5.6a and 5.6b, respectively. Four diffraction peaks at 14.4°,
28.9°, 43.9° and 59.8°, indicating the (002), (004), (006) and (008) crystal planes of
WS, film, are detected for the type B WS film. Nevertheless, only two major peaks
with much lower intensity are detected for the type A WS; film. The (002) family
diffraction peaks can be observed in the HXRD pattern of the type B film, indicating
preferential growth in the [001] crystal orientation. The full width at half maximum
(FWHM) of the (002) peaks of the type A and type B films were 0.566° and 0.189°,
respectively. This shows remarkable improvements of the type B film quality. The
HXRD pattern also indicates that there are no diffraction peaks corresponding to the
NiSx phase in the film, which implies that the percentage of the NiSx phase in the
WS, film is extremely low. The residual NiSx phases are commonly thought to
distribute at the grain boundaries and do not have significant effects on the electronic
properties of the WS, film.[209] The intensity of the HXRD pattern of the type C
film is considerably lower than that of either the type A or type B films, as shown
Figure 5.6¢c. The FWHM of the (002) WS, peak of the type C film is 0.255°, which
is 35% broader than that of the type B film, implying the lower crystallinity of the

type C film.
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Figure 5.6 HXRD patterns of WS, grown (a) without and (b) with thin Ni layer as
texture promoter on a sapphire substrate and (c) WS, grown with thin Ni layer as
texture promoter on an n-type GaN/sapphire substrate.

The HXRD result is consistent with the Raman spectrum shown in Figure 5.7.

The A;, mode at 421.8 cm™ corresponds to the out-of-plane vibration of the S atoms,
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while the E21g mode at 356.9 cm™ corresponds to the in-plane vibration of both W
and S atoms, and the second-order phonon mode is labelled 2LA.[217-219] The
FWHM of the A;, mode of the type AWS; film is 4.03 cm, which is 52% broader
than that of the type B WS; film of 2.65 cm™. The intensity ratio of the E21g mode to
the A;4, mode, I(Ezlg)/I(Alg), of the type B WS, film is 0.617, while the intensity
ratio for the type C film is lower at 0.454 (Figure 5.8), indicating that the in-plane
vibration was depressed in comparison with the out-of-plane vibration, owing to the

small crystallites and disoriented crystallites in the type C WS; film.

r| === WS, without Ni promoter A
|| ——WS, with Ni promoter
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Figure 5.7 Raman spectra of WS, grown without (black dashed line, type A film)
and with (red solid line, type B film) Ni promoter on a sapphire substrate.
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Figure 5.8 Raman spectra of WS, grown on a sapphire substrate (red solid line, type
B film) and on a GaN/sapphire substrate (blue dashed line, type C film) with Ni
promoter.

5.3.3 WS, Growth on SiO,/Si Substrates

We also compared the effect of different substrates on WS, growth by the CVD
method, such as a 300 nm SiO»/Si substrate. During a long, 5 hour sulfurization at
the high temperature of 1000 °C, Si reacted with S to form SiSyx, which is in the gas
phase at high temperature, resulting in holes on the Si substrate, as shown in Figure
5.9. Therefore, the 300 nm SiO/Si substrate is not suitable for large-scale WS,
growth by the CVD method. Considering that the films are actually produced from a
chemical reaction, the selected substrate must be inert to chemical reaction with WOs,
Ni and S at the temperature of 1000 °C. To avoid strain at the interface caused by a
large difference in the expansion coefficients, the substrate and film must also have

comparable expansion coefficients. Considering these requirements, the most
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suitable substrates are sapphire and mica. Unfortunately, mica is not stable at
temperatures above 700°C, due to the loss of water molecules in between the layers

of the layered structure of mica, which leads to the destruction of the surface structure.

holes on the Si substrate formed from a reaction between Si and sulfur.

5.4 Summary

High-quality p-type WS, thin films were grown by the CVD technique using a
thin Ni layer as texture promoter and showed carrier mobility as high as 63.3 cm?/Vs.
Without the Ni promoter, the WS film consisted of numerous randomly oriented
crystallites, and a large number of micro cracks were observed on the film surface,
while the WS; thin film with Ni promoter was found to be uniform with large layered
crystals with c-axis oriented perpendicular to the substrate. The liquid NiSx phase

during the sulfurization process served as the liquid crystallization seed for van der
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Wiaals rheotaxy, resulting in the horizontal growth of WS, layered crystals with
enhanced crystal size. The intensity of the X-ray diffraction (XRD) peaks of the WS>
film grown using Ni promoter are much stronger than those of the film without Ni
promoter, and the full width at half maximum (FWHM) of the WS; film grown using
Ni promoter is only about one third of that of the film without Ni promoter, indicating
the enhanced crystallinity. Degradation of the crystalline of the GaN layer at 1000 °C

led to poor WS film quality during the 5 hour growth process.
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CHAPTER 6 FABRICATION OF
WS,/GAN P-N JUNCTION BY WAFER-
SCALE WS; THIN FILM TRANSFER

The majority of semiconductors and conductors are unstable during the high-
temperature growth of WS, at 1000°C. This imposes significant restrictions on the
fabrication of WS,-based heterojunctions and hence significantly constrains the WS,
thin films application. However, transfer of the as-grown WS; thin film to an
appropriate substrate is an effectual method to overcome this restraint. The wafer-
scale transfer of WS, films is important for electronics and optoelectronics
applications, as WS»-based heterojunctions can be fabricated without worrying about
lattice mismatch and different thermal coefficients and the growth parameters do not
need to be optimized for a specific substrate. The transfer of graphene has been
extensively studied; nevertheless, the process cannot be simply followed for the
transfer of WS;, because the graphene transfer technique uses substrate etchants, for
instance, HF and KOH, which commonly contaminate or damage the film surface,
which results in considerable degradation in the device performance.[220, 221]
Hence, we employed an etching-free transfer method to exfoliate the wafer-scale WS;
thin film from the sapphire substrate and transfer the exfoliated film to another target
substrate. This etching-free transfer approach greatly broadens the applications of

WS in electronic devices. The wafer-scale etching-free transfer of WS thin films
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was studied in detail. By systematic optimization of the transfer processes, wafer-
scale transfer of WS, thin films can be achieved without producing any noticeable
cracks or wrinkles. Additionally, we accomplished the fabrication of WS2/GaN p-n
junctions using the transfer method, and the devices showed considerably reduced
leakage current density in comparison with the direct growth of WS, on GaN p-n

junctions.

6.1 Experimental Details
6.1.1 Wafer-Scale Transfer of WS, Thin Films

An etching-free transfer method was adopted to transfer the wafer-scale WS, thin
films to other substrates with no noticeable cracks or wrinkles. Utilizing the different
surface properties of the growth material and substrate, the hydrophobicity of the
WS film and the hydrophilicity of the sapphire substrate, water molecules can be
introduced into the interface between the WS, film and the sapphire substrate to
separate the film from the substrate. The carrier polymer and microstructure (type-1
or type-Il textured crystallites) of the film are the two most critical factors for the
wafer-scale exfoliation of WS, films from sapphire substrates. Our results showed
that type-11 textured WS; is vitally important for the successful wafer-scale etching-
free exfoliation. WS, thin films composed of type-I crystallites cannot be completely

exfoliated due to the strong forces between the dangling bonds of the type-I textured
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crystallites and the surface of the substrate. This method does not use any corrosive
chemical etchant, making it possible to reuse the sapphire substrates. The transfer
process was carried out as follows. A polystyrene solution was spin-coated on the
WS film at a speed of 4000 rpm. Then, the sample was baked at a temperature of
80 °C for 10 minutes to evaporate the solvent from the polymer. The polymer surface
was cut along the edge using a sharp cutter to let water to penetrate into the interface
between the film and the substrate. Then, the sample was immersed in deionized
water for a few minutes to separate the polymer-coated WS; film from the sapphire
substrate. By using this technique, the polymer-coated WS, film was completely
seperated from the sapphire substrate and afterwards transferred to the target substrate.
In comparison with the general transfer method for graphene, which permits the
transfer of only the back surface (the growth interface) of the film onto the target
substrate, our method enables the transfer of thin films with both the back surface and
the top surface onto the target substrate. For back surface transfer, the polymer-coated
WS film was picked up by the target substrate and then baked at 70 °C for 15 minutes
for removing water residue. Following that, a baking at the temperature of 130 °C for
15 minutes was performed to spread the wrinkles in the polymer layer and achieve
good adhesion. Finally, the polystyrene layer was dissolved in toluene for 30 minutes.
For top surface transfer, immerse the polymer-coated WS, film in toluene for 30
minutes to remove the polystyrene layer. The free-standing WS> film maintained its

integrity and turned over in the toluene solution. Then, the overturned WS; film was
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picked up by a temporary substrate and washed with acetone, IPA and DI water to
remove the toluene. Finally, the free-standing WS; thin film was transferred to the
target substrate and baked at the temperature of 70 °C for 15 minutes, followed

130 °C for 15 minutes to achieve strong adhesion.

6.1.2 Fabrication of WS,/GaN p-n Junctions

To demonstrate the practicability of the etching-free transfer approach to
fabricate p-n junctions, we transferred the type B WS film onto an n-type GaN
substrate. The doping concentration of the n-type GaN layer is approximately 3x10'8
cm3. For comparison, a p-type WS; layer was directly grown on an n-type GaN layer
using a thin Ni layer as texture promoter. An Ni/Au (5 nm/300 nm) bi-layer was
evaporated by e-beam to form ohmic contact with the top surface of the WS, film,
and a 300 nm Al layer was evaporated on the back surface of the WS; film to form

ohmic contact.

6.2 Sample Characterizations

The I-V and C-V characteristics of the WS,/GaN p-n junctions were measured
using an Agilent B1500A semiconductor device parameter analyzer. The crystal
structure of the WS, thin film was characterized by high-resolution X-ray diffraction
(HXRD), employing a Rigaku Smartlab X-ray diffractometer with a Cu Ku1 X-ray

source (A = 1.5406 A) and a two-bounce, hybrid Ge (220) monochromator. The
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phonon behaviors were analyzed using a backscattering Raman microscope, and the
excitation wavelength of the laser was 488 nm. XPS measurements were performed
on a SKL-12 spectrometer with an Al K, X-ray source. The XPS spectra were
calibrated with the C 1s peak (284.6 eV) to determine the valence band maximum

(VBM) relative to the Fermi level.

6.3 Results and Discussion

6.3.1 Wafer-Scale Transfer of WS, Thin Films

Hydrophilic or hydrophobic property of a material surface depends on its surface
energy. The surface energy is determined by the surface chemical composition,
minimum surface energy will produce maximum hydrophobic nature and vice versa.
Metal oxides are typically hydrophilic because their electronic structure favors the
formation of hydrogen bonds with water molecules. For instance, Al.Oz is a
hydrophilic material, as the Al atoms covering the surface of AlOs are electron
deficient and can form hydrogen bonds with interfacial water molecules.[222]
However, MoS; and WS; crystals are chemically inert and show a hydrophobic nature
due to their low surface energy.[223] Utilizing the different surface properties of WS>
and the sapphire substrate, water molecules can be introduced into the interface
between the WS; thin film and the sapphire substrate, as shown in Figure 6.1. Surface

tension forces will separate the WS thin film from the substrate, since water has a
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high surface tension of 72.8 mN/m at 20 °C compared to that of most other

liquids.[224]

Water x
F Yy vV VY YYY vy - .

Figure 6.1 When water penetrates into the interface of the WS; film and the sapphire
substrate, surface tension forces will separate the WS, thin film from the substrate.

Employing this method, wafer-scale WS; thin films can be sepeated from the
sapphire substrate and transferred to other flat substrate keeping integrity. The
exfoliation of type A films cannot be achieved on the wafer-scale owing to the
coexistence of type-1 and type-II crystallites. The etching-free transfer is superior due
to the preservation of the high integrity of the film without introducing any types of
cracks or wrinkles, in comparison with ordinary chemical etching transfer approaches,
such as the transfer of graphene.[81, 225] Figure 6.2 shows the following: (a) a type
B WS thin film grown on a 2 inch sapphire substrate, (b) the exfoliated polystyrene-
coated WS; thin film floated on the surface of water, (c) pick up of the WS; thin film
with a 4 inch SiO/Si wafer, and (d) the 2 inch WS, thin film transferred to the SiO2/Si

wafer without cracks or wrinkles.
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Figure 6.2 (a) The as-grown WS; film on a 2 inch sapphire wafer, (b) exfoliated
polystyrene-coated WS; film floated on water, (c) pick up of the WS thin film with
a 4 inch SiO2/Si wafer, and (d) the 2 inch WS thin film transferred to the SiO2/Si
wafer without cracks or wrinkles.

Figure 6.3 shows the optical image of the WS film transferred onto the SiO./Si
wafer, which shows good integrity and no wrinkles or cracks. The whole wafer-scale
WS thin film can be completely transferred to the target substrate keeping high
integrity utilizing this etching-free transfer technique. No remaining WS, material

was detected on the substrate by the optical microscope and Raman microscope, even
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though Raman microscopy is an extremely sensitive technique, which has the
capacity to detect monolayers of a material. Thus, it is possible to reuse the sapphire

substrates.

Figure 6.3 Optical image of the WS; thin film transferred to the SiO. substrate.

The XRD peak positions and peak intensities of the WS, film before transfer
were almost the same as those of the WS; film after transfer to the target substrate.
The FWHMs of the (002) peak of the WS film before and after transfer were 0.191°
and 0.189°, respectively. The Hall mobility of the type B WS, film was also
maintained at 63.1 cm?/V/s after transfer to another substrate. This is because the
transfer process did not employ any kind of corrosive chemical etchant, which would
damage the WS; thin film. The WS; thin film grown on the reused sapphire substrate
had the same quality as that grown on the fresh sapphire substrate, as confirmed by
the FWHM of the (002) peak in the HXRD spectrum of 0.189°, and its Hall mobility

was as high as 62.1 cm?/Vs, which is in the same level as the WS; film grown on the
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fresh sapphire substrate, which showed a carrier mobility of 63.3 cm?/Vs.

The exfoliation speed depends on the thickness of the spin-coated polystyrene
layer, which can be effectively controlled by adjusting the polystyrene concentration
and the spin-coating speed. By controlling the thickness of the polystyrene layer, the
exfoliation time of a 2 inch wafer-scale film was only a few minutes. Figure 6.4
illustrates the etching-free transfer process of a WS, thin film onto a GaN substrate.
It should be emphasized that only type B WS, films can be completely separated from
the substrate in wafer scale. The presence of type-I textured crystallites in type AWS;
films impedes water molecules to penetrate into the interface between the film and
the substrate. In the typical wet chemical etching transfer approach, the chemical
etchants, typically HF or KOH, will corrode or contaminate the surface of the film to
cause critical problems in the resultant electronic devices. Nevertheless, the WS, thin
film showed good stability in water during the etching-free transfer process and
avoided the destructive exfoliation of the WS; film on the sapphire substrate.

The stronger adhesive force of the polystyrene layer on the WS, film compared
with the force between the WS film and the substrate is another key factor in the
exfoliation process. If the adhesive force is weak, the WS, thin film cannot be wholly
separated by water introduced between the WS, film and the substrate, which causes
crack in the film during the exfoliation process. An adequate adhesive force can be

attained through careful optimization of the baking time of the polystyrene layer.
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Figure 6.4 Schematic drawing of the etching-free transfer process of type-11 WSo.

The hydrophobicity of the carrier polymer is a significant factor to achieve

exfoliation with no cracks or wrinkles. The separated polymer-coated WS thin film

was soft and very susceptible to breakage or folding. Every fold will produce a

wrinkle after transfer. The high hydrophobicity of the polymer repels water droplets

from the polymer surface, which enables the film to float on the water surface after

exfoliated from the substrate. This also permits the film to automatically straighten

out on the water surface to efficiently avoid the generation of wrinkles during the

transfer process. Polystyrene has outstanding hydrophobic properties, more than

Poly(methyl methacrylate) (PMMA), effectively flattening out the WS, film on the

water. PMMA was also employed as a carrier polymer in our experiment, but transfer

to the target substrate with PMMA resulted in wrinkles in the WS; film.
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Besides the selection of an appropriate carrier polymer, the success of wafer-
scale transfer also strongly relies on the film microstructure. As discussed in Chapter
5, type A films consist of a mixture of type-1 and type-Il crystallites. In contrast, the
type B film displayed uniformity with large layered crystals parallel to the substrate,
wherein wafer-scale WS, thin films can be uniformly separated from the as-grown
substrate and transferred to other flat substrates. As the crystal planes of the layered
WS, thin film are parallel to the substrate, water molecules can uniformly penetrate
into the interface between the film and the substrate, leading to the homogeneous
exfoliation of the WS; thin film from the substrate. Nevertheless, it is not easy to
completely separate the type A film from the growth substrate. In general, the type A
film was partly exfoliated from the substrate with a significant concentration of
cracks. This is because the presence of type-I crystallites leads to strong interaction
forces between the dangling bonds of the type-I crystallites and the substrate surface,
which hinder water molecules from homogeneously penetrating into the interface
between the film and the substrate. Thus, only type B films can be perfectly

transferred to n-type GaN substrates for p-n junction fabrication.

6.3.2 WS,/GaN p-n Junctions Fabricated by the Transfer

Method

To demonstrate the practicablity of the transfer process to fabricate high-

performance devices, p-type WS thin films (type B film), with both the back surface
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(the growth interface) and the top surface, were transferred onto n-type GaN
substrates to fabricate p-n junctions. These two types of p-n junctions are referred to
as back-transferred p-n junction and top-transferred p-n junction, respectively. For
further study of the transferred p-n junctions, a third type of p-n junction was also
fabricated by directly growth of the WS, thin film on n-type GaN (type C film).
Figure 6.5 shows the I-V curves of the back-transferred and top-transferred p-n
junctions, which showed leakage current densities of 1.15 mA/cm? and 29.6 pA/cm?
at -1 V, respectively, indicating the good adhesion of the transferred WS film on the
GaN substrate. In this study, the turn-on voltage is defined to be the value of the bias
voltage when the current density reaches to 5 mA/cm?, thus, the turn-on voltages of
the two devices were 0.5 V and 1.2 V respectively. However, the p-n junction
fabricated by the WS film directly grown on the GaN substrate has a large leakage
current density of 92.4 mA/cm? at -1 V. In addition, the reproducibility of the
transferred p-n junctions can be well controlled, and the turn-on voltage and leakage
current of the p-n junctions fabricated by our transfer method has a good repeatability.
Table 6.1 gives the turn-on voltages and leakage current of the three different types

of p-n junctions.
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Figure 6.5 (a) I-V curves of the p-type WS; film on an n-type GaN p-n junction for
the top-transferred p-n junction (blue solid circles), back-transferred p-n junction (red
squares), and direct growth WS,/GaN p-n junction (brown triangles). (b) 1-V curves
plotted on a semi-log scale.

The transferred devices show considerably lower leakage current than the as-
grown WS/GaN p-n junction. This is due to the better crystal quality of the WS; thin
films grown on sapphire substrates in comparison with the WS thin films grown on
GaN substrates, as proved by the SEM and XRD results in Chapter 5. The defect
density of the WS film grown on GaN is thought to be much higher than that of the
WS film grown on sapphire, which led to considerable degradation of the device

performance. It should be noted that the leakage current of the top-transferred p-n
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junction was almost two orders of magnitude lower than the back-transferred p-n
junction. This is because the crystallinity of the top surface of the WS, film is better

than that of the back surface.

Table 6.1 The leakage current density and turn-on voltage of the back-transferred,

top-transferred and as-grown p-n junctions.

Back-transferred

Leakage current

Turn-on voltage

p-n junction [mA/cm?] [V]
1 1.15 0.50
2 2.88 0.45
3 3.75 0.51

Top-transferred

Leakage current

Turn-on voltage

p-n junction [mA/cm?] [V]

1 0.0296 1.20

2 0.0971 1.07

3 0.0187 1.22
As-grown Leakage current Turn-on voltage
p-n junction [mA/cm?] [V]

1 92.4 0.17

2 80.6 0.16

3 73.8 0.17

During the initial stage of the deposition process, large amount of step defects
and dislocation defects are accumulated due to stacking faults of the islands and
lattice mismatch between the film and the substrate.[226-228] The comparatively

larger leakage current of the back-transferred device is due to the higher defect
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concentration on the growth interface. The different turn-on voltages of the two
transferred devices can be interpreted by the different surface energy level of the WS,
films, which is characterized by XPS analysis in a subsequent section.

The forward resistances of the back-transferred and top-transferred p-n junctions
were 118.8Q and 314.0Q at 2V, respectively. The forward resistance of the directly
grown device was 101.8Q which is smaller the transferred devices, this is because
the compact small crystal pieces of the WS> grown on GaN can increase both the
leakage current and the forward current. The reverse resistances of the back-
transferred and top-transferred p-n junctions were 9.0x103Q and 5.99x10°Qat -2 V,
respectively. The reverse resistance of the top-transferred p-n junction was
approximately two orders of magnitude higher than the back-transferred p-n junction,
this is consistent with the analysis of lower leakage current of the top-transferred p-n
junction. However, the reverse resistance of the directly grown device was only
173 Q corresponding with the large leakage current of the device. The ideality factors
of these three diodes can be calculated based on the linear region of the I-V curves
on Figure 6.5. The ideality factors of the back-transferred and top-transferred p-n
junctions were 2.92 and 3.57, respectively. For typical p-n junctions, ideality factors
are commonly between 1 and 2. However, the ideality factors of some heterojunctions
can be greater than 2 due to large series resistances or high recombination at the
interface of the heterojunction.[229] As mentioned above, the forward resistance of

the top-transferred p-n junction was larger than the back-transferred device. The
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larger resistance contributed to the higher ideality factor of the top-transferred device.
The ideality factor of the directly grown p-n junction was 4.17 which is much higher
than the transferred devices. The high recombination at the interface of the
heterojunction due to the higher defect density of the WS, thin film directly grown
on GaN should be the reason of the higher ideality factor value of the directly grown
p-n junction.

The C-V measurement results are consistent with the 1-V measurement results.
The C-V curves of the three different types of p-n junctions are shown in Figure 6.6.
The capacitance of a p-n junction commonly contains two main components: 1)
the space charge capacitance originating from the accumulation of charge in the
depletion region, which is the dominant capacitance at reverse bias, and 2)
the diffusion capacitance originating from surplus carriers, which is the dominant
capacitance at forward bias because of the large diffusion current.[230] With an
increase of the reverse bias, the capacitance of the p-n junction is decreased, because
the reverse bias broadens the depletion region, leading to a reduction in the
capacitance. The lower capacitance of the top-transferred p-n junction at reverse bias
in comparison with the back-transferred p-n junction is consistent with its lower
leakage current. The capacitance of the as-grown p-n junction increased when the
reverse bias was below -0.5 V. In the case that the voltage bias was above -0.5 V, the
space charge capacitance is the dominate capacitance, which decreased with the

voltage bias. At a voltage below -0.5 V, the capacitance increased with reverse bias,
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indicating that diffusion capacitance was the dominate capacitance because of the
large leakage current due to interface defects. The results show that the high
concentration of defects in the as-grown p-n junction is the main cause of the larger

leakage current compared with that of transferred p-n junctions.
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Figure 6.6 C-V curves of three types of WS,/GaN p-n junctions: (a) back-transferred
p-n junction (red squares), top-transferred p-n junction (blue solid circles) and as-
grown p-n junction (brown triangles). (b), (c), (d) Magnified view of the three C-V
curves.

6.3.3 Band Diagrams of the WS,/GaN p-n Junctions

The XPS spectra, showing the valence band maximum (VBM) of the top surface
and back surface (the growth interface) of the type B WS; film, type C WS film and
n-type GaN film, are shown in Figure 6.7. The C 1s peak (284.6 eV) was used to

calibrate the XPS spectra to offset surface charge effects. The position of the VBM
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relative to the Fermi level was determined by the intersection of the linear fit to the
leading edge of the photoemission and the background. The bandgap of WS, and
GaN are approximately 1.4 eV and 3.4 eV at room temperature.[22, 231] Figure 7.8
shows the band diagrams of three films based on the values measured by XPS. The
VBM of the top surface and back surface of the type B film are 0.27 eV to 0.86 eV,
respectively, and the film surface was altered from p-type to weak n-type conduction.
As previously discussed, the growth interface of the WS thin film usually contains
more defects than the top surface. As a result, monolayer or few layer WS> grown on
sapphire is commonly n-type because of the presence of S-vacancies, which are n-
type defects.[227, 228, 232] The n-type band diagram of the growth interface of our
400 nmtype B WS; film was also confirmed by XPS. The slight change in the valence
band offset at the interface of the transferred WS, film on GaN can be neglected,
since the interface interaction is dominated by weak van der Waals forces, the surface
energy of WS, and GaN is thought to be maintained at the original level. The AE,
of the top-transferred p-n junction is 1.88 eV, which is nearly 50% larger than the
AE, of the back-transferred p-n junction of 1.29 eV. The larger AE, value results
in a greater built-in voltage, which is consistent with the higher turn-on voltage of the
top-transferred p-n junction. The AE, values of the back-transferred and top-
transferred p-n junctions are 1.29 eV and 1.88 eV, respectively, which are in
accordance with the change of the turn-on voltage from 0.5 V to 1.2 V. The larger

AE,, also has the effect of reducing the leakage current. The VBM of the top surface
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of the type C WS film is slightly higher than that of the top surface of the type B
WS film, which results from the higher concentration of surface defects due to the
poor crystal quality of WS, induced by the instability of the GaN substrates at

1000 °C during growth.
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Figure 6.7 Valence band XPS spectra of (a) the top surface and back surface (growth

interface) of WS, grown on sapphire (type B film), (b) the top surface of WS, grown
on GaN (type C film), and (c) the GaN film.
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Figure 6.8 Band diagrams of the different WS, and GaN film surfaces.

At the interface of WS; and n-GaN, due to the Fermi level difference, some of
the electrons in the GaN layer will be injected into WS, shifting the Fermi level of
two materials in the same position. Neglecting the slight change of the conduction
band offset at the interface of the transferred WS; film on GaN due to the weak van
der Waals forces, the surface energy of the WS; and GaN is thought to be maintained
at the original level. According to Figure 6.8, AE_ of the top-transferred and the
back-transferred p-n junctions are 0.12 eV and 0.71 eV, and AE. of the directly
grown p-n junction is 0.01 eV. When a forward bias is applied to the device, majority
electrons in the n-type GaN diffused into the p-type WS,. The larger AE. would

benefit the electron transportation to increase the diffusion current. This is consistent
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with the higher current density of the back-transferred device than the top-transferred
device at forward bias, as shown in Figure 6.5. When the device was at reverse bias,
a barrier was generated to block the electrons to diffuse from n-type GaN to p-type
WS,. The smaller AE. would result in a higher barrier to block the electron
transport to decrease the leakage current. This is consistent with the lower leakage
current of the top-transferred device than the back-transferred device at reverse bias.
The WS; directly grown on GaN had a high defect density due to the lower
crystallinity. The large defect density will result in the large leakage current of the p-
n junction, as the large number of defects at the interface provide a channel for the
electron transport across the barrier, especially for the directly grown WS,/GaN
heterojunction. In layered materials, current transport exists in both vertical and
lateral directions and the carrier mobility in the lateral direction is typically much
higher than the vertical direction.[211] At the interface of the 2D/3D heterojunction,
significant lateral carrier transport will result in a high probability of the carriers being
captured by defects at the grain boundary. Thus, the directly-gown WS,/GaN p-n

junction showed a much larger leakage current than the transferred devices.

6.4 Summary

Employing the etching-free transfer method, wafer-scale WS, thin films were

separated and transferred onto arbitrary, smooth substrates with no noticeable
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wrinkles or cracks. The etching-free transfer approach utilizes the different surface
properties of the WS, film and the sapphire substrate and does not use any corrosive
chemical etchants. Consequently, the transferred film maintained the superior
integrity of the WS; film, which allows the fabrication of good quality p-n junctions
and for the substrates to be recycled. The carrier polymer and the microstructure of
the film are two key factors for the successful wafer-scale transfer of WS thin films.
The WS2/GaN p-n junctions fabricated by our transfer method had a quite low
leakage current density of 29.6 pA/cm? at -1 V, whereas the direct growth WS,/GaN
p-n junction had a large leakage current density of 92.4 mA/cm? at -1 V. This is due
to the degradation of the GaN layer at the temperature of 1000 °C, which leads to the
poor crystal quality of the WS, film. The leakage current density of the top-
transferred p-n junction was much lower than that of the back-transferred p-n junction
owing to the better crystal quality of the top surface of the WS; film. The VBM of
the top surface and the back surface (the growth interface) of the WS; film deposited
on sapphire with Ni texture promoter was altered from 0.27 eV to 0.86 eV, and the
conduction type was altered from p-type to weak n-type. This etching-free exfoliation
approach is expected to greatly expand the applications of WS, thin films for
optoelectronic and electronic devices. In addition, this technique is also compatible

with other layered materials, such as MoS,, WSe, SnS, etc.
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CHAPTER 7 FABRICATION OF WS;
FIELD-EFFECT TRANSISTORS BY
THE CHEMICAL ETCHING METHOD

The most widely studied 2D material is graphene due to its superior physical
properties, such as high mechanical strength, high optical transmittance and high
mobility.[16-18] However, graphene does not have a bandgap between its valence
and conduction bands, which limits its application in semiconductor devices. [15, 19]
Engineering a graphene bandgap by doping complicates the device fabrication
process and reduces its mobility.[233] Two-dimensional semiconducting TMDCs,
which have fewer dangling bonds, stable crystal structure and high mobility, are
attractive for use as the channel layer in thin-film FETs. An ultra-thin channel layer
in an FET allows lower power consumption than classical transistors.[234] In this
study, uniform large-area ultra-thin WS, thin films, down to 40 nm, were obtained by
a chemical etching method to fabricate ultra-thin FETs. To passivate the defects
generated during the etching process, the acid-etched WS thin film was annealed
under S atmosphere to recover its original quality, and the defect density was studied
by noise measurements. The device performance of the ultra-thin WS,-based FET
can be further improved by surface passivation by depositing a 2 nm Al.Os layer on

the surface of the WS, film.
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7.1 Experimental Details
7.1.1 Chemical Etching of the WS, Thin Films

The WS thin films used to fabricate ultra-thin FETs were prepared by the CVD
method, as described in Chapter 5. The original thickness of the WS; thin films was
approximately 400 nm. To fabricate the FETs, the WS; films were etched down to 40
nm by a mixed chemical etchant of 7.5% H>CrOs and 3.8% HF. Employing the
chemical etching method, uniform large-area 40 nm ultra-thin WS thin films can be
obtained for fabricating ultra-thin FETs. The fabrication of WS,-based FETs was
based on the transfer method described in Chapter 6. The 40 nm WS thin film is
quite fragile and delicate, thus, during the etching and transfer process, the WS thin
film was supported by a polystyrene film. The etching and transfer process of the
WS thin film is shown in Figure 7.1. First, the WS; thin film was immersed in a
chemical solution of 7.5% H2CrO4 and 3.8% HF in order to smooth the film surface.
After 15 minutes, the film was picked up and washed with deionized water. Then, a
polystyrene solution was spin-coated on the WS; film at a speed of 4000 rpm. Then,
the sample was baked at a temperature of 80 °C for 10 minutes to evaporate the
solvent of the polymer. The polymer surface was cut along the edge using a sharp
blade to allow water to penetrate into the interface between the film and the substrate.
Then, the sample was immersed in deionized water for a few minutes to separate the

polymer-coated WS film from the sapphire substrate. The polymer-coated WS; thin
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film was transferred to a chemical solution of 7.5% H>CrO4 and 3.8% HF. The film
floated on the surface of the chemical solution, and the WS film uniformly contacted
the chemical solution. It normally takes ~ 45 minutes to etch the WS, film from 400
nm to 40 nm, and the etching rate is ~8 nm/min. The final thickness of the etched
WS, was 40 nm, as measured by surface profiler. The acid-etched polymer-coated
WS film was then transferred to deionized water to wash away the chemical solution
and picked up by the target substrate, followed by soft baking at 70 °C for 15 minutes
to remove the water residue and hard baking at 130 °C for 15 minutes to achieve good
adhesion. Finally, the polystyrene was dissolved in toluene for 30 minutes and

washed sequentially with acetone, IPA and deionized water.

7.1.2 Fabrication of WS, Field-Effect Transistors

The fabrication of WS, thin-film FETs was based on the transfer method
described in Chapter 6. To passivate the defects generated during the etching process,
the acid-etched WS thin film was annealed under S atmosphere to recover its
electronic properties. After annealing, the film was transferred to a heavily doped Si
substrate covered with a 300 nm SiO> layer. Electrical contacts were fabricated by
depositing 5 nm Ni and 100 nm Au layers as electrodes. For further passivation of
the surface defects of the WS, thin film, a 2 nm Al:Os layer was deposited on the

surface of the WS film by atomic layer deposition (ALD).
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Figure 7.1 Schematic illustration of the etching
and transfer process of the WS; thin films.

The construction of the WS2-based FETs is illustrated in Figure 7.2. For

systematic study of the WS2 thin-film FETSs, three types of WS2 thin films were used

to fabricate FETs: 1) WS2 thin films etched by chemical etchant, 2) acid-etched and

145



re-annealed WS2 thin films, and 3) acid-etched and re-annealed WS2 thin films with
a 2 nm AI203 layer on the film surface. All WS2 thin films used for the fabrication

of FETs were p-type materials.

Ni/Au
(Snm/100nm)

AlDs ( nm) WS, ~40nm
2

dielectric layer
SiO, (300nm)

Heavily doped n-Si
\ Al(300 nm)

Figure 7.2 Illustration of the construction of the WS»-based FET.

7.2 Sample Characterizations

The surface morphologies of the WS, thin films were characterized by SEM. A
JEOL 6490 microscope was employed to obtain SEM images to investigate the
microstructures of the WS thin films, with an electron accelerating voltage of 30 kV.
The phonon behaviors were investigated using a backscattering Raman microscope,
and the excitation wavelength of the laser was 488 nm. XPS measurements were
performed on a SKL-12 spectrometer with an Al K, X-ray source. The XPS spectra
were calibrated by the C 1s peak (284.6 eV) to determine the VBM relative to the

Fermi level. The electrical characterizations of our devices were performed at room
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temperature using an Agilent B1500A semiconductor device parameter analyzer and
shielded probe station with voltage sources. Noise analysis was performed with a
noise measuring system consisting of a current amplifier and a dynamic signal
analyzer. The noise power spectral density was recorded by a HP3561A dynamic
signal analyzer, and the current fluctuations were amplified by a Stanford Research
SR570 amplifier. All noise measurements were performed in a shielded room to

eliminate external interferences.

7.3 Results and Discussion

7.3.1 Etching Down of WS; Thin Films

For chemical etching, 400 nm thick WS; thin films with type-11 layered crystals
grown by CVD method were selected. A mixed solution of H.CrO4 and HF is thought
be an effective chemical etchant to etch WS> crystals.[235] The etching rate was
dependent on the temperature and the concentration of the etchant. The SEM images
of the WS; thin films at different etching times, including 10 minutes, 20 minutes, 30

minutes, and 40 minutes, are shown in Figure 7.3.
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Figure 7.3 SEM images of the WS; thin films at different etching times: (a) without
etching, (b) 10 minutes of etching, (c) 20 minutes of etching, (d) 30 minutes of etching,
and (e) 40 minutes of etching.

For the layered structure WS, crystals, the etching rates are different for different
crystal orientations, and the lateral etching rate of the layered crystal is typically faster
than vertical etching rate.[235] As seen in the SEM images of the original and acid-

etched WS; film surface, many small crystallites were observed on the film surface
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at the initial stage. With an increase in the etching time, the small crystallites reduced
and then disappeared, which indirectly confirmed the anisotropic etching of WS>
crystals by H2CrO4 and HF acid. The 40 minute acid-etched WS> thin film was
uniform with a thickness of approximately 40 nm. After 30 minutes of etching, some
pinholes appeared on the film surface, but the density of pinholes is in an acceptable

range for the fabrication of transistors.

7.3.2 Electronic Properties of the Acid-Etched WS; Thin Films

Figure 7.4 shows the I-V curves of the original, acid-etched and re-annealed WS;
thin films measured by a parameter analyzer with a shielded probe station, in which
the distance between the two contacts was 1 cm. The ohmic contacts were formed on
the original and re-annealed WS thin films during the measurement. However, there
was a small barrier in the I-V curve of acid-etched WS; thin film indicating the
change of electronic properties after etching process. To exclude the effect of contact
resistance, the resistivity of the original, acid-etched and re-annealed WS; thin films
were measured by four point resistivity measurement. The measured resistivity of

these three kinds of WS> thin films are listed in table 7.1.
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Table 7.1 Resistivity of the original, acid-etched and re-annealed WS thin films.

WS thin film

Sample Resistivity [QQecm]
Original WS; thin film 2.12
Acid-etched WS: thin film 6.20
Acid-etched and re-annealed 1.06

The resistivity of the original WS> thin film without etching was 2.12 Q+cm,
however, the resistivity of the acid-etched WS thin film was remarkably increased
t0 6.20 Qcm. The substantially increased resistivity of the acid-etched WS; thin film
was due to the large number of defects generated during the etching process. S-
vacancies are the most common defects in WS, crystals due to the deficiency of S
atoms during the reaction process. During the etching process, a significant number
of S-vacancies were generated in the WS; films. S-vacancies are n-type defects and
thus are anti-dopants for our p-type WS thin films, resulting in a large increase of
the film resistivity. However, by annealing the film under S atmosphere, the resistivity
of the acid-etched film can be recovered to 1.06 Q=cm, which is even lower than that
of the original film of 2.12 Q+<cm. S-vacancies can be eliminated by annealing the

film under S atmosphere. S vapor provides an S atom source to fill S-vacancies,

leading to the recovery of the resistivity of the WS, film.
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Figure 7.4 1-V curves of the (a) 400 nm original WS> thin film, (b) 120 nm acid-
etched WS thin film, and (c) 120 nm acid-etched and re-annealed WS; thin film,
with the contact distance of 1 cm.
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It is noted that, after annealing, the resistivity of the WS, film was even lower
than that of the original film. This can be explained by the SEM images of the original
and acid-etched WS thin films in Figure 7.3, in which the small crystallites on the
film surface contain a large density of defects at grain boundaries and dislocations,
which will trap free carriers and degrade electron transport properties. During the
etching process, the small pieces were removed from the film surface, and thus, after
the S-vacancies were passivated by annealing, the resistivity was even lower than that
of the original film. The change of the defect density after the etching process was
confirmed by low-frequency noise measurement, as shown in Figure 7.7. The noise
data indicates that, after chemical etching, the defect density was about one order of
magnitude higher than that of the original film, which is in accordance with our
analysis of the increased film resistivity resulted from the increased defect density
after etching process. N-type S-vacancies are anti-dopants for our p-type WS, thin
films leading to a large increase of the film resistivity. By annealing the acid-etched
WS film in S atmosphere, the defect states density was even lower than that of the
original film by passivating defect states in the WS> thin film. Detailed discussion
and interpretation on the noise data is given on the section of the low-frequency noise
measurement.

The striking change in resistivity of the acid-etched WS> film can be explained
by the change in the energy band diagram, as confirmed by the XPS result. The XPS

spectra showing the VBM of the original and acid-etched WS; thin films are given in
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Figure 7.5. The C 1s peak (284.6 eV) was employed for the calibration of the XPS
spectra to offset surface charge effects. The position of the VBM relative to the Fermi
level was determined by the intersection of the linear fit to the leading edge of the
photoemission and the background. The bandgap of WS is 1.4 eV at room
temperature.[58] Figure 7.6 shows the band diagrams of the original, acid-etched and
etched and re-annealed WS; thin films, based on the values measured by XPS. The
VBMs of the original and acid-etched WS> thin films are 0.27 eV to 0.67 eV,
respectively. As in the previous discussion, a great number of defects with a large
proportion of S-vacancies were introduced into the WS; thin film during the etching
process. N-type S-vacancies are anti-dopants for the p-type WS; thin films, and thus,
the films were compensated from typical p-type to weak p-type, and the Fermi level
was nearly in the middle of the bandgap. Therefore, the resistivity was similar to that
of the intrinsic WS, material. After annealing under S atmosphere, S-vacancies were
filled by S atoms, leading to the WS; thin film recovered to a typical p-type material

with the VBM of 0.33 eV.
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Figure 7.5 Valence band XPS spectra of the surface of (a) the initial 300 nm WS thin
film, (b) the acid-etched 120 nm WS thin film and (C) etched and re-annealed 120
nm WS; thin film.
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Figure 7.6 Band diagrams of the initial 400 nm, acid-etched 120 nm
and etched and re-annealed 120 nm WS; thin films.

Defect densities of the WS, thin films were analyzed by measuring the low-
frequency noise, which is a powerful technique for the characterization of defect
states inside a material. The low-frequency noise in the device conductance originates
from the random trapping and detrapping of the carriers by the localized defect states
in the material. When a trap captures a carrier, its charge state will be modified
resulting in the corresponding variation in the local band bending at the vicinity of
the trap. This leads to a modulation in the local carrier density. Furthermore, the
change in the charge state of the trap will also lead to a variation in the columbic
scattering rate and thereby resulting in the fluctuation in the carrier mobility. Hence,
the correlated fluctuations in both the carrier density and mobility lead to the
fluctuation of the conductivity. For the resistive WS, thin film, the random trapping

and detrapping of the carriers by the localized defect states result in the fluctuation of
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the conductivity of the film, expressed as the fluctuation of the current at a fixed
voltage. Using the thermal activation model introduced in Chapter 3, the current noise

power spectral density can be expressed as:

S,(f)=AIZIIIINT(E,x,y,z)l+ ‘

22 2
Y7 E dr-fr

dEdzdxdy (7.1)

where 1 is the current applied to the device, N;(E) is the trap density and 7 is

the time constant, which can be written as:

T=71, exp[KET] (7.2)
B

where E is the activation energy of the localized state, x; is Boltzmann constant,

and T is the absolute temperature. The Lorentzian at an arbitrary frequency @, is
shown to peak sharply under the condition where @z = 1. In this case, the Lorentzian
peaks are sharply at E, =—kgT In(z,@) . For a smooth trap distribution N, (E)
around E , by the approximation of N;(E)= N, (E,), the trap distribution N;(E)
at the energy E, can be expressed in terms of S, (f):

act s, (f)
kT 17

N, (E,)= (7.3)

where C is a proportionally constant, and it is important to note that the trap density
is proportional to S, (f)/ 1. Without considering the exact magnitude of the constant
C, we are only interested in the relative changes in trap density of the WS; thin films
by different treatment techniques. The current noise power spectral density S, (f)
was measured with the applied voltage ranging from 1 V to 0.2 V for the three types

of WS thin films, as shown in Figure 7.4: (a) initial 400 nm WS; thin film, (b) acid-

156



etched 120 nm WS; thin film, and (c) etched and re-annealed 120 nm WS; thin film.
A nearly proportional relation between S,(f) and 1/f” was observed, where
¥ ~1. Because the trap density is proportional to S, (f)/ 1?as implied by Equation
7.3, for comparison of trap densities of all three types of WS; thin films, S,(f)/1?
versus frequency of these three types of WS thin films with the applied voltage of
1V were plotted in Figure 7.4(d). The current noise signal of the acid-etched WS>
film is about one order of magnitude higher than the original film before etching that
implies the higher trap densities after the etching process, which is in accordance with
our analysis of the increased film resistance, in which the corrosive effect of the
chemical enchant commonly generates a large number of crystalline defects at the
grain boundaries in the WS; material. The low-frequency noise data strongly suggest
that reduction of the defect states density was achieved through the passivation of the
localized states within the bulk and at the grain boundaries of the WS, material, by
annealing the acid-etched WS film under S atmosphere, which is even lower than
that of the original film. Thus, the S-vacancies as the majority defects can be
passivated by annealing under S atmosphere. Small crystallites on the surface of the
original WS; thin film contain a large number of grain boundaries and dislocations,
however, these small crystallites can be removed during the etching process, thus
after chemical etching and re-annealing under S atmosphere for defects passivation,

the noise level for the WS; thin film was reduced below than that of the original film.
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Figure 7.7 (a)(b)(c): Si versus frequency on the log-log scale for three types of WS;
thin films, with the applied voltage ranging from 1V to 0.2 V: (a) initial 400 nm WS,
thin film, (b) acid-etched 120 nm WS thin film, and (c) etched and re-annealed 120
nm WS thin film. (d) Si/I versus frequency for all three types of WS, thin films with

the applied voltage of 1V.

7.3.3 WS, Based Field-Effect Transistors

For systematic study of the electronic properties of WS»-based FETSs, three types
of WS; thin films were used as the channel layer to fabricate FETs: 1) acid-etched
WS thin films, 2) acid-etched and re-annealed WS thin films, and 3) acid-etched
and re-annealed WS; thin films with a 2 nm Al>Os layer on the surface. All WS; thin
films are p-type materials with a thickness of 40 nm. The FET fabricated with the

acid-etched WS thin film as the channel layer did not show any variation in the drain-
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source current with an applied gate bias ranging from -100 V to 100 V. This is because
the large number of defects generated during the etching process trap the carriers to
counteract the carrier accumulation effect of the gate bias, and thus, the WS> channel
always remains in the off state. To solve this problem, the acid-etched WS, thin film
was annealed under S atmosphere, which effectively passivates the traps. Using the
acid-etched and re-annealed WS; thin film as the channel layer, a working FET can
be fabricated. The I-V characteristics of this FET, shown in Figure 7.8, indicate that
it is a typical p-channel FET device. The linear relationship between the current and
drain-source bias voltage indicates that the gold contacts are ohmic. The field-effect

mobility is commonly expressed as:

L di,

= (7.3)
wCy, dv,,

Her

where L isthe channel length, W is the channel width, C; isthe capacitance per
unit area between the channel layer and the back gate and V, is the voltage drop
across the channel. An approximation is commonly made in which the contact
resistance is neglected, leading to V; equaling V. From the data in Figure 7.8, we

can extract the field-effect mobility of x.. =0.31cm?/ ~*s™ according to:

L=35umW =300um, V, =2V, dl, /dV,, =6.18 x107°,
C,=¢,¢,/d,&,=885x10"*F/m, g =3.9, d =300nm.

The on/off ratio of this transistor is 410.
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Figure 7.8 Characterization of the FET composed of the acid-etched and re-annealed
WS thin film as the channel layer: (a) lsas-Vog Characteristics of the FET with a 2 V
drain-source bias voltage and (b) las-Vags curves for different gate bias voltages.

To further improve the field-effect mobility and on/off ratio of the WS, thin film
transistor, a 2 nm Al,Oz layer was deposited on the surface of the WS, channel layer
by the ALD method to passivate the surface traps. The on/off ratio remarkably
increased to 2700, which is an approximately 560% increase over that of the WS-
based FET without an AlOs layer, as shown in Figure 7.9. Meanwhile, the field-

effect mobility increased by approximately 70% to 0.54 cm?V-1s. The improvement
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in the device performance, especially in the on/off ratio, is attributed to the
suppression of Coulomb scattering of the high-k (k is dielectric constant)

environment of Al,O3 on the surface of the channel layer.[236, 237]
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Figure 7.9 l4s-Vig curves of the FET containing the acid-etched and re-annealed WS; thin film
as the channel layer (red line) and the surface-passivated FET with a 2 nm Al,Os layer on the
WS; film surface (black line) plotted in (a) linear scale and (b) log scale.
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The exfoliated single layer MoS> from single crystals were used to fabricate the
TMDC-based FET. The mobility of the FETs fabricated using the exfoliated single
layer MoS, was commonly found to be around 200 cm?V1s?,[238, 239] and the
highest reported value reached 320 cm?V1s? with the on/off ratio of 107.[240] For
the FETSs fabricated using the exfoliated single layer WS, the typical mobility was
around 50 cm?V1s? [241] and the highest mobility reached 214 cm?V1s? with the
on/off ratio of 107.[242] The exfoliated single layer material possesses high crystal
quality, thus the FETs fabricated with the exfoliated single layer MoS, and WS>
usually have high mobility and on/off ratio. However, the FETs fabricated using the
synthesized layer materials showed relatively low mobilities and on/off ratios. The
highest mobility of the FET fabricated using the CVD grown MoS; was only 6 cm?V/-
st with an on/off ratio about 10°.[243] For the FETs fabricated with the CVD grown
WS, the typical mobility 1 cm?V1s?, and the highest mobility was only 4.1 cm2V-
st and its on/off ratio was 10°.[244] Thus, significant work is needed for the

development of high quality FETs over a large area for commercial application.

7.4 Summary

Uniform large-area ultra-thin WS, thin films, down to 40 nm, were obtained by
the chemical etching method to fabricate ultra-thin FETs. The original WS thin film

contained many small crystallites scattered on the film surface. After etching the film
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with a mixed acid solution of 7.5% H2CrO4 and 3.8% HF, the small crystallites were
removed from the film surface. The etching rates of the layered WS; crystals are
anisotropic, the lateral etching rate is faster than the vertical etching rate. The
resistance of the acid-etched WS thin film greatly increased and was higher than the
calculated theoretical value due to the large number of defects generated during the
etching process. By annealing the film under S atmosphere, the film resistance was
recovered. The changes of the trap density after etching and annealing were analyzed
by low frequency noise measurements. The current noise signal of the acid-etched
WS film is about one order of magnitude higher than that of the original film. After
annealing under S atmosphere, the current noise signal was greatly reduced by about
two orders of magnitude, which is even lower than that of the original film. Using the
acid-etched and re-annealed WS thin film as the channel layer, a working FET was
fabricated, which showed a field-effect mobility of 0.31 cm?V-1s't and an on/off ratio
of 410. By depositing a 2 nm Al>Os layer on the surface of the WS, channel layer, the
on/off ratio and field-effect mobility remarkably increased to 2700 and 0.54 cm?V-1s-

! due to the suppression of Coulomb scattering of the high-k environment.
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CHAPTER 8 CONCLUSIONS AND
SUGGESTIONS FOR FUTURE WORK

8.1 Conclusions

Tungsten disulfide, with its layered crystal structure, has great potential for the
fabrication of ultra-thin and flexible electronic and optoelectronic devices due to its
remarkable layer-dependent electrical and optical properties. The weak van der Waals
force dominated layer interactions can accommodate large lattice mismatch with little
interface defects, as the bonds within a unit layer are fully saturated, and this
characteristic can be exploited for the growth of high-quality heterojunctions. Single-
layer or few-layer WS, can be easily acquired by mechanical or chemical exfoliation
froma single crystal for basic investigations and to fabricate proof-of-concept devices.
However, the exfoliation method is limited to the microscale, which is not appropriate
for large-scale production. In this thesis, we presented systematic experimental
investigations of using MBE and CVD to grow wafer-scale p-type WS thin films. In
addition, WS2/GaN p-n junctions with low leakage current were fabricated by the
transfer of p-type WS thin films onto n-type GaN, and ultra-thin WS,-based FETSs
were fabricated using 40 nm WS; thin films as the channel layer.

For the MBE growth of WSy, only the (002) family diffraction peaks were found
in the XRD pattern of the WS; thin film, indicating strong preferential growth along

the [001] crystal orientation of the WS, film. The WS thin films change from small
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vertical crystallites (type-1) to large parallel crystals (type-Il) upon increasing the
growth temperature from 450°C to 700°C. The full width at half maximum of the
rocking curve was reduced to 0.13° by increasing the amount of reactive S atoms.

For the CVD growth of WS, by using a thin Ni layer as texture promoter, the
crystal structure of the WS, thin film changed from randomly oriented crystallites to
large layered crystals with their c-axis oriented perpendicular to the substrate. By
using Ni texture promoter, high-quality WS, thin films with carrier mobility as high
as 63.3 cm?/Vs can be obtained. The intensity of the XRD peaks of WS, with Ni
promoter are much stronger than those of the film without a Ni layer, and the FWHM
of the WS> with Ni promoter is only about one third of that of the film without a Ni
layer, indicating the larger crystal size and better crystal quality. The liquid NiSx
phase, which has a melting point of 637 °C, in the sulfurization process served as
liquid crystallization seeds for van der Waals rheotaxy, resulting in the horizontal
growth of WS, layered crystals with enhanced crystal size.

The exfoliation and transfer the as-grown WS; thin films to arbitrary substrates
is a key step for achieving practical devices. Compared to conventional epitaxial-
grown heterojunctions, a wide range of semiconductors can be used for the
fabrication of heterojunctions. Our etching-free transfer method utilizes the
hydrophobicity of WS> and hydrophilicity of sapphire and maintains the integrity of
the film without inducing cracks, in comparison with the conventional wet chemical

etching transfer technique. Additionally, the etching-free approach does not require
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the use of any destructive etchants and thereby permits the reuse of the substrates.
The film quality and microstructure of the WS, layer are critical to the successful
wafer-scale transfer of WS, thin films. It is extremely difficult to uniformly exfoliate
WS, films without Ni promoter, and the separated film frequently cracked during the
transfer process. Such phenomenon is believed to arise from the random orientation
of the crystal structure, which hinders water molecules to uniformly penetrate into
the interface between the film and the substrate. However, for the WS> film with Ni
promoter, which contains large layered crystals parallel to the substrate, wafer-scale
WS thin films can be perfectly separated from the initial substrate and transferred to
the target substrate.

The p-n junctions fabricated by the transfer of p-type WS; thin films onto n-type
GaN had a quite low leakage current density of 29.6 uA/cm?, whereas the direct-
grown WS,/GaN p-n junction had a large leakage current density of 92.4 mA/cm?.
This demonstrates the superior performance of the transferred device compared to the
as-grown WS/GaN p-n junctions. The WS; films grown on sapphire substrates have
larger crystal sizes and better crystal quality than the WS; films grown on GaN, which
is the key reason for the lower leakage current of the transferred device. The
degradation of the GaN layer at the high growth temperature of 1000 °C results in the
WS film having poor crystal quality. This etching-free transfer method is expected
to enormously expand the applications of WS thin films for optoelectronic and

electronic devices.
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Layered WS thin films, which have fewer dangling bonds, are attractive for use
as channel layers in ultra-thin FETS. In this thesis, uniform large-area ultra-thin WS>
thin films, down to 40 nm, can be obtained by a chemical etching method to fabricate
ultra-thin FETs. Using a mixed acid solution of H.CrO4 and HF, small crystallites can
be removed from the surface of the WS; thin film. The etching rates of the layered
WS crystals are anisotropic, the lateral etching rate is faster than the vertical etching
rate. The current noise signal of the acid-etched WS, film is about one order of
magnitude higher than that of the original film. After annealing under S atmosphere,
the noise signal of the WS, film was greatly reduced by about two orders of
magnitude, which is even lower than that of the original film. The WS»-based FET
employing a 40 nm WS; thin film as the channel layer had a field-effect mobility and
on/off ratio of 0.31 cm?V-'s and 410, respectively. By depositing a 2 nm Al,O3 layer
on the surface of the WS, channel layer, the on/off ratio and field-effect mobility were
greatly increased to 2700 and 0.54 cm?V-s?, respectively, due to the suppression of
Coulomb scattering of the high-k environment.

Layered materials can be exfoliated by mechanical or chemical methods to obtain
high quality micron-sized single layer or few layers materials which are appropriate
for fundamental investigations and the fabrication of proof-of-concept devices.
However, the technique is not up scalable and hence it is not suitable for large-scale
production. In this thesis, large-area WS thin film growth using MBE and CVD were

systematic investigated, and the wafer-scale p-type WS, thin films were sucussfully
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obtianed. In addition, type-l11 WS, thin films with the layer WS> crystals parallel to
the substrate were synthesised by CVD method using an ultra-thin Ni layer as texture
promoter. These lay the foundation for the development of 2D electronic and
optoelectronic devices. Most of the conductors and semiconductors become unstable
at the growth temperature of WS,. This presents a substantial barrier for the
fabrication of WS»-based heterojunctions and thereby greatly limiting the application
of the material. The wafer-scale transfer method developed in this thesis is vital for
electronic and optoelectronic applications due to its convenience for fabricating a
wide range of heterojunctions without concerning the lattice mismatch, differences
in the thermal expansion coefficient and optimization of the growth parameters on
the target substrates. This approach greatly enhances the potential for applications of
WS, thin films in electronic and optoelectronic devices and systems. For 2D layer
materials, the force between cationic layers is dominated by van der Waals force,
which theoretically provides the possibility of high tolerance in interface mismatch
in a solid-state junction. In this thesis, the p-n junction was fabricated by transferring
p-type WS thin films onto the n-type GaN layer with a quite low leakage current
density of 29.6 pA/cm? and the WS,-based FET fabricated using 40 nm WS, thin
films as the channel layer had a field-effect mobility of 0.54 cm?V-!s! and on/off ratio
of 2700. Though the performance of these devices cannot be comparable to traditional
Si-based devices, it makes a big step forward. When scaling the gate length of a

traditional Si-based FET, overlapping junctions lead to short channel effects which
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degrade transistor performance. By introducing 2D materials in the channel of the
FET, they could show superior immunity to short channel effects. Strong covalent
bonds provide in-plane stability of 2D layer crystals, whereas relatively weak van der
Wiaals forces are sufficient to keep the stack together. This makes it possible to
fabricate multilayer van der Waals heterostructures and has been experimentally
demonstrated.[245-247] 2D materials includes all necessary materials for the
fabrication of 2D devices, such as graphene as conductor material, hexagonal boron
nitride as dielectric material and MoS; and WS, as semiconductor material. The
research on 2D materials is just at the beginning and it appears that it will remain an
exciting research field. The 2D devices are promising candidates to next generation
devices because of its high packing density, faster circuit speed and lower power
consumption. We believed that eventually certain 2D materials will be widely used

in electronics, such as 2D transistors, transparent electrodes, sensors, displays etc.

8.2 Suggestions for Future Work

In-depth studies are still needed to further improve the quality of the WS, thin
film to achieve excellent electronic properties and make use of its novel layer-
dependent electrical and optical properties, such as the lack of dangling bonds
between each crystal layer and the layer-dependent bandgap, to fabricate high-quality

electronic devices. The following are some promising research topics and directions
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for future work.

1)

2)

3)

4)

Transfer of the wafer-scale p-type WS, film onto other n-type semiconductor
materials to fabricate p-n junctions; in particular, wide bandgap n-type
semiconductor materials could be used to fabricate solar cells with the as-made
p-type WS, thin films. The transfer method permits versatile bandgap engineering
for the fabrication of various p-n junctions.

The use of other two-dimensional materials, such as conductive graphene,
dielectric hexagonal BN or other semiconducting TMDCs, with the p-type WS;
thin films to fabricate novel 2D devices. The current microfabrication techniques
of the semiconductor industry provide a good foundation for the fabrication of
these novel devices.

The growth of n-type WS, by extrinsic doping, which can be used with the as-
made p-type WS, thin films to fabricate homojunctions, or the growth of other n-
type transition metal dichalcogenide materials, such as MoS,, which is typically
n-type in nature, to fabricate all chalcogenide p-n junctions.

The use of physical models to simulate and engineer the bandgap of
heterojunctions fabricated with p-type WS> and other n-type materials to propose
new designs for novel devices. First-principles calculations could be used to

determine the possible n-type doping element for WSo.
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