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Abstract

Electrical Characteristics of TMDC Field
Effect Transistor with defects and charged
impurities

Jae-Keun Kim
Department of Physics and Astronomy
Seoul National University

Two-dimensional (2D) materials, such as graphene and transition metal
dichalcogenides (TMDCs), have been attracted remarkable attention due to their novel
electronic features coming from their thin nature. While graphene is hard to utilize as a
semiconductor due to its zero electrical bandgap nature, TMDCs have been considered as
a promising candidate for the next-generation electronic device due to their thickness
dependent tunable bandgap. In particular, semiconducting TMDCs have shown desirable
field effect transistor (FET) properties, such as the high on-off ratio, high mobility and low
subthreshold voltage swing voltage. In this regard, numerous studies have been reported
for the application of TMDCs in various field, such as electronics, optoelectronics and
thermoelectrics. However, due to a large number of intrinsic defects of TMDCs (~10'? cm
%) comparing to graphene (~10'° cm™), the performance of TMDCs devices has been far
behind to the theoretically predicted device performance. Furthermore, due to the 2D nature
of TMDC:s, interface absorbents also can act as impurities. Therefore, understanding the
effect of defects to the charge transport of TMDC:s is essential to fully realize the potential
of TMDCs devices.

In this manner, first, I investigated the noise generation and electric conduction at

grain boundaries in CVD-grown MoS; field effect transistor. For application of MoS; as
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various devices, understanding the effect of grain boundaries which are unavoidable
structure defect is essential. Through electrical characteristics and noise measurements, I
confirmed that the grain boundary hinders the charge transport of CVD-grown MoS,, which
can be considered as a dominant noise source. The noise characteristics showed that the
noise generation mechanism of CVD-grown MoS; at grain boundary is different from the
single grain regions of MoS,. Also, I observed that the noise generated at the grain
boundary concealed the percolative noise characteristics of the single grain regions of MoS..

Secondly, I investigated the molecular dopant dependent charged impurity scattering
in WSe;, field effect transistor. In general, dopants counterions which are generated by
charge transfer process can decrease the mobility of the materials. After doping, the
mobility of WSe, was decreased at low temperature, which means that dopant counterions
can act as Coulomb scattering center. Using theoretical model and density functional theory
calculation, I investigate the dopant dependent Coulomb scattering of dopant counterions
and the microscopic origin of charge transfer process between molecular dopants and WSe:.

Additionally, I conducted research on the trap mediated charge transport of
pentacene/MoS; heterojunction p-n device. I confirmed that charge transport of the
pentacene/MoS; heterojunction devices is explained by space-charge-limited conduction.
Also, as the temperature goes higher, the variable range hopping transport of the

pentacene/MoS; heterojunction device was transformed to thermally activated transport.

Keywords: Two dimensional materials, Transition metal dichalcogenides, Molybdenum
disulfide, Tungsten diselenide, grain boundary, //f noise, Surface charge transfer doping,
Charged impurity scattering

Student Number: 2014-21343
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Chapter 1. Introduction

1.1. Brief introduction of TMDCs

Recently, atomically thin two-dimensional (2D) materials have been attracted
much attention for electronic, optoelectronic applications and their unique physical
properties, such as topologically protected states, valley effect, moiré structure and exciton
dynamics [1-8]. Among them, transition metal dichalcogenides (TMDCs), such as
molybdenum disulfides (MoS.) and tungsten diselenides (WSe,), have been widely studied
due to their thickness-dependent bandgap and semiconducting nature [9,10]. From these
unique properties, TMDCs have been extensively studied for exploring new physics and
applications as various devices [11,12]. Especially, TMDCs are an excellent platform for
investigating the excitonic physics due to their large binding energy of exciton. In addition,
due to their excellent field-effect transistor (FET) properties and environmental sensitivity,
TMDCs have been used as various devices such as memories, complementary logic circuits,

sensors, and photodetectors.

1.2. Origin of the disorder in TMDCs

However, the performance and physical properties of devices based on 2D
materials are far from the theoretically predicted values and results due to the material
disorder [13]. The disorder of 2D materials can be originated from not only the intrinsic
defects, such as crystalline imperfections of materials but also the extrinsic defects arising
from the environment because 2D materials have a high surface-to-volume ratio and hence
highly sensitive to the environment, such as substrate and surface absorbents, as shown in

Figure 1.1. Especially, the intrinsic defect density of TMDCs (~10'? ¢m™) much higher



compared to that of the graphene (~10'° cm™), which is reasonable considering that the
formation energy for defects in TMDCs (e.g. 2.1 eV for sulfur vacancy in MoS,) is much
smaller than for defects in graphene (e.g. 7~8 eV for a graphene vacancy) [14]. In this
manner, understanding the role of both intrinsic and extrinsic defects on the charge

transport of TMDC materials is essential for fully realize the potential of TMDC materials.
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1.3. The effect of defects in electrical characteristics of TMDCs

As previously mentioned, the electrical transport of TMDC:s is still significantly
limited by material disorder arising from intrinsic and extrinsic defects. For example, even
though the theoretically predicted mobility of monolayer MoS, and WSe, at room
temperature is ~410 cm? V! s7' and ~1100 cm? V! 57!, the experimental record is far from
this value (MoS2: ~150 cm? V' 571, WS,: ~80 cm? V! s7) [13]. To reduce the disorder of
TMDCs, encapsulation within hexagonal boron nitride (h-BN) has been utilized. Using
encapsulation with h-BN approach can reduce the extrinsic defects of TMDCs and h-BN
encapsulated MoS, exhibits the quantum transport properties, which prove the excellent
sample quality (See Figure 1.2) [15,16]. For example, h-BN encapsulated MoS; and WSe»
were shown Shubnikov-de Hass oscillations. The measured data shows even-odd behavior,
which is clear evidence of Zeeman splitting. However, a fully formed quantum hall state
(with zero longitudinal resistance and clear plateaus in Hall resistance) has not been
observed. Thus, the reduction in impurity density with h-BN encapsulation is still far from
that in graphene, indicating that reducing an intrinsic defect is essential for utilizing

TMDC:s in exploring quantum physics.
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Figure 1.2 Shubnikov-de Hass oscillations of h-BN encapsulated (a) MoS; and (b) WSe,.

Reproduced from ref [15], [16].



1.4. Outline of This Thesis

In this point of view, I have been focused on the investigation of the role of the
defects in charge transport of TMDCs during my doctorate course. In chapter 2, I discuss
the electrical noise generation and conduction at the grain boundaries of chemical vapor
deposition (CVD) grown MoS,. Using 1/fnoise and electrical measurements of MoS, FET,
I demonstrate the role of grain boundaries in charge transport of the CVD-grown MoS,. In
chapter 3, I discuss the dopant dependent charged impurity scattering in surface-charge-
transfer doped WSe,. Through the theoretical model and the density functional theory
analysis, | demonstrate the relation between the amount of charge transfer at the interface
of WSe,/dopant and the intrinsic mobility of WSe. In chapter 4, I discuss the trap-mediated
transport in pentacene/MoS, p-n junction device. Although the pentacene/MoS, p-n
junction device is a very different system compared to TMDCs, it is similar to TMDCs in
that disorder originating from the defects can affect the transport of the device. Using the
temperature varying measurements, | confirmed that the space-charge-limited conduction
and variable range hopping transport is the dominant transport mechanism in the
pentacene/MoS; p-n junction devices. Finally, chapter 5 summarizes this thesis and

suggests some future directions.
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Chapter 2. Analysis of noise generation and electric
conduction at grain boundaries in CVD-grown Mo$S: field

effect transistors

In this chapter, we will discuss abo ut the electrical noise generation and
conduction at grain boundaries in CVD-grown MoS; field effect transistors. Grain
boundaries in a chemical vapor deposition (CVD)-grown monolayer of MoS; induce
significant effects on the electrical and low frequency noise characteristics of the MoS..
Here, we investigated the electrical properties and noise characteristics of MoS field effect
transistors (FETs) made with CVD-grown monolayer MoS,. The electrical and noise
characteristics of MoS2 FETs were analysed and compared for the MoS; channel layers
with and without grain boundaries. The grain boundary in the CVD-grown MoS; FETs can
be the dominant noise source, and dependence of the extracted Hooge parameters on the
gate voltage indicated the domination of the correlated number-mobility fluctuation at the
grain boundaries. The percolative noise characteristics of the single grain regions of MoS;
were concealed by the noise generated at the grain boundary. This study can enhance
understanding of the electrical transport hindrance and significant noise generation by

trapped charges at grain boundaries of the CVD-grown MoS; devices.

2.1. Introduction

Molybdenum disulfide (MoS,), a two-dimensional (2D) transition metal
dichalcogenide (TMDC), has attracted remarkable attention as a promising semiconductor
of next-generation nanoelectronics due to its unique electrical and mechanical properties
[1-6]. MoS; and other TMDCs are typically prepared by a mechanical exfoliation method
in a similar manner to which an atomic film of graphene was first prepared [7-10]. However,
to utilize MoS; in large-area integrated applications, it is desirable to grow uniform large-

area MoS; using techniques such as the chemical vapor deposition (CVD) synthesis method
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[11-17]. When MoS; films are grown using CVD, it is well-known that the electrical
performance of CVD-grown MoS; is limited by structural defects which are created during
the synthesis process [18-22]. Grain boundaries in CVD-grown MoS; can be trap sites
which must be avoided for low-signal sensors or AC operating applications, as the
dimension of MoS, devices is scaled down to the sub-pum regime [22]. The effects of grain
boundaries on the electrical performance and noise characteristics in CVD-grown MoS,
require a thorough understanding to increase their potential for future applications. In this
regard, the electrical analysis with low frequency //f noise characterization can be an
effective approach by providing insights into the determination of the dominant noise
source between carrier mobility fluctuation and carrier number fluctuation, as well as the
information of conductive paths in the channel layer [22-27]. Recently, Hsieh et al. reported
that carrier localization length can be significantly reduced at grain boundaries of CVD-
grown MoS; films from the temperature dependence of the electric transport properties
[22]. The strongly localized electronic channel within the grain boundary was reconfirmed
by the enhanced low-frequency noise by one to three orders of magnitude [22]. However,
the exact noise generation mechanism from the grain boundaries needs to still be addressed.

In this work, we investigated the effect of grain boundaries in CVD-grown monolayer
MoS:; on the electrical characteristics using electrical noise measurements. The electrical
and noise characteristics of MoS, FETs with and without grain boundaries were analysed
and compared. In particular, the relation between the Hooge parameters and gate bias
indicated the domination of correlated number-mobility fluctuation at the grain boundaries.
A low exponent value in the power-law relation between relative noise and resistance
indicated that the noise in MoS, with grain boundaries is primarily generated from grain

boundary regions. These results support that grain boundaries are the dominant noise



source by acting as trap sites, which affect the current fluctuation in CVD-grown MoS,

FETs.

2.2. Experiments

2.2.1. Growth of monolayer MoS: and device fabrication

The uniform monolayer MoS, was grown on a SiO»/Si substrate using a CVD
system (Teraleader Co., Korea). The substrate had a 270 nm-thick SiO; layer on heavily
doped p++ Si. Boats with MoOs and sulfur powder were placed in the middle and upper
position of the tube in the CVD system, respectively. The detailed CVD growth process of
monolayer MoS; has previously been reported [12]. Figure 2.1(a) explains the fabrication
process of MoS, FETs. To prevent the potential leakage of current through the SiO, layer,
which might have been damaged during the CVD process, the CVD-grown MoS; films
were transferred to the other SiO./Si substrate using the poly(methyl methacrylate)
(PMMA)-assisted transfer method [16]. A thermal tape was attached as a supporting layer,
and entire parts (thermal tape, PMMA, MoS,, SiO,, and Si) were submerged in a potassium
hydroxide solution (~25%) to separate the MoS, films from the SiO,/Si substrate. After the
separated MoS; film is attached to the other SiO,/Si substrate, an isolated and large MoS;
piece (~10 pum size) with grain boundaries was selected to make the MoS; FETs with and
without grain boundaries. Next, a pattern was designed for the source and drain electrodes
by an e-beam lithography system (JSM-6510, JEOL). Finally, Au (50 nm)/Ti (5 nm) layers
were deposited by an e-beam evaporator (KVE-2004L, Korea Vacuum Tech.) at a pressure

of ~107 Torr to form the source and drain electrodes. The electrical performance of TMDC
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Figure 2.1 (a) Schematic illustration of the fabrication processes for CVD-grown MoS,
FETs with and without grain boundary. (b) Optical image showing CVD-grown MoS,
FETs with and without grain boundary made from a MoS; flake. (c) Raman and PL
spectra of CVD-grown monolayer MoS,. (d) Schematic of the noise measurement setup.
FETs has been limited by contact resistance. In this regard, the contact resistance of the
CVD-grown MoS, FET was extracted by Y-function method. The extracted value of
contact resistance was 68.0 k(1 and comparable to the reported value of previous
studies .This result indicates that the contact resistance between MoS, channel and metal
contacts did not deteriorate significantly the electrical characteristics of the CVD-grown
MoS; in this work.

When monolayer MoS; films are grown by CVD, single grains of MoS; are
formed as a triangular shape and grain boundaries exist between the merged MoS; triangles

[11,17-22]. Therefore, we could fabricate both MoS, FETs with and without grain
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boundaries from a large enough piece of MoS; film. Figure 1(b) shows the optical image
of fabricated both MoS; FETs with and without grain boundaries from a MoS; flake. In this
figure, the grain boundaries are indicated by white dashed lines in a MoS; flake that is
indicated by a black dashed line, and some MoS, FET devices include a grain boundary,

while others do not.

2.2.2. Raman and Photoluminescence characteristics of CVD-grown
monolayer MoS:

To confirm the number of layers of the CVD-grown MoS,, Raman and
photoluminescence (PL) spectra were measured (Figure 2.1(c)). An Al peak (~ 1.85 eV)
was observed in the PL spectra. The two peaks, which represent the in-plane E%g and the
out-of-plane A, vibration, were shown in the Raman spectra (the inset of Figure 2.1(c)).
The difference between two peaks of Raman spectra was 20.09 cm™! The peak values in PL
and Raman spectra are similar to the known values of monolayer of MoS; [28-30], which

supports that our CVD-grown MoS: films are indeed a monolayer.

2.2.3. Current-voltage (I-V) characteristics

The electrical characteristics of the CVD-grown MoS, FET devices were
measured using a semiconductor parameter analyser (Keithley 4200, USA) in the dark and
under a vacuum (~107 Torr). Before measurement, the CVD-grown MoS; devices were
heated at 400 K under a vacuum for about six hours to eliminate adsorbates from the MoS,
surface, such as water, oxygen molecules, and polymer residue [20]. These adsorbates can
work as trap states, which induce electrical noise in the MoS; FETs. To scrutinize the effect

of the grain boundary on the noise characteristics of the CVD-grown MoS; FET, this
11



annealing process can reduce other noise sources from the interface interaction.

2.2.4. Electrical noise characteristics

Figure 2.1(d) shows a schematic of the noise measurement setup. A 16-bit digital-
analogue converter (DAC) was used to apply the voltage bias. A battery-powered current
amplifier (Ithaco 1221) was used for amplifying the current fluctuation. A spectral analyser
(SR760) and a digital multimetre (Agilent 34401 A) were used to monitor the frequency
domain noise signal (power spectral density) and obtain the average electrical current,
respectively. Current fluctuations between the source and drain electrodes were measured,

while a back-gate bias was applied.

2.3. Results & Discussions

2.3.1. Electrical characteristics of MoS: FETs with and without grain
boundary

Since the geometries of MoS; FETs with and without grain boundaries are different
from each other, the current level from the characteristic curve was normalized to the
channel width (W) and length (L) to compare the electrical conductions. The normalized
current, lnorm, Was defined as I,,p,-m = Ips X L/W, where Ips is the source-drain current.
The transfer characteristics, i.e., normalized current versus source-gate bias (Inorm—Ves), of
both MoS, FETs with and without grain boundaries exhibited a typical n-type

semiconductor behaviour (Figures 2.2(a) and 2.2(b)). The output characteristics (Ios—Vbs)
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Figure 2.2 Ips—Vgs curves of CVD-grown MoS; FETs (a) with and (b) without grain

boundary for different drain bias. The insets indicate the /ps—Vps curves of the same

IGB

device for different gate bias. (c) The ratio of ISE,,, to I5S.., for different gate and

drain bias. (d) A histogram showing the mobility values of three sets of CVD-grown
MoS; FETs with and without grain boundary.
of both MoS; FETSs are also shown in the inset of Figures 2.2(a) and 2.2(b). As shown in

these figures, the current level of the MoS; FET without a grain boundary was higher than

that of the MoS, FET with a grain boundary. To more explicitly compare the current level

GB
Inorm

between the two MoS; devices with and without a grain boundary, the ratio of
to I35, was calculated with Vs varying from 10 V to 40 V with a step of 10 V and Vps
varying from 0.5 V to 2.0 V with a step of 0.5 V, where SG and GB denote the sample with
a single grain without a grain boundary and the sample with a grain boundary, respectively

(Figure 2.2(c)). The ratio values were found to be less than 0.2, which means the current of
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MoS; FET without a grain boundary is about five times higher than that of MoS; FET with
a grain boundary.

To further investigate the effect of a grain boundary on the electrical characteristics
of MoS; FETs, mobility values of three sets of MoS, FETs with and without a grain
boundary were extracted from the electrical characterization and compared (Figure 2.2(d)).
As shown in this figure, the mobility values of the MoS; FETs with a grain boundary were
two to four times lower than those of the devices without a grain boundary. This substantial
reduction in the mobility of the MoS, FETs with a grain boundary implies that the charge
carriers at the grain boundary undergo a significant hindrance in the electrical transport.
This hindering effect of the grain boundary can be attributed to trap states formed at the
grain boundary, which can be electrical noise sources. The restriction of charge transport
at the grain boundary in CVD-grown MoS; has also been observed in previous studies
[21,22]. Furthermore, the mobility of the CVD-grown MoS; was not significantly affected
by the misorientation angle (> 20°) between two coalescing grains, which is consistent with

previous studies [21].

2.3.2. Electrical noise characteristics of CVD-grown MoS: with and without
grain boundary

Figure 2.3(c) shows the relative noise of the MoS; FETs with and without a grain
boundary at Vg = 40 V. The grain boundaries in the CVD-grown MoS; films increase the
relative noise of the MoS, FET more than ten times. For a more correct comparison of the
noise levels, an area normalization of the relative noise should be considered. In most
transistor devices, the reversely proportional relation between the relative noise amplitude

and device area (f:Sy/I° oc(WL)") has been observed with several models, such as the
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Figure 2.3 The relative noise of CVD-grown MoS, FETs (a) with and (b) without grain
boundary for different gate bias. (c) The relative noise of CVD-grown MoS; with and
without grain boundary at a fixed Vgs = 40 V. The inset indicates the relative noise
normalized to device area.

Hooge’s empirical relation, the interfacial trapping model, and the variation-range-hopping
fluctuation model [31,32]. Therefore, the relative noise, normalized to the device area, was
defined as A X S;/I?, where 4 is the device area. A X S;/I? of the MoS, FETs with and
without a grain boundary is shown in the inset of Figure 2.3(c). As shown in the inset of
Figure 2.3(c), A X S;/I? of MoS, FET with a grain boundary was still more than ten times
higher than that of MoS, FET without a grain boundary. These results indicate that grain

boundaries can be regarded as a dominant noise source in the CVD-grown MoS: films.

2.3.3. Hooge parameter analysis and network properties of CVD-grown MoS:

FETs

The I/f type noise in transistor devices has been explained by several sources of
charge carrier fluctuations, such as Hooge mobility fluctuation, McWhorter carrier number
fluctuation, and correlated number-mobility fluctuation [31-36]. Through analysing the
gate bias dependence of current noise of the MoS; FETs with and without a grain boundary
using these models, noise sources of MoS; FETs with and without a grain boundary can be

discriminated. The gate bias dependence of the Hooge parameter can be a useful guideline
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resistance of CVD-grown MoS, FETs with and without grain boundary.

for determining the dominant noise source. In the case of mobility fluctuation, the Hooge
parameter is independent of the total charge carrier number (V) [37-39]. On the other hand,
the Hooge parameter is proportional to //N in case of McWhorter number fluctuation
[36,38,40]. The Hooge parameter can be extracted using Hooge’s empirical relation, which

is expressed as

S _ ay
2~ N

(1

Slr

where S; is the current power spectral density, / is the current, an is the Hooge parameter,
N is the total number of free charge, and f'is the frequency [37-40]. In the case of FET
devices, the total number of free charge N can be calculated as N = (Vg5 — Vi )AC;/q
with the condition of a small Vps, where Vy is the threshold voltage, 4 is the area of the
device, C; is the gate dielectric capacitance of the device, and the ¢ is the elementary charge.

Using Hooge’s empirical relation and N, the Hooge parameters of the MoS, FETs
were extracted as the function of Vs — Vi, (Figure 2.4(a)). With the MoS, FET without a

grain boundary, the Hooge parameters were nearly constant (~ 0.14) with Vgs — Vip, which
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can be explained by the mobility fluctuation model [38,40]. Note that the gate dependence
of the relative noise, consistent with the Hooge model, has been reported in mechanically
exfoliated monolayer MoS; [41]. The linearly increasing behaviour of the Hooge
parameters, with increasing Vss — Vi, can be explained by the correlated number-mobility
fluctuations model, where the carrier number fluctuation at traps influences the carrier
mobility fluctuation [35]. In the correlated number-mobility fluctuations model, ay
becomes linearly proportional to N under the condition of a sufficiently small drain voltage
and large N, which means ay ~ (Vs — Vin). The Hooge parameter behaviour, explained
by the correlated number-mobility fluctuation model, implies that trapped carriers at the
grain boundary can be considered as scattering centres in CVD-grown MoS; films, and the
number of trapped carriers at the grain boundary can fluctuate. The number fluctuation of
trapped carriers can cause the fluctuation of scattering rate; when this occurs at the grain
boundary, it can lead to the correlated carrier number-mobility fluctuation.

The CVD grown-MoS, can be considered to have a disordered electronic structure,
which has randomly distributed charge puddles due to the large trap density originated from
structural defects, such as sulfur vacancies, dielectric impurities, and grain boundaries [16].
A disordered conductive system can be regarded as a random resistor network [42].
Hopping of charge carriers between neighbouring charge puddles can be considered, as the
current flows through randomly distributed resistors. According to percolation theory, the
electrical characteristics of a random resistor network are determined by a conductive phase
fraction p. Additionally, a conductive channel is formed when p exceeds the percolation
threshold p.. The relation between the electrical noise and resistance of a random network
resistor system obeys the following power-law relation [42-44]

S S TmSPm im
BT R e SR A ppe @
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where S; is the power spectral density for current signal, Sk is the power spectral density
for resistance signal, i,, denotes the current flowing in m-th resister, $(f),, is the spectral
density of factional noise of m-th resistor, and R is the total resistance of percolating
network. Higher gate bias lowers the potential barrier between charge puddles, modulating
the connection of the conductive network in the MoS; layer [45]. Therefore, various S;/I?
and R values were obtained by modulating the gate bias. Our CVD-grown MoS, FET
devices exhibited the power-law behaviour between the relative noise and resistance, which
can be considered as percolative behaviour (Figure 4(b)). In the MoS, FET without a grain
boundary, the power-law exponent w was found to be ~1.05, which is a comparable value
of w reported from previous noise study on single grain MoS; [20]. On the other hand, the
w value of the MoS, FET with a grain boundary was found to be ~0.35, which is much
smaller than the exponent in the single grain MoS,. This low value of w has not been
expected from the available percolation theories, which could indicate that the percolation
is not geometrical [46-48]. This non-geometric property can be attributed to the grain
boundary, which has one-dimensional geometry. Therefore, the percolative noise
characteristics from single grain MoS, regions were concealed by the larger noise
generation from the grain boundary. In short, the large noise generation at the grain
boundary by the correlated number-mobility fluctuation predominated over the noise

generated from the resistor network of the single grain MoS,.
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2.3.4. Schematics of conduction network of CVD-grown MoS: FETs with and

without grain boundary
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Figure 2.5 Schematic illustration of carrier conduction in CVD-grown MoS;, FETs (a)
without and (b) with grain boundary.

Figures 2.5(a) and 2.5(b) illustrate the schematics of conductive network in the CVD-
grown MoS; FETs without and with a grain boundary, respectively. In case of the MoS;
FET without a grain boundary, the charge carriers in one of the charge puddles can hop to
the neighbouring charge puddle, which can be regarded as the current flowing in one of the
randomly distributed resistors. On the other hand, in case of the MoS; FET with a grain
boundary, the charge carriers can hop to another charge puddle, similar to the carriers in
MoS; FET without a grain boundary. However, charge carriers in MoS; FET with a grain
boundary can be trapped at the grain boundary as energy levels near the Fermi level can be
induced by the dislocations in the grain boundary [21]. These trapped carriers can play as
scattering centres, undermining the electrical characteristics of the MoS, devices.
Additionally, the scattering at the grain boundary can generate a considerable amount of
noise, concealing the noise characteristics of the random resistor network in single grain

MoS,. Trapping/de-trapping events of charge carriers can induce fluctuation of the
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scattering rate at the grain boundary, which can be observed as the correlated number-

mobility fluctuation.

2.4. Conclusion

The electrical and noise characteristics of CVD-grown monolayer MoS; FET devices
with and without a grain boundary were investigated. The electrical transport in CVD-
grown MoS; FETs were hampered by the grain boundary, which can be considered as the
dominant noise source. According to the gate bias dependence of the Hooge parameters,
the correlated number-mobility fluctuation at the grain boundary generates large noise in
CVD-grown MoS: films. From the relation between the relative noise and resistance values,
the noise generated at the grain boundary concealed the percolative noise characteristics of
the single grain regions of MoS,. This work provides insight into how a grain boundary
hinders the electrical transport and can be a significant noise source of CVD-grown MoS;

devices.
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Chapter 3. Molecular Dopant-dependent Charge
Transport in Surface-charge-transfer-doped WSe: Field

Effect Transistor

In this chapter, we discuss about molecular dopant dependent charge transport in surface-
charge transfer doped tungsten diselenide (WSe;) field effect transistors. The
controllability of carrier density and major carrier type of transition metal chalcogenides
(TMDCs) is critical for electronic and optoelectronic device applications. To utilize
TMDC:s in the applications, it is important to understand the role of dopants in charge
transport properties of TMDCs. However, despite several reports on demonstrations of
molecular surface charge-transfer doping (SCTD) in TMDCs, the doping effects on charge
transports of TMDCs have not been systematically demonstrated. Here, we investigate the
effects of molecular SCTD on the charge transport properties of WSe, using three p-type
molecular dopants, 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (Fs-TCNQ),
Tris(4-bromophenyl)ammoniumyl hexachloroantimonate (magic blue), and molybdenum
tris(1,2-bis(trifluoromethyl)ethane-1,2-dithiolene) (Mo(tfd-COCFs3)s). By controlling the
degree of doping using different dopants we find that the generated carrier densities are
significantly dependent on fundamental properties of molecular dopants. Our temperature-
dependent transport measurements show that the dopant counterions on WSe; surface can
induce Coulomb scattering in WSe, channel and the degree of the scattering is significantly
dependent on the molecular properties, which can be corroborated by first-principles
density functional theory (DFT) calculations. Furthermore, DFT calculations show that an
amount of charge transfer between dopants and WSe. is determined by the molecular
properties. Our systematic investigation the charge transport of doped TMDCs will be
directly relevant for pursuing molecular routes for efficient and controllable doping in

nanoelectronic devices.
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3.1. Introduction

Two-dimensional (2D) layered transition metal dichalcogenides (TMDCs) have
attracted remarkable attention due to ultrathin semiconducting features with thickness-
dependent tunable bandgap.[1-4] In particular, semiconducting TMDCs, such as
molybdenum disulfide (MoS;) and tungsten diselenide (WSe,), have shown desirable field-
effect transistor (FET) properties such as the high on-off ratio, high mobility, and low
subthreshold swing voltage. Moreover, a possibility for breaking the scaling limit of Si-
based electronics makes them a promising candidate for the next-generation electronic
devices.[5, 6]

To utilize TMDCs in an integrated circuit for various electronic and optoelectronic
device applications, the ability to control conductivity and carrier type becomes essential.
In this manner, several studies have been reported for controlling the electrical properties
of TMDCs by doping since the free carrier concentration and the majority carrier type can
be tuned by dopings.[7-14] One of the approaches is the substitutional doping, which is
replacing transition metal elements (Mo, We) in TMDCs to other elements with a different
number of valence electron (such as Nb, Re, or Zr). [7-9] Although substitutional doping
has an advantage in terms of the stability of doping, the controllability of doping level is
comparatively difficult to achieve via a direct synthesis.[7,15] Another route for controlling
the electrical characteristics of TMDCs is by surface charge transfer doping (SCTD).[10-
14] SCTD involves physisorption of dopants on the surface of TMDCs, which induces a
charge transfer across the TMDC/dopant interface. A large surface area to volume ratio of
2D layered TMDCs makes them highly sensitive to the surface-attached dopants. In
addition, comparing to substitutional doping, SCTD has an advantage that it is a relatively

non-destructive process. Particularly, for SCTD by molecular reductants (oxidants) for
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n(p)-type doping, the potential range of material selection for dopants is greatly diverse due
to a high degree of freedom in the molecular design.[16] For these reasons, several studies
have demonstrated the applicability of molecular SCTD in TMDC devices.[12-14, 17-19]
For example, a typically large contact resistance of TMDC devices, which is one of the
main challenges for the realization of nanoscale TMDC devices, can be reduced by doping
the contact regions. The molecular SCTD was also shown to be effective in complementary
logic applications for controlling the majority carrier type.[18, 19]

Considering that SCTD involves the creation of charged dopants which exert the
Coulomb force to the free carrier in TMDC, it is natural to consider the scattering originated
by the generated charged impurities on the surface of the doped TMDCs by SCTD. In this
regard, in graphene, SCTD was shown to induce charged impurity scattering which
significantly affected the charge transport, which has even been utilized for gas sensing
purposes.[20] Likewise, we can expect that SCTD will induce charged impurity scattering
in doped TMDCs. Ideally, molecular SCTD should preserve the high carrier mobility of
TMDCs by minimizing the charged impurity scattering. Therefore, in order to fully realize
the potential of molecular doping for SCTD, it is essential to understand what fundamental
properties of molecular dopants and their interfacial properties with TMDCs determine the
degree of charge transfer and their effects on the overall charge transport. Although there
have been a few studies on estimating the degree of charged impurity scattering in intrinsic
TMDC devices,[21, 22] an understanding of the effects of the additional scattering induced
by the counterions created in doped TMDC devices on the charge transport is still lacking.
In particular, the contributions of different molecular dopants with the different electron
affinities and electronic properties to the charge transport properties of TMDS devices have

yet to quantified.
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In this study, we systematically studied the electrical properties and impurity
scattering in doped WSe, by SCTD using three p-type molecular dopants with different
electron affinities. Doping strength of each molecular dopant is dependent on intrinsic
molecular characteristics such as their relative lowest unoccupied molecular orbital
(LUMO) positions to the valence band maximum (VBM) of WSe; and extrinsic factors
such as density of molecular dopants. Considering this, we investigated the effects of
molecular dopings on the charge transport of WSe, FETSs through the intrinsic mobilities
extracted by 4 point-probe measurements. From the intrinsic mobility values, the surface
charged impurity densities of doped WSe; can be obtained by considering the screening
induced by the charged molecular dopants. Additionally, we performed first-principles
density functional theory (DFT) calculations to compute the degrees of charge transfers
from WSe; to molecular dopants. Our DFT calculations show that the electrons generally
transfer from WSe; to three molecular dopants, and each molecular dopant has its own

optimal doping density.

3.2. Experiments

3.2.1. Device fabrication and doping process

WSe; was mechanically exfoliated from a bulk WSe; crystal and transferred to
SiO,/p++ Si substrate. The suitable WSe; flakes were founded using an optical microscope
and the thickness of the flakes was measured by an atomic force microscope system (NX
10 AFM, Park Systems). After double electron resist layers, methyl methacrylate
(MMA)/poly(methyl methacrylate) (PMMA), were spin-coated, the source-drain
electrodes patterns were made by using an electron-beam lithography system (JSM-6510,

JEOL). Subsequently, Ti (2 nm)/Pd (40 nm)/Au (20 nm) layers were deposited by using an
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electron-beam evaporator (KVE-2004L, Korea Vacuum Tech.). Here, Pd was used to
enhance hole injection and p-type conduction of WSe, FET due to its high work function
(~5.6 eV). And, Ti was used for the adhesive layer to SiO, and Au was used for
compatibility with wire bonding. The fabricated WSe, FET devices were annealed at 200°C
for 1 hour before the electrical measurement. The electrical characteristics of the WSe;
FETs were measured through a semiconductor parameter analyzer (Keithley 4200-SCS)
and a cryostat system (CS204*1-FMX-12, Advanced Research Systems).

To make a doping solution, F.~-TCNQ and Mo(tdf-COCF3)s were dissolved in butyl
acetate and magic blue was dissolved in dichloromethane. About 20 uL of the molecular

dopant solution was used in a drop-casting process for each dopant.

3.2.2. Dopant molecules and 4-point probe measurement

As the p-type molecular dopants for SCTD on WSe,, three different molecules
were used in this study; 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ),
tris(4-bromophenyl)ammoniumyl hexachloroantimonate (magic blue), molybdenum
tris(1,2-bis(trifluoromethyl)ethane-1,2-dithiolene) (Mo(tfd-COCF3);). The molecular
structure of each dopant is shown in Figure 3.1(a). The dopants with different LUMO levels
were chosen for investigating different doping strengths according to the LUMO level
which correlates with the electron affinity. Figure 3.1(b) shows the energy diagrams for the
valence band maximum of WSe;and LUMO levels of the molecular dopants. Due to similar
(F4-TCNQ) or deeper (magic blue and Mo(tfd-COCF3);) LUMO levels of the dopants
relative to the valence band maximum of WSe» (5.33 eV)[23, 24], all three molecules are
expected to act as p-type dopants. Also, it is expected that magic blue (LUMO level: 5.5

eV)[14] and Mo(tfd-COCF3); (5.6 ¢V)[25] generate a higher carrier density in WSe, FETs
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Figure 3.1 (a) The lattice structure of WSe; and the molecular structures of Fs-TCNQ,
magic blue, Mo(tfd-COCFs); molecular dopants. (b) Energy diagram of WSe, and the
LUMO levels of dopant molecules. CBM (VBM) is abbreviation of conduction band
minimum (valence band maximum) (c) The schematic of 4-point probe measurement with

optical image of WSe; FET.

than F4-TCNQ (5.2 eV)[26]. Table 1 shows the computed LUMO and HOMO levels of
three dopants compared to the experimental values. The computed LUMO levels of magic
blue and Mo(tfd-COCF3); relatively well agree with the experimental values while DFT
significantly overestimates electron affinity of F4-TCNQ. As shown in Table 1, the
computed LUMO level of F4s~-TCNQ (-6.0 eV) is even deeper than the valence band
minimum of WSe, (-5.1 eV), which is an opposite trend of the experiment (see Figure
3.1(b)). Due to the deep LUMO level of F4-TCNQ, the transferred charges per a dopant for
F4-TCNQ is larger than the experiment (see Table 3.1). Even though our DFT calculations
overestimate the transferred charges for F4-TCNQ, we can still see the p-type dopant

behavior of F4~-TCNQ in our DFT calculations as shown in Figure 3.6. To measure the
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Table 3.1 Computed the lowest unoccupied molecular orbitals (LUMOS) (in eV), the
highest occupied molecular orbitals (HOMOs) (in eV), and the transferred charge per a
dopant (in e) for WSe,, F4-TCNQ, magic blue, and Mo(tfd-COCF3); compared to the
experiments. The reference is the vacuum level (=0 eV)

LUMO HOMO Transferred charge
DFT Exp. DFT Exp. DFT Exp.
WSes -39 -51
F-TCNQ -6.0 5.2 -T.3 -8.3 0.38 020
magic blue -5.9 -5.5 6.2 024 0.38
Mo(fd-COCF3), -5.8 -5.6 -7 -7.8 0.35 064

intrinsic channel mobility of WSe, FETs, we employed a 4-point probe measurement as
schematically shown in the optical image of a WSe, FET device in Figure 3.1(c). In this
measurement, the intrinsic conductance of WSe; channel (i.e. free from contact resistance)
can be obtained by measuring the voltage difference between the two inner probes (P, P»)
located in the channel while current was flown between the contacts (S, D) by applying
drain (Vp) and gate voltages (Vgs).

In device fabrication, we used WSe, flakes with a layer thickness from 6 nm to 15
nm, confirmed by atomic force microscopy. In this thickness range, the substrate effect can
be minimized ruled out due to a larger thickness relative to the expected screening length
of WSe:.[27] Also, it was confirmed that the effect of the thickness of WSe, on doping is

negligible was not dominant in this thickness range.

3.2.3. Thickness effect to doping

The doping effect of surface charge transfer doping (SCTD) is dependent on the
thickness of WSe,. We investigated the effect of thickness of WSe; on the threshold voltage
shift of WSe; FETs by SCTD. We suggested that the threshold voltage shifts of WSe; have

the same tendency for the thickness of WSe: in all dopant solution concentration cases if
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the SCTD effect is affected by the thickness of WSe». Figures 3.2 (a)-(c) show the threshold
voltage shift of magic blue doped WSe> FETs with 1 mM, 2.5 mM, and 5 mM solution
concentration. As shown in Figure 3.2, the dependency of threshold voltage on the
thickness of WSe, FETs was not same in all dopant solution concentration cases. While the
threshold voltage shift of WSe, was decreased with increasing the thickness of WSe; in the
case of doping with 5 mM doping solution, the threshold voltage shift of WSe, was not
significantly changed with respect to the thickness of WSe; in case of doping with 1 mM
and 2.5 mM magic blue dopant solution. It seems that the thickness effect was concealed
by the device-to-device variation of the threshold voltage shift of WSe, FET coming from

the non-uniformity of the doping method.
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Figure 3.2 The threshold voltage shifts of doped WSe, with (a) 1 mM, (b) 2.5 mM, and (c)
5 mM magic blue dopant solution relative to the pristine WSe, FETs made with different
thickness of WSe; flakes.

3.2.4. Theoretical model for density of charged impurity (nimp) calculation
Ong et al. reported a theoretical model for calculation of the charged impurity
limited mobility of TMDCs encapsulated by different top and bottom dielectric materials

[22]. In this model. TMDC layer was approximated as a zero-thickness 2-dimensional

scr

electron gas (2DEG). The single charged impurity scattering potentials ¢;“" is given by

scr
q

eZGq /€2p(q, T), where q is the wave vector, e is the elementary charge, and G is
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Fourier transform of the Green’s function solution of the Poisson equation. The G4 includes

the  electrostatic ~ boundary  conditions and is  expressed by G, =

[(Etop-l-ébotmm coth(qt,y)) q]_l, where €., 1s the static permittivity of top dielectric,
€pottom 18 the static permittivity of top dielectric, and f,. is the thickness of bottom
dielectric. In our case, top dielectric is air and bottom dielectric is SiO» which has a 270
nm thickness. So, in our case, the values are €10y = 1, €porrom = 3.9, and Zox = 270 nm.
€,p(q, T) 1is the generalized static dielectric function expressed by €,p(q,T) =1—
e? Gql1(q, T, Ep), where I1(q, T, Ep) is the static charge polarizability and Er is the chemical

potential. The static charge polarizability I1(q, T, Er) is expressed by Il(q,T,Er) =

LS 1(q,0,4)
dy ————— h II(q,0,u) = TI(0,0,w)[1 —0O(q — 2kp) 31 —
I B, where M@0 = T0,0,0[1-0( ot
1
.
(Zqﬁ) }2] with kp = —Vsz:”fﬂl and I1(0,0,u) = —‘(gzrz—;l];;. We used hole effective mass

0.44m.. The scattering rate for the single charged impurity (Limp) can be given by following

equation

2
¢|S,§£k,|| x (1 — c0s8,4)8 (Ex — Eyr),

1 ’
1-‘imp(Ek) = ﬂf dk
where 0y, is the scattering angle between the k and k’ states. From pimp, the charged

impurity-limited mobility (Limp) is given by

Himp = ez Jo T ENL = f(E)] (impFimp (E)) *EdE,
where f(E) isthe Fermi-Dirac function, kg is the Boltzmann constant, and n is the carrier
density, and nimp is the charged impurity density. Using this equation, the pimp of WSe> was
calculated.
In molecular scale, the amount of charge transfer (denoted as oe) between the
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dopant molecule and WSe; is dependent on the molecule properties such as the dopant’s
available unoccupied density of states (DOS) and dielectric properties as well as the relative
frontier orbital level. Then, the scattering potential between the charged dopant molecule
and free carrier in WSe, FET is proportional to a.. The scattering rate for the charged dopant
molecule (Tgopant) is proportional to o because the scattering rate is proportional to the
square of the potential magnitude. This means that the larger the amount of charge
transferred per dopant molecule, the lager scattering will be. Because it is defined as the
scattering rate (Ijmp) for the single charged impurity charged as e, we can regard Tgopant
as Tyopant = o? [imp- In order to compare the charged impurity scattering by each dopant,

the o? dependency of T dopant Was included in the ANim, which is experimentally

determined charged impurity density. That is, ANimp is defined by ngopantlaopant =

2 —
ndopant(a 1-‘imp) - ANimpFimp'

3.3. Results & Discussions

3.3.1. Transfer curves of pristine and doped WSe: and threshold voltage shifts

To compare the doping strength and doping range achievable with each molecular
dopant, we have calculated the amount of generated carrier density by doping using the
shift in the threshold voltage for the doped WSe, FETS relative to the pristine devices. The
generated carrier density of WSe, FETs by doping (An) can be estimated from An =
C; AV, where C; is the unit-area capacitance of the bottom SiO, dielectric (C; = 1.3 X
10~* F/m?) and AVqis the shift in the threshold voltage of the doped WSe, FETS relative
to the pristine devices. An for three molecular dopants cases are summarized in Figure

3.3(d) (top panel). For this figure, several WSe, FETSs (typically four to six devices) were
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Figure 3.3 The representative gate-voltage dependent conductance curves of (a) pristine
and (b) Mo(tfd-COCFs3)s;-doped WSe, devices at various temperatures, respectively. The
representative temperature-dependent intrinsic mobility values extracted for the pristine
and doped WSe; devices with (c) Fs-TCNQ, (d) magic blue and (e¢) Mo(tfd-COCF3)s,
respectively.

measured to obtain the average AV and standard deviation values shown as error bars. For
all the three molecular dopants, the generated carrier densities in WSe; FETSs increase with
the concentration of the dopant solutions. For example, for F.-TCNQ, the generated carrier
density increases from 2.04 x 102 cm? to 2.75 x 10'2 cm? and 3.61 x 102 cm? as the
dopant solution concentration increased from 1 mM to 2.5 mM and 5 mM, respectively.

It is worth noting that the maximum generated carrier density in the WSe, FETSs
doped by F4-TCNQ (3.61 x 102 cm?) was lower than that by magic blue (7.03 x 102 cmr

2) and Mo(tfd-COCFs3)s devices (4.15 x 102 cm2). Interestingly, although the LUMO levels
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of magic blue and Mo(tfd-COCF3); are comparable, the maximum generated carrier density
for magic blue is about 1.7 times larger than that for Mo(tfd-COCFs)s. This indicates that
the relative LUMO level of the dopant molecules with respect to the VBM of WSe; is not
the sole parameter that determines the doping strength. Therefore we need to consider other
factors such as coverage and surface density of the dopant molecules on the surface of
TMDCs,[30, 31] which will be discussed in details later.

The conductivity ratio of the doped devices to the pristine devices (extracted at Vs
= -90 V) is shown in Figure 3.3(d) (bottom panel) to preliminarily check the effect of
doping on the charge transport in the conduction channel. The conductivity increases with
different doping levels for the F,~-TCNQ and magic blue devices can be associated with
either the intrinsic mobility change of the doped channel or the contact resistance change.
In this study, we focus on the intrinsic mobility changes of the channel in order to
investigate the effect of doping on the charge transport of WSe, by eliminating the

contribution of the contact resistance towards the total resistance of the device.

3.3.2. Temperature dependent conductance and intrinsic mobility of WSe>
FET

Using 4-point probe measurement configuration shown in Figure 3.1(c), we
conducted temperature-dependent electrical characterization. The channel conductance, G,
which can be obtained by ¢ = Ipg/AV, where Ips and AV denote the current level of
WSe; FET device and the voltage difference between probe P, and P, shown in Figure
3.1(c), respectively. Figures 3a and 3b show typical gate-voltage dependent conductance
curves of pristine and Mo(tfd-COCF3)s-doped WSe; devices, respectively, at different
temperatures. The channel mobility can be calculated from the conductance curve by u =
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Figure 3.4 The representative gate-voltage dependent conductance curves of (a) pristine
and (b) Mo(tfd-COCF3)3;-doped WSe: devices at various temperatures, respectively. The
representative temperature-dependent intrinsic mobility values extracted for the pristine
and doped WSe: devices with (c) F4~-TCNQ, (d) magic blue and (e) Mo(tfd-COCF3)s,
respectively.
(dG/dVgs) X (L/WC;), where C; = (g9&,)/d =13 X 107*F/m? and G, L, and W
denote the conductance, the channel length, and the channel width, respectively. Figures
3.4(c)-3.4(e) show the temperature-dependent intrinsic mobility values for the pristine and
doped WSe; devices with 2.5 mM solution. To investigate different scattering mechanisms
in the doped WSe; devices, we decompose the temperature dependence of the mobility by
using Matthienssens’s rule

prer(T) = (1/ucT* + 1/upp TAY™
where T, uc, uen, and S denote temperature, charged impurity scattering-limited mobility
at the zero temperature, phonon-limited mobility at the zero temperature, and their

exponents, respectively. The contribution from each scattering mechanism (i.e. charged
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impurity scattering (u-T%) and phonon scattering (1p, T?)) are shown in Figure 3(c)-3(e)
as dashed lines. In this analysis, we assume that the scattering from intrinsic defects in
WSe; (e.g. Se vacancies[32]) and other scattering sources near the substrate were negligible
in our multi-layer WSe, FET devices. [33, 34] The scattering effects of absorbents other
than the dopants on the top surface of WSe. (e.g. residual water, organic contaminants,
etc.), which can also act as scattering centers, are assumed to be negligible because they
are mostly removed through the annealing process.[35] These are relevant since the
charged impurity scattering (i.e. a long-range scattering) and phonon scattering
contributions are the most dominant mechanisms in the charge transport of TMDCs. [21,
33]

In the case of multi-layer TMDCs, a homopolar phonon mode can be dominant
among the phonon modes to determine the intrinsic mobility of TMDCs. [21] Rai et al.
reported that the homopolar phonon mode of MoS; can be suppressed by depositing a high-
k amorphous titanium suboxide on top of the MoS; surface.[36] In this case, g was
confirmed to decrease by depositing the dielectric material due to the suppressed phonon
scattering by the homopolar phonon mode. However, S value barely changes upon doping
in WSe; devices (see Figures 3.4(c)-3.4(e)). This suggests that the phonon contribution to
the charge transport properties of the WSe; is insensitive to the presence of the dopant
molecules. On the contrary, the charged impurity scattering-limited mobilities of WSe,
(ucT® in Figure 3.4(c)-3.4(e)) are generally reduced after doping for all three dopants (i.e.
the charged impurity scattering increased upon doping). These results indicate that the
dopant counterions created on the WSe; surface due to the charge transfer doping can act
as charged impurity scattering centers for the WSe, channel. The mobility reduction by the

externally introduced charged impurities has been well established for various
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semiconductor materials (e.g. Si, GaAs, etc.).[37-39] We note that the magnitude of the
reduction in the charged-impurity-scattering-limited mobility (i.e. u-T%) is different for
each dopant, indicating that the degree of scattering in the WSe, channel varies with the

dopant molecule.

3.3.3. Dopant dependent charged impurity density

To quantitatively analyze the degree of charged impurity scattering, we have
extracted the charged impurity density present in the doped WSe; by relating to their
transport properties. Ong et al. reported a theoretical model for calculating the charged
impurity-limited mobility of TMDCs.[22] In this model, the charged impurity-limited
mobility of TMDCs is determined by the scattering rate for the charged impurity scattering

potential ¢z for a unit charge, e. The scattering rate for the single charged impurity

(Timp) can then be given by the following equation

* X (1 = cosBi) 6 (Ex — Eyr). (1)

1 ,
l—‘imp(Ek) = Efdk ¢|S]f£k’|
where 6y, is the scattering angle between the k and k’ states. From T'imp, the charged

impurity-limited mobility (uimp) is given by

Himp = ez Jy FE[L = f(E)] (imp Timp (E))'EdE, (2)
where f(E) isthe Fermi-Dirac function, kg is the Boltzmann constant, and  is the carrier
density, and nimp is the charged impurity density. In our analysis, the mobility and carrier
density extracted at 10 K were used to rule out the phonon contribution towards the charge
transport. Figure 3.5(a) shows the calculated imp as a function of the carrier density in the

WSe; channel, nwse2, for nimp = 1,2,3,4, and 6 x 10'? cm™. To extract the charged impurity
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Figure 3.5 (a) The carrier density dependent calculated WSe, mobility with different
Nimp (lines) and the experimentally measured intrinsic mobility of pristine and doped
WSe; (circles). (b) The plot of njmp, generated in WSe, FETs by doping (ANimp) with Fa-
TCNQ, magic blue, and Mo(tfd-COCF3); dopants versus generated carrier density by
doping (AnWSe,). (c) (Top panel) The universal linear relation between increased trap
density of WSe, and Animp. (Bottom panel) The dopant dependent relation between

Anwse> and increased trap density of WSe,.

density for each device, the mobility values extracted from each device were compared to
the calculated pimp values shown in Figure 3.5(a). Representative mobility and carrier
density (nwse2) values of the pristine (doped) WSe, devices extracted at Vg = —120 V are
plotted as open (filled) circles in Figure 3.5(a). A set of pristine and doped WSe; for each
molecular dopant is denoted in different colors. As shown in Figure 3.5(a), the mobility
reduction upon doping for all three dopants, as indicated by the arrows, is a direct evidence
of the Coulomb scattering induced by the dopant counterions in the doped WSe, devices.
Therefore, we can estimate the extra impurity density generated by doping, ANimp(= Nimp-
doped — Nimp-pristine) for each dopant from the mobility curves for various nimp values as shown

in Figure 3.5(a) ,where Nimp-doped and Nimp-pristine are charged impurity density in doped and

pristine WSe> devices, respectively.
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The degree of Coulomb scattering induced by the dopant counterions will depend on
the amount of charge transfer between WSe; and the dopant molecule. In molecular scale,
the amount of charge transfer per dopant molecule (denoted as AQ = ae, where «a is a
constant that determines the effective degree of charge transfer) is dependent on the
intrinsic molecular properties. In this case, the experimentally determined ANiy, values
should not be treated as the actual charged impurity density (i. €. ANimp = Aimp-doped — Himp-
pristine, S€€ Eqn. 2) generated by doping, but should be treated as an effective charged
impurity density generated by doping since the scattering potential of each dopant molecule
can differ by a factor of a from a unit charge (i.e. ANimp= ANimp When a = 1). For
comparing the ANim, between dopants, we analyzed the relation between ANim, and Anwsez
to obtain the « value of each dopant corresponding to the transferred charge. Considering
the dopant concentration and the value of @ in combination with the theoretical model,
we obtain a simple relation,ANimp = @ANwse2. In other words, the larger the value of «, the
larger the contribution of each dopant molecule towards Coulomb scattering. Figure 3.5(b)
shows the ANin, of each dopant as a function of Anwse, from which we found that ANjmp
for Mo(tfd-COCF3)s is the largest, followed by magic blue and F4-TCNQ at the same
doping level. That is, @ value for Mo(tfd-COCF3); (a = 0.64) is the largest, followed by
magic blue (0.38) and F4-TCNQ (0.20).

The doping can additionally influence the subthreshold swing (SS) of WSe, FET
which is related to trap density of WSe, FET. This is because trap states can be created by
the charged impurity.[40] To investigate the relation between the SS value and the charged

Ci

impurity, the trap density of WSe, FET was extracted by D;; = e (

qS

T 1), where

Dy is trap density and S is SS value. By comparing the trap density of pristine and doped
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WSe; FET, we can calculate the increased trap density by doping. As shown in Figure
3.5(c) (top panel), the increased trap density has a universal linear relation with Aniy, for
all dopants showing that there is a correlation between the increased trap density and Animp.
Considering An = Animp/a., this monotonic behavior indicates that the increased trap density
mainly depends on o of the dopant at the same doping level. In other words, the larger a,
the larger trap density will be generated by doping, as shown in Figure 3.5(c) (bottom

panel).

3.3.4. DFT Calculation

To understand the microscopic nature of charge transfer process between WSe;
and the dopant molecules, the experimentally determined values of o for each dopant can
be viewed against in-depth DFT calculations. In principle, the charge transfer process at
the WSez/molecule interface is a complex problem that depends on multiple variables such
as the relative frontier orbital levels, available density of states, and dielectric properties,
all of which are considered in our DFT calculations. From the DFT calculations, we
obtained the planar-averaged charge density profiles of the charge density difference Ap =
Paoped-wse, — (Pwse, T Paopant) along the c-axis for magic blue, Mo(tfd-COCFs);, and
F4-TCNQ as shown in Figures 3.6(a)-(c). Using these profiles, we obtained the amount of
charge transfer per dopant (AQprr) for magic blue (0.24e), Mo(tfd-COCF;); (0.35€) and
F4-TCNQ (0.38e), respectively (details on the calculation in Supporting Information). In
overall, our DFT calculations show an unambiguous p-type doping behavior for all the
dopants and the same trend in AQppr for magic blue and Mo(tfd-COCF;); as expected
from ae values extracted from the experiments. A relatively large deviation of AQppr

from ae for F~-TCNQ is possibly due to an overestimated LUMO level of Fs-TCNQ (-
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Figure 3.6 Computed planar-averaged charge density difference profiles along the out-
of-plane for (a) magic blue-, (b) Mo(tfd-COCF3);-, and (¢) F4+-TCNQ-doped WSe,.
Shaded red and blue correspond to the positions of WSe; layer and molecular dopants,
respectively. Insets show isosurface plots of the charge density difference for molecular
dopant binding site in WSe». Yellow and blue isosurfaces represent the excessive and
deficient charge densities respectively. The isosurface level is equal to 0.002 e/A%.
Computed total and partial density of states (DOS) of (d) magic blue-, (¢) Mo(tfd-
COCF3)3-, and (f) F4-TCNQ-doped WSe,. The LUMO and HOMO levels of three
molecular dopants are labeled. Since the total DOS of magic blue, Mo(tfd-COCF3);, and
F4-TCNQ are much smaller than that of the WSe; supercell, we plotted the total DOS of
magic blue, Mo(tfd-COCF3)s, and F4-TCNQ fifteen times larger than the actual values.

6.0 eV) from the conventional DFT calculations, which is larger than numerous
experimentally determined values (~-5.2 eV) from literature [19, 27, 38]° 273 unlike the
computed values of magic blue and Mo(tfd-COCFs)s (see Table 1). In addition, the
relatively small values of AQppr for all the dopants (compared to ae) can be potentially
originated from multi-layer stacking feature of dopant molecules in our experiments, which

would increase the overall ae (see Figure S13 in Supporting Information) [39].%°
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We have then examined the electronic structures of three molecular dopants and
doped-WSe; systems to elucidate the relation between the electronic properties and the
charge transfer. Figures 3.6(d)-(f) show the computed density of states (DOS) of WSe,
(black line) with the dopant adsorptions (shaded black) and the partial DOS of magic blue,
Mo(tfd-COCFs3); and F4-TCNQ (each atomic contribution represented in different colors).
The LUMO and HOMO levels of the dopants are labeled. The computed DOS of the doped
WSe; show clear evidence for p-type doping for all the dopants as shown from the
downward shift in the Fermi level of WSe; and partially filling of the DOS at LUMO for
all the dopant molecules. More specifically, for magic blue, the DOS at LUMO level is
manly contributed by the atoms composing the tri-bromophenyl cation (C, N, and Br)
which agrees well with the isosurface plot of the charge difference as visualized in the inset
of Figure 3.6(a) (yellow region). In our DFT calculations, we found that the ground state
of magic blue is the doublet state (S = 1/2) while that of the other two is the singlet state (S
=0). Thus, we plotted the DOS of magic blue with spin up and down components separately
as shown in Figure 3.6(d). It is worthy to note that AQprr for magic blue (0.24e) is smaller
than that of Mo(tfd-COCF3); (0.35e) even though the LUMO level position and the
dielectric constant of magic blue are comparable to those of Mo(tfd-COCF;); (see Table
3.1). ae values extracted from the experiments (0.38e for magic blue and 0.64e for
Mo(tfd-COCFs3)s3) also show the same trend. According to our computed DOS (Figure 5d),
the reduced spin degree of freedom in charge-transfer from WSe, to magic blue can be the
origin of the smaller value of AQprr Of magic blue. Our computed DOS result clearly
shows the selective transfer of spin-down electrons from WSe; to the LUMO of magic blue.

In overall, our DFT calculation implies that spin configuration as well as the intrinsic
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frontier orbital positions and dielectric constants of molecules play a significant role in

determining the amount of charge transfer between WSe, and dopants.

3.4. Conclusion

In conclusion, we explored dopant dependent charge transport of molecular-doped
WSe, FETs for three different dopants via experimental determination of the intrinsic
mobility values of the doped WSe; channels. The reduction in the intrinsic mobility after
doping could be interpreted as the creation of charged impurities in the form of dopant
counterions on the WSe; surface. Comparison between the three dopants showed that the
larger the degree of charge transfer between WSe; and dopants, the larger the carrier density
generated in WSe;, but also the larger the degree of Coulomb scattering induced by each
dopant counterion. An agreement with DFT calculations corroborated the importance of
considering the selective spin transfer as well as the relative frontier orbital positions of the
dopant molecules. Our results will pave the way for controlling the carrier density and
conductivity levels of TMDC through molecular doping and provide criteria for selecting
appropriate molecular dopants for doping applications in TMDC nano-electronic devices
such as carrier-type control of the active channel and contact doping for low-power

operation.
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Chapter 4. Trap-mediated electronic transport properties

of gate-tunable pentacene/MoS: p-n heterojunction diodes

In this chapter, we will discuss about the trap-mediated electronic transport properties of
gate-tunable pentacene/MoS; p-n heterojunction diodes. We investigated the trap-mediated
electronic transport properties of pentacene/molybdenum disulphide (MoS;) p-n
heterojunction devices. We observed that the hybrid p-n heterojunctions were gate-tunable
and were strongly affected by trap-assisted tunnelling through the van der Waals gap at
the heterojunction interfaces between MoS, and pentacene. The pentacene/MoS; p-n
heterojunction diodes had gate-tunable high ideality factor, which resulted from trap-
mediated conduction nature of devices. From the temperature-variable current-voltage
measurement, a space-charge-limited conduction and a variable range hopping
conduction at a low temperature were suggested as the gate-tunable charge transport
characteristics of these hybrid p-n heterojunctions. Our study provides a better
understanding of the trap-mediated electronic transport properties in organic/2-

dimensional material hybrid heterojunction devices.

4.1. Introduction

Recently, two-dimensional (2D) materials have emerged as semiconductors for
future nanoelectronic devices due to their ultrathin nature and favourable electronic
properties.[1-3] Among these materials, graphene has attracted a lot of attention due to its
excellent physical properties, such as high mobility, but has limits on its use as a
semiconductor because of its zero band gap energy.[4-6] Unlike graphene, transition metal
dichalcogenide (TMDC) materials, such as MoS;, MoSe,, and WSe,, are being largely
studied as semiconductors because these materials have 2D-layered structures with
sufficient band gap energy that depends on the number of stacked layers.[7-9] In particular,
MoS2 has been widely studied in many device applications, such as field-effect transistors
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(FETSs), memory, and sensors.[10-12] For example, it has been reported that single-layer
MoS;-based FETs have good mobility (~tens of cm?Vs) and high on/off ratios
(~108).[3,10-12]

TMDCs have pristine surfaces free of dangling bonds due to van der Waals (vdW)
bonding between the layers of the TMDCs, which enables vertical staking of other
materials that do not have similar lattice constants to those of TMDCs. In particularly, many
efforts have been made to demonstrate the novel physical phenomena in vertically and
laterally stacked 2D layered materials and their heterostructures.[13-15] Most recently,
there have been a few studies on vdW heterostructures based on 2D TMDCs combined
with organic materials.[16-25] Organic materials have several favourable features, such as
flexibility, low-cost production, low-temperature processing, and a lack of dangling bonds
of organic materials.[26,27] Previous studies demonstrated the gate-tunable electronic and
optoelectronic characteristics in vdW organic/inorganic p-n hybrid heterostructures.[16,18-
25] In particular, Jariwala et al. reported an asymmetric control over the antiambipolar
characteristics in pentacene/MoS; heterojunctions and observed the photovoltaic effect.[16]
However, an understanding of the electrical transport properties of the organic/inorganic
hybrid structures is still limited because organic materials exhibit the presence of chemical
and structural defects due to imperfect crystallinity, which can often lead to charge trap
densities on the order of 10'8/cm?3.[28] Charge trapping at the p-n heterointerface plays an
important role in the performance of p-n heterojunction devices. In particular, the gate-
tunable electronic properties in organic/inorganic hybrid p-n junctions are strongly affected
by the charge mobility of p-type and n-type materials, which is closely related to the charge
trapping phenomena.[29-31] Therefore, a thorough understanding of the electronic

transport associated with charge trapping in hybrid heterojunctions is required to facilitate
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the design of electronic and optoelectronic devices based on 2D and organic
semiconductors.

Here, we report trap-mediated charge transport properties in pentacene/MoS;
hybrid heterojunction p-n diodes. We observed that the gate-tunable electronic conduction
of the p-n junction was strongly affected by trap-assisted tunnelling through the vdw gap
at the heterojunction interfaces between MoS; and pentacene. We also found that the
energy distribution of the trap states is closely related to the carrier activation energy. Using
the temperature-variable current-voltage characteristics, the gate-tunable charge transport
can be explained by a space-charge-limited conduction and a variable range hopping

conduction, especially at low temperature.

4.2. Experiments

4.2.1. Device fabrication process

Figure 4.1 shows the device fabrication processes of pentacene/MoS; p-n
junction devices. First, SiO; (270 nm thick)/Si substrate was prepared and cleaned by
acetone, isopropanol, and de-ionized (DI) water for 15 min each. Then, we transferred
MoS:; flakes from a bulk MoS; crystal onto the substrate by a mechanical exfoliation
method. And we found suitable MoS; flakes that could be used as a field effect
transistor (FET) using an optical microscope. To make patterns, we spin-coated
methyl methacrylate (MMA) (9% concentration in ethyl lactate) and polymethyl
methacrylate (PMMA) (5% concentration in anisole) as electron resist at 4000 rpm
and baked the sample at 180°C for 90 s on a hot plate. And we made patterns on the

electron resist layer using an electron beam lithography system with a 30 kV exposure.
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Figure 4.1 Schematics of fabrication process of pentacene/MoS; p—n junction devices.

After patterning, the devices were soaked in a methyl isobutyl ketone/isopropyl
alcohol (1:3) solution during 1 min for pattern development. Next, Au (50 nm
thick)/Ti (5 nm thick) was deposited as the source and drain electrodes using an
electron beam evaporator (KVE-2004L, Korea Vacuum Tech) with a deposition rate
of 0.5 A /s at pressure of ~107 torr. After the lift-off process with acetone, the source
and drain electrode patterns were completed. Then, we spin-coated the PMMA on
MoS:; devices and made patterns to make p-n junction devices by using the electron
lithography system. PMMA coating prevents the unwanted effects that were caused
by pentacene which had been deposited on MoS; FET channel. Finally, the pentacene
active film (60 nm thick) was deposited by a thermal evaporator (GVTE1000, GV-

Tech) with a deposition rate of 0.5 A /s at pressure of ~107 torr.

4.2.2. Electrical characterization

All electrical characteristics of the devices were measured using a probe station

(JANIS, ST-500) with a temperature variation capability and a semiconductor parameter
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analyser (Keithley 4200-SCS).

4.3. Results and Discussions

4.3.1. Electrical characteristics of MoS: FET and pentacene FETs

Figure 4.2(a) shows the fabrication process of the pentacene/MoS; p—n junction
devices. First, we transferred MoS; flakes from a bulk MoS; crystal (purchased from SPI
Supplier, USA) onto a substrate by a mechanical exfoliation method (step 1). The substrate
used in this study was a 270 nm thick SiO; layer on heavily doped p++-Si, which is used
as a common back-gate electrode. Then, we made patterns on the MoS; flake and SiO; to
form contact electrodes using an electron beam lithography system. Au (50 nm)/Ti (5 nm)
were deposited as the contact electrodes using an electron-beam evaporator (step 2). After
that, we spin-coated polymethyl methacrylate (PMMA) onto the MoS; surface and
patterned the surface to prepare p-n junctions using the electron beam lithography system
(step 3). The PMMA layer was also used as a protection layer to isolate the p-n junction
area from the MoS; FETSs. Finally, the pentacene film (60 nm) was deposited with a thermal
evaporator to fabricate the p-n heterojunctions (step 4). Here, one end of the MoS; channel
was in contact with the Ti/Au, and one end of the pentacene channel was in contact with
Au. Note that because the work function of Ti (~4.3 eV) and Au (~5.1 eV) are close to the
electron affinity of MoS, (~4.2 eV)[18,32] and the highest occupied molecular orbital
(HOMO, ~4.9 eV)[33] of pentacene, these metal contacts can provide good electrical
contacts on MoS; and pentacene. Figure 4.2(b) and (c) show an optical image of the
fabricated pentacene/MoS; p-n junction device and an AFM image of a MoS; layer with

electrodes, respectively. A MoS; flake is enclosed by the black dashed line in Figure 4.2(c).
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Figure 4.2 (a) Schematics of the device fabrication processes for the pentacene/MoS, p-

n heterojunction devices. (b) Optical image of a device. The blue area is the pentacene
used in the p-type semiconductor. (¢) AFM image of the MoS, FET area. The red line
shows the thickness of the MoS; film (~4.2 nm). (d) Electrical data of a MoS; FET. (e)
Electrical data of a pentacene FET.
The red line in Figure 4.2(c) shows the topological profile of the MoS; flake (~4.2 nm
thick), which corresponds to ~6 layers of MoS.

Figure 4.2(d) and (e) show the electrical characteristics of the fabricated MoS; and
pentacene FET devices, respectively. MoS; and pentacene exhibit n-type and p-type nature,
respectively. From these figures, the field-effect mobility (1) of the MoS, and pentacene
FETs was calculated by the following formula:

n = (dlps/dVg) X (L/WCiVps) 1)
where C; = (go&7)/d = 1.3 X 107*F /m?, W is the channel width, L is the channel length,
Ci is the capacitance between the MoS; or pentacene channel and the p++-Si gate per unit
area, go is the vacuum permittivity, & is the dielectric constant of SiO», and d is the thickness
of the SiO; layer. The field-effect mobility was estimated to be ~15.2 and 0.06 cm?/Vs for
MoS; and pentacene FETS, respectively. It has been reported that band-like transport are

observed in MoS; devices beyond at a certain carrier density.[34] However, we could not
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observe such band-like transport in our MoS; devices because of insufficient carrier density.
All measurements were performed in a vacuum (~10 torr) to prevent unwanted effects

due to moisture and oxygen from the ambient environment.[35-37]

4.3.2. Gate-tunable electrical characteristics of pentacene/MoS2 p-n junction
device

Next, the gate-tunable electrical characterizations were conducted for the p-n
heterojunction between MaoS; and pentacene. Figure 4.3(a) shows a three-dimensional plot
of the current-voltage (Io-Vp) characteristics of a pentacene/MoS, p-n heterojunction
device at different gate voltage (V) conditions. Here, the voltage was applied to the
pentacene side electrode, and the MoS; side electrode was grounded, while a common gate
voltage was applied to both MoS; and pentacene. From the Ip-Vp curves, we found that the

p-n heterojunction device made a transition from nearly insulating behaviour at V¢ = 10 V
to rectifying behaviour at Vg < 0 V. Jariwala et al. have also reported similar behaviour for

their pentacene/MoS; heterojunctions.[16]

When heterostructure devices consist of materials that lack dangling bonds, the
different materials can bond by a vdW force at the heterojunction interface.[38-40] Such
heterostructures, such as our pentacene/MoS; p-n heterojunctions, can have vdW gap
between the materials, which act insulators. Then, the tunnelling phenomenon can occur
through the vdW gap. To analyse this tunnelling phenomenon, we used the Fowler-
Nordheim plot; that is, In(Io/Vp?) versus 1/Vp, as shown in Figure 4.3(b). In this plot, in
the Fowler-Nordheim tunnelling (FNT) regime, the charges transport through a triangular

8mwdv2m* d3/2

barrier, and the current is proportional to V? exp[— 3hqV

], and in the direct
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Figure 4.3 (a) Three-dimensional plot of the Ip—Vp curves of a pentacene/MoS; p—n
heterojunction device with Vg varying from 10 V to —40 V. (b) Ln (In/Vp?) versus 1/Vp
plot of a pentacene/MoS; p-n junction device. Schematics show the Fowler-Nordheim
tunnelling (FNT) and direct tunnelling (DT) for different gate voltage conditions. (c)
Semilogarithmic Ips—Vp curves of MoS; (red) and pentacene (blue), and semilogarithmic
Ip-Vp curve of the pentacene/MoS, p-n junction device (black). (d) Gate-voltage-

dependent ideality factor of the pentacene/MoS; p-n junction device.

tunnelling (DT) regime, the carriers pass through a rectangular barrier, and the current is

4md\2m* @
h

proportional to V exp[— ], where m* is the effective mass of the carrier, ® is

the barrier height, d is the tunnelling distance, h is Planck’s constant, g is the element charge,

and V is the applied voltage.[41] Interestingly, at Ve = 0, —10, and —20 V, the current at a
high forward bias exhibited a linear decrease in the FN plot, indicating that the transport
mechanism is FNT dominant, whereas the forward current when Vg = —30 and 40 V

exhibited logarithmic growth, indicating DT dominant transport. This type of tunnelling
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transformation upon changes in the gate voltage can be understood by the energy band
alignment, which will be explained in a later section.

Figure 4.3(c) further shows the gate-tunable electrical properties for the
pentacene/MoS; p-n heterojunction with an asymmetric antiambipolar response. Here, the
antiambipolar behaviour means that current versus gate voltage curve shows convex-up
shape (black curve in Figure 4.3(c)). And asymmetry is shown in such a way that the slopes
of the curve on left and right side of the peak current position were different, and the current
decreased more rapidly on the left side than on the right side of the current peak position.
It has been reported that the asymmetric characteristics can be controlled by the ratio of the
mobility, the channel length, and the series resistances of MoS; and pentacene.[16] The
mobility and series resistance are related by the trap density;[29-31] therefore, charge traps
are an important source of asymmetric transconductance of the pentacene/MoS, p-n
heterojunctions.

Figure 4.3(d) shows the ideality factors of the pentacene/MoS; p—n heterojunction
devices as a function of the gate voltage. The ideality factor can be extracted by the

following p—n diode equation

I'=Io(exp (%) - D), 2)
where lo is the saturation current, g is the elementary charge, kg is Boltzmann’s constant,
T is the temperature, Vp is the applied voltage, and n is the ideality factor of the p-n junction.
The ideality factor of our device was between 2.2 and 22.2, which is much higher than the
typical value of the ideality factor (between 1 and 2) observed for conventional p-n
semiconductor junctions.[42] A large ideality factor value is a common feature of vdW
heterostructure devices that results from the trap state.[17-19] Because the ideality factor

varies with the gate voltage, it suggests that the influence of the trap density on the charge
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transport conduction of the pentacene/MoS; p-n heterojunction device also depends on the

gate voltage.

4.3.3 Space-charge-limited conduction of penatene/MoS:2 p-n heterojunction
device

To understand the effect of trap sites in the pentacene/MoS; p-n heterojunction
devices, we measured the Ip-Vp curves at different temperatures from 100 to 250 K with a
step of 25 K. Figure 4.4(a) shows the semilogarithmic scale log-log plot of Ip versus Vp at
Ve =-20V, at which the ideality factor was highest (see Figure 4.3(d)). In Figure 4.4(a),
the current and voltage of the p-n heterojunction devices follow a power-law relationship
of Ip ~ Vp™, in which the slope (m) varies from 2.5 to 3.1 with decreasing temperature. It
is known that the power-law dependence is characteristic of space-charge-limited
conduction (SCLC) with the presence of exponentially distributed charge traps.[43] SCLC
means that space charges, which consist of trapped carriers near the Fermi level, make
electric fields and affect carrier conduction. In SCLC with exponentially distributed traps,
the current is described as

I ~ @ "uNpps(2m — 1/m)™(m — 1/m)™*(eoe, /NY™* V™/d*™71, (3)

where N is the density of the trap states, go is the vacuum permittivity, & is the dielectric
constant, p is the mobility, Npos is the density of state in the relevant band, and d is the
channel length. In SCLC with exponentially distributed traps, the power-law parameter m
decreases with increasing temperature and has a larger value than 2.[43] We observed this
behaviour (inset of Figure 4.4(a)), which means the trap-ass isted SCLC mechanism is the
dominant conduction in our pentacene/MoS; hybrid p-n devices. The slope of the graph

(inset of Figure 4.4(a)) is related to the critical temperature, which we will discuss in a later
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Figure 4.4 (a) Semilogarithmic scale log-log plot of the Ip—Vp data at Vg =-20 V. Inset

shows the exponent m in Ip ~ Vp™ as a function of temperature. (b) The power-law fitting

lines in (a) meet at a critical voltage Vc. (c) The density of traps N; as a function of gate

voltage.
section. Also, this SCLC conduction was observed in control MoS; and pentacene FETs
but it is observed only in certain conditions of gate voltage and temperature. In the case of
pentacene/MoS; p-n heterojunction, the SCLC conduction was observed at all the gate
voltage and temperature conditions. These results suggest that the SCLC conduction occurs
not only in the junction of pentacene/MoS, but also in the series resistance of the MoS;
and pentacene channels.

As shown in Figure 4.4(b), the power-law fitted lines at different temperatures in the

log-log plot meet at a critical voltage (Vc¢), at which the density of traps can be calculated

298y
qL?

by the following relation: N, = V¢, where N is the trap density in the channel, and L

is the channel length.[44] As Vp increases, the trap sites are gradually filled by injected
charge carriers from the electrode. At V¢, the traps are completely filled, and the
conductivity of the device becomes independent of temperature.[44] The V¢ of the device
was ~79.4 V at VG = —20 V (Figure 4.4(b)), which corresponds to N; ~ 6.3 x 10 cm3,
Figure 4.4(c) shows the density of traps N; as a function of the gate voltage, as determined

from the V¢ values at different gate voltages. Considering that higher trap density increases
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the ideality factor,[45] the ideality factor variation follows the trend of trap density
variation (see Figure 4.3(d) and 4.4(c)). Note that our devices had the highest current at V¢
=20 V, where the trap density was the largest. This is because the current also depends
on the activation energy of the charge carriers at the traps, which will be explained later

(Figure 4.5(b)).

4.3.4 Variable-range hopping conduction of pentacene/MoS: heterjunction
device

Figure 4.5(a) is an Arrhenius plot of the conductivity (o) for gate voltages from —40
V to 0 V with a step of 10 V at a fixed Vp = 10 V. The activation energy (Ea) values were
determined by thermally activated transport (c ~ exp(—Ea/ksT) in a high-temperature
region (T > ~175 K), and Ea is plotted as a function of the gate voltage, as shown in Figure
4.5(b) (red filled circles). In the case of SCLC-dominant material, the larger the trap density,
the larger the activation energy and the smaller the conductivity.[46] However, in our case,
the tendency of the activation energy (Figure 4.5(b)) does not match the tendency of the
trap density (Figure 4.4(c)). This tendency discrepancy can be due to the variation in the
number of shallow traps that can be thermally activated in response to the gate voltage,
which can be described by the critical temperature (Tc) values as a function of the gate
voltage (blue open circles), as shown in Figure 4.5(b). As we mentioned previously, Tc can
be calculated from the slope of the Arrhenius plot of m (Figure 4.4(a) inset). Therefore, as
Tc increases, the activation energy increases due to the decrease in the number of shallow
traps.[46] And, as the activation energy increases, the conductivity decreases due to the

decrease in the carrier concentration.
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Figure 4.5 (a) Arrhenius plot of the conductivity o for gate voltages from —40 Vto 0 V
at a fixed Vp = 10 V. (b) Activation energy (E.) values determined from a high-
temperature region (T > ~175 K) are plotted as a function of gate voltages. The T¢ values
(a parameter indicating the energy distribution of trap sites) are also plotted. (¢) Plot of
the conductivity of pentacene/MoS, hybrid p—n devices that follow the variable range
hopping conduction model. (d) Ty values (a parameter showing how actively variable
range hopping conduction occurs) as a function of gate voltage.

In contrast to the high-temperature region (T > ~175 K), in the low-temperature
region, the conduction of the pentacene/MoS; hybrid device does not obey thermally
activated transport (see Figure 4.5(a) and 4.5(c)). The conduction in MoS; and pentacene
with trap sites is often explained by a variable range hopping (VRH) conduction, especially
at a low temperature.[47,48] VRH is a conduction in which the charge carriers transport by

hopping through the trap states near the Fermi level.[49] Mott suggested that the

conductivity of VRH-dominant 3-dimensional (3D) materials is given by o(T) =

60 4



O'O(T_%) exp[—(T,/T)*/*], where o, is the characteristic conductivity, which is a
function of T2, and T, is the characteristic temperature.[50] In our case, although the
MoS; channel has a 2D structure, we assume that the structure of our device is 3D due to
the pentacene channel region which has a 3D structure. Also, we found that the 3D VRH
model was the best fitting dimensional model among 1D, 2D, and 3D fittings although the
VRH fittings between dimensionalities were not significantly different. Figure 4.5(c)
shows that the conductivity of the pentacene/MoS; hybrid p-n devices obeys the Mott’s 3D
VRH model. Ty is the parameter showing how actively VRH conduction occurs; when Ty
is higher, hopping occurs more actively in the conduction.[47] Figure 4.5(d) shows the
values of Ty calculated from Figure 4.5(c) at various gate voltages. The variation in Ty
(Figure 4.5(d)) has a similar tendency to the tendency of the variation in N; (Figure 4.4(c)),
which indicates that as the number of trap states increases, VRH occurs more actively in
the conduction. In summary, the discrepancy between the variation of the activation energy
and the trap density in response to the gate voltage is due to the effect of the gate voltage-
dependent number of shallow trap states, and the similar gate voltage dependency of the T,
and trap density indicates that the more trap density, the more active VRH is. Note that
VRH conduction was observed in control MoS; and pentacene at certain conditions of gate
voltage and temperature, which suggests that VRH conduction occurs not only in the
junction of pentacene/MoS,, but also in the series resistance of MoS; and pentacene

channels.
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4.3.5 Energy band schematics

Figure 4.6 illustrates the energy band diagrams of the pentacene/MoS; p-n
heterojunction. Figure 4.6(a) shows the electrical parameters of the materials; the work
functions (®) of Tiand Au are 5.1 eV and 4.3 eV, respectively; the work functions of MoS;
and pentacene are in the range 4.5-4.9 eV and approximately 4.5 eV, respectively; the
electron affinities () of MoS; and pentacene are 4.0 eV and 2.7 eV, respectively; and the
energy gaps (Ec) of MoS; and pentacene are 1.2 eV and 2.2 eV, respectively.[32,33,51]
Figure 4.6(b) and 4.6(c) show the energy band diagram in the forward bias condition at —20
V<Ve<0Vand Ve <-30V, respectively. Electrons are injected into the conduction band
of MoS;, and holes are injected into the highest occupied molecular orbital (HOMO) of the
pentacene or traps near the Fermi level. These charges tunnel through the energy barrier of
the vdW gap at the pentacene/MoS; junction interface. At —20 V <Vg <0 V, both the
electrons and holes can be charge carriers (Figure 4.3(c)), and they pass through the
triangular energy barrier via FNT (see Figure 4.3(b)). It has been reported that structural
defects of MoS; and grain boundary of pentacene layers can act as surface charge trapping
sites.[52,53] Also, non-uniformly deposited pentacene layer on MoS; layer can contribute
formation of interfacial trap sites between the layers. Those traps at the interface between
MoS; and pentacene can assist the transport by increasing the tunnelling probability. In
trap-assisted FNT, the larger the trap density, the higher the tunnelling probability.[54] And
these trap density also can be affected by the gate voltage (see Figure 4.4(c)). In contrast,
at Ve <-30V, only holes can be charge carriers (Figure 4.3(c)). These holes pass through
the rectangular barrier via DT (see Figure 4.3(b)). Similarly, the interface trap states also

assist the tunnelling transport.
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(b,c) Energy band alignment of the pentacene/MoS; p-n junction device in the forward

bias condition (b) at -20 V < Vg <0V and (c) Vg <-30 V.
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4.4. Conclusion

We investigated the electrical properties of pentacene/MoS, p-n heterojunction
diodes at various gate voltages and temperatures. The current and conduction type of the
p-n junction devices varied with the gate voltage, and the devices had a gate-bias-dependent
large ideality factor. These phenomena resulted from the conduction nature of MoS, and
pentacene with significant trap sites. From the temperature-variable current-voltage
characterization, the gate-tunable electrical characteristics of the devices were explained
by a space-charge-limited conduction and a variable range hopping conduction at a low
temperature. Our study helps in the understanding of the role of traps and the electrical

properties of organic/2-dimensional material van der Waals heterojunction devices.
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Chapter 5. Summary

In this thesis, I described the researches mainly focusing on the effect of the
disorder originated from the defects on the charge transport of TMDCs. The each of three
main chapters of the thesis is devoted to describing the different approaches to investigate
the effect of the defect on the charge transport of TMDCs, respectively.

First, I demonstrated the effect of grain boundaries (intrinsic defects) on the
charge transport of CVD-grown MoS,. The //f noise measurements showed that the grain
boundaries can be act as a dominant noise source in MoS; FET. Furthermore, the //f noise
measurement results indicate that the correlated number-mobility fluctuation is dominant
noise source at grain boundaries while mobility fluctuation is dominant noise source in
single grain region of MoS,. The percolative noise characteristics of the single grain region
of MoS2 were concealed by the noise generated at the grain boundary.

Second, I investigated the effect of molecular dopants (extrinsic defects) in
surface-charge-transfer doped WSe. I confirmed the reduction of intrinsic mobility of the
doped WSe; compared to the pristine WSe,, which is indicating the increased coulomb
scattering after doping. Through the theoretical model, I demonstrated that the larger the
degree of charge transfer between WSe, and dopants, the larger the carrier density
generated in WSe;, but also the larger the degree of Coulomb scattering induced by each
dopant counterion. An agreement with DFT calculations corroborated the importance of
considering the selective spin transfer as well as the relative frontier orbital positions of the
dopant molecules.

Finally, I confirmed the trap-mediated transport in the pentacene/MoS, p-n
junction device. The van der Waals gap in the pentacene/MoS, p-n junction device make a
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tunneling phenomenon in the device. The temperature and gate voltage varying
measurement showed that a space-charge-limited conduction and a variable range hopping

conduction is dominant in charge transport of pentacene/MoS; devices at a low temperature.

70



Ao

2%

&7t
=7

o] x+4l

€4

Z—]Z_.l

<oy

o

%ﬂa
oTﬁmc
ﬁoamg%e
Mﬂﬂﬁ%ﬂ;ﬁa
:JIn_AI ™
ﬂm_,@.mwmﬁé%h
ﬂz @ﬁ? Wﬁ
,Dl.‘muﬁg Jﬂ Lol
%muuuuugfﬂu1ﬂ%§
cllﬂuk&%ﬂﬁiﬁgmﬁ
wgmmifi;wmiw e
E]ﬂﬁA@ﬁJV f]ﬂﬁ% imH
oawluthﬂdr%ur7ﬂ€ﬁ oﬁo%
%%W%ﬂ awgmwﬂﬂw méﬁﬁi
ZT,OlﬂﬁﬂlE.*dl,MWM.ww]_#ﬂX ﬂ_l,lmylﬁ‘.ﬂ# Ir
o ~ N .M_ulﬂ OW i - ) z_o o) o ,Mv_l X y—
Mm T ,W_n_ o %/ = o nﬁvm OME “ﬁ 1_/_AI ZI N M_Alo il j:L_ ~ |“I|.||.
ﬂﬁa@?ﬁm m@ﬂﬁﬁ% M#ﬁﬂwﬂ@
H;% faqmj;g Lzu i
1_;L —_ n;l._ 9| o R o K- 8° ol © © ol oF L
Eﬂuv&mWMAwﬁwﬁ ﬂkwﬂog X
cr_ N .Wo — . _La
qﬁauw E,Zaeﬁ;l%u imﬁﬁgﬂ
g ﬁa%lqawqa iy
fr— ) pr— - .
Lwﬂwoiytqiﬁq @{ymm
o.%uﬂooﬂaﬂlﬂiﬂiﬁo ﬂAMﬂq_olz_u%
ﬂ%ﬂa_a}aad M 1H59%
Hﬂaocg Laﬁo7ﬂ_£wm,1r T 2 uuu:c
ﬂcEwJ],é;nlaoW = ﬂLq@u N
1nma1:ﬂ_ﬂo@ éqga Utwmf,w
XOHLLESJWZL %d«xoji‘mﬂ i,._L JAIB
Eﬁﬂ_.mﬂfiuwmboﬂszong m%EWnsan
tmﬂriyuwﬁwﬂﬁmnﬂs Eﬂ.WmﬂE?
aaﬁ&iﬂ z}ﬂ Eg%ﬂm
™ iEmﬂNﬂEﬁTﬁL] L]HE‘LI,I
ﬂLé DEOE ﬂulﬂﬁ JI,JJ%]%M!
fﬂﬂLmﬁtﬂhﬂ VxLWoj
ng o s 60&;&
Wa.u;oﬂﬂi._] O ﬂﬂa
do 1oerar.mug%
T © o 0% r o Ar fal e 1:.@ M
= X Em}ﬂﬁxﬁ
x - o X o/ iy g 4 T
OL@%H ﬂla
g]gﬂﬁlmxo
= = HW%TE_
0 g
ﬁo_yk
E:P@x
Xooﬂ
ﬂr%
o



=

glo] t}

]

-
1t

o

o] =g} Ay

sto] A4 AATE %

S

o

—

0

+

B

0
o

.

i

B

—_
fi'e)

T
g

o

ol

ol

o, ¥

B
E

fi%e)
&

X

B
R

—

0

¢+
ol

o
T

1

JvNO

o

!

Gl

il

2 AFA A 9] trapel] <

ks
i=]

H

o o]%o]l pn

o, Aol

=
T

et

do] 4

=
=

o

o] AY %

il

of trap “JEll

B

= Ateld &

thermally

variable range

25z

T

T

o4
s}

°Q

sl =& 573°] space-charge-
-

2R A
257t

A
™

H
™

7}361—

d pn
Xolgrt

s} =B

E

limited conduction®] 5
[¢]

hopping transport ]

—

0

-
ol
o
o
oy
™
)

activated transport= 3}

72

Student Number: 2014-21343



ZHALS

H_I—|. -— = [ I —_— = Ty = =tnq = .= —_— =%
FowxAAse ok md dUuRRITAdmLEAEED R
TR0 T X =3 a0 o U O R T T WS o o0 H = &2 <
= <n 4l o LH - o ol K S AU ul = B o Hom B2 = J
T & W R gy o R = Fns TRz =
FE EEARITE cmq ammm_un.w:_quM&mo_eaox#ﬂm+oO_e
_ = a5 = < IH mo B U oz o on__H_.u SR BT o W R T g
= K O ml H0 Jor 7 <F 5 ol o = 3 noo
o o = 5 el — L, &9 ¥ oro0o I = _ B0 e
o__J_EAﬂo___o__.r.M M_uoﬂtm_ o =z od m_umﬂm_o_._._ﬁ% ._Noui;lm <)
g ae DF g K 3 XH K 8, g o e O X 2
 Ku & o = 8 — Bl Bl R = KO K ol oy OH Kk w
= FTHopzmoa HToyE i O Wy DO R o o 2
oo T 0o 5l M ro.nss_ﬂ 7_%|wl_n_|mxx_=__|._%MW
3 oW oy o Ug X o 5og g of 8@l dnd Sy
BB R E xR ED g 8o py 8o T ko sy S T Yo
Wﬂno_ﬁ1o_an Y R0 om d0 T _._._._n._.._mm__“__.ﬁ,%uﬂ_.__E o__on_”_7|._ = n *
Tz w8 < A PWogo U AW opogw N 0T
o_EWzEwMW_ ﬂ._w_mﬂA_u.l../.l_lum_lu_mM _ﬂ__@r_ﬁ o|_moO|m_.._._M.A6 LN o K ol & g
= — d |EI_ T =< ,_o._u_._..._o _|_|_ o ot o T TR —_—
=g = = < e N oR o= — ol z w ol 2 oo o :
R < KF ™ ~ - = == ] = X R =3
mﬂm.__.__ulﬂc__m_ulﬂﬁx_amm*_. aAoaoL_A.DLW__MMmIMMWHLM__HuEuHWW%
st XN T oo n x o 0o Uood o LT M_mwwoﬁwﬁ:.__al
Wo_euﬁum_%.n_r_,ﬁ%anh%ﬁaoﬂigm@moWmmm“mu&ﬁuix_.ﬂmo
- O — — |I.I| g _ I 5 - I - e e
%ﬂu._Mmo%xMwa__an70____%1%Toa_qum_maﬂ__mﬁ_ﬁ6_A_em_nynm_uxeﬂu_uuo
or 2 S 08 L o2 % _ =n OH s 3 - L, ©o ., ®™N _
ST, %%M_EEOT_Hzm_ma_uwuwlt_:ﬂm_u%;%W7h§l.& =
= - =~ B oOF RE ~ — 0 _ D = K ~ - 5
— o] & or N <k — O g B oK N & oo N @ oo ol ™~ = - =X
N = 2 U mu ol _ o 1o = N & ool Doz ol KU _ o
%umr_r_ﬁmﬂ%_xh&%% o__%%mwm_meMéonx___.:%19.%%_._“_.9_
= 10 o+ o1 of I __ 23 1o = . OoF & 2 X Jor =
L ETE RS A R IR . A B -
gy RRR S R I I Y [y L
._LOIM._o_u._HA.uHH b 30 - LU H I_ln.l_ ol - U= o 70 M_u_ﬂ_l_ M|mot K U Ko
CX _ AT P RO rw @ g oy o R - : IV ¥
o o T & CEDREg s MY g ™ e TR
W = 33 Puzm_eo__HPM__uw_W IEDEME_E%%%@:EW%ﬂ5m_u =4
I I L R R R RUMER s Em DN mEds
Jl 0 = A o — _ N o 2N o T M o o% o @Al =0 O W Ko & 1
Moo P oMM R T E mswE T T8k T wul a
T < ol %ﬁou_uxTW%&o_ﬂzm_mi_uﬁ u ¢ W _m_ 5 78w’
~ m — —_— T —_— Y
g Wal T mx oo T ogr o ﬂol_mM_AATm_ma_%goHH%W%%%M
- —_ - - - 0 - = < N
mom X Mo mour WE R N A TS
<~ ~ &t o WS W K of 8l IF M N < X T o Ul kU T 0330 ! ® X o of Ku

73



=

=

Ol 7t

=

=

—

F

=0tE g|H
= 3|=0|, Lj7} OFR Zto|Lt 3
b UO|L} S Z HHORR|AM 0.

o

|

=

o

]

Hi2{. 311=0ilM Lt

ou = T |
s mu KU W |
RTUP T FTRAT AW DS
o gy O D LfﬂEOpaﬂmrmmEac_e ST =T W
ke a&anw_ﬂ_.;_Aoeéuo_ﬂ%_éequ Ty ITE &
~ - SN LAl —_ = o o3 © 5 4 T 5 =
E_EUA_._A77___+_=L|HH%1A§ ko ot o oz I8z o oK ot ol
_._._._.A...|,.1Ax7mmEH m_.._lrLlAqu |._A|I_mNoon_._LL|.
N__|_7eo__._|7.r=_u|_no|._x_.._x_AE:.ILhHW;o__U/n F & ozr _A_.._kﬂo\,MLl.|.._ouﬂ ol
mvlo_lmw._o_._m = R i o = oy o O 1 o~ - ko =
o olE 03 T ED R L w oo Twm S s
J3 LFE ST LU T g OE & « K o5 =R R
._o|I__IM_.__n_._oo|oI_.qu+uﬂ.uu.Anu_LH,|A ...Hﬂ_._.nswk 10 TR N = RS A_HAIE_A_.._ Im
%l,n_uﬂm.%oa_._n_%ﬂu Hmm._:alsﬂ m_mw_ﬁl HMMMOLWE_EMEW_.E _M
-— - 7|LI —r —_— - -_— .
T e W wmlo_ewmifoozﬂngmo DK _ DA o= RO
XMW o o REmgeaby ol RN Tonl A @
5 ot Bl g . © oo _A____ﬁmom_mmcm_o__: A N N
azArﬂggo_Emﬂ T ooh a8 B8 g Seox % R NE,, W
0= ® 5w 3 RO o o B g = O o Dk o
U ST} M NopK HH._Q.AE = m Y = W o T o ou ™ E
5 MW o o + 3 S D + 1k © —on L W _ &gy Ok 3% =
" T X o <3 ol oj e = M = T o KW oju or
K _._.___._._ O XX oH = KU — o N o__._._ 1 = S — 160 53 T
L ol_r%mmeo.xroym_ai&g_% CRCCARNE L T + ko
o_EWHWﬂWlDWulanwE7ﬂ|Mk.om1LA, ao_/___.ﬁ*lgﬁn_n_uoﬁ..ﬂ_%__zo
malx_Eonl_rauL,m_TﬂmaoMm NW%% §ﬂﬂo_ﬂa&__wATwm
— = —_ —_ =i0 —_ . =
Ao_1|EM:_HH._ur%%“Enma,o__oE_n___f_. o_L__A_.qao_eui___mE_Ewn_E
|_._._._o.A_._|_ TALINVQ.__._ |L_A_¢E._|_A.__o S — Lllu.Mllo_u|r7_”_ ol <
oA S xR o 2 A z T T RN B
WL:DEJHIM Al HMEEMHENOEH@ unxﬁwwm_w_u_u_/ﬁlmgmh
+Méqm_m_MLmﬁzﬁow%m_%m_w wmuan_%mvaMc
nio ._umvn+|ﬁ_u.._M_“_H_._._..AI.___._HoIwA E._Ar_._aeu_mow_um_ow_mm u_.|_|._|w-%uﬂ_._n+o_.w7=_ T m
= A0 = G._u_._.._HAOAL.MN_u._AoLI_A .H,Mﬂmﬂ S < |u_|._n._lo|E|o_=_||
g o KU g © oW w o LT lst 0w N mﬂ_m_r__.OM
anﬁmgwrMmW%ngﬂwmm, R S R
+|.4+N5Azmﬁa+omnﬂe__o_=_a O G PaRzagmesy
o = o - I KH  5 = ™ ~ = H o B F
m_AM_LHMol_xTLwemelnooLoMol_oM%Muml SRR PR o 7y ot o
Ju__ﬂm_n_:laofw_u _ 9 TR Rt Gy |1mM.ro_m_
= ._._o o (@) ﬂM _.___._._ iTe) ._m_.._o ot — = s A_I < S _N_L = O _I_I _|._ [e)] M N K 1ol
EMWm____iE_%ﬂo_uxrL_m_AE_A____nEwo___E___EMﬂB.Wu%ﬁﬂ%ﬂ%%zoa
LH E_Lo_n_._mu uum_._Al = H T E 3 - — % T [
= 0l o Bl S° o o0 Ol 1 I o X m 4 =
OmMo_L__.._AIEE_Aew._ELlu._r._._oz_sq_m=_=__.1|_._AI._ooH_Kw._un.vnm__._nsuﬂegu_uxw_.r_
il moo_.%:_.ﬂdml_nwusm_n_lu HE_ENWEIE Ir_io kM= ooz
6_A_.mu_¢oux"_“_._._|urxEmuo_L__HmuﬂﬁﬂlLl.o_..__l_ mWE._HAA_O = M =
_AAO_AT_A_._zaﬂMme_uu._dex_H/nﬁﬂaA A 20
U KH & 3 B0 RO o T W ol ™~
N S B SH ol B = =
0 < T Bl

74



Ot = MESOA ZAel AAE stn HEUC Oidal MY € M=
27tM, AF=loM mel 23 o AN 220 =M EEYS oA EfH K.
of &, 580 &, g4 MHO, 7 &=, ordo|, JAFLy, HA, ds 2F

>
% o

SfLICL. £ O|M= ChE AZ|el Z& 7=zt FE O o REs 2idn

> oN ot Mo nf
>

TEOAE A TS oL HELCH 2 WOt nSsta o] H2Zfo] LM
a me 7lgs &1 XN UAs O oL g #®E 5+ AYE A Zor To|, g,
480, T4, 8 (22 0|EL22 F27| dF3| ojMsich) 25 10k

a2l Mob offAdE REH Asdn I 22§ SFoti e O,
IR B0 Wt ot A2 AS o2t YTz X[SfFD ML e
=22 X|HER F4 OiHX|, OfHL, S IHEO| OAHLE ZASICHE S HotL
HELC o, AORF OfL| RACHH OfFA O 7[7hK| 227+ A0’ O ZOo|
Ot HYotH o HotE siFAls HOHOA Arettts 2 otOib| & Xohs
FESS OS0|X|2, AHOp oS XL} Y5t MEFethte BE Toj =21
HO Q. ZARLIT 0L Ot S MEOl= =AM SRIMAM, & 2Lt HA
Atz dEE ot tks Al HE 7ISSt ojASiCh @z Yt Jlots dES
HOPZIZIE HIEA. MU ME HE FAFMAM zES o2 ZoUA=
Aot 252 Mot ASLC

OrXgf ez 27|01A4 HAel S Hota NgLCh 27|0f et
YSISHEHA THLEZ| A% U=, O=Af 7] A[ZEO] XLt AR ERS oA =AU,
Lto] CHstR 7|zt Sot eH diFA norel. =E AjZto] AT 27[¢HH| St
otd, 27|19 fIZE o ooty dEs & HEEM OiR2 2 + A/UE A
Z0h 27|k X5 e 7120 M A=, 271 F g = AS A2t 2ol 22
N7tk sfgtE AME, ¥22: s Lol AT M2 oX| SHHAM FHMLE7t
Hi goz: F REA. AED.

Oy gsti| R =88 FY 2= 25 WA= HACl 252 =L
O[M &AL Z2YS otBA deol 27[F 2o M UsHl, oA At 2S04
g2 g £+ A= 7127t A0 7|FLT dez=r: JH5tD 2E 0| HAts
082 7M1 Hop7s Lt

75



	Chapter 1. Introduction
	1.1. Brief introduction of TMDCs 
	1.2. Origin of the disorder in TMDCs
	1.3. The effect of defects in electrical characteristics of TMDCs
	1.4. Outline of this thesis
	References

	Chapter 2. Analysis of noise generation and electric conduction at grain boundaries in CVD-grown MoS2 field effect transistors
	2.1. Introduction
	2.2. Experiments
	2.2.1. Growth of monolayer MoS2 and device fabrication
	2.2.2. Raman and Photoluminescence characteristics of CVD-grown monolayer MoS2
	2.2.3. Current-voltage (I-V) characteristics
	2.2.4. Electrical noise characteristics

	2.3. Results and discussions
	2.3.1. Electrical characteristics of MoS2 FETs with and without grain boundary
	2.3.2. Electrical noise characteristics of CVD-grown MoS2 with and without grain boundary
	2.3.3. Hooge parameter analysis and network properties of CVD-grown MoS2 FETs
	2.3.4. Schematics of conduction network of CVD-grown MoS2 FETs with and without grain boundary

	2.4. Conclusion
	References

	Chapter 3. Molecular Dopant-dependent Charge Transport in Surface-charge-transfer-doped WSe2 Field Effect Transistor
	3.1. Introduction
	3.2. Experiments
	3.2.1. Device fabrication and doping process
	3.2.2. Dopant molecules and 4-point probe measurement
	3.2.3. Thickness effect to doping
	3.2.4. Theoretical model for density of the charged impurity denisty (nimp) calculation

	3.3. Results and discussions
	3.3.1. Transfer curves of pristine and doped WSe2 and threshold voltage shifts 
	3.3.2. Temperature dependent conductance and intrinsic mobility of WSe2 FET
	3.3.3. Dopant dependent charged impurity density
	3.3.4. DFT Calculation

	3.4. Conclusion
	References

	Chapter 4. Trap-mediated electronic transport properties of gate-tunable pentacene/MoS2 p-n heterojunction diodes
	4.1. Introduction
	4.2. Experiments
	4.2.1. Device fabrication process
	4.2.2. Electrical characterization

	4.3. Results and discussions
	4.3.1. Electrical characteristics of MoS2 FET and pentacene FETs 
	4.3.2. Gate-tunable electrical characteristics of the pentacene/MoS2 p-n junction device
	4.3.3. Space-charge-limited conduction of the penatene/MoS2 p-n heterojunction device
	4.3.4. Variable-range hopping conduction of the pentacene/MoS2 heterjunction device
	4.3.5. Energy band schematics 

	4.4. Conclusion
	References

	Chapter 5. Summary
	국문초록(Abstract in Korean) 


<startpage>14
Chapter 1. Introduction 1
 1.1. Brief introduction of TMDCs  1
 1.2. Origin of the disorder in TMDCs 1
 1.3. The effect of defects in electrical characteristics of TMDCs 3
 1.4. Outline of this thesis 4
 References 5
Chapter 2. Analysis of noise generation and electric conduction at grain boundaries in CVD-grown MoS2 field effect transistors 7
 2.1. Introduction 7
 2.2. Experiments 9
  2.2.1. Growth of monolayer MoS2 and device fabrication 9
  2.2.2. Raman and Photoluminescence characteristics of CVD-grown monolayer MoS2 11
  2.2.3. Current-voltage (I-V) characteristics 11
  2.2.4. Electrical noise characteristics 12
 2.3. Results and discussions 12
  2.3.1. Electrical characteristics of MoS2 FETs with and without grain boundary 12
  2.3.2. Electrical noise characteristics of CVD-grown MoS2 with and without grain boundary 14
  2.3.3. Hooge parameter analysis and network properties of CVD-grown MoS2 FETs 15
  2.3.4. Schematics of conduction network of CVD-grown MoS2 FETs with and without grain boundary 19
 2.4. Conclusion 20
 References 21
Chapter 3. Molecular Dopant-dependent Charge Transport in Surface-charge-transfer-doped WSe2 Field Effect Transistor 24
 3.1. Introduction 25
 3.2. Experiments 27
  3.2.1. Device fabrication and doping process 27
  3.2.2. Dopant molecules and 4-point probe measurement 28
  3.2.3. Thickness effect to doping 30
  3.2.4. Theoretical model for density of the charged impurity denisty (nimp) calculation 31
 3.3. Results and discussions 33
  3.3.1. Transfer curves of pristine and doped WSe2 and threshold voltage shifts  33
  3.3.2. Temperature dependent conductance and intrinsic mobility of WSe2 FET 35
  3.3.3. Dopant dependent charged impurity density 38
  3.3.4. DFT Calculation 41
 3.4. Conclusion 44
 References 45
Chapter 4. Trap-mediated electronic transport properties of gate-tunable pentacene/MoS2 p-n heterojunction diodes 48
 4.1. Introduction 48
 4.2. Experiments 50
  4.2.1. Device fabrication process 50
  4.2.2. Electrical characterization 51
 4.3. Results and discussions 52
  4.3.1. Electrical characteristics of MoS2 FET and pentacene FETs  52
  4.3.2. Gate-tunable electrical characteristics of the pentacene/MoS2 p-n junction device 54
  4.3.3. Space-charge-limited conduction of the penatene/MoS2 p-n heterojunction device 57
  4.3.4. Variable-range hopping conduction of the pentacene/MoS2 heterjunction device 59
  4.3.5. Energy band schematics  62
 4.4. Conclusion 64
 References 65
Chapter 5. Summary 69
국문초록(Abstract in Korean)  71
</body>

