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Abstract

The application of two-dimensional (2D) layered transition metal dichalcogenide (TMDC) for high-
performance large-area memory applications requires establishing long-term electrical stability through
an understanding of the carrier transport and the effect of the materials processing on the device
behavior. In this Ph.D. dissertation, a novel two-step approach for creating arrays of thin-film and few-
layer molybdenum disulfide (MoS;)-based field-effect transistors is developed through mechanical
exfoliation and a dry etching process. Few-layer structures (~ 3 monolayers) were fabricated using a
dry etching process to thin multilayer (~ 60-90 nm thick) TMDC structures. Then, the effect of plasma
etching of the TFT backchannel surface and bulk defects in the layers on the electrical performance and
stability of the n-channel depletion-mode TFTs were investigated. The etching improved the threshold
voltage of the TFTs, resulting in a positive threshold voltage shift of +40 Volts after etching the back
channel, correlating to a bulk trap density of approximately 1x10% cm=2eV-! per monolayer. Etching
the MoS; surface resulted in a threshold voltage shift of 0.2 V per nanometer of MoS; removed (for
MoS:; thicknesses >15nm). For etched MoS; layers reduced to < 15 nm, a threshold voltage change of
~1.8 V per nanometer was measured. The backchannel surface was also found to be doped and roughen
due to the dry etching process but did not significantly affect the device performance until the MoS;
thickness was below 15 nm. An observed degradation of the carrier transport and electrical stability of
these samples were found to be due to the proximity of the etched surface approaching the active
channel region of the device. The results reveal the performance tradeoffs of fabricating large-area

arrays of few-layer TMDC TFTs using a mechanical exfoliation and dry etching approach.

Hydrogen-contained passivation layers were then used to mitigate the impact of the surface defects on
the TFT's electrical performance. It is discovered that the diffusion of the hydrogen into the active
region of the TMDC devices after the passivation process causes n-type doping, leading to a
degradation in the electrical performance and stability of the devices and a negative threshold voltage
shift. Furthermore, it is shown that hydrogen diffusion has a higher impact on the electrical performance
of TMDC devices with thicknesses less than 15 nm due to the hydrogen diffusion length. Therefore, a
hydrogen barrier layer was used to reduce the adverse effect of hydrogen-containing backchannel
passivation layers and processes. This approach might be used to make hydrogen-contained passivation
layers more compatible with the TMDC semiconductors for developing the next generation of TMDC-

based memory devices.



Finally, dual-gate TMDC-based TFT arrays were fabricated using a bilayer dielectric on pristine and
backchannel etched TMDC films. The electrical characterization shows that the dual-gate TFTs
suffered due to trap states on the backchannel surface of the etched TMDC-based TFTs. The research
also revealed that the effectiveness of the top-gate electric field in regulating the electrical performance
and stability of dual-gate TFTs is affected by both the presence of backchannel surface traps and the
distance between the top gate and the active channel region. The findings of this study demonstrate that
using a dual-gate structure is a feasible method for managing and adjusting the electrical performance
and stability of TMDC-based TFTs affected by backchannel surface states.
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Chapter 1

Introduction

1.1 Introduction

CMOS technology has become well established in the semiconductor industry over the past
40 years. The industry has used Moore's Law as a reference for technological progress.
According to this law, the number of transistors in a dense integrated circuit is doubled almost
every two years [1]. The International Technology Roadmap for Semiconductors (ITRS) was
developed to outline the next steps to reach this aggressive projection. Until today, the
miniaturization of the transistor’s physical dimensions to about 5 nm makes Moore's Law
projection valid [2]. However, further decreasing the physical dimensions leads to so-called

short-channel effects, which lower the electrical performance.

Furthermore, the devices suffer from variations in the device parameters and low reliability
over time [3]. Unfortunately, Moore's Law can not be further valid with only the current
established technology, design, and materials. Thus, new technologies, such as spintronics [4],
single electron devices [5], and molecular computing [6], are being evaluated as solutions for
the described problem. However, despite the exciting and promising applications based on
these technologies, they are unlikely to provide a platform to replace the CMOS technology in

the near future.

Metal-oxide-semiconductor field effect (MOSFET) technology with two-dimensional (2D)
channel materials is a promising solution for sustaining the Moore's Law projection. As such,

the discovery of the field effect in graphene by Novoselov et al. in 2004 triggered extensive
1



research in this field [7]. Gradually, different 2D materials, such as transition metal
dichalcogenides (TMDCs), are introduced as potential semiconductors for realizing the next
generation of field-effect transistors (FETs) [8-10]. This chapter briefly reviews transition
metal dichalcogenides' structural and electrical properties. Then the device physics of TMDC-

based thin film transistors is reviewed.

1.2 Two-dimensional materials

2D layered materials are a group of materials having an atomically thin, layered crystalline
phase. The intralayer bonding in these materials is covalent, and the layers are held together
with weak van der Waals bonding. Figure 1.2-1 shows different physical structures of 2D
layered materials, including archetypical 2D crystalline graphene, transition metal
dichalcogenides (TMDs), diatomic hexagonal boron nitride, and monoatomic buckled crystals
known as Xenes (e.g., germanene and phosphorene). These materials are considered 2D since
the crystalline solid is the thinnest form that can be created. Moreover, they have a fully
terminated surface with no dangling bond and more superior intralayer charge transport than

interlayer [11].

Research in the field of 2D materials grew significantly after the first demonstration of a field-
effect graphene transistor by Andre Geim and Konstantin Novoselov in 2004 [7]. Although
their pioneering mechanical exfoliation fabrication method was the first approach for
processing graphene and other 2D materials, other approaches, such as chemical vapor

deposition [12] and epitaxial growth [13], are also used to obtain 2D materials.
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Figure 1.2-1: contemporary 2D monolayers' physical structures. Reproduced with

permission from [11]. Copyright © 2014, Nature Publishing Group.

Graphene was the first 2D material obtained by mechanical exfoliation. The lack of a band gap
makes it unappealing for switching applications. Therefore, transition metal dichalcogenides

attract attention due to having a tunable bandgap.

1.3 Transition metal dichalcogenides

Transition metal dichalcogenides (TMDCs) are another group of 2D materials that can be
thinned to a monolayer. The general formula of this group is MX2 where M is a transition
metal from groups IV, V, or VI, and X is a chalcogen (S, Se, or Te). In a monolayer of TMDC,
a metal layer (M) is sandwiched by two chalcogen layers (X), and these sublayers are
covalently bonded together. Single layers are bonded with weak Van der Waals forces,
enabling bulk exfoliation to a monolayer. Bandgaps around 1-2 eV for several members of the

TMDCs group make them suitable for FET switching devices [14].



Furthermore, carrier transport in these materials relies on the number of layers. For instance,
while the bandgap of bulk MoSzis 1.3 eV and indirect, monolayer MoS; is 1.8 eV and direct,
making a monolayer MoS; appealing for optoelectronic applications [14]. TMDCs can be
utilized as electrodes such as tungsten ditelluride (WTe>), insulators such as hafnium disulfide
(HfS2), and semiconductors such as molybdenum disulfide (MoSz), tungsten disulfide (WS,)

and tungsten diselenide (WSey).

The advantages offered by 2D TMDCs over conventional 3D semiconductors like Si, Ge,
and 111-Vs include their ultra-thin bodies that enable superior electrostatic gate control and
carrier confinement compared to bulk 3D semiconductors. This feature can be beneficial in
reducing short-channel effects in ultra-scaled FETs based on 2D TMDCs, as the ultra-thin
bodies of these materials can lead to a significant reduction in the characteristic channel length

scaling (Lcn) factor "1™ given by:

)= [foxtbodyEbody (Equation 1-1)

Eox

, Where tox and t nody are oxide and semiconductor thickness, respectively, and gox and €nody are
their correspondence dielectric constants [15]. As channel length decreases, the gate can
control a lower fraction of charge in the channel region due to the extended drain space charge
region into the channel. This issue leads to short-channel effects. A straightforward formula to
determine the scaling limit of FETs, which is the minimum length required to avoid short-
channel effects, is that Lcw must be greater than three times the characteristic “channel length
(Lcw) scaling” factor " A." Low Lcw can be achieved in the 2D TMDCs due to their ultra-thin

body thickness.



Additionally, 2D TMDCs have the advantage of having a broad range of sizable band gaps and
various band alignments. They also lack surface “dangling bonds," a feature not found in
conventional 3D semiconductors. This characteristic enables the formation of pure, defect-free
interfaces compared to conventional Si-based devices. This property though also makes the
TMDC materials sensitive to surface contamination and microfabrication processes that may

modify the surface properties of the layers and affect the overall device performance

Among the TMDCs, MoS, has been one of the most studied TMDCs due the natural
availability as molybdenite. It possesses promising semiconducting characteristics and can
enable potential applications in nanoelectronics [16]. While these properties provide a strong
motivation for selecting MoS: as the target semiconductor for this research, there are still many
unknowns to how the processing of the materials affect the resulting fabricated device and its
performance. In this thesis, the effect of processing of few-layer and multi-layer MoS;
structures was investigated. The thesis investigates the effect of conventional microfabrication
techniques to develop a fundamental understanding of these processes on the device

characteristics of TMDC-based field-effect transistors.

1.4 MoS: properties

MoS; consists of a stack of planes where the hexagonal structure of closely packed
molybdenum and sulfur atoms connected by covalent bonds. The MoS; planes are stacked with
weak Van der Waals interactions in the range of 200 meV per unit cell [14]. Each monolayer

thickness is approximately 0.65 nm. MoS; has three well-known structural polytypes: 2H
5



(hexagonal symmetry), 1T (tetragonal symmetry), and 3R (rhombohedral symmetry). Among

them, 2H-MoS; has semiconducting properties (Figure 1.4-1).

Figure 1.4-1: Schematics of structural polytypes of MoS:z . Reproduced with permission

from [17]. Copyright © 2012, Nature Publishing Group.

MoS: has a tunable bandgap depending on the number of layers. While a MoS2 monolayer has
a direct bandgap of 1.8 eV, the bulk has an indirect bandgap of 1.3 eV [9]. Thus, the number
of layers determines the electrical properties of the MoS> film. In order to define the number
of layers of MoS; flakes, Raman spectroscopy is used [17]. The number of layers changes the
phonon vibration properties of MoS,. In the Raman spectroscopy of MoS;, out-of-plane Ay,
and in-plane Ezq' and E1y modes are the key active phonon modes near the 406cm™ and 382cm-
Lwave numbers (Figure 1.4-2 (a)). By increasing the number of layers from mono to bulk, Ag
and Exq' have upshift and downshift, respectively (Figure 1.4-2 (b)). The upshift of the Aq
with increasing the number of layers is due to the increased effective restoring force acting on

the atoms because of higher interlayer interactions. At the same time, the downshift of the Exq!
6



is due to long-range Columbic interlayer interactions, which decreases the restoring forces on

the atoms [18, 19].

Intensity (a.u.)

————
360 380 400 420
Raman shift (cm™)

Figure 1.4-2: (a) Vibration Modes and (b) Raman Spectra of 2H-MoS2 with a different
number of layers. Reproduced with permission from [17]. Copyright © 2012, Nature

Publishing Group.

The monolayer has attracted attention for optoelectronics applications. At the same time,
multilayer TFTs show a higher drive current originating from the multiple conduction channels
and less stringent device fabrication processes, making multilayer MoS; suitable for fabricating
thin-film transistors [9]. Thus, multilayer MoS: will be used in this research to fabricate thin

film transistors (TFTSs).

1.5 Thin-film transistors

TFTs are field-effect transistors (FETs) comprising three electrodes: a drain (d), source (),
and gate (g) contact. The working principle of TFTs is similar to the MOSFET. In a TFT

illustrated in Figure 1.5-1 (a), the gate electrode controls the carrier flow from the source to
7



the drain. The gate voltage creates a transverse electric field that has either of these effects: 1)
depleting the semiconducting channel of carriers that block the current flow from source to
drain (off-state), 2) or increasing the channel carrier concentration in the semiconductor to
enable the flow of current (on-state) happening at gate voltages higher than the threshold
voltage (Figure 1.5-1 (b), (c)). In an ideal transistor, the off-current is very small (Ip<10

12A/cm?), and the ratio between the on and off current is > 10* [20].
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Figure 1.5-1: (a) Schematic of a MoS: TFT, (b) TFT in OFF state, (c) TFT in ON state.

Different materials are used as a semiconductor for fabricating thin film transistors. The

following section discusses the two most prominent material systems for TFT fabrication.



1.5.1 Materials for thin-film transistors

Disordered and 2D materials are two categories of materials investigated for thin-film
transistor applications [17, 21]. Although both material systems have distinctive features that

make them suitable for electronic applications, they differ in various ways.

Disordered materials lack long-range order in their atomic structure, such as amorphous
silicon, organic semiconductors, and some metal oxides [20]. In addition, they often have high
defect densities, which can lead to poor charge carrier mobility and electrical stability. In TFT
applications, disordered materials are frequently used for the semiconductor because they can
be deposited at low temperatures over large area, making them compatible with glass and
flexible substrates. However, their low mobility and stability can constrain their performance

[21].

On the other hand, 2D materials refer to single-crystal materials that comprise single or multi-
layers of atoms [17]. The lower defect density in the bulk of the 2D materials than in disorder
materials results in a higher field effect mobility and stability. However, other trap sites,
backchannel surfaces and semiconductor/dielectric interfaces, can significantly affect their
electrical properties. The challenges with 2D materials are their synthesis, processing, and lack
of understanding of the processing effect on the electrical properties of the TFTs. These

challenges are discussed in detail in Chapter 2.

1.5.2 Trap states in 2D semiconductors

Trap states in 2D semiconductors are present in various locations, including the TMDC bulk,

TMDC/dielectric interface, and TMDC backchannel surface [22].
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Defects, such as vacancies, dislocations, and grain boundaries, have been detected in TMDCs,
regardless of the synthetic approach. The sample preparation approach defines the dominant
type of defects, with sulfur vacancies being the primary type of trap in CVD-deposited and

mechanically exfoliated samples [23, 24].

Bulk traps in multi-layer TMDC-based TFTs can have multiple negative effects on the
electrical performance of the device. Firstly, they can make the threshold voltage (V) a
negative value, causing the TFT to operate as a depletion mode device. The threshold voltage
is the gate voltage, at which the gate begins to control current flow by effectively modulating
the conductivity of the semiconductor. Since bulk traps can capture and hold some charge
carriers, they can change the threshold voltage [25] due to the electrostatic shielding from the

occupied trap states.

Secondly, bulk trap states have the capability to seize and immobilize charge carriers present
in the semiconductor substance. This entrapment diminishes the pool of available carriers for
conducting, leading to a decline in the flow of current in the transistor. As time elapses, the
captured carriers can be liberated, giving rise to a delayed reaction or hysteresis in the behavior
of the transistor [26]. Furthermore, bulk traps can decrease the field-effect mobility (ue) of the
TFT. Field-effect mobility measures the transport of charge carriers through a solid under the
influence of an electric field and scattering mechanisms. When charge carriers come across
trap states, they have the potential to deflect from their intended trajectory due to the presence
of localized energy levels [26]. This deflection, known as scattering, hampers the mobility of

the carriers, degrading the charge transport within the semiconductor. Consequently, charge
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transport efficiency is reduced, resulting in a decline in carrier mobility. These scattering
events have a negative impact on the overall conductivity of the transistor [26]. The effect of

bulk trap states on the electrical transport of TMDC-based TFTs is investigated in Chapter 4.

Therefore, in TMDC-based TFTs having multiple layers, the bulk material plays an important
role in the device behavior. It is important to understand how defects in the bulk affect the TFT
performance and how these defect states may be minimized in multi-layer TMDC-based TFTs
to enhance their electrical performance. In this research, the bulk traps are minimized by
etching the TMDC bulk thickness using a dry plasma etch. This approach may lead to an
improvement in the electrical performance and stability of multi-layer TMDC-based TFTs.
The approach is systematically discussed in Chapter 4, showing the role of the TMDC bulk in

affecting the electrical behavior of the TFT.

Traps at the semiconductor/dielectric interface capture electrons under a large positive gate
bias and release them at a large negative gate bias. This trapping behavior changes the threshold
voltage [25]. The cause of this effect is due to unscreened Coulomb scattering by the trapped
charges at the interface [27]. On the other hand, microfabrication processes on the backchannel
surface, such as dry etching, can induce traps on the surface by increasing surface roughness
[28], sulfur vacancies [29], or oxidizing the surface [30]. Additionally, oxygen and water
molecule adsorbates on the backchannel surface are another source of surface traps that capture
electrons from the channel, resulting in an increase in the threshold voltage due to electron

depletion under a large positive gate bias [25]. This issue causes a degradation in the electrical
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properties of TMDC-based TFTs. The following sections will explain the basics of the

electronic properties of TMDC-based TFTs.

1.5.3 The electronic properties of TMDC-based thin film transistors

The band diagram of an n-type MoS, TFT under different applied gate voltages is depicted
in Figure 1.5-2. Ideally, the band diagram is flat when the gate voltage is zero (Figure 1.5-2
(@)). A region depleted of free carriers forms by applying a negative gate bias for an n-type
semiconductor. A positively charged region forms when the mobile charges are depleted,
causing the conduction and valence bands to bend upward (Figure 1.5-2 (b)). During the
accumulation of electrons at the gate dielectric/channel layer interface by an applied (in this
case, Vg > 0 V) gate bias, a downward (positively sloped) bending of the bands occurs (Figure
1.5-2 (c)). For the investigated MoS, TFTs, there can be two classifications for operation based
on the gate voltage: a) accumulation mode and b) depletion mode devices. In the depletion
mode, the devices are turned off by depleting the channel layer under negative bias. In contrast,

the former devices require positive voltage to be turned on [20].
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Figure 1.5-2: Band diagram of an n-type TFT under different conditions of gate voltage

(a) No gate bias, (b) Negative gate bias, (c) Positive gate bias.

1.5.4 Current-Voltage Relations of a TFT

In the TFTs, parameters such as the threshold voltage (Vi), field-effect mobility pe, ratio
between ON and OFF currents, and subthreshold swing (S) are often extracted with equations

governing the relationships between current and voltage characteristics in MOSFETS.

When Vg4 < Vg-Vi, the TFT works in linear mode, and when Vg4 > V-V, the device works
in saturation mode, where Vq is the drain voltage, and Vq is the gate voltage. The gradual-

channel approximation can be used to determine the linear and saturation current of TFTs:
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1= wuncg [2(Vy = Vin)Va4 — V3] for 0 <V, <Vy(sat) (Equation 1-2)

I,(sat) = W”" —2 (v, - Vth) forV, > Vy(sat) (Equation 1-3)

Where Cq is the specific capacitance of the gate dielectric, W and L are the TFT channel width
and length, respectively.

In the first equation, the squared term is negligible when Vq is low, and the device behaves like
a variable resistor with the lq proportional to the V4 (Figure 1.5-3 (a)). At higher Vg values, the
surrounding region of the drain becomes depleted of electrons, making a pinch-off point, and
the 14 does not change by increasing the Vg (Figure 1.5-3 (b)). When V-V < Vg, the device
is in saturation mode (Figure 1.5-3 (c)). In this mode, the device is like a constant current

source where the gate voltage varies with the drive current [31].

(a) Carrier (C)
L1 concentranon (b)

Vd sat

= = ==

Figure 1.5-3: (a) Carrier concentration profile of TFT in the linear regime. (b) Pinch-off

(c) saturation regime.

The existence of short-range order in the disorder materials enables us to use the relationships
governing the I-V characteristics for single crystal materials [20]. Furthermore, it is possible

to use these relationships for 2D materials due to their single crystalline properties.
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1.5.5 Threshold voltage

Ideally, the threshold voltage is positive for an n-channel MoS, TFT, and the device works
in enhancement mode. However, the threshold voltage can be negative, and the TFT operates
in the depletion mode. In this research, it is observed that the MoS, TFTs on SiO2 dielectric
operate in depletion mode, and the threshold voltage is a high negative value, which is not
ideal for low-power applications. The negative threshold voltage might be due to the trapped
charges (Qr) given by: Qr = —qN;t,(Er — E;), where N;is the bulk trap density, ¢ is the
MoS; thickness, ¢ is the electron charge, and Er and E; are the Fermi and the midgap energy

levels, respectively. Thus, the threshold voltage can be written as:

Vth ~ thts(EF_CE!;i)threshold (Equation 1_4)

In practice, the semiconductor/dielectric interface is not ideal due to the MoS; transferring
process, which is done in the air. Thereby the threshold voltage equation can be related to the

bulk and interface trap densities for thin film transistors [26]:

Nits(EF—E; D{(EF—E; Dp-D .
Vth ~ qN¢ts(Ef - i)threshold _ % + qD¢(Er Cl)threshold _ q( l:: A) + (I)ms (Equatlon 1_5)
g g g g

, where Oris the effective charge in the depletion region, Dp and D, are the donor and acceptor
channel doping, respectively, and ®,,,¢ is the metal-semiconductor work function difference
[26]. As a result, traps inside the semiconductor bulk, interfaces, and/or doping concentration
variation may lead to a negative threshold voltage, resulting in the TFT operating as a depletion

mode device.
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In the case of multi-layer TMDC TFTs, when the TMDC thickness is higher than the maximum
gate electric field screening length (£), the gate cannot control the trapped charges in bulk.

The maximum gate electric field screening length, Z, is given by:
£ = (g,/q*N)V/? (Equation 1-6)

, Where & IS the MoS: dielectric constant [26]. Thus, the TFT structures in this thesis is expected
to have a screening length of ~ 15 nm. This issue may lead to a high negative threshold voltage.
Etching processes may be used to remove these bulk defects and improve the gate control over
the trap states by thinning the film. As a result, removing these defects and TMDC bulk
thinning can change the threshold voltage of the transistor. This hypothesis is investigated in

Chapter 4.

Furthermore, the nature of the metal-semiconductor interface (the work function of the metal
electrodes), can also affect the threshold voltage of the TFT. The work function differences
between the metal and the semiconductor can induce a Schottky barrier at the interface, shifting
the threshold voltage. To achieve high performance in TMDC TFTs, it is necessary to form a
metal-TMDC junction with low contact resistance. Titanium is commonly used as a drain and
source contact for mechanically exfoliated MoS; flakes due to the small Schottky barrier
between MoSzand Ti (~60 meV) [32]. Thus, the research presented uses Titanium as the drain-

source contact.
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1.5.6 Subthreshold swing

In equations 1.5-1 and 1.5-2, it is assumed that the transistor does not have a flow of charges
at gate voltages lower than V. In reality, the channel may not be completely depleted. The
drain current near threshold is characterized by an exponential behavior and is characterized
by plotting the 1¢-Vgcurve in a semi-log form. Extracting the inverse slope of the linear part of
the semi-log curve provides the subthreshold swing (S). For switching applications of the TFT,
having small values of S is preferable, meaning that the transistor can rapidly change from an
Off- to an On-state by small gate voltage variations. In the case of the Si-MOSFET with an

inversion layer, the theoretical subthreshold swing is given by:

= Wg  ksT Cs P
S = doals = q (1 + Cg) In10 (Equation 1-7)

, Where Cj is the depletion region capacitance and kg is Boltzmann constant.

In the case of disordered materials, the interface and semiconductor bulk states also have an
impact on the sub-threshold swing. Within the sub-threshold regime for a given variation in
Vg, the interface and bulk trap states will capture a portion of the induced surface charge
leading to the more trapped charge and reducing the concentration of free charge that results
in less band bending under applied gate bias [26]. This effect changes the threshold voltage of

the transistor in order to maintain the same drive current resulting in a larger S for the device.

Accounting for the trap states, the subthreshold current [26] is given by:

CgVG

Ip "%T”e_ eaNTtskgT /], (Equation 1-8)
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For the inverse subthreshold slope, we find:

1 __(dlog1olp\ _ Cg . i
/s=(Tae?) = <—qz(kﬂ>(~tts>> x o€ (Equation 1-9)
q

Considering the effect of interface traps, the inverse subthreshold slope can be written as:

1/ _ Cy : )
/s (qz("‘f%)(mtswt)) x logyee (Equation 1-10)

The MoS: TFT subthreshold swing value has a theoretical limit of 60 mV/dec [33], but the
typical value for our devices on SiO» dielectric is around 2 V/dec. This value can vary with

changing trap density in the MoS> TFT structure.

1.5.7 Field effect Mobility

Field-effect mobility measures the transport of charge carriers through a solid under the
influence of an electric field and scattering mechanisms. In monolayer 2D materials, charge
carriers move primarily in a 2D plane, leading to unique electronic and optical properties
compared to 3D materials [17]. The field-effect mobility of TFTs can be significantly affected

by the number of layers in 2D materials.

The impact of the multilayer 2D structure on field-effect mobility depends on several factors,
including the number of layers, stacking order, and properties of individual layers [34].
Generally, multilayer 2D materials exhibit higher field-effect mobility than their single-layer
counterparts due to increased carrier density and reduced Coulomb scattering in the multilayer
structure [34]. In multilayer MoS,, varying the number of layers can tune the bandgap,

interlayer interactions, and Coulomb scattering [17].
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However, the impact of the multilayer structure on field-effect mobility can also depend on
interface quality between layers. Defects or impurities at interfaces can act as scattering centers
for charge carriers and reduce mobility [17]. Backchannel surface and semiconductor/dielectric
interface traps can also significantly impact field-effect mobility. Investigating the thickness-
dependent behavior of each trap site can help reveal their effects on the electrical performance.

Further research is needed to fully understand these factors.

The linear or saturation regimes are used to extract the field-effect mobility pe. l4 can be fitted
to a straight line with respect to Vg in the linear regime (when Vg4 << V4 (sat)), and mobility is

derived in the linear region from the slope of the line as follows:

alds L )
He [avgs] X [cgvdsw]’ (Equation 1-11)

The typical field effect mobility value for non-passivated multilayer MoS, TFT on SiO> is

reported as 22 cm?/V.s [35-37].

1.5.8 State-of-art TMDC Field effect transistors

In 2004, the first TMDC transistor was reported, which utilized WSe as the transistor channel
material [38]. This transistor displayed a mobility of up to 500 cm?/V.s, ambipolar behavior,
and an on/off current ratio of 10* at a low temperature of 60 K. The first n-type MoS: transistor
was introduced by Kis, et al. in a top-gated structure with a single layer of MoS; [8]. This
transistor exhibited a significant on/off current ratio of approximately 108, a large room-
temperature mobility of 200 cm?/V.s, and a subthreshold swing of 74 mV/decade. In another

study, a p-type FET with WSe, was created using a top-gate geometry with high-k dielectric
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and chemically doped source/drain contacts [39]. This monolayer transistor had a hole mobility

of 250 cm?/V.s, an on/off current ratio of 10°, and a subthreshold swing of 60 mV/decade.

Recently, many advanced devices using MoS; have been explored. One of these devices used
atomic-layer-deposited (ALD) high-k dielectric integration on MoS; crystals and dual-gate n-
channel with ALD Al>O3 as the gate dielectric [40]. This device showed high field-effect
mobility of electrons. However, the commercial fabrication processes of single-layer MoS;
with high-k dielectric layers are limited by their compatibility with the large-area fabrication
methods. As a result, multilayer MoS, FETs have been thoroughly investigated. Table 1 shows
the reported features of multilayer MoS, TFTs with SiO; dielectric. These FETs display
electrical parameter dependence on the thickness of the MoS; bulk, for few layer and
monolayer structures. The MoS: bulk plays an essential role in the behavior of multilayer
TFTs. This topic is further investigated in Chapter 4. Studying the TFTs with different
thicknesses fabricated in this thesis, with the state-of-art, shows the value of the typical features

are close to the state-of-art (Chapter 4).
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Table 1: Typical features of various multilayer MoS, TFTs.

Thickness Electrodes Effective Subthreshold Threshold Reference

(nm) mobility swing (V/dec) voltage (V)

(cm?/V.s)

2.8 Cr/Au 20 1.6 -30 [37]
5 Ti/Au 13 1 210 [41]
10 Au 24 0.24 -1.3 [36]
15 Cr/Au 20 2 25 [42]
20 Ti/Au 20-30 - - [34]
32 Ti/Ni 37 34 330 [43]
39 Ti/Ni 32 3-4 -35 [43]
50 Au 23 4 -40 [35]
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Chapter 2

Challenges of developing TMDC-based devices

2.1 Introduction

High mobility, a low surface dangling bond, and a tunable bandgap make TMDCs interesting
materials for TFT operation [8, 44]. However, the advance of the TMDC-based TFTs for
different applications, such as memory devices, needs a reliable method for depositing high-
quality TMDC layers and controlling their thicknesses. Furthermore, long-term stability is
required for developing TMDC-based devices. This requirement is impeded by the existence
of traps in the TMDC bulk, the semiconductor/dielectric interfaces, and/or the backchannel
surface. A more precise understanding of the factors involved in the bias instability helps
improve the two-dimensional semiconductor performance for the next generation of memory
devices. This chapter will discuss common TMDC deposition methods, the TMDC thinning

process, and prior investigations of the trap sources' impact on TMDC devices.

2.2 TMDC synthesis

Various methods have been successfully used to synthesize TMDC, which are classified into
two groups. Bottom-up methods (e.g., chemical vapor deposition (CVD)) and top-down

methods (e.g., mechanical exfoliation).

2.2.1 Bottom-up method

For many years, the chemical vapor deposition technique has been utilized for growing
TMDC films [45-48]. Various approaches are used to deposit TMDCs from the vapor phase.
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These approaches include MoOs or Mo metal sulfurization or selenization using sulfur/
selenium vapor phase [49, 50], MoS. powder direct evaporation [51], single precursor
thermolysis [52], and utilizing multiple precursors e.g., H2S, MCls, or M(CO)s [53-55]. CVD
technique leads to synthesizing large-area TMDC films; however, the deposited film is
polycrystalline with a smaller grain size than those made by mechanical exfoliation [56, 57]
(Figure 2.2-1). Furthermore, the technique requires high temperatures (700-1000 °C) that
prevent using large-area substrates such as glass [55]. In addition, this method introduces
impurities, causing structural defects, wrinkles, and contaminations in the deposited films. This

issue can lead to changes in the electrical properties of the TMDC film [58, 59].

Figure 2.2-1: (a) Optical micrograph of CVD growth MoS: on SiO:2 substrate and (b)
single layer MoS: triangle with a 123 pm grain size. Reproduced with permission from

[57]. Copyright © 2013, Nature Publishing Group.
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2.2.2 Top-down method

The crystal quality, purity, and grain size of TMDC films are essential for high-performance
applications. Mechanical exfoliation using the scotch-tape method is the easiest and the most
popular method for obtaining high-quality, thin, microscale sheets on arbitrary substrates, and
it is still the best approach for studying the fundamental properties and prototyping of TMDC-
based devices [60-62]. This method uses an adhesive tape to liberate a thin layer of TMDC
from the parent bulk material (Figure 2.2-2 (a)). The thickness of the thin layer is further
reduced by repeating the exfoliation process. Eventually, the tape with the exfoliated materials
is placed on the desired substrate and subsequently peeled away (Figure 2.2-2 (b)). TMDC
flakes on the target substrate can be detected using optical contrast induced by the
thickness/substrate interface effects [63]. Furthermore, atomic force microscopy and Raman

spectroscopy are used to characterize the transferred TMDC flakes further.

(a) N (b

Figure 2.2-2: (a) parent MoS2 bulk material. (b) transferred MoS: films on SiO2 substrate

using mechanical exfoliation.
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Unfortunately, the mechanical exfoliation method causes defects in the TMDC semiconductor
[42, 64] at the interface states between the semiconductor and gate dielectric structure [27, 65]
and the backchannel surface [66-69]. Furthermore, processing the transferred TMDC flakes
with this approach is difficult due to the small and discontinuous shapes, leading to different
fabrication yields and unpredictable device characteristics [9, 70, 71]. Recently, some attempts
have been made to increase the lateral dimensions of the transferred flakes up to 500x500 pm?
using additional annealing steps and intermediate materials in the exfoliation process (e.g., Au)
[68, 72]; however, the TMDC flakes transferring yield in these approaches are low. In this
thesis, mechanical exfoliation using a soluble tape is developed to address the problems of the

conventional mechanical exfoliation method, which will be explained in Chapter 3.

2.3 TMDC thinning process

In the mechanical exfoliation technique, the thickness of the flakes is not well controlled.
Moreover, there is a tradeoff between the area and thickness of flakes, where thinner ones
result in smaller areas. Therefore, an etching technique that reduces the thickness of the flakes
without reducing their area is needed. The dry etching technique provides the ability to etch
the TMDC flakes uniformly. Moreover, the etch rate is independent of the initial thickness of
the flake [73-76]. Different precursor gases were reported in the literature, such as Ar, SFes/N2,
Cfa, etc. [73-76]. This project used an SFe/O> dry etching process to thin the TMDC layers to
achieve few-layer (3 — 4 layers) structures (Chapter 3). Exposure to the plasma may change

the physical and electrical properties of the TMDC film. Huang et al. [28] show the surface
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morphology of TMDC film significantly varies after the dry etching process. This variation
might be due to a nonuniform reaction on the surface because of adsorbates on the surface.
Furthermore, different etch rates of Mo and S in the sandwich structure of S-Mo-S might be

another root cause of the nonuniform etching process on the TMDC surface [28].

Moreover, plasma exposure may lead to the incorporation of impurities in the TMDC film.
Neal et al. [77] studied the effect of oxygen plasma exposure on the electrical properties of
MoS, TFTs. They show after the plasma exposure, the MoS; film is doped with oxygen
molecules, which leads to p-type doping and conductivity variations. Furthermore, the oxygen
incorporation can create new energy states within the bandgap of MoS; and cause significant
lattice distortions [78]. These new states can act as trap sites for charge carriers and reduce

their mobility, which can be undesirable for some electronic applications.

The TMDC synthesis process may create trap states at the semiconductor/dielectric interface,
semiconductor bulk, or at the backchannel surface. Thus, it is necessary to understand the role
of each trap location in determining the electrical properties of the TFT. The following sections

will review prior investigations on each trap site.

2.4 TMDC/dielectric interface traps

Traps at the semiconductor/dielectric interface capture electrons under large positive gate
bias and release them at large negative gate bias, causing a change in the threshold voltage

[25], suggesting an unscreened Coulomb scattering by the trapped charges at the interface [27].
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Illarionov et al. show the role of dielectric material on the density of TMDC/dielectric interface
traps by fabricating TMDC TFTs on SiO2 and hBN dielectrics. They illustrate a better electrical
performance for the TFTs on hBN rises from the lower TMDC/dielectric interface trap density
[65]. Furthermore, the dielectric cleaning procedure plays an important role in the
TMDC/dielectric interface trap density. Shen et al. use an oxygen plasma cleaning procedure
to control the density of the TMDC/dielectric interface trap [79]. The effect of
TMDC/dielectric interface traps on the electrical performance is observed in TFTs with small
[27, 65, 69] and large [80, 81] TMDC bulk thicknesses. These studies suggest that the TMDC
bulk thickness might significantly impact electrical performance. This topic is discussed in the

next section.

2.5 TMDC bulk traps

Regardless of the synthesis approaches, bulk defects have been detected in TMDCs. These
defects include vacancies, dislocations, and grain boundaries [22]. The sample preparation
approach defines the dominant type of defects [23]; for instance, sulfur vacancy is the primary
type of trap in the CVD-deposited and mechanically exfoliated samples [23, 24]. Shu et al.
have investigated the effect of TMDC bulk traps on the electrical performance of multilayer
TMDC-based devices. They have studied the electrical stability of dielectric supported and
suspended multilayer MoS, TFTs, showing both structures have bias instability, rising from
the MoS; bulk traps besides some minor impact from the backchannel surface traps [42]. It is

shown that the TMDC bulk traps are filled with free carriers at a positive gate bias, causing a

27



decrease in conduction and a positive threshold voltage shift [25]. In another study, a
multilayer MoS, TFT was passivated with cyclized transparent optical polymer (CYTOP) to
decouple the effect of backchannel surface traps [64]. The authors have shown the MoS; bulk
traps have a more dominant impact on the bias stability of the devices than the

semiconductor/dielectric interface traps.

In these studies, the role of TMDC bulk traps is detected in multilayer TMDC TFTs, suggesting
the TMDC thickness may play a role in bulk trap impact on the electrical performance. Kim et
al. [82] have studied the effect of TMDC bulk thickness on pristine and backchannel passivated
TFTs. They show that the electrical instability decreases by reducing the semiconductor
thickness due to reducing the TMDC bulk trap density. In this study, the backchannel trap
density was low due to utilizing thin TMDC flakes transferred with an intact and passivated
backchannel surface. Therefore, the effect of backchannel surface traps was insignificant.
However, different processes on the TMDC films, such as TMDC bulk thickness thinning [28,
29, 74], may introduce traps on the backchannel surface, affecting the electrical performance.

The following section reviews the previous investigation on the backchannel surface traps.

2.6 Backchannel surface traps

Microfabrication processes on the backchannel surface, such as dry etching, can induce traps
on the backchannel surface by increasing the surface roughness [28], increasing the sulfur
vacancies [29], or oxidizing the surface [30]. Furthermore, the oxygen and water molecule
adsorbates on the backchannel surface are another source of the surface traps. These traps
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capture electrons from the channel, causing an increase in the threshold voltage due to electron
depletion under a large positive gate bias. This issue causes electrical instability in the current—
voltage characteristics [25]. Doherty et al. [83] have studied the electrical stability of uncapped
MoS; TFTs with thicknesses ranging between 4 nm to 8 nm. After an electrical stress test, they
show that the uncapped TFTs in ambient air have a substantial threshold voltage shift,
significantly reduced by measuring in a vacuum chamber. These effects correlated to the

backchannel surface traps due to the adsorption of oxygen and water molecules on the surface.

The review of the prior investigations shows that the effect of TMDC bulk traps is mainly
observed for the TMDC devices with large thicknesses. In contrast, most studies on the
backchannel surface are done on mono and few-layer TMDCs. This observation suggests that
TMDC bulk thickness may define the primary trapping mechanism in the device; however,
this topic has not been thoroughly studied yet. Therefore, in this thesis, the effect of TMDC
bulk thickness on the electrical performance of TMDC TFTs is investigated, and the dominant
trap source as a function of TMDC bulk thickness is revealed (Chapter 4). Furthermore,
backchannel surface passivation can be used to reduce the effect of backchannel surface traps.

This topic will be explained in the following section.

2.6.1 Backchannel surface passivation

Different backchannel encapsulation layers, including poly methyl methacrylate (PMMA)
[83], SU-8 photo resist [83], hexagonal boron nitride (h-BN) [65], and plasma-enhanced

chemical vapor deposition (PECVD) silicon nitride (SiNx) [83], are used to mitigate the impact
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of the backchannel surface traps on the TFT's electrical performance. SiNy is a standard
passivation material for electronic devices due to its large band gap and high thermal stability
[84, 85]. However, it is shown that the SiNx passivation leads to change and degradation of the
electrical performance of the TMDC-based TFTs [83, 86]. A recent study ascribed the
electrical performance variation to the TMDC crystal damage during the SiNx deposition [83].
At the same time, another report suggests the role of trapped charges inside the MoS film in
changing the electrical performance of TMDC-based devices [86]. Furthermore, introducing
hydrogen contamination into the active region during the passivation process is another
possibility reported for PECVD SiNy coated onto the backchannel surface of TFTs with various
semiconductors [87, 88]. It was shown that hydrogen atoms could physically or chemically
adsorb and replace sulfur vacancy defects [89, 90] in a TMDC film. Koh et al. [91] studied
the effect of hydrogen adsorption and diffusion into the TMDC layer using density functional
theory. They reported that conductivity enhancement of the TMDC film through forming S-H
bonding. In addition, it is shown that hydrogen plasma exposure to a monolayer TMDC film
leads to the creation of trap states [89, 92], causing degradation of the electrical performance
of TMDC-based devices [93]. A more precise understanding of the root cause of the electrical
performance variations of TMDC TFTs after SiNx passivation will lead to overcoming the
impediments of using this dielectric. Previous investigations are mainly done on mono to few-
layer TMDCs [37, 65, 83, 86, 94-96]. Furthermore, none of these studies have systematically
examined more than one TMDC bulk thickness for the comparative effect of passivation on
electrical performance. Thereby, the impact of the SiNx passivation process on the electrical

performance of TMDC TFTs with various thicknesses is investigated in Chapter 5.
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2.6.2 Dual gate structure

The effect of backchannel surface traps can be minimized by proper passivation using
dielectric material [36, 83, 97, 98], which can be used as a top gate dielectric for fabricating a
dual-gate device. A dual gate above and below the TMDC is used to perform electrostatic
modulation of contact resistance, threshold voltage, and the TMDC channel [99-102]. This
device architecture has applications in logic operations [101], optoelectronic response control
[103], and memory devices [101, 104]. However, the investigation of dual gate TMDC TFTs
is usually done on pristine backchannel surface semiconductors; thus, the effect of backchannel
surface traps on the electrical performance of dual gate TFTs is ambiguous. Furthermore, the
previous reports studied the dual gate effect on few-layer TMDCs films (TMDC thickness <
10 nm) [8, 99-106]; nevertheless, the impact of TMDC thickness on dual gating of dry-etched

TMDC TFTs is unclear. This topic will be studied in Chapter 6.

2.7 Organization of dissertation

This Ph.D. dissertation studies the effect of the microfabrication process on the electrical
performance of TMDC-based TFTs, covering the influence of large-area exfoliation of TMDC
flakes, dry etching process impact on the backchannel surface, and the impact of PECVD
passivation process. Finally, it describes the effect of the microfabrication process on the

electrical performance of a dual gate structure electrical.
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To address the introduced problems of the TMDC deposition method, a two-step mechanical
exfoliation and etching approach for transferring and controlling the thickness of TMDC will
be presented in Chapter 3.

In Chapter 4, the effect of the two-step mechanical exfoliation and etching approach on the
electrical performance and stability of multi- and few-layer TMDC-based transistors was
investigated. In this chapter, device parameters were extracted using current-voltage (I-V) and
gate-bias-stress measurements to determine the effect of the process on the interface, bulk
defects, and backchannel surface states on the performance of the device. PECVD SiNx was
used to passivate the TMDC devices to control the impact of backchannel surface traps. In
Chapter 5, the effect of PECVD SiNy passivation on TMDC TFTs with varying TMDC
thicknesses was studied. This chapter explored the effect of SiNy thicknesses, hydrogen plasma
exposure, dielectric deposition with an electron beam and PECVD, and incorporation of
hydrogen diffusion barriers on TMDC-based transistors. Chapter 6 explores the effect of
backchannel surface traps on the electrical performance of dual-gate TMDC-based TFTs using
dry-etched and pristine TMDC. Bilayer SiOx/SiNyx dielectric is used to fabricate the dual gate
structure. Finally, Chapter 7 summarizes the contribution of this Ph.D. thesis to the 2D

semiconductor field and points out suggestions for future work.
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Chapter 3
The fabrication process of TMDC-based TFT arrays using the dissolving tape

method and dry etching process

3.1 Introduction

This chapter presents a two-step mechanical exfoliation and etching approach for
transferring and controlling the thickness of molybdenum disulfide (MoS>) as the active
semiconductor. Atomic force microscopy (AFM) was used to characterize the thickness and
surface morphology of transferred MoS: flakes and extract the etch rate of the dry etching
process. Raman spectroscopy was used to verify the thicknesses and quality of processed MoS»
flakes by referencing the frequency difference between the Elog and Azq peaks to the number

of MoS; layers.

3.2 Large—area TMDC exfoliation

The fabrication of TDMC TFTs was performed on a highly doped p*-Si wafer with 100 nm
of thermally grown SiO>. The TMDC layer was transferred onto the Si wafer using adhesive
tape attached to bulk MoS: (Figure 3.2-1 (a)). The tape peels off several layers of MoS: that
are then mounted onto the final process wafer (Figure 3.2-1 (b) and 1(c)). In a conventional
exfoliation process where the carrier tape is peeled away, leaving the transferred MoS; on the
process wafer, inducing a mechanical strain on the MoS; that leads to structural failure of the
TMDC layers. While the adhesive tape separates a large area from the bulk, subsequent tape
removal may cause micro-cracking of the TDMC layers after the transfer, reducing the useful

area available for device fabrication. To alleviate these challenges, an approach using a water-
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soluble carrier tape (3M™ Water-Soluble Wave Solder Tape) was used, allowing the MoS; to
be gently and reliably released without mechanical degradation. Water-soluble tape is
previously used as a transfer method for 2D materials [107, 108]. The tape can be used as a
temporary support layer to hold the material in place before transferring it to another substrate.
This process is often called "dry transfer” or "tape transfer" and is a common method for
transferring 2D materials [108]. The work presented in this thesis has scaled this approach to
larger areas and demonstrates the feasibility of extending this technique towards large-scale

manufacturing.

In this process, the carrier tape/MoS, was placed onto a process wafer followed by a 5-
minute thermal anneal at 110 °C under ambient conditions to remove water and enhance the
adhesion between MoS; and the SiO; surface (Figure 3.2-1 (d)). The tape was then dissolved
by submerging the sample in water (Figure 3.2-1 (e)), leaving the transferred TDMC layer

intact (Figure 3.2-1(f)).

(a)/ (b) (©) (d)
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(dehydration). scotch tape

Figure 3.2-1. Modified mechanical exfoliation procedure.
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MoS: flakes up to a few square millimeters were transferred (Figure 3.2-2) using the dissolving
tape method, which is significantly larger (> 40x) in the area compared to transferred layers
using the conventional exfoliation approach (inset of Figure 3.2-2). AFM is used to
characterize the quality of the transferred MoS; films with both methods. The results reveal
microcracks and large thickness variations on the surface of MoS; transferred by the
conventional exfoliation method (Figure 3.2-3 (a)). In contrast, the transferred MoS; films with
the modified dissolving tape have a relatively smooth uniform surface with rms = 0.5 nm

(Figure 3.2-3 (b)).

Figure 3.2-2: Optical micrograph of exfoliated MoS:2 flakes on a SiO: substrate,
transferred by the modified method using a dissolvable adhesive. The inset shows the

transferred MoS: flakes by the conventional method.
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Figure 3.2-3: The AFM images of transferred MoS: flakes on a SiO2 substrate using (a)

conventional exfoliation and (b) modified exfoliation method.

The modified dissolving tape transfer process is further studied by investigating the effect of
DI water rinse on the MoS> film. Raman spectroscopy was used to check for potential oxidation
of the semiconductor, a possible degradation mechanism during DI water rinse reported by
other groups [30, 109]. Oxidation of the MoS; flakes creates a lattice distortion, which can be
detected by a shift and the intensity reduction of the E'>g and A1, peaks. These Raman results
showed no measurable variation to indicate oxidation of the MoS; film after the dissolving

tape transfer process (Figure 3.2-4).
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Figure 3.2-4: Raman spectroscopy of MoS: films with different thicknesses.

3.3 MoSzdevice array fabrication

After transferring the MoS; layer onto the substrate, an array of individual square islands, 40
pum x 40 um, was patterned by conventional photolithography and dry etched in an SFe/O>
plasma to define the active regions of an array of devices. The Phantom Il Reactive-ion Etching
system was used for the dry etching process. The plasma is typically applied for 60 sec for the

patterning process.

Subsequently, top electrode contacts were patterned on the islands to complete the bottom-gate
transistor devices. For this, the Intelvac E-beam evaporator was utilized. Previous work has
shown that low work-function metals such as Ti and Sc lead to a higher current than high work-
function metals (e.g., Au) [71] due to a lower Schottky barrier ( The effective Schottky barrier

for Ti is around ~ 0.05 eV. ). The thickness of Ti is set to 50 nm, then 100 nm Al is deposited
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over the Ti layer. The lift-off of the photo-resist forms the final top electrodes by placing the
sample in Remover PG at 80 °C for 1 hour. The optical micrograph and schematic of the TFT
array are depicted in Figure 3.3-1. Finally, the samples are annealed in a vacuum oven at a
pressure = 1x107° Torr at 120 °C for 1 hour to remove the water molecule adsorbates on the

TFT backchannel surface.

(b)

Ti/Al
MoS, MoS,
Si0,

Figure 3.3-1: Optical micrograph of the MoS2 TFT array with a resulting channel width
of 40 um and a channel length of 20 um for each TFT. (b) Schematic of bottom-gate MoS2

TFTs.

3.4 Dry etching process

In this project, an SFe¢/O2 dry etching process was used to thin the TMDC layers to achieve

few-layer (3 —4 layers) structures. During this process, the following chemical reactions occur:
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SFe+e— SFs+F+e (1)

O,+e—20+e 2)
SFs + O — SOF4 + F 3)
MoS; + 6F — MoF4 + 2SF 4)

In chemical reactions of (1) and (2), the plasma will form. Then, the SFs and O reactions will
lead to the formation of F radicals (3). Finally, F reacts with MoS», leading to the formation of
MoF4 and SF (4). These products are highly volatile (a boiling point of —49.0 °C) and are
pumped out of the chamber without further reaction [110].

In this process, the SFs and O, gases flow rates were 10 sccm and 20 scem, respectively, with
a plasma power of 75 W and a chamber pressure of 150 mTorr. To define the MoS; film
thickness and the etch rate of the process, AFM measurements were done before and after the
dry etching process for plasma exposure durations of 8 s to 32 s (Figure 3.4-1). The thickness
variation as a function of etching duration is plotted in Figure 3.4-2, indicating that the etch
rate is ~2.6 nm/s (~4 layers/s). Raman spectroscopy was used to verify the layer thicknesses
by referencing the frequency difference between the E*;gand Aiq peaks to the number of MoS;
layers. The reference bulk MoS: (thickness = 90 nm) shows a frequency difference of about 26
cm?, which is in agreement with a previous report [19] (Figure 3.2-4). The frequency
differences for the 3 nm and 2 nm are 24.4 cm™ and 22.5 cm™ respectively, which agree with

previously reported layers with similar MoS; thicknesses [19, 111].
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t, =10 nm; rms:

Figure 3.4-1: Atomic force microscopy images of (a) As-transferred MoS: film. (b) to (g)
are AFM images after dry etching for 8 s, 16 s, 24 s, 26s, 28s, and 32 s, respectively. The
thickness and root mean square (rms) of the MoS: film at each step are added under each

image.
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Figure 3.4-2: Thickness variations of multiple MoS: at different plasma exposure

duration.
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3.5 Conclusion

In summary, a novel two-step mechanical exfoliation and dry-etching process were used to
transfer multilayer and control the thickness of MoS; films. The technique allows nearly all
transferred material to be utilized in fabricating multiple electronic devices over a large area.
Furthermore, this approach alleviates the problems associated with conventional exfoliation
methods by eliminating the introduction of mechanical micro-cracking of the MoS; during the
transfer process and increasing the transferred area by about 40x. However, the major
limitation of this process is the size of the exfoliated source material used in the transfer. An
SFe/O2 dry etching process with etch rate of ~2.6 nm/s (~4 layers/s) is used to reduce the
thickness of transferred TMDC films to a few-layer structure (3-4 layers), which is confirmed
by the Raman spectroscopy. As a result, a process for fabricating multilayer and few-layer

MoS;, TFT arrays is developed.
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Chapter 4
Effect of large-area exfoliation and etching on the electrical
behavior of transition-metal dichalcogenide field-effect transistor

arrays

4.1 Introduction

In this chapter, the effect of the device processing on the electrical performance and stability
of multi- and few-layer TMDC-based transistors was investigated using a two-step mechanical
exfoliation and etching approach of molybdenum disulfide (MoS.;) as the active
semiconductor. In Chapter 3, it is shown that this methodology enables large-area transfer and
thinning for the fabrication of few-layer TFT arrays from a single large-area MoS; flake. In
this chapter, device parameters were extracted using current-voltage and gate-bias-stress
measurements to determine the effect of the process on the interface, bulk defects, and
backchannel surface states on the performance of the device. The resulting analysis provides
an additional understanding of the effects of device processing on the operation and
performance parameters of TDMC field-effect transistors for next-generation electronic

memory devices.

4.2 Experimental

Bottom-gate, top-contact MoS, TFT arrays were fabricated using the soluble tape method
and the dry etching process, as discussed in Chapter 3. The electrical performance of the MoS:

TFTs was measured before and after the dry etching process. Device parameters were extracted

42



from current-voltage (I-V) characteristics performed in a vacuum of 1x107 Torr, under dc-
and pulsed-gate (30 ms pulses) voltage operation using a pair of Keithley 2400 source meters.

The chemical composition of MoS; thin film, from surface to bulk, was characterized using
X-ray photoelectron spectroscopy (XPS) by Thermo-VG Scientific ESCALab 250 Microprobe

equipped with a monochromatic Al Kalpha X-ray source (1486.6 eV).

4.3 Results and Discussion

4.3.1 TFT configurations

For this investigation, two configurations are studied: (a) the plasma etching process is done
before the drain and source deposition, and (b) the plasma etching process is done after the
drain and source deposition (Figure 4.3-1 (a) and (b)). Figure 4.3-1 (c) illustrates the I-V
characteristics of these configurations. It is observed configuration (a) is almost shorted, while
configuration (b) shows a field effect behavior. The reason might be the effect of the plasma
etching process, roughening, and oxidizing the backchannel surface of the MoS: film (This
issue will further elaborate). This issue may cause a short between the drain and source, while
in configuration (b) drain and source are not in direct contact with the plasma exposed surface.
Hence, configuration (b) is used for investigating the effect of TMDC bulk thickness on the

electrical performance of TFTs.
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Figure 4.3-1: Cross-sectional schematic of MoS2 TFT with deposited drain and source
(a) after and (b) before the plasma etching process. (¢) Drain current vs. gate voltage

characteristics for the TFTs.

4.3.2 MoS2 bulk thickness effect

The I-V transfer characteristic of an as-fabricated MoS; (thickness of 90 nm) is shown in
Figure 4.3-2, showing n-channel depletion-mode operation [9, 112] with a large threshold
voltage (Vi) of -52 V. The high threshold may originate from trapped charges: (i) within the
MoS:; layers, which are due to intrinsic defects; (ii) at the MoS» backchannel surface, which
can be caused by surface defects or environmental contaminants; or (iii) at the semiconductor-
dielectric interface due to the exfoliation process.

To resolve the origin of this large Vi, the device I-V characteristics were measured as a

function of MoS; bulk thickness (ts) after each etching step.
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as-fabricated TFT with a MoS2 bulk thickness = 90 nm. The inset shows the output

characteristics of the MoS2 TFT.

The Vi evolution versus thickness, ts, is shown in Figure 4.3-3. Vi improved by +17 V when
the semiconductor thickness was etched from 90 nm to 15 nm. As t; decreased from 15 nm to
3 nm, the Vi improved further, shifting an additional +22 V to -11 V. The reduction of ts below
15 nm caused an abrupt increase in the rate of the Vi, shift from ~ 0.2 V/nm (for t=>15nm) to
~1.8 V/nm (for t<15 nm). To investigate the effect of the MoS, bulk thickness on the
electrical performance, the threshold voltage equation can be related to the bulk and interface

trap densities for thin film transistors [26]:

Nits(Ep—E; D¢(EF—E; Dp-D .
vth ~ qN¢ts(Ef : i)threshold _ % + qD(Er Cl)threshold _ q( lz: A) + (Dms, (Equatlon 4_1)
14 4 4 4
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where N;is the bulk trap density, g is the electron charge, (Er — E;) threshoia 1S the energy
difference between the Fermi and the midgap energy level at the threshold, assumed to be equal
to half of bandgap energy. Oris the effective charge in the depletion region, C, is the gate
capacitance, D; is the MoS/SiO» interface trap density, Dp and D are the donor and acceptor
channel doping, respectively, and @, is the metal-semiconductor work function difference
[26].

To further understand the source of the Vi, variation, multiple identical devices were measured,
and the absolute parameter values for threshold voltage, ON/OFF current ratio, field-effect
mobility, and subthreshold swing as a function of MoS; bulk thickness were extracted. The

results are plotted in Appendix A, Figure S 1.
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ratio variations, (c) the subthreshold swing vs. ts, and (d) the field-effect mobility vs. ts.

Figure 4.3-3 shows the average value of several device parameters with their standard

deviations and their dependence on the TMDC thickness. The standard deviation of these
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parameters are less than 10%, indicating the reproducibility of the process. This reproducibility
demonstrates the robustness of the fabrication process for single MoS; flake. As the MoS; layer
thickness decreased from 90 nm to 15 nm, the TFT ON/OFF current ratio increased nearly
three orders of magnitude due to a decrease in the leakage current with relatively small changes
to the ON-current (Figure 4.3-3 (b)). Further reducing ts (from 15 nm to 3 nm) decreases the
ON-current by 60 %, correlated to a decrease in the field-effect mobility.

The origin of the reduced leakage current may be due to the reduction of bulk trap states in the
MoS:. Therefore, the trap state density was further investigated through the extraction of the
subthreshold swing (S) (Figure 4.3-3 (¢)). In this case, the trap density can be extracted using

the following:

Cyq
)(Ntts +Dy)

1/5 = logpe X (qz(ksi )s (Equation 4-2)

q

where kg is Boltzmann's constant, and T is the absolute temperature [26, 113]. The bulk trap
density for each thickness can be extracted from this equation. XPS measurements did not
show compositional variation at the MoS,/Si0; interface (the result will be explained later);
therefore, D, is considered constant at about ~6x10'? cm2eV-!, according to the previously
reported values [112]. The results show that when ts is reduced from 90 nm to 15 nm, S
decreases by ~ 2.1 V/dec, and N, reduces from ~9.11x10'7 cm3eV™! to ~4.76x10'7 cm>eV!,
which is correlated to AV ~ 21 V (extracted from Equation 1.5-4), in agreement with Figure
4.3-3. Furthermore, the result suggests the concentration of bulk trap states in the TMDC layers

may be responsible for the leakage current, and this concentration decreased as a function of
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the MoS; thicknesses. This observation agrees with a previous report [92], which investigated

the effect of inducing traps in the semiconductor bulk of TMDC-based TFTs.

As the MoS; thickness is reduced during etching, the Nits product in Equation 2 becomes small
compared to Dt. As ts decreases from 15 nm to 3 nm, Dt may be extracted from Equation 2 by
measuring the subthreshold swing of the device. Using this approach, Dt was found to increase
from 6x10% cm?2eV! to ~1.2x10% cm?2eV1. The change in Dy is expected as the MoS; layer
is reduced due to the increasing surface-to-volume ratio of the structure. The increase in D¢
suggests the etching process is introducing backchannel surface states due to the etching
process. The initial removal of the MoS: diminishes the number of bulk defects within the
MoS; layer until the structure becomes a few layers thick. At ts < 15 nm, the backchannel
surface states dominate the device behavior, and the removal of bulk defects may be offset by
surface states introduced by the etching due to the proximity of the backchannel surface defects

to the active TFT channel region.

Exploring this hypothesis further, the impact of the TMDC thickness on the carrier field-effect

mobility (ue) of the TFT operating in the linear regime was analyzed using the relationship:

0l 44
e |ovgs

L .
] X [CgvdsW]’ (Equation 4-3)

at Vg=1 V. As can be seen in Figure 4.3-3 (d), reducing ts from 90 nm to 15 nm leaves p,
nearly constant. The contact resistance, Rs, was also extracted using the Y function method to
determine the effect Rs has on the parameter extraction. These calculations show that the effect
on the extracted carrier mobility due to the contact resistance was less than 15% for the

measured TFTs. A similar conclusion may be made from the output characteristic of the TFT,
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showing the ohmic behavior of the I-V characteristics at low drain voltages (inset of Figure
4.3-2).

An interesting outcome from the I-V measurements was the positive Vi shift as the MoS,
thickness was reduced due to the removal of bulk defects in the TMDC for multilayer MoS»
structures. However, when t; is reduced to less than 15 nm, the threshold voltage continues to
improve, but a significant drop in the field effect mobility was observed.

The positive shift in the Vi, for ts< 15 nm shows a variation in the field effect due to a negatively
charged layer on the backchannel surface. To investigate this possibility, surface analysis on
the dry-etched samples was performed using XPS, revealing a 5 nm thick layer having oxygen
incorporation in the MoS; film (Figure 4.3-4). The fluorine peak was not observed in the
measurement. This finding suggests that the MoS2/SiO; interface is not affected during the dry
etching process. Moreover, the oxygen incorporation by forming the MoOs on the backchannel
surface is responsible for the negative charge, consistent with previous reports on the p-type
doping in exfoliated or CVD MoS; with oxygen [77, 78]. By reducing ts to less than 15 nm,
the oxygen-doped layer and the accumulation region become closer, leading to a positive shift
in the threshold voltage (Figure 4.3-4 a,b). The oxygen doping concentration in the channel
layer is estimated to be ~1x10' cm 3, extracted from the Vi variation for t; <15 nm (Equation

1.5-4), in agreement with the doping concentration value reported in [114]
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Figure 4.3-4: (a) XPS surface analysis of a dry etched MoS: film. The inset shows the XPS
results of the layer of the unexposed surface. (b) and (c) show the energy band diagram
and cross-section schematics of dry-etched MoS: TFT with thicknesses above and below

15 nm, respectively.

The change in the carrier transport was likely due to carrier scattering when the dry-etched
layer moved closer to the accumulation layer of the active channel region as the MoS; layer
was thinned. This tradeoff in the electrical behavior and carrier transport characteristics may
be specific to thinner TMDC structures since the proximity of the backchannel will begin to
encroach into the accumulation layer of the TFT channel region. Past reports [34, 115] have
shown the transport and electrical characteristics degradation for few- and monolayer devices
where the backchannel surface defects dominate the device operation. The correlation between

the semiconductor thickness and the field-effect mobility provides additional insight into the
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TMDC materials transport mechanism, where the backchannel surface quality can play a
significant role in the transistor operation.

To quantify this surface effect on the carrier transport, the backchannel surface morphology
was measured. The root mean square (rms) surface roughness of the as-transferred MoS, film
was 0.5 nm, while this roughness increased to 5 nm after etching 75 nm of the MoS,. Further
etching resulted in a slight smoothening of the surface with an rms roughness of ~1.7 nm. This
roughness variation has been shown to be due to the redeposition of the sputtered MoS; on the
surface, creating a non-uniform distribution of peaks and valleys on the surface for multilayer
structures [28]. Once the peaks and valleys form, the peaks are removed more quickly
compared to the valleys of the MoS: surface that has been observed in the previous report
creating a smoother surface [116]. Nevertheless, the final roughness of 1.7 nm is 3x greater
than the original as-transferred surface roughness and is nearly equal in magnitude to the
overall thickness of the TMDC layer. Given the proximity of this surface to the accumulation
layer and the thickness of the overall channel layer, the observed field-effect mobility
degradation may be due to carrier scattering from the backchannel surface.

Electrical stability measurements of the TFT structures correlate with the measured device
characteristics. It was found that reducing the MoS: bulk thickness from 65 nm to 15 nm
improved the electrical stability of the TFTs operating under constant dc bias (Figure S 2). In
agreement with the extracted parameters from the I-V characteristics, the electrical stability
begins to degrade as the MoS» thickness is brought below 15 nm. The improvement in the
electrical stability with decreasing ts from 65 nm to 15 nm supports the hypothesis that the

electrical characteristics are dominated by bulk defects that affect the leakage current and
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carrier transport. As the bulk defect density is reduced, the effect of surface states becomes
dominant as the TFT backchannel moves closer to the active region of the device. The
degradation in the electrical stability with decreasing t; from 15 nm to 2 nm suggests the
observed increase in trap states within the MoS» is due to surface states that dominate the
device's active region. This conclusion is further supported by the change in Vi and the
reduced field effect mobility shown in Figure 4.3-3 ¢ and d. Extracting the trap activation
energy (E,) from the electrical stability measurements also shows that E, remains almost
constant at 0.33 eV down to ts = 15 nm. This extracted E, value can be attributed to the donor-
like sulfur vacancy traps in MoS: bulk, reported in computational investigations by Li et
al.[117]. On the other hand, at ts = 2 nm, E, increases to ~ 0.45 eV, representing a transition
in the dominant defect mechanism for the thinner layers, which is in agreement with the effect
of the backchannel surface states discussed in the previous sections.

This effect may be used to tune the threshold voltage for TMDC-based memory devices (along
with backchannel passivation with dielectric materials such as PMMA and SiNx) to create

memory arrays having unique electrical characteristics for memory encryption.
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4.4 Conclusion

In summary, the electrical characteristics of the fabricated devices showed the existence of trap
states within the MoS» bulk and backchannel surface traps. It was observed that the impact of
MoS; bulk traps is more dominant for multilayer TMDC devices having thicknesses greater
than 15 nm. The MoS: bulk trap density can be reduced using a dry etching process, improving
the electrical performance and stability of the transistors.

On the other hand, the etching process produced surface states on the TFT backchannel that
altered the electrical stability and the carrier transport for MoS; thicknesses less than 15 nm.
This degradation resulted from the proximity of the defects on the etched backchannel surface
to the active device region. In addition, the presented transfer-and-thinning process was found
to provide a means to control the electrical performance and stability of the TDMC-based
transistors that may be a useful approach for further developing nonvolatile memories based

on multi- and few-layer TDMC materials.
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Chapter 5
Effect of hydrogen-containing passivation layers on the electrical performance

of transition-metal dichalcogenide field-effect transistors

5.1 Introduction

In the last chapter, it is shown that bulk trap states for multilayer TMDC devices dominate the
electrical behavior of the TFTs. At the same time, few-layer structures are affected mainly by
the backchannel surface states. Therefore, backchannel encapsulation layers can be utilized to

mitigate the impact of surface defects on the TFT's electrical performance.

This chapter examined the impact of hydrogen-contained passivation layers and the effect of
hydrogen exposure on TMDC TFTs with devices with varying TMDC thicknesses. A SiOx
thin film H-diffusion barrier was also used to determine the efficacy of bilayer dielectric layers
on molybdenum disulfide (Mo0S>)-based transistors. Device parameters were extracted using
current-voltage and dc gate-bias measurements as a function of time to determine the effect of
passivation and plasma exposure on the electrical stability of the device. In addition, Time-of-
flight secondary ion mass spectroscopy was used to determine the hydrogen depth profile in
the MoS: layer. The resulting analysis provides a better understanding of how the passivation
process on 2D electronic materials affects the electrical performance of TMDC field-effect

transistors for next-generation nonvolatile memory devices.

55



5.2 Experimental

5.2.1 Backchannel passivation process

MoS; TFTs were passivated using SiNy (100 nm thickness) and SiOy (50 nm thickness),
and bilayers of SiOx/SiNx (50 nm/100 nm thicknesses). PECVD is used to deposit the SiNx
(with SiH4 (5 scem flow rate), and NH3 (100 scem flow rate) ) and SiOx (with SiHy4 flow of 5
sccm and NO; flow of 100 sccm) layers deposited at a plasma power =25 W, chamber pressure
= 1000 mTorr, and a temperature = 300 °C. Finally, the passivation layers were patterned using
a dry etching process with CF4 and O> precursor gases. The bilayer passivation layers were
used to investigate the effect of SiOy as a hydrogen diffusion barrier, in which an electron beam

is used to deposit the SiOx layer. The schematic of the TFT is depicted in Figure 5.2-1.

Ti/Al

Figure 5.2-1: Schematic of bottom-gate MoS: TFTs with a passivation layer
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5.2.2 Chemical Analysis and Electrical Characterization

Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) was used to confirm the
incorporation of hydrogen atoms in the MoS; for structures that were pristine and exposed to
H> during the deposition of the SiNx. In addition, the effects of the SiOx passivation using
PECVD and electron-beam deposition were used to determine the extent of hydrogen
incorporation due to the precursor gas during the PECVD process. TOF-SIMS was also used
to characterize the effectiveness of SiOx as a hydrogen diffusion barrier using various
SiNx/SiOx bilayer passivation structures. The data is acquired using Bi" (30 kV) as the analysis

ion source and Cs (1 kV) as the sputtering ion source.

The electrical characteristics were determined using I-V characterization of TFT structures
with different backchannel conditions, including bare, hydrogen exposed, PECVD SiNy
passivated, PECVD SiOx passivated, electron beam SiOx passivated, and bilayer passivated
with H-diffusion barriers. The [-V measurements were performed under pulsed (duty cycle =

4%) under dark conditions within an evacuated chamber at a pressure of 1x10~ Torr.

5.3 Results and Discussion

The effect of the deposition of hydrogen-containing SiNx passivation layers on the
electrical parameters of the transistors of different TMDC layer thicknesses (ts) is shown in
Figure 5.3-1. The electrical performance parameters for multiple bare MoS: TFTs with
different MoS; thicknesses are shown, comparing reference devices (black curves) with 100

nm SiNx-passivated devices (red curves). In Figure 5.3-1 (a), the threshold voltage (Vi) does
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not change for MoS» thicknesses between 25 nm to 15 nm. Unexpectedly, thinner MoS» layers
(ts < 15 nm) were found to exhibit a negative Vi shift compared to the reference TFTs; an
increase from 26 V to 43 V was measured for ts decreasing from 10 nm to 3 nm. The Vi, shift
sources from a change in the trap density, possibly due to the formation of states in the MoS»
layer during the SiNx deposition process. The ON/Off current ratio, subthreshold swing, and
field effect mobility variations of SiNx passivated TFTs with different ts were measured to
explore this possibility.

Figure 5.3-1 (b) shows that the ON/Off current ratio does not change notably after the SiNx
passivation for ts > 15 nm. However, the ON/OFF current ratio for ts < 15 nm degrades from
107 (bare TFT - reference) to 10 after the SiNx passivation. This degradation is mainly due to
the off-current increase from 107'% A to about 10”7 A (see Appendix B, Figure S 3) because of

a rise in the off-state leakage current, pointing to a trap density variation.

58



_—
=]
~—
o~
=3
~—

0 . T ‘ T ‘ 105+ T . . . -
—s=— Bare TFT —
o~ 8. SiN, passivated - < 1074 3
z -16——H éxposure g 10%4 F
g 2 810
g -24 | —=— Bilaver passivated ‘é 1051 b
s -3 *% E 10* 3
= 40t B
g = 107 3
= -48 b )
E 6/ e i
= el ] 10+ .
. . ‘ : : 10° . ‘ . . :
30 25 20 15 10 5 0 30 25 20 15 10 5 0
MoS2 bulk thickness, t, (nm) MoS2 bulk thickness, t, (nm)
(c) (d) :
- 16 ‘ T ‘ 30 r ‘ . . .
2 28+ ]
= 14F V=1V L _ 26! ]
% 12| WiL =40 pmzopm = s ]
= o 2 «
= q0} C,=34nF/cm / 20¢ 1
: : S st -
= 8 16+ ]
2 ? 14+ 1
= 6F = 2L ]
o F)
= 4l = 10 1
e 8} :
= 2t ] 6L ]
] L 1 1 4 1 L L 1 L
30 25 20 15 10 5 0 30 25 20 15 10 5 0
MoS2 bulk thickness, t, (nm) MoS3 bulk thickness, t, (nm)

Figure 5.3-1: The electrical characteristics of MoS2 TFTs in bare condition (black curve),
after passivation with 100 nm SiNx (red curve), after exposure to H2 plasma (green curve),
and after passivation with SiNx/SiOx bilayer dielectric (blue curve) are plotted for
different ts. (a) the threshold voltage of MoS: TFTs as a function of semiconductor
thickness, (b) TFT ON/OFF-current ratio variations vs. ts, (¢) the subthreshold swing vs.

ts, and (d) the field-effect mobility vs. ts.
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Therefore, the trap density variation is further investigated through the extraction of the
subthreshold swing (S) (Figure 5.3-1 (¢)). For ts > 15 nm, S remains constant at around 2.2
V/dec after the SiNy passivation. For thinner TMDC layers, S is found to increase for devices
having t; < 15 nm after the SiNy passivation. The increase might be due to the bulk density

variation. This variation can be extracted using:

Cyq
)(Ntts+Dt)

1/5 = logi, X (qz(ﬂ (Equation 5-1)

q

After the passivation process, the total trap density (N:s+D;) for ts < 15 nm increases by about
~4x; however, the trap density is constant for t;> 15 nm. This increase may be due to the
passivation layer moving closer to the active accumulation layer of the TFT for the thinner
samples.

The impact of SiNx passivation on the carrier field-effect mobility of the TFT operating in the

linear regime was determined using:

_ 0l 4g L . i
He = [6Vgs] X [Cgvdsw] (Equation 5-2)

As can be seen in Figure 5.3-1 (d), the passivation of TFTs for all thicknesses leaves p, nearly
constant, indicating the carrier transport was not measurably affected by the passivation
process.

The impact of bulk defects in the SiNy is investigated using different thicknesses of the SiNx
passivation layer and the effect of an annealing process at 300 °C in a vacuum. The results
indicate SiNx bulk traps and the annealing process do not impact the electrical performance of

the TFTs. The possibility of MoS: layer degradation due to contamination by the hydrogen
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plasma during the SiNx deposition was also considered. Figure 5.3-1 shows the changes in the
device parameters for bare MoS; TFTs exposed to hydrogen plasma using the conditions for
the SiNy deposition (green curve). The electrical performance variations after H, exposure are
similar to the SiNy passivated TFTs, suggesting hydrogen incorporation into the MoS» channel
might cause the device performance variations after the SiNx passivation. The SIMS
measurement confirms the existence of hydrogen in the MoS: layer (this measurement will be

discussed later).

The incorporation of the hydrogen in the MoS: layers can be investigated by extracting the

channel doping concentration (Dp) using:

N¢ts(EF—Ej) D{(EF—E;) (Dp—Da) .
Vi, ~ ANits(EF—Ei)threshold _ Qf + IDe(Er—Ed)threshotd _ 4(Dp=Da) D, (Equation 5-3)
Cg Cg Cg Cg

The threshold voltage and total trap density variations (N#s+D;) for t; < 15 nm are used to
extract the n-type channel doping enhancement after the SiNx passivation. The doping
concentration increases from ~2x10'2cm™to ~1. 3 x10'* cm, which is close to the degenerate
limit in MoS», reported by Fang et al. [118]. In addition, the channel doping enhancement is in
accord with the previous computational study, showing the n-type doping after the hydrogen
incorporation in the MoS; layer [91]. However, TFTs with ts > 15 nm do not show doping
variation due to the limited diffusion length of hydrogen into the MoS; layer. SIMS

measurements show hydrogen atoms diffuse about ~10 nm into the MoS; layer.

To further investigate the effect of hydrogen incorporation into the TMDC layers, SiOx
passivation layers were incorporated using PECVD with hydrogen-containing precursors. A

similar trend to H> exposed and SiNx passivated TFTs were observed. At the same time, the
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electron beam deposited SiOx did not cause electrical performance degradation due to the
reduction of H incorporation and plasma damage in the deposition process (see Appendix B,
Figure S 4). Thus, the electron beam deposited SiOx layer can be used as a hydrogen diffusion

barrier [87].

The electron beam deposited SiOx was used to mitigate the hydrogen diffusion problem during
the SiNx deposition. The effectiveness was tested using a bilayer consisting of a 50 nm SiOx
layer deposited directly on the MoS: surface, followed by a 100 nm thick SiNy film. The bilayer
passivation had a minor impact on the Vi of TFTs with ts >15; however, for ts < 15 nm, the Vi
shows a positive shift of ~6 V after the bilayer passivation (Figure 5.3-1 (a)). Furthermore, the
TFTs show a high ON/OFF current ratio, about 107, close to the values found for the bare TFTs
((b)). For ts < 15 nm, S decreases from 3.2 V/dec to about 2.2 V/dec (Figure 5.3-1 (c)),
attributed to the reduction of the trap density from 1.1x10"* cm?2eV™! to 0.78x10"* cm2eV! (t;
=3 nm), equivalent to a AV = 8 V (calculated from Equation 1.5-4), which is in agreement
by the electrical measurements. After the bilayer passivation, the field-effect mobility was also
improved for t; < 15 nm. Previous studies have suggested the plasma etching of TMDC layers
adversely affected the carrier transport in the TFTs due to backchannel surface defects, creating
a higher probability for carrier scattering [29, 30]. However, the passivated thinner TFTs
reduce this scattering effect only if hydrogen contamination is minimized during the
passivation process. Thus the bilayer passivated TFTs show higher effective mobility.

Furthermore, the electrical performance improvement by the trap density reduction indicates
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the effectiveness of the bilayer dielectric for passivating the backchannel surface and blocking

hydrogen diffusion during the passivation layer deposition.
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Figure 5.3-2: Secondary ion mass spectroscopy results of a MoS: film, (normalized to the
hydrogen signal intensity), after exposing to H2 plasma (olive curve), after passivating
with 100 nm SiNx (red curve), after passivating with bilayer SiNx/SiOx (blue curve), and

at bare condition (black curve). TOF-SIMS data are normalized to the total ion counts.

Exploring this hypothesis further, the impact of the passivation layer and its effect on the
hydrogen concentration in the MoS: semiconductor was analyzed using TOF-SIMS
characterization to determine the hydrogen depth profile in the TMDC layer for different

passivation layers (Figure 5.3-2). The electron-beam deposited SiOx layer in the bilayer
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passivation was an effective H diffusion barrier due to its small hydrogen diffusion coefficient
[119]. The result shows a ~ 6x reduction in the H signal intensity at the surface compared to
the SiNx passivated sample. This finding agrees with ~ 5x decrease in the H-doping
concentration, extracted using Equation 1.5-4. The TOF-SIMS measurements also verified H
incorporation in the PECVD SiOx deposited film, while the H content in the electron beam

deposited film is negligible.

These results show the H content in the SiH4 precursor gas for depositing SiOx and SiH4 and
NHj; for depositing SiNx provides the highest concentration of H within the MoS; layers. With
an increasing H concentration, the n-type doping concentration increases, and the quality of
the MoS: layers degrades, leading to a negative Vu shift and higher S, which agrees with
previous computational investigations [91, 92]. However, due to the small size of the hydrogen
atoms, the scattering process and the effective mobility are not affected. In addition, the
existence of this doped MoS; layer decreases the ability of the gate electric field to deplete the

channel and increase the OFF current.

Electrical stability measurements are used further to support the effect of hydrogen on the
MoS: TFTs. The electrical stability of few-layer MoS: TFTs was also observed to degrade after
passivating the TFT with 100 nm thick SiNx. This degradation in the electrical stability gives
more evidence of the effect of hydrogen-containing passivation layers on the degradation of
the device parameters Vi and S, shown in Figure 5.3-1. In contrast, the TFTs with the bilayer
dielectric showed better electrical stability (see Appendix B). These results show the efficacy

of using a bilayer SiNx/SiOx passivation layer to stop hydrogen diffusion from SiNx into the
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MoS, TFTs, creating a unique approach to enhancing the electrical performance and stability

of multi- and few-layer TMDC electronic devices.

5.4 Conclusion

This study explored the SiNy passivation effect on TMDC TFTs with varying TMDC
thicknesses. Hydrogen incorporation into the active region of the TMDC devices after SiNy
passivation was found to increase the trap density and change the doping, which leads to the
degradation of the electrical performance and stability of TMDC devices. The impact of
hydrogen contamination on the electrical performance depends on the TMDC bulk thickness
due to the limited diffusion length of the hydrogen atoms. Thus, TMDC TFTs with thicknesses
< 15 nm showed higher degradation in this research. This finding points to the higher
sensitivity of the thin TMDC devices to the fabrication process, especially hydrogen-
containing films and processes. The diffusion concentration of hydrogen atoms into the active
region of the TMDC devices can be reduced by 6x times using a SiOx barrier layer. The barrier
layer, combined with SiNx passivation, forms a bilayer coating to passivate the TFT
backchannel surface and improve the electrical performance and stability of the thin TMDC
devices. Utilizing a barrier layer effectively diminishes the adverse impact of hydrogen-
containing backchannel passivation layers and processes. This approach may be used to
develop the next generation of TMDC-based memory devices with high electrical performance

and stability.
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Chapter 6
Effect of backchannel surface traps on dual gating of dry-etched multilayer

transition metal dichalcogenides TFTs

6.1 Introduction

The last chapter demonstrates that a proper dielectric layer can passivate the TFTs’
backchannel surface and improve the electrical performance of the TMDC-based TFTs.
Furthermore, this dielectric can be used as a top gate dielectric layer and form a dual gate
structure. In this chapter, we investigate the effect of backchannel surface traps and TMDC
bulk thickness on the electrical performance of dual-gate TMDC-based TFTs using dry-etched
and pristine MoS; as the active semiconductor. Device parameters are extracted using current-
voltage and gate-bias-stress measurements in a vacuum to determine the effect of electrostatic
control of the backchannel surface traps on the performance of the device. The resulting
analysis further elaborates on the role of the TMDC bulk thickness on the top gate electric field

of the dual-gate field-effect transistors for next-generation electronic memory devices.

6.2 Experimental

6.2.1 The top-gate TFT fabrication process

After fabricating MoS, TFTs with various thicknesses using the soluble tape method and the
dry etching process (Chapter 3), bilayer SiOx (50 nm)/ SiNx (100 nm) is used as the dielectric

for fabricating the top gate configuration. Then, 100 nm Al is deposited and patterned on the
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dielectrics as the top gate metal. Finally, the dielectric layer is patterned using conventional
lithography and a dry etching process with CF4 and O: precursor gases. The schematic and

optical micrograph of the TFTs are depicted in Figure 6.2-1.

(a) (b)

Top Gate Top Gate
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Si0,
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Dielectric

Highly p-doped Si wafer

Figure 6.2-1: (a) cross-sectional schematic and (b) optical micrograph of dual-gate

MoS2 TFTs.

6.2.2 Electrical characterization

A pair of Keithley 2400 source meters is used to extract the electrical performance of the MoS»
TFTs at different backchannel conditions from the drain current-gate voltage characteristics.
The TFTs were measured in three modes: (1) top gate, (2) bottom gate, and (3) dual gate, which

sweeps the bottom gate and applies constant DC bias on the top gate. The drain current was
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measured under pulsed (duty cycle = 4%) in a dark evacuated chamber at a pressure of 1x107

Torr.

6.3 Results and Discussion

The electrical performance of pristine and backchannel etched MoS: TFTs in top-gate, and
bottom-gate modes are measured (Figure 6.3-1). For the top gate (bottom gate) measurement,
the bottom gate (top gate) is grounded to prevent spurious dual-gate coupling [100]. The
threshold voltage (Vi ) variations as a function of ts are shown in Figure 6.3-1 (a). Previously
we found that the root cause of the trap density variation with ts of the bottom gate TFT is the
MoS; bulk trap density reduction (Chapter 4); thus, a similar variation trend of the top-gate
TFTs with ts points to a similar root cause. Nevertheless, the top-gate TFTs have about 8V
higher Vi, indicating a higher trap density top-gate TFTs relative to the bottom-gate one. Top-
gate TFTs with pristine backchannel surface (ts = 25 nm and 40 nm) are measured to understand
further the source of the top gate negative Vu, shift. The results show that the Vi, of the pristine
top-gate TFTs (green stars) and the bottom-gate TFTs with the same t; are close. This result
indicates the MoS,/ bilayer dielectric interface traps might be the root cause of the low
electrical performance of the etched top-gate TFTs. Previously, we showed that the dry etching
process leads to the degradation of the MoS; backchannel surface (Chapter 5). To investigate
the impact of the MoSy/bilayer dielectric interface traps on the top gate TFTs, the ON/OFF
current ratio, subthreshold swing, and the field effect mobility as a function of MoS> bulk

thickness are analyzed.
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Figure 6.3-1 (b) shows the ON/Off current ratio of the bottom and top-gate TFTs with various
ts. Reducing ts from 40 nm to 3 nm increases the ON/OFF current ratio of TFTs about seven
times due to the OFF current reduction by decreasing ts; however, the top-gate TFTs have about
four orders of magnitudes lower ON/OFF current ratio due to the higher OFF current leakage
(Figure S 6). This increase might be due to the higher trap density of the top gate than the
bottom gate structure. This effect reduces the ability of the gate electric field to deplete the

channel region.
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This effect is further studied through the extraction of the subthreshold swing (S) (Figure 6.3-1

(c)). The result shows that the etched top-gate TFTs have about ~5 times higher S than the
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bottom and pristine top-gate TFTs. These observations might be expressed as the trap density

distribution (D;) variations, given by:

$=2.3 (’%T) [1 + "C—”‘] (Equation 6-1)
g

,where kg is Boltzmann's constant, and T is the absolute temperature [113]. Results show that
the D, for the etched top-gate TFTs is about 3x10'* cm™2eV-! for different ts, while the D; for
the pristine top-gate TFTs is two times lower and decreases with reducing t;. This observation
indicates the MoS; bulk trap density variation has a minor impact on the electrical performance
of the etched top-gate TFTs, and the backchannel surface might have a dominant effect on the

electrical performance.

The impact of backchannel surface traps on the carrier field-effect mobility (ue) of the top-gate

TFTs operating in the linear regime was analyzed using:

_ 0l 4 L . i
He = [ans] X [cgvdsw] (Equation 6-2)

As shown in Figure 6.3-1 (d), u. of the top-gate TFTs are about ~6 times lower than the bottom-
gate and pristine top-gate TFTs and have a minor variation with ts. This observation suggests
that the backchannel surface traps have a more dominant impact than the MoS, bulk traps on
the electrical transport of the backchannel etched top-gate TFTs. In contrast, the effect of MoS»
bulk traps on the electrical transport of the pristine top-gate TFTs is more significant. Next,
the impact of backchannel surface traps on the electrical performance of a dual-gate

configuration is investigated.
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Figure 6.3-2 (a) shows the Vi, variation of the dual-gate TFTs (bottom-gate sweep with a
constant top gate bias (V1g)) from Vrg=-40 V to Vrg= 10V as a t; function. The results show
the Vi of the etched dual-gate TFTs (solid lines) with ts> 15 nm does not change after applying
V6. However, for ts < 15 nm using a negative (positive) Vrg leads to a positive (negative) Vi
shift due to the depletion (accumulation) of the carriers in the channel. On the other hand,
pristine dual-gate TFTs (stars) with t; > 15 nm show Vy, variation with Vrg. These results
suggest the backchannel surface traps in the etched dual-gate TFTs may attenuate the top-gate
field effect and decrease the Vi, modulation ability by the top gate. Figure 6.3-3 (a) and (b)
show the energy band diagram of pristine and backchannel etched TFTs. The top gate electric
field effect leads to forming of a second channel close to the MoSz/dual dielectric interface.
The existence of the interface traps at the dual dielectric/MoS: causes weaker depletion of the
second channel due to the top gate electric field attenuation. Furthermore, Figure 6.3-3 (a) and
(c) depict the thin and thick MoS> TFT energy band diagram differences, in which the
proximity of the top-gate active region to the bottom-gate one leads to a more significant

performance modulation.

The expected AV, for the pristine dual-gate TFTs is given by: AV, = — % AVrs, where Crg
g

is the top-gate dielectric capacitance [120]. Thus the expected AV, for the pristine dual-gate
TFTs with Vrg=40 V is about 30 V; however, the measured AV, for ts =40 nm and ts =25
nm are about 10 V and 15 V, respectively. It is shown that the impact of the backchannel
surface trap on the electric field of the pristine top-gate backchannel TFTs is low (Figure
6.3-2). Therefore, the increase of AVw by reducing the thickness points to the impact of
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distance between the top gate and the active region (a similar effect can be seen for the
backchannel etched TFTs). Thus, the smaller measured AV, is due to the back gate proximity
to the channel area effect arising from the MoS» bulk traps. This finding is in agreement with
the effect of MoS; bulk thickness on the electrical performance of top-gate TFTs (Figure
6.3-2). Considering the impact of top-gate proximity to the channel, we expect to have a AV
of about 20 V and 17 V for the backchannel etched TFT with ts = 10 nm and 15 nm,
respectively; however, the measured values are 10 V and 2 V, which may arise from the
backchannel surface traps. To further investigate, the ON/OFF current ratio, subthreshold

swing, and effective mobility are analyzed.
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Figure 6.3-2: The electrical characteristics of the bottom gate backchannel etched (lines)
and pristine (stars) MoS: TFTs with different top gate biases are plotted for different ts.
(a) the threshold voltage of MoS: TFTs as a function of semiconductor thickness, (b) TFT
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effect mobility vs. ts.

The ON/OFF current ratio variation with ts is depicted in Figure 6.3-2 (b), indicating no change
for the etched dual-gate TFTs with t; > 15 nm after applying Vrg; however, the ON/OFF
current ratio varies with Vrg for ts < 15 nm. Applying a negative (positive) Vg causes an

increase (decrease) in the ON/OFF current ratio due to the off-current leakage decrease
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(increase). Furthermore, the pristine dual-gate TFTs with ts > 15 nm results show that applying
V16 leads to ON/OFF current ratio variations, indicating the role of the backchannel surface
traps in reducing the top-gate field effect. Moreover, the ON/OFF current ratio variations with
positive Vg increase with reducing ts for etched (when t; < 15 nm) and pristine dual-gate

TFTs, showing the top-gate proximity effect.

Similarly, applying V1c causes a change in the S of the etched dual-gate TFTs with ts <15 nm
(Figure 6.3-2 (c¢)) and no S variation of the TFTs with t; > 15 nm. Nevertheless, the pristine
dual-gate TFTs with ts> 15 nm have S variation, indicating the role of the backchannel surface
traps in reducing the top-gate field effect, in agreement with the Vi, and ON/OFF current ratio
variations. Furthermore, the pristine dual-gate TFTs have S modulation with V1 <-10 V for
ts = 25 nm and 40 nm, equivalent to a D; decrease of about ~ 2x10'? cm2eV-! and ~ 1x10'?

cm™eV-!, indicating the effect of the top-gate proximity to the active region.

Interestingly, effective mobility does not change by applying V1g, meaning that electrical
transport is unaffected. This effect shows other trap sites (MoS2/SiO; interface and MoS; bulk
traps) and contact resistance have a higher impact on the effective mobility than the
backchannel surface traps in the dual gate configuration. Therefore, the effective mobility can
be improved by lowering the trap density at the MoS2/SiO> interface (e.g., using an atomic
layer deposited dielectric), higher quality MoS: bulk, and low work function drain/source

metals such as Scandium.
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Figure 6.3-3: Energy band diagram of dual gate TFTs with (a) pristine, (b) etched, and

(¢) thick MoS2 channels.

In addition, the current stability of an etched dual-gate TFT with t; = 5 nm is observed to
improve after applying Vrc = -40V. However, applying Vrc = -40V to the etched dual-gate
TFT with ts = 25 nm does not notably change the current stability (see Appendix C, Figure S
7). This difference in the electrical stability of the etched dual-gate TFTs with t = 5 nm and
25 nm implies a reduction in the top-gate bias impact on the TFT's active region. To elaborate
on this effect, the electrical stability of a pristine dual-gate TFT with t; =25 nm is measured
(Appendix C, Figure S 7). The result shows a bias stability improvement after applying Vrc =
-40V, indicating the backchannel surface is the root cause of this effect, which agrees with the

conclusion from the variations of the electrical parameters in Figure 6.3-2.

Furthermore, the current stability improvement of thinner TFTs is higher than thicker ones
after applying a negative top gate voltage, pointing to the impact of the top-gate proximity to

the active region, which agrees with the conclusion from Figure 6.3-2. The electrical stability
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measurements of etched and pristine dual-gate MoS, TFTs are further discussed in the
supplementary. These results suggest that the backchannel surface traps and the distance
between the top gate to the active region affect the ability of the top gate to modulate the
electrical performance and stability of MoS> TFTs with various thicknesses. In addition, the
adverse impact of the backchannel surface traps, created during the fabrication process, can be

controlled using a dual gate configuration.

6.4 Conclusion

In summary, dual-gate MoS, TFT arrays were fabricated using a bilayer SiOx/SiNyx dielectric
on pristine and backchannel etched MoS: films. The existence of trap states on the backchannel
surface of the etched MoS> TFTs leads to the degradation of the electrical performance of the
top-gate MoS, TFTs. Furthermore, it has been discovered that the ability of the top-gate
electric field to modulate the electrical performance and stability of dual-gate MoS: TFTs is
affected by the existence of the backchannel surface traps and the distance between the top
gate to the active channel region. This study provides significant insights into the influence of
the backchannel surface traps and the impact of TMDC bulk thickness on the device
performance. In addition, the dual-gate structure is a practical approach to controlling and
modulating the electrical performance and stability of the MoS, TFTs with backchannel

surface states for realizing the next generation of memory devices.
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Chapter 7

7.1 Conclusions

The thesis describes a novel two-step mechanical exfoliation and etching method used to
fabricate single-crystal multilayer MoS; transistor arrays, which allows for utilizing large areas
of transferred material to create electronic device arrays. However, the size of the exfoliated
source material used in the transfer is a major limitation of this process. In addition, the
electrical characteristics of the devices showed that the MoSz bulk and backchannel surface
traps exist as trap states, which can impact the performance and stability of multilayer TMDC
devices with thicknesses greater than 15 nm. A dry etching process can be used to reduce the
MoS: bulk trap density and improve electrical performance and stability. Conversely, the
etching process can create surface states on the TFT backchannel, which alters electrical

stability and carrier transport for TMDC thicknesses less than 15 nm.

Hydrogen-containing passivation layers were used to mitigate the impact of the surface
defects on the TFT's electrical performance. The study found that hydrogen incorporation into
the active region of TMDC devices after the passivation layer leads to increased trap density
and changes in doping, resulting in the degradation of electrical performance and stability. In
addition, thin TMDC devices with a thickness of less than 15 nm were found to be more
sensitive to the fabrication process, especially hydrogen-containing films and processes. To
reduce the adverse impact of hydrogen-containing backchannel passivation layers and
processes, a SiOx barrier layer combined with SiNx passivation forms a bilayer coating to

improve the electrical performance and stability of thin TMDC devices.
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Finally, the thesis discusses the fabrication of dual-gate MoS, TFT arrays using a bilayer
SiOx/SiNy dielectric on pristine and backchannel etched MoS; films. The existence of trap
states on the backchannel surface of the etched MoS, TFTs can lead to the degradation of the
electrical performance of the top-gate MoS, TFTs. The study shows that the top-gate electric
field's ability to modulate the electrical performance and stability of dual-gate MoS, TFTs is
affected by the existence of backchannel surface traps and the distance between the top gate to
the active channel region. The dual-gate structure is a practical approach to controlling and
modulating the electrical performance and stability of MoS, TFTs with backchannel surface

states, which may be used to develop the next generation of memory devices.

7.2 Suggestions for Future Work:

According to the results and analysis obtained in this dissertation, some suggestions for

future studies are briefly addressed below:

1. To decrease the thickness of the MoS: flakes to monolayer and improve the electrical
performance of the TFTs, it is essential to address the backchannel surface defects
formed during the plasma etching process. Thereby, it is recommended to do more
studies on optimizing the plasma etching process. This study can be done by replacing
oxygen with inert gases and controlling the machine parameters. The successful outcome
of this project may lead to the fabrication of high-performance monolayer MoS, TFT

arrays.
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2. MoS; bulk thickness is an essential parameter in defining the electrical performance of
the device. Therefore, the effect of this parameter on the performance of the MoS;-based

gas sensors is suggested to be investigated.

3. Itis shown that electron beam-deposited silicon oxide is an effective H-barrier; however,
this method is not compatible with large-area electronics. Therefore, it is suggested to
develop a low-hydrogen content PECVD SiOx, which can be compatible with the large-

area fabrication process.

4. The atomic layer deposited Al2Os is shown to degrade the electrical performance of the
MoS; TFTs [96]. Thus, using SiOx as a barrier layer is recommended to reduce the

adverse impact of the Al,O3 deposition.

5. Measuring the resistivity variation of MoS; film after dry etching process using transition
line method can be used to further investigate the effect of oxygen doping on the

electrical performance of the TFTs.
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Appendix A

Supplementary Information for Chapter 4

In this chapter, several identical devices were tested to gain a deeper understanding of
the origin of the high Vi observed in Figure 4.3-2. The absolute values of key parameters such
as threshold voltage, ON/OFF current ratio, field-effect mobility, and subthreshold swing were
determined as a function of the thickness of the MoS: bulk. Then, the electrical stability of

MoS; TFTs with various bulk thicknesses is explored to reveal the characteristic of trap states.
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Figure S 1: Absolute parameter values of MoS2 TFTs at different MoSz bulk thicknesses.
The threshold voltage, the lon/lotf ratio, the field-effect mobility, and the subthreshold
swing as a function of the MoS2 bulk thickness are plotted in (a) — (d), respectively. Each
symbol represented an individual TFT, and dashed lines connect their parameter

variations with the MoS:z bulk thickness.
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Figure S 2: Electrical stability measurement of a TFT with different MoS: bulk

thicknesses.

To further investigate the effect of the defect states and process parameters on the TFT
performance, the device current-voltage (I-V) characteristics were measured over time. For

these time-dependent measurements, MoS, TFTs were measured having: 1) as-transferred
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devices with an initial MoS; bulk thickness of 65 nm and 2) processed devices with thicknesses
of 25 nm, 15 nm, and 2 nm. The drain current was measured in dark conditions under pulsed
(duty cycle =3%) and dc gate biases with V=20 V and Vgs = 0.25 V in an evacuated chamber

at a pressure of 1x107 Torr.

Ids(t)

) response over time for four
145(t=0)

Figure S 2 compares the normalized Igs (N orm.l;s =

MoS:; bulk thicknesses. The as-transferred TFT (ts= 65 nm), I¢s decreased by 9% after applying
3600 s of dc gate bias. The current stability was observed to improve after etching 40 nm of
MoS:. In this case, I4s decreased by 4 % from its initial value after 3600 s of dc bias. After
removing an additional 10 nm of MoS,, the I4¢s degradation dropped to 3% of its initial value.
This improvement in the electrical stability with decreasing ts (from 65 nm to 15 nm) implies
a reduction in the density of trapped charges. In contrast, at a lower thickness (ts = 2 nm), the
I4s degradation increased to 14 % after 3600 s.

The change in the electrical stability is related to the density of defect states in the
semiconductor, where the current vs. time dependence is expected to follow a stretched-
exponential behavior, typically observed in disordered semiconductor thin-film devices [121,

122]. This behavior is modeled by:

Igs(t) _(t B
Igs(t=0s) exp [ (‘t) ]
, where T is the carrier relaxation time, and £ is the dispersion parameter [123]. The carrier

relaxation time and the dispersion parameter may be used to extract the thermal activation
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energy (E,) of the trap states in the bulk semiconductor, with T = v~texp(E,/BkT) where v
is an empirical frequency [123].

Table 1 provides S, 7, and E, parameters, extracted from the fitting of Igs vs. time curves for
TFTs under different processing conditions. The carrier relaxation times were found to increase
by approximately two orders of magnitudes as the MoS; is etched from a thickness of 65 nm
to 15 nm. Interestingly, § remains nearly constant for t; >15 nm, suggesting that the dispersion
of energy barrier height for charge trapping is not affected by the etching process. Furthermore,
E, remains almost constant at 0.33 eV down to ts = 15 nm. On the other hand, at t; =2 nm, t

decreases about five orders of magnitude, f increases to 0.27, and E, increases to ~ 0.45 eV.

Table 2: Bias-stress measurement parameters at different ts.

ts(nm) B 7(s)  Eq(eV)
65 0.17  1x10° 032
25 0.17 5x10° 033
15 0.17 1x10" 033
2 027  4x10° 045
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Appendix B

Supplementary Information for Chapter 5
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Figure S 3: Off-current variations of MoS:2 TFTs after passivation at different ts.
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Figure S 4:The electrical characteristics of bare MoS: TFT (black curve), after
passivation with 50 nm PECVD SiOx (green curve), and after passivation with 50 nm E-
beam SiOx (blue curve) are plotted for different ts. (a) the threshold voltage of MoS2 TFTs
as a function of semiconductor thickness, (b) TFT ON/OFF-current ratio variations vs.

ts, (¢) the subthreshold swing vs. ts, and (d) the field-effect mobility vs. ts.
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Electrical stability measurement
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Figure S 5: Electrical stability measurement of TFTs with 10 nm MoS: bulk thicknesses

in different backchannel conditions.

The carrier relaxation time is found to decrease about one order of magnitude after 100 nm
SiNx passivation. Moreover, £ increases from 0.2 to 0.3, suggesting that the dispersion of
energy barrier height for charge trapping is increased by hydrogen contamination.
Furthermore, E, increases from 0.3 eV in the bare condition to 0.4 eV for the SiNx passivation
condition. This extracted E, value can be attributed to the traps due to the hydrogen adsorption
in MoS: bulk, reported in computational investigations by Han et al. [89]. On the other hand,
for the bilayer passivated TFT, 7 increases about three orders of magnitude, and g and E,

remain unchanged. This improvement shows the bilayer dielectric is an effective passivation
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layer for the MoS; backchannel surface, which agrees with the earlier observation of S and Vi

variations (Figure 5.3-1).

Table 3: Bias-stress measurement parameters for ts = 10 nm at different backchannel

conditions

ts =10 nm B 7(S) E,(eV)
Bare TFT 0.2 5x10° 0.3
100 nm SiNx 0.3 1x10° 0.4
Bilayer 0.2 2x10° 0.3
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Appendix C

Supplementary Information for Chapter 6
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Figure S 6: OFF current of the bottom gate, top gate, and top gate pristine MoS2 TFT as

a function of MoS: bulk thickness.
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Electrical stability measurement
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Figure S 7: Electrical stability measurement of (A) etched dual-gate MoS: TFT with ts=
5 nm, (B) etched dual-gate MoS: TFT with ts = 25 nm, (C) pristine dual-gate MoS: TFT
with ts = 25 nm, and (D) pristine dual-gate MoS: TFT with ts= 40 nm at different top gate

voltages.
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Figure S 7 compares the normalized Igs (N orm.l;s =

and pristine dual-gate TFTs with different t;. The etched dual-gate TFT (ts=5 nm) I4s decreased

by 7% after applying 3600 s of dc gate bias with V1 =0V (Figure S 7 (a)). The current stability
99



was observed to improve after applying Vrc = -40V. In this case, I4s decreased by 3 % from
its initial value after 3600 s of dc bias. However, applying V1 =-40V to the etched dual-gate
TFT with ts = 25 nm does not notably change the current stability (Figure S 7 (b)). This
difference in the electrical stability of the etched dual-gate TFTs with ts = 5 nm and 25 nm
implies a reduction in the top gate electric field impact on the TFT's active region. To elaborate
on this effect, the electrical stability of a pristine dual-gate TFT with t; =25 nm is measured
(Figure S 7 (c)). The result shows a bias stability improvement by ~5 % after applying Vrg =
-40V, indicating the backchannel surface is the root cause of this effect, which agrees with the
conclusion from the variations of the electrical parameters in Figure 6.3-1. Figure S 7 (d)
illustrates applying V1 = -40V to the pristine backchannel TFT with t; = 40 nm leads to an
improvement in the bias stability of ~ 2%. In contrast, the improvement of the pristine dual-
gate TFT with ts = 25 nm is about 5 % (Figure S 7 (c)), pointing to the impact of the top gate

proximity to the active region, which agrees with the conclusion from Figure 6.3-2.

The change in the electrical stability is related to the density of defect states in the
semiconductor, where the current vs. time dependence is expected to follow a stretched-

exponential behavior.

Table 4 provides f, 7, and E, parameters extracted from the fitting of Iqs vs. time curves for
TFTs under different processing and bias conditions. The results show [ remains nearly
constant after apply Vg for all TFTs, suggesting that the dispersion of energy barrier height
for charge trapping is not affected by the top gate field effect. Furthermore, E, remains almost

constant at 0.3 eV, showing the trap's activation energy is independent of the top gate electric
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field. The carrier relaxation time is found to increase by approximately three orders of
magnitudes after applying V1c = -40 V to the etched dual-gate TFT with t; = 5 nm, while the
25 nm TFT does not show any change in the carrier relaxation time. Furthermore, 7 of the dual-
gate TFT with ts =25 nm has about 20 times increase. In contrast, the pristine dual-gate 40 nm
TFT shows a six times increase, indicating the effect of backchannel proximity. This result
suggests the backchannel surface traps and the distance between the top gate to the active
region affect the ability of the top gate to modulate the electrical performance and stability of
MoS; TFTs with various thicknesses. In addition, the dual gate structure is a practical approach
to controlling and modulating the electrical performance and stability of the MoS2 TFTs with

backchannel surface states for realizing the next generation of memory devices.
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Table 4: Bias-stress measurement parameters

B T (s) E_(eV)
V.SV [V =40V [V =0V V. =40V [V =0V [V =40V
Etched - 5 nm 0.17 0.17 1x10° 1x10" 0.29 0.31
Etched - 25 nm 0.17 0.17 4x10 4x10 0.33 0.33
Pristine - 25 nm 0.17 0.17 %10 4x10 0.28 0.29
Pristine—40 nm | 0.17 0.17 %10 5%10 0.27 0.28
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