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Abstract
Electrostatic Modeling and Contact Resistance Engineering in 2D

Semiconductor Devices

Abhinandan Borah

The ever-increasing demand for superior devices with a smaller footprint in electron-
ics calls for research on novel materials as a potential replacement of or integration to
the existing silicon-based technology. The emergence of two-dimensional semiconduc-
tors paved a promising path in this direction. Easy isolation of atomically thin and flat
layers with dangling bond free surfaces enables these materials to not only form 2D ver-
tical heterostructures with novel properties but also facilitates advanced transistor, diode,
and tunnel-device design with characteristics such as unprecedented gate-control of the
channel, extremely high mobility of charge carriers, high current density, and high on-off
ratios. However, like any other technology at the early development phase, 2D semi-
conductor research also faces numerous challenges which are needed to be addressed.
In this work, we address two such challenges in the field— modeling of vertical electro-
statics in these complex novel devices which enables better understanding and prediction
of their characteristics and overcoming the contact resistance issue in a promising 2D
semiconductor, WSes, which enables the advancement of these devices towards near-deal
characteristics.

To predict and analyze the electrical characteristics of 2D vertical heterostructures,
we need to develop solid understanding of the potential landscape, charge distribution,
and energy band diagrams in these devices. Conventional modeling approaches and sim-
ulation tools that have been used so far to simulate the transport characteristics obscure

our intuition as the devices get more arbitrary and complex. Here, we developed a cir-



cuit equivalent model to simulate the vertical electrostatics in these novel and arbitrary
heterostructures in a simple and intuitive manner. In our model, all the parameters of the
energy band diagram are represented by equivalent circuit elements involving capacitors
and voltage sources. We also provide an elegant approach to solve these circuits by using
Gauss law in electrostatics and charge-neutrality conditions in quasi-equilibrium. With a
computationally efficient algorithm developed to solve these structures, we further built
an opensource tool 2dmatstack on nanohub.org that enables researchers to predict and
analyze the characteristics of novel heterostructures to maximize research output.

In the next section, we focus on a major bottleneck in realizing these vertical devices
experimentally. Fermi-level pinning and process-induced surface damage cause large
Schottky barriers between metal contacts and these ultrathin 2D semiconducting layers
resulting in large contact resistance and poor, non-ideal device performance. The solution
to this problem is much more developed in the most widely studied n-type candidate,
MoS;, compared to the common the p-type candidate, WSe;. In this work, we develop
a UV-ozone-based oxidation technique that transforms the top layer of WSe; into a non-
stoichiometric oxide, TOS, that degenerately dopes the layers underneath p-type. This
high hole-doping decreases the Schottky barrier width at the contacts and has resulted
in the lowest p-type contact resistance to ultrathin WSe; reported thus far. We show
that this doping is stable in the ambient, remains active at low temperatures, repeatable,
robust, and area selective for contact-doping without altering the channel properties. The
high-performance ohmic contacts we demonstrate not only sets us in the path to realize
near-ideal channel-dominated devices but also is pivotal to understand these devices better

by eliminating the effect of contacts from the gate-controlled channel characteristics.
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Chapter 1

Introduction

The advent of graphene in 2004 [1] opened an avenue for two-dimensional (2D) de-
vices. Following graphene, a plethora of 2D materials of all types— metallic, semiconduct-
ing, and insulating were introduced. These materials, also known as van der Waals (vdW)
materials, although have different in-plane bonding con gurations, have a common prop-
erty that each atomic layer is coupled to the adjacent layers by a weak vdW force. This
weak out-of-plane bond allows the separation of these layers down to a monolayer pre-
cision by using techniques as simple as mechanical exfoliation using a scotch-tape [2].
The emergence of devices with atomically thin layers where the motion of electrons are
naturally con ned in two dimensions allows exploration of novel and fundamental phe-
nomena in physics as well as advancements in the eld of electronics and optoelectronics
which were previously not attainable with three-dimensional (3D) bulk materials.

A major area of focus for 2D materials application is eld-effect transistors (FET),
diodes and tunnel devices. 2D semiconductors such as semiconducting transition metal
dichalcogenides (TMDC) serve as the most potential candidates for the channel material
in these devices. TMDCs are vdW compounds with M>n guration, where M is a

group IV to VII transition metal and X is a chalcogen atom (S, Se, or Te). Based on their

1



Figure 1.1: 3D Schematic of the structure of a TMDC, Mdeft) and an FET made

with a single layer Mogas the channel (right). Image source— [3]

crystal structure and composition, these materials can be either metallic such as group V
TMDCs and semiconducting such 2H phase of Md8Se and WS. With high carrier
mobility, optimum bandgap (1-2.4 eV), and single atomic-layer thickness, these materials

are widely studied as a potential replacement for Si in devices.

1.1 Why 2D semiconductors for electronics

Over the past few decades, eld-effect transistors made from Si have been scaling
according to Moore's law which predicted that the density of transistors on a chip would
double every 2 years. However, as the transistor dimensions get smaller and channel
length gets shorter, drain-induced barrier lowering, gate-induced leakage, mobility degra-
dation, and other short channel effects become more prominent and are detrimental to
the device performance. These short channel effects result in higher off-state current
and thereby increasing higher static power dissipation. Mitigating these effects requires
enhancing the gate control over the channel electrostatics i.e over the potential and the
charge in the channel. Relation between the channel-potential and charge is given by

Poisson's equation and yields a parameter known as characteristic lengha planar



device, this length is given by = p(g4<§glng4<g n&, whereG@a<g Ggare the thick-
nesses andgs<gandn.gare the dielectric constants of the semiconductor and the gate
dielectric respectively. Conventionally, the channel length is required to be much greater
than_ so that the device performance is not degraded by short channel effects. A small
value of _can be achieved by increasing the oxide dielectric constant, reducing the gate-
oxide thickness, and reducing the semiconductor body thickness. While high-k dielectrics
are already being used by the industry [4], reducing the oxide thickness further than cur-
rent industry standards £ nm) would result in a non-uniform dielectric layer and severe
gate leakage issues as charges from channel tunnel through the thin oxide. To increase
the gate-channel capacitive coupling without decreasing the oxide thickness further, the
industry has transitioned to gate-all-around structures known as FInFETs. However, the
complex device geometry of FINFETs poses extreme fabrication challenges in pushing
the technology beyond the current 7 nm node. Planar devices are much easier to fabri-
cate compared to FINFETs and reducing the semiconductor thickness in these devices to
enhance gate control is one of the promising ways to mitigate short channel effects. Al-
though this has been achieved by ultrathin body devices such as silicon on insulator (SOI),
decreasing the thickness of 3D bulk materials such as in Si is limited by the presence of
dangling bonds on the surface and increased scattering of charge carriers in ultrathin
samples. Creation of interface states and increased phonon coupling due to decrease in
thickness in bulk semiconductors lead to signi cant mobility degradation detrimental to
the device performance. These fundamental problems call for the investigation of novel
materials that can potentially replace bulk materials in ultrathin body devices.

The absence of out-of-plane dangling bonds and thickness of less than a nanometer
in monolayers of 2D semiconductors enable natural con nement of the electrons in an

atomically thin 2D channel and excellent gate-coupling in an FET geometry. Encapsu-



lation of the channel in a 2D insulator used as gate dielectric such as hexagonal boron
nitride (hBN) further provides atomically at and pristine surfaces for better transport
and unprecedented high mobilities (36000%vs in MoS, as demonstrated by Cui et.

al. [5]). With high mobility, excellent gate-controlled electrostatics, and single atomic
layer thickness, 2D semiconductors are expected to provide near-ideal FET characteris-
tics such as 60 mV/dec subthreshold swing with large on curgehtrfA/" m) and high

on-off ratios (>16) while still allowing further scaling of devices. Besides FETSs, the
ability to isolate single 2D layers and transfer them atop one another allows novel verti-
cal structures known as vdW heterostructures with potential application for p-n junction

diodes and tunnel transistors.

1.2 VdW heterostructures and their ubiquitous applications

Single or multiple layers of 2D materials can be stacked atop one another by me-
chanical transfer using polymer stamps to form vertical heterostructures with different
crystalline orientations and different band con gurations between the layers. While some
of these vdW devices provide excellent platforms to study fundamental phenomena in
physics such as superconductivity in twisted bilayer graphene stacked together at a spe-
ci c angle known as magic angle [6], others show exciting properties suitable for device
applications such as ultrafast hole transfer rate of 50 fs in M&/S, heterostructures
[7]. The application of these vdW heterostructures in electronics is focused on novel FET
design, vertical diodes, and tunnel diodes/transistors.

In one of the vertical transistor geometries, a 2D semiconductor is used as the channel
material while graphene can be used for source-drain contacts [8]. Gate modulation of
the work function of graphene and the Schottky-barrier height across the graphene/ semi-

conductor interface results in a large on/off ratio that cannot be achieved in conventional



Figure 1.2: 3D schematic of vdW heterostructures for different applications. a) A vertical
inverter using BSCO as p-channel and M@S n-channel. b) A vertical p-n junction with
stacked 2D semiconductors . Image source— [9]

planar graphene transistors. The extremely short channel (thickness of the 2D layers) also
leads to high current densities. As the current and capacitance are roughly proportional
to the device area, the intrinsic delay and cut-off frequency are independent of device
size. This vertical geometry can be extended to 3D stacking of multiple transistors as
shown by Yu et al. [8] where two graphene-based transistors wiBr8L0,Og layer as

the p-channel and an Mg%ayer as the n-channel were vertically stacked demonstrating

a complementary inverter with a larger-than-unity voltage gain.

Using the relatively staggered band con guration [9] of two most widely studied 2D
semiconductors MoSand WSe, multiple devices have been reported for tunnel diode
and p-n junction applications [10, 11, 12]. For example, Nourbaksh et al. studied the
transverse and lateral band-to-band tunneling in pAdSSe heterostructures [12] and
demonstrated negative differential resistance in the device. Roy et al. demonstrated a sim-
ilar heterostructure with two different gates to control the p-layer and n-layer separately
[11]. Although these devices exhibit rectifying behavior of typical p-n junction diodes,
the fundamental mechanisms governing their behavior are different than conventional 3D
devices due to the atomically thin nature of the junctions, 2D density of states (DOS), and

large contact resistance issues at the metal-semiconductor interfaces. Although the elec-



Figure 1.3: Challenges in understanding vdW heterostructures. (a) The schematic of a
vertical MOS—WSe heterostructure used as a p-n junction and tunnel diode shown by
Roy et al. [11]. Image source— [11] (b) Equivalent representation of the device in (a).
Different 1D vertical cross-sections show different stacking arrangement, thereby making
this simple p-n junction device a complex combination of multiple devices placed side by
side.

trical properties of these 2D heterostructures have been widely studied across literature
for the past few years, the fundamental difference in the electrostatics and nature of con-
tacts preclude us from directly transferring conventional 3D device physics knowledge to

analyze the electrical characteristics of these stacks.

1.3 Challenges in understanding 2D heterostrcutures

It took decades to understand and develop the detailed device physics in Si metal oxide
FETs (MOSFET) and to optimize their geometry for superior performance and smaller
footprint. Although the fundamental approaches from 3D MOSFETSs can be applied to
the eld of 2D materials, there are novel issues that call for a detailed separate study to

develop models and fabrication techniques for 2D devices.

1.3.1 Theoretical challenges

Figure 1.3(a) shows the rst and the most cited vertical heterostructure made with

MoS, and WSe [11]. Here MoS$ is the n-type material and Wges the p-type material.



On the surface, this device appears to be a simple p-n junction. However, it is more
complicated then that since 2D devices are far from ideal. With the schematic presented
in Figure 1.3(b), it can be observed that this p-n junction device is a combination of
multiple vertical devices placed side by side. Along the cross-se@titre out-of-plane
stacking order consists of a metal as source, an n-type semiconductor, a dielectric and a
metal as the back-gate. Alorigthe device is an n-type semiconductor, a dielectric and

a metal stack. Along, the heterojunction is made of a metallic top-gate, a dielectric,

a p-type semiconductor, another dielectric and the metallic back-gate. The cross-secion
3 consists of a top-gate metal, a top dielectric, a p-type semiconductor and a bottom
dielectric. Finally, along} the device is a metal, p-type semiconductor and a dielectric
heterostructure.

When used as a diode under forward bias, the current in this device should ideally be
governed by tunneling-dominated interlayer Shockley—Read—Hall (SRH) and Langevin
recombination between the majority carriers at the heterojunction region and can be con-
trolled by electrostatic gating. However, the injected current here will be determined by
the electrostatics below and near the source-drain regions 8lang4. Moreover, the
2D heterojunction region is not thick enough to support the depletion regions arising from
initial work-function mismatch, so they extend laterally in the layers actomsd3. To
understand the transport in such a complex device and to optimize the geometry, it is
absolutely crucial to understand the electrostatics i.e potential and charge distribution in
all of these regions. For example, Balaji et al. fabricated different gate geometries for
such devices using multilayer Mp&nd MoTe and evaluated the electrotatics with both
electrical characterization and ab-initio simulations [13]. However, even if we fabricate
these devices, in the absence of a model and simulation methods, it will be dif cult to an-

alyze them. Although existing simulation techniques such as solving Poisson's equation



and non-equilibrium green's function (NEGF) can provide some insight into the transport
in these devices, it is dif cult to readily adapt them to solve the electrostatics in an ar-
bitrary vertical 2D heterostructure and thus, they do not provide an intuitive and simple

understanding of the device characteristics.

1.3.2 Experimental challenges

One of the major bottlenecks in 2D device research that impacts the device perfor-
mance severely is the large Schottky barrier for charge injection at the metal-semiconductor
contact interface. A typical FET and other conventional devices operate entirely on the
principle that the gate controls the channel electrostatics. The contacts should not be hav-
ing any impact on the device characteristics and their role is limited to injecting current
into the channel. Therefore, the contacts are required to be low-resistance ohmic in na-
ture. However, the large contact resistances imposed by the Schottky-barrier make 2D
semiconductor devices contact-dominated and precludes the use of the full potential of
the channel. The reported on-current densities for 2D vertical heterostructure devices are
much smaller (in nA range) [12, 11] compared to Si-diodes (in mA range) with similar
device area and doping density. The large contact resistance not only results in small
on-currents limiting the application of these devices but also poses challenges in studying
the channel properties experimentally. To demonstrate the impact of the contacts further,
Zhou et. al. [14] fabricated a similar geometry to Roy et. al. [11] and showed that the de-
vice characteristics arise from the modulation of Schottky-barrier at the contacts instead
of the modulation at the heterojunction electrostatics.

To address this issue and fabricate superior 2D heterostructures, low resistance ohmic
contacts to both n-type and p-type 2D semiconductor is required. The most widely stud-

ied n-type candidate in literature is Mg®/hile the potential p-type material is WHe



Figure 1.4: Contact resistance issue in 2D semiconductors. (a) Transfer characteristics
of a trilayer WSe device fabricated with standard processes with Pd/Au metal contacts.
Small p-type and n-type on-currents indicate large device resistance. (b) Large channel
and contact resistance extracted from the device with 4-probe measurementsndi@0
contact resistance than the channel resistance at all applied gate voltages indicates an
entirely contact-dominated device.
In M0S,, the Fermi level is pinned near the conduction band edge leading to inherently
n-type channel properties. This pinning further makes it easier to fabricate low resistance
n-type ohmic-contacts. Extensive research has been performed to lower the contact resis-
tance further in Mogwith techniques such as work-function engineering [15], interfacial
layer between metal-semiconductor [16], 2D/2D contacts [17], 1T/2H contacts [18] and
oxide-based doping which has led to contact resistance as low as ©.#nkfor mono-
layer MoS [19]. However, results in the same ball-park for ultrathin \WBave not been
demonstrated thus far.

To illustrate further, g. 1.4(a) shows the transfer characteristics of a trilayer,WSe
device we fabricated with Pd/Au contacts on a 285 nm thickS#th doped-Si as back-
gate in an FET geometry. The maximum p-type and n-type drain current obtained for this
device is 100 nA/m, signi cantly smaller than the Si standard (1 mAw). Extracted
contact and channel resistance with 4-probe measurement presented in g. 1.4(b) shows

that this device is completely contact dominated in all regions of gate-voltage operation

with contact resistance as high as 50 Mm, more than 6 orders higher than the lowest



contact resistance for n-type Mg¥ound in the literature. With special methods for
contact resistance engineering, resistance as low as 0.6tk has been achieved for
bulk WSe [20]. However, similar values for ultrathin W@ess than 5 nm thickness)

remained a challenge thus far.

1.4 Thesis outline

This thesis is divided into two parts focused on solving two distinct but related prob-
lems in 2D device research. In chapter 2, we develop a model that allows us to understand
the vertical electrostatics of vdW heterostructures. This model can calculate the potential
drop, charge density, and energy band diagram across any 1D vertical cross-section of
any heterostructure consisting of 2D semiconductors, metals, graphene, and dielectric-
insulators stacked in any arbitrary sequence. With the intuition and understanding of the
device electrostatics enabled by this theory work, we focus on solving an experimental
challenge in fabricating these vertical heterostructures— large p-type contact resistance at
the metal-semiconductor junction in WSSeBefore discussing the technique we devel-
oped, chapter 3 provides an overview of the existing techniques for contact resistance
engineering and their limitations. Chapter 4 discusses a doping method we devised to
overcome the contact resistance issue in Y\3®l shows the lowest p-type contact resis-
tance achieved for ultrathin Weo far. Finally, chapter 5 discusses the universality of
the doping technique we develop for different material systems and a potential road-map

for future work.
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Chapter 2

Electrostatic Modeling

To understand the electrostatic characteristics of stacks of 2D materials, it is essential
to fundamentally understand the carrier density, potential drop, and energy band diagram
along a vertical cross-section of the device under different applied voltages to different
layers. This chapter discusses the challenges in simulating this vertical electrostatics and
how we circumvent these challenges to build a simple circuit model for these devices.
We explain how each term in the generic energy band diagram of a two-layer stack can
be translated into respective circuit elements. We also extend this one-to-one mapping
between the energy band diagram and equivalent circuit model from a two-layer verti-
cal structure to an arbitrarg-layer stack consisting of 2D semiconductors, graphene,
and metals separated by any dielectric or a vdW gap. Then we present an ef cient al-
gorithm to solve the circuit equation for thislayer structure using Kirchoff's voltage
law, Gauss law in electrostatics, and charge neutrality at quasi-equilibrium. We further
demonstrate the use of our model in simulation of experimentally demonstrated novel

vdW heterostructures.

11



Figure 2.1: Schematic of a typical dual-gate 2D FET modelled by Cao et al. [21].
Here Poisson's equation is solved using the boundary conditions provided by the top and
bottom metallic gates and the source-drain electrodes. Image source— [21]

2.1 Challenges in modeling and simulation

There are two existing techniques to calculate the the charge density, Fermi level, and
electrostatic potential of structures made from 2D materials. Technique demonstrate by
Cao et al. [21] solves the Poisson's equation given by
9= - (2.1)
in a 2D FET in the lateral direction, as shown in their schematic in eq. (2.1) whire
the potential energy per unit chargejs the charge density andis the permittivity of
the medium. In this structure, it is reasonable to assume that there is no vertical potential
drop in the atomically thin 2D channel. Therefore, Poisson's equation can be solved by
placing grid points laterally along the channel and using the metallic source and drains
as boundary conditions. Once the potential drop and charge density along the x-axis is
determined, the current through the device can be calculated. This technique, however,
cannot be directly transferred for vertical simulation on a device where multiple layers

of 2D materials are stacked. The discrete nature of 2D materials makes it dif cult to

12



place the grid points vertically to create a differential system to solve Poisson's equation.
Further, the boundary conditions are poorly de ned when the structure terminates with a
nonmetallic material [22].

Other techniques demonstrated by multiple groups use equivalent circuit models con-
sisting of geometric and quantum capacitances for devices composed of a single layer
or two different layers of 2D semiconductors [23, 24, 25]. However, these circuit mod-
els cannot be easily expandedsdayers (as shown in g. 2.2 ) since they incorporate
the work function difference between the layers as a at-band voltage shift of the gate
potential [24]. A single at-band voltage shift cannot accommodate the work function
differences of an arbitrary number of layers. Similarly, their model's de nition of the

voltage across the quantum capacitor does not extend to multiple layers.

Figure 2.2: An=-layer vdW heterostructure with voltages applied to each layer.

2.2 Quantum capacitance

In a conventional geometric capacitor consisting of two metal plates and a dielectric
in between, the change in charge on the plates results in the change in electric eld in
the dielectric, thereby changing the potential drop across it. Metals can accommodate

in nite charge without signi cant change to the Fermi level4) position with respect to
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the conduction band edge ) and hence, do not have any voltage drop across them. The
charge-voltage relationship is linear in this case and the capacitance has a simple geomet-
ric form given by, = n <3 where,nis the permittivity of the oxide, is area an®

is the oxide thickness. However, when one of the plates is replaced by a semiconductor
the potential drop occurs both across the dielectric and the semiconductor. To induce any
amount of charge, the, 5 in the semiconductor has to change thereby giving rise to

a semiconductor capacitance. For bulk semiconductors that can support a full depletion
region, this capacitance can be expressed as a geometric capacitance with thickness given
by the depletion layer width. Further when the plate is replaced by a 2D semiconductor
and a voltage is applied, there is a potential drop across the oxide and the 5 in

the semiconductor changes as we change the charge on the semiconductor. This change
in charge with respect to the change in electrochemical potential is the quantum capaci-
tance of the 2D semiconductor. However, as there is not enough thickness to support a
growing depletion region when the applied voltage increases in a 2D system, the quantum
capacitance cannnot be expressed geometrically. Moreover, the charge-voltage relation-
ship is non-linear in this case and can be calculated using Fermi-Dirac statistics and 2D
density of states. The term quantum capacitance was rst coined by Serge Luryi for a
two-dimensional electron gas (2DEG) system [26].

The equivalent circuit models developed for a 2D FET such as the S2DS model by
Suryavanshi et al. [24] treats the quantum capacitance in series with the oxide capaci-
tance connected between the channel and the source. For this purpose, their de nition

= @+, where is the Fermi level{@s unit charge and is the channel potential
or voltage across the quantum capacitance, works ef ciently. However, in a multilayered
system where all 2D layers are coupled to one another, due to simultaneous change in

2 5 in all layers, this de nition and the series placement of quantum capacitance
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with the oxide capacitance cannot be directly extended. Therefore, we rede ne the quan-
tum capacitance more intuitively for a multilayer system and derive an equivalent cir-
cuit model for the vertical electrostatics of a vdW heterostructure from the out-of-plane
energy-band diagram. We show that, although the direct solution of the equivalent circuit
for an=-layer structure is not possible due to the variable, nonlinear quantum capacitance
of each layer, an ef cient method for solving the circuit is possible using a physics-based
approach consisting of Gauss law and charge neutrality condition. Overall, our model

provides

(i) the ability to incorporate an arbitrary number of layers of 2D semiconductors, graphene,

or metals with different work function into a vdW structure;
(ii) the ability to apply an independent potential bias to each layer;

(i) the proper DOS for 2D semiconductors and graphene that captures the quantum

effects arising from the atomic thickness;

(iv) the handling of non-degenerate and degenerate carrier concentrations through the

use of Fermi-Dirac statistics; and

(v) a computationally ef cient methodology that yields the energy-band diagram in the
out-of-plane direction — providing a clear, intuitive picture of the charge, potential,

and Fermi level across the structure.

2.3 Equivalent Circuit Model

We begin with two arbitrary layers as shown in g. 2.3 to derive the equivalent cir-
cuit for an=-layer vdW heterostructure. The layers are either an intrinsic or doped 2D

semiconductor, graphene, or metal, while the dielectric between the layers is either an
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Figure 2.3: Energy-band diagrams of (a) two layers in isolation and (b) two layers in
contact with one another.gg2is the local vacuum level, ; is the conduction-band edge,

5 Is the Fermi level, is the work function,j is the electron af nity, andrsgis the
potential drop across the dielectric. The subsctiptdicates parameters for a layer in
isolation. (c) Equivalent circuit of the structure in (b)g is the quantum capacitance of
a layer.
insulator or a vdW gap [27]. Here, a vdW gap is treated as a dielectric with vacuum
permittivity and atomic thickness 6 A). In isolation, layerd and2 have different work
functions, indicated by 1> and, 2-in g. 2.3(a). Once these layers are brought together
in a stack, charge transfer occurs due to the work function mismatch between the layers.
Figure 2.3(b) shows the out-of-plane energy-band diagram after the layers are brought

together, and voltages and+; are applied. The potential drop across the dielectde)(

can be expressed from the energy band diagram as

@tc=j2 j1.' 2 %2 ' 2 %, @+ +°- (2.2)
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where @is the elementary chargg, is the electron af nity, » 5 is the difference
between the conduction-band edge and the Fermi level+arsdthe applied voltage.
Using the de nition of work function, -=j ,* » =25, the electron af nities can be

substituted and eq. (2.2) can be rewritten as

@%c=, 2 , 1>, Y2 5% 1 2 g%
2.3)

2 g1t 2 %, @ +2°-
where, is the work function, and the subscriptindicates parameters for a layer in
isolation. For each layer in a vdW stack, we represent the change in s from its

value in isolation by de ning a new term:

@x=*>2 £ 2 % (2.4)

where+g is de ned such that a change i, induces a change in the net chargg 6n a
layer due to the change inp 5. This represents the quantum capacitance of the layer,

which is de ned as
mé&
= L] 2
ey (2.5)

+¢ Is the voltage across the quantum capacitance. We choose our de nitignsafch
that the net charge on a layer is zero whgn= 0 or, equivalently, whert » 50 =
1 5 g%. This further impliestg is the channel potential. The sign&f indicates the
sign of the net charge on the layer. A posit&eyields a positivetg . We can expressg

in a more conventional form [23] in terms of the Fermi level usir@ngem 5= 1:

_m&  @mg_ @m&. (2.6)

“mg ms m s

&
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The expression for the quantum capacitance of a layer can be found by performing the
differentiation indicated in eq. (2.6) on the general expression for the net cRairga

2D material, given by

&=@# # ,? =
1
—@# # 6gt °11 5t — %03 (2.7)

621 051 — 503

2

where#: and# are the ionized donor and acceptor concentrations per araag ?
are the electron and hole sheet densities, © and6g! © are the conduction-band and
valence-band DOS, anft — 5° is the probability that a state at energyis occupied,
given a Fermi level at 5. Plugging this expression f& in eq. (2.6), we have

1

E ml 5 — g5
e= @ b o——————3
1 1 5
1 mB_ o (2.8)
6t O———3 o
2 ms
Using Fermi-Dirac statistics, the derivative can be calculated as
1
. = @ a1 o PV
Do 11 expt \P°? 2.9)
! 6,0 © expl\P ~
T, 11, expt\Po?
where
V= — (2.10)

It is clear that g is a non-linear variable capacitance and its capacitance changes as a

function of+¢ (or, equivalently, » 5).
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Now, with the de nition of+¢, in eq. (2.4), we rewrite eq. (2.3) as

0=+ Cg +g1  +sG, te2, Cg +o— (2.11)

which represents Kirchhoff's voltage law (KVL) for the loop shown in g. 2.3(c). The
termst+g and+sgare represented by capacitances in the circuit model since these voltages
are dependent on the net charge in the respective layers.

There is an initial band bending vertically across the structure due to the work function
mismatch between the layers which is required to be taken into account in the circuit. The
constant voltage sources equal to the work function of the layers as seen in g. 2.3 solve
this problem and obviate the need for tting parameters to account for the initial band
bending. The presence of these constant voltage sources is due to the de niti@mof
eg. (2.4). One could choose to rede fig such that the constant voltage offset is included
as a part of the potential across the quantum capacitance; however, by doing so, the values
of +¢ for different layers would be shifted by the electron af nities, obscuring the physical
signi cance of+g since its sign would no longer be related to the net charge on the layer.
Moreover, our de nition oftg highlights the at-band condition for a multilayer structure
— when the voltage applied to every layer is equal to its work function, the net charge on
every layer is zero since atk and+sgare zero.

Although not shown in g. 2.3 for the purpose of simplifying the representation, trap
states can be incorporated into the model by inserting a trap capacitance in parallel with
the quantum capacitance for a speci c layer. The trap capacitance is the quantum ca-
pacitance due to the density of trap states with a DOS pro le5fdr © and6g! © that
corresponds to the trap distribution within the material. The provision to include trap
states is useful for modeling effects such as Fermi level pinning in 2D semiconductors.

In atomically thin layers, it is reasonable to assume no potential drop across the thick-
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ness of the material. However, to make our model inclusive, the vertical potential drop
across a 2D layer, however small, can be incorporated into the equivalent circuit by adding

a thickness-dependent geometric capacitance equal to

_n
geo— G2

- (2.12)

wherenis the permittivity andds the thickness of the layer. The layer's geometric capaci-
tance is added in series with g as shown in g. 2.4. The factor of two in eq. (2.12) splits

the layer's total geometric capacitance into two halves and assumes that the layer's charge
is dependent on the potential at the vertical center of the layer. The exact calculation of the
position-dependent charge in an atomically thin layer requires the self-consistent solution
of the coupled Schrddinger-Poisson equations, which is not amenable to an equivalent

circuit model.

Figure 2.4: The potential drop across a semiconductor layer can be incorporated into
the model by de ning an equivalent dielectric capacitancé€g that accounts for the
series combination of the geometric capacitance of the adjacent layers. Ijgyis, the
geometric capacitance de ned in eq. (2.12).

We can incorporate the vertical potential drop across the geometric capacitance of the

upper and lower 2D layers by de ning an effective dielectric capacitanfg equal to

1 1 1 1
26—8 >G-8 geo—8’ gec-81

(2.13)
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as illustrated in g. 2.4. This approach yields a linear potential pro le and, hence, linear
band bending vertically across the layer. Accounting for the geometric capacitance of a
2D layer is necessary when the potential drop across the 2D layer is comparable to that

of the dielectric, which occurs when the 2D layer and dielectric thicknesses are similar.

Figure 2.5: Equivalent circuit for an-layer heterostructuret is the applied voltage,
, > Is the work function for the layer in isolatiorg is the voltage across the quantum
capacitance (see eq. (2.4)), angis the potential drop across the dielectric.

For multilayer 2D semiconductors, a non-linear vertical potential pro le arising from
an inhomogeneous charge distribution can be approximated by modeling each constituent
layer separately, spaced by the vdW gap. The non-linear pro le (and inhomogeneous
charge distribution) across a multilayer 2D semiconductor is, thus, approximated as a
combination of linear potential drops (with different slopes) across the individual layers.
Further, our model is developed to analyze the electrostatics in quasi-equilibrium, in the
absence of charge transport. Modi cations, such as using quasi-Fermi levels for electrons

and holes, can be potentially incorporated to study transport phenomena in future work.
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The extension of the two-layer equivalent circuit for=afayer vdW heterostructure
is shown in g. 2.5. To solve the circuit (i.e., to determine the net charge on each layer
and the potential drop across the dielectrics) for a given set of applied voltagést,
equivalently, » 5) for each layer must be determined, yieldmgnknown variables.
It is important to note that if a layer is disconnected from an external bias, i.e., oating,
the layer acts as a dielectric since charge is unable to ow into and out of the layer, and it

(ideally) remains charge neutral.

2.4 Ef cient Solution for an =-Layer Structure

2.4.1 Derivation

The direct (naive) approach to solve the circuit presented in g. 2.5 is to write the
KVL equations for the= 1 voltage loops. The’ equation is provided by the charge
neutrality condition i.e. the sum of the net charge on all the layers is equal to zero.
Although, it is simple to construct these equations, the presene@aof-linear variable
guantum capacitance elements, the orders of magnitude difference among the DOS of 2D
semiconductors, graphene, and metals, and the lack of a closed-form expression for the
charge density in graphene make the solution of theseupled equations non-trivial.
Keeping these factors in consideration, we propose an ef cient solution to solve the net
charge and potential drops for aflayer vdW heterostructure.

The potential drop across tie dielectric sandwiched betwe&n and8, 1°C layer

in an=-layer heterostructure can be generalized from eq. (2.2) as

@%c-Fjg1 js.' 2 %81 ' 2 5%, @+t +g1°° (2.14)

In g. 2.6, Gauss's law is used to express the electric eld of ghealielectric in terms of
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charge on the preceding layers:

1 &
Eg= —  &.» (2.15)
bG8,

This allows the potential drop across #edielectric to be expressed as

+oF — & = &: o (2.16)

Here,Gg_andn.g_are the thickness and permittivity of tHe dielectric, and the summa-
tion over&. is the enclosed areal charge density on the preceding layers.
To nd the charge density for a 2D semiconductor with parabolic bands and Fermi-

Dirac statistics, eg. (2.7) can be simpli ed to

& =@# #

1 (0]

,6e)) In 1, exp (2.17)

1 2 (o]
62:) In 1, exp )— -

where:) is the thermal energy, is the band gap, an6k and6; are the constant 2D
DOS for the valence band and conduction band that account for band degeneracies. For
2D semiconductors,

<2-E

62_E: ZW (218)

where< ,_ds the effective mass for the conduction band and valence band, respectively,
and\ is the reduced Planck constant. The initial factor of two accounts faz thealley

degeneracy, common in most 2D semiconductors.
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Figure 2.6: Derivation of the electric eld in different dielectric layers due to the enclosed
charge, based on Gauss's lak#g is the electric eld,&gis the areal charge density, and
n-c_is the permittivity of the§* dielectric.

For graphene, the Fermi-Dirac expression for charge density can be expressed as

21) 02

© cW\E
h i (2.19)

Lio? exp®! W° Lipt expllre -—

& = @#-

where

U= - (2.20)

E is the Fermi velocity for graphene, and;Li° is the polylogarithm of order 2, also
known as the dilogarithm given by

o |

Litlo=  —- (2.21)

=1

which can be numerically evaluated to a desired precision using techniques provided by

Crandall [28].
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Now, combining egs. (2.14) and (2.16) and rearranging the terms yields

> 5%1=' 2 5%, )8 Jg1

G
,@+g1 +, &: (2.22a)
>G-8
or, equivalently, in terms of work functions,
1 G
, §g1=, 8, @+g1 +&, & — (2.22b)
>G-8_;

where, =] . 1 2 g0 Theform of eq. (2.22b) is more general singe  5is poorly
de ned for metal layers.

Overall, these equations suggest that once  s°; and&; for the rst layer are de-
termined, »  sand, therefore& for all subsequent layers can be calculated iteratively,
completely solving the electrostatics for the multilayer structure. Therefore, the problem
of solving = equations with= unknowns reduces to determining a single unknown — the

charge on the rst layer. The following subsection details this algorithm.

2.4.2 Algorithm

Using the derivation from the previous section, we detail an ef cient algorithm for
solving the out-of-plane electrostatics of ashayer vdW heterostructure. First, if a metal
layer exists in the middle of a structure, the problem is divided into smaller sub-stacks
since the metal imposes a boundary condition as detailed in g. 2.7. Each sub-stack is

solved using the following procedure:

(i) Guess& 1. If the rst layer is a 2D semiconductor or graphene, guess 5%

rst and then calculaté& ; using eq. (2.7). If the rst layer is a metal, directly guess
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&1.
(i) Determine! » 5% 1 from eq. (2.22).
(i) Calculate&gqfrom? > 5% 1 Using eq. (2.7).
(iv) Repeat steps (ii)-(iii) for subsequent layers.
(v) Ifthe lastlayeris metal, determineits charge from Gauss'séws  sg_«ts>cg_=1.

(vi) Check initial guess fo& 1 by demanding charge neutrality across the sub-stack.
i - _ i :
If ) a1 &si 0, goto step (i) and make the initial guess &y more negative.
I - .
If  4,&8Y 0, go to step (i) and make the initial guess & more positive.

I . ,
If  5,&s= 0, the electrostatic solution has been found.

Using this algorithm, the problem of determininginknowns for=-layers (i.e. charge
on each layer) is reduced to determining a single unknown for the rst l&/gr Using
the attained value & 1, the remaining unknowns can be computed using egs. (2.7), (2.16)
and (2.22). Based on this algorithm, we created an open-source tool, 2ametistacks
[29], that is freely available onanohub.org The MATLAB code for this tool is provided

at the end of this thesis in the appendix section.

2.5 Example: Electrostatics of the Graphene-Base Hot-Electron Transistor

To validate our model, and exemplify its scope and applicability, we simulated the
energy-band diagrams for different device regimes of a graphene-base hot-electron tran-
sistor (HET), experimentally demonstrated by Vaziri et al. [30]. The graphene-base HET
is currently being investigated for THz applications, and a schematic of the device is
shown in g. 2.8(a). The purpose of the graphene base is to provide superior DC and

RF performance over conventional HETSs that suffer from carrier scattering and self-bias
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Figure 2.7: A vdW stack is divided into smaller sub-stacks when a metal layer exists in
the middle of a structure. The absence of an internal electric eld in the netal Q)
allows the problem to be split into two. The total charge density on metal is the sum of
the charge density on the metal layer calculated for the upper and lower sub-stacks.
crowding in the conventional metal base. Analysis of the off-state and the on-state char-
acteristics and optimization of this device design require the calculation of the vertical
electrostatics across the multiple layers of the structure. The 2D DOS and semi-metallic
nature of graphene, however, makgsntitativeanalysis dif cult, such that only gual-
itative depiction of the vertical energy-band diagram is provided in [30], as shown in
g. 2.8(a). Although quantum-mechanical simulations and ab-initio calculations for the
energy bands can be performed to model the device [31], these complex techniques do not
facilitate a straight-forward method that is simple to understand. For these reasons, we
utilize our model to calculate the energy band diagrams of the graphene-base HET under
different bias conditions, which serve as a resource to understand experimental results as
well as to optimize device design.

The simulated graphene-base HET consists of -aSinemitter (modeled as metal
with a work function equal to the electron af nity of Si), a monolayer graphene base,
and a titanium (Ti) collector. The emitter-base dielectric is Sibile the base-collector

dielectric is AbO3. The graphene is assumed to be undoped as given in [30].

27



Figure 2.8: (a) Device structure of the graphene-base hot-electron transistguand

itative vertical energy-band diagrams in the off- and on-states from [30]. (b) Simulated
energy-band diagram as the collector voltage is increased from 0 to 8 V. (c) Simulated
energy-band diagram as the base voltage is increased from 2 to 6 V. The effective doping
of graphene changes from n-type to p-type as the base voltage increases. The material
parameters and dielectric thicknesses used in the simulation are from [30]; thicknesses of
the emitter, base, and collector in the band-diagrams are opted for better visualization.
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Figure 2.8(b) shows the off-state energy-band diagrams when all applied voltages (

+ and+ ) are zero (blue) and when the collector voltage)(is increased to 8 V (or-
ange). All values of the electron af nities and work functions are taken from [30]. Even
as the collector voltage is increased, the electrons in the emitter cannot tunnel through
the large emitter-base energy barrier. Hence, the collector current is nearly zero, and the
device is off. The change in the collector voltage from 0 to 8 V does not signi cantly
change the current; however, it does change the effective doping of the graphene layer
from (nearly) neutral to n-type by pulling down the Dirac point with respect to the Fermi
level, as shown in the inset of g. 2.8(b). This change in the effective doping of graphene
induces a minor tilting of the energy bands of the emitter-base dielectric. Therefore,
different initial doping conditions for graphene and different dielectric thicknesses will
impact the energy-band diagram to varying degrees, which can be ef ciently modeled
with our tool.

Figure 2.8(c) shows the simulated energy-band diagrams as the base veltage (
increased from 2to 6 V, with and+ held constant at 0 and 8 V, respectively.+At= 2
V, the emitter-base dielectric tunneling barrier is large, the tunneling probability is nearly
zero, and the device remains off. At =4V, the tunneling barrier is lowered. From
the experimental data in [30], the device turns on sharply around 4.5 V, in reasonable
agreement with what is shown by the energy-band diagrams. At6 V, the dielectric
barrier is lowered signi cantly, such that the device is strongly on.

As shown in the inset of g. 2.8(c), the effective doping of graphene is n-type at
small base voltages although it was assumed to be initially undoped. As the base voltage
is increased, the Fermi level of graphene moves towards the valence band, ultimately
switching the effective doping of graphene from n-type to p-type. The change in effective

doping is especially important to capture since a p-n junction may develop laterally across
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the graphene sheet, cutting off the base contact to graphene in the tunneling region of the
device. This lateral p-n junction can be further analyzed by performing multiple 1D

vertical slices as a function of lateral position across the device.

2.6 Chapter summary

In summary, we derived an intuitive equivalent circuit for vertical vdW heterostruc-
tures with arbitrary number and arrangement of 2D semiconductors, graphene, and met-
als. We also explained the terms in the circuit model and demonstrated their physical
signi cance in the energy band diagram. Finally, we developed a computationally ef -
cient method to calculate the electrostatic properties in these multilayer structures. The
method reduces theunknowns of ar=-layer stack to a single unknow&,;, for the rst
layer. The technique employs the proper DOS for 2D semiconductors and graphene, and
can easily incorporate trap states for detailed modeling of non-ideal materials. It incorpo-
rates full Fermi-Dirac statistics allowing proper calculation of both non-degenerate and
degenerate regimes of carrier densities. The method has been developed into an open-

source tool2dmatstacksfreely available omanohub.org
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Chapter 3

Contact Resistance in 2D

Semiconductors

The quantum limit of contact resistance in semiconductors is giveh hy- =
«24?: 5 [32] where is Planck's constant is charge of an electron ands is Fermi
wave vector. In terms of 2D carrier density this expression can be writtén_ ag- =
0:026° = [32]. With a carrier density 003 cm 2, the minimum contact resistance
can be calculated as 30" m. However, the current best experimental results are more
than an order of magnitude higher than the theoretical lower limit [33]. This chapter dis-
cusses the origin of this large contact resistance in 2D semiconductors and the methods

that have been developed so far to resolve the issue.

3.1 Origin of the contact resistance

Charge redistribution at the metal-semiconductor interface due to work-function mis-
match creates a depletion region on the semiconductor side and an energy barrier to car-

rier ow across the interface as shown in g. 3.1. Depending on the energy barrier height
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and width, a contact can appear either ohmic or Schottky type. An ideal ohmic contact
presents no resistance to the current ow. With a small contact resistivity, a real ohmic
contact allows large current density across the contact with a small applied forward bias.
For Si, such high-performance ohmic contacts display a contact resistivitjess than
10 < m?. Further, ohmic contacts display linear output characteristics for all applied
bias range. A Schottky-type contact, on the contrary, presents a large energy barrier for
the carriers, the height of which is given by Schottky-Mott rule as = <4co: ] Ba<s
and 7 =jps<g 6 <acowhere - and -, areelectronand hole barrier height re-
spectively, <acois the metal work-function, ga<gand ¢ are the electron af nity and the
bandgap of the semiconductor respectively. The width of this barrier is a representation of
the extent of the depletion region on the semiconductor side and thus, depends on the dop-
ing density of the semiconductor. In an intrinsic or lowly doped 2D semiconductor-metal
interface, the presence of a large Schottky barrier results in a large contact resistance and
limits the device performance with small current densities and non-linear output charac-
teristics.

There are two types of charge injection mechanisms across a Schottky barrier— thermionic
emission over the barrier and tunneling of charge carriers through the barrier as shown
in g. 3.1. The electron thermionic emission current over a Schottky barrier in a 2D

semiconductor is given by [34]

- +
C4A<0=, 3 )3'246?%011 4622% 00 (3.1)

y

where, is the width of the semiconductor,, is the modi ed 2D Richardson's constant,
) is the temperature, - is the electron Schottky barrier height,is the Boltzmann

constant,@is a unit charge and is the applied bias. The modi ed 2D Richardson's
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Figure 3.1: Carrier injection mechanisms (thermionic and tunneling) across a Schottky
barrier. - is barrier height for electrons, is the conduction band edge and is

the Fermi level. Green region indicates the Fermi-Dirac distribution for electrons on the
metal side.

constant can be calculated as

@§)8c< ;3

2 = - (32)

where< is the electron effective mass ands the Placnk's constant. The tunnel current
across the barrier is given by [35]
2 -
@ B on 2 1 O)’ 1

CD==4= — ot
@

03 (3.3)

where ( is the semiconductor surface potentiél, © is the Fermi-Dirac distribution
of the contact metal; » * ©is the number of conducting modes in the semiconducting

channel give by

p
2 2< 1 o
", 1 0= @c. (3.4)

and), ' ©isthe transmission probability across the barrier computed assuming a tri-
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angular potential barrier using the Wentzel-Kramers—Brillouin (WKB) approximation as

q
), ' °=4G? 2—0 2< 1q= 036@L(° (3.5)

where_( represents the Schottky-barrier width.

It is evident from eq. (3.1) that a high barrier implies less thermionic current. Sim-
ilarly, the wider the barrier, the lesser is the tunneling component as given by eq. (3.3)
and eq. (3.5). Ideally, the Schottky barrier height can be reduced by choosing a metal
with a work-function value close to the semiconductor electron af nity. However, in 2D
semiconductors, this is not straightforward for multiple reasons namely— Fermi level pin-
ning due to surface states and defects, larger bandgap for thinner layers, and alteration of

surface properties of atomically thin channels during the fabrication process.

3.1.1 Fermilevel pinning

Unlike conventional 3D semiconductors, the pristine surfaces in 2D semiconductors
do not have out-of-plane dangling bonds and thus, do not tend to form covalent bonds
with the deposited contact metal. However, 2D materials can still have surface defect
states formed during growth of the material. Moreover, due to their atomically thin na-
ture, the crystal structure of 2D semiconductors can get altered by processes involved
in fabrication creating more defects. These surface defects can lead to effects such as
orbital hybridization and alteration of properties of the pristine material eventually result-
ing in a different contact resistivity of the semiconductor underneath the metal compared
to the channel [36]. If the metal strongly hybridizes with the semiconductor forming an
alloy the contact resistance improves as shown in case of Ti o, J8YS$ 38] and Pd
for WSe [37]. However, typical thermal or e-beam metalization on 2D semiconductors

leads to the formation of metal-induced interfacial states or damage-induced defects and
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results in Fermi level pinning to a speci ¢ state in the middle of the bandgap [39, 40,
16]. This Fermi-level pinning is a widely known phenomenon in 2D semiconductors and
extensive work has been done to investigate the origin of this pinning. One hypothesis
about the origin of this pinning is the metal-induced gap states (MIGS) that arise from
metal electron wave function penetrating into the semiconductor bandgap. Kerelsky et al.
showed the existence of MIGS in MpBy measuring the local density of states across the
metal-semiconductor junction using scanning tunneling microscopy (STM) [41]. Another
theory hypothesizes that the intrinsic defects or impurities in 2D materials are responsible
for this pinning. This is supported by the observation of a high density of sulfur vacancies
and metal-like impurities on MgSusing STM by Addou et al. [42]. Further, Jung et al.
have demonstrated signi cant damage to the surface of M#@elirect metal deposition

with transmission electron microscope (TEM) studies [43]. This type of damage could
be another probable cause of Fermi level pinning. Irrespective of the origin, this pinning
always results in a large Schottky barrier height independent of the metal work-function
used which cannot be tuned further once formed, thereby resulting in large contact resis-

tance values.

3.2 Contact resistance engineering strategies

Over the past few years, numerous efforts have been made to reduce the contact re-
sistance in different 2D semiconductors. All these strategies have varying impacts on
different 2D semiconductors due to differences in properties as well as between bulk
and thinner samples of the same material. Following are some of the widely studied

techniques—
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3.2.1 Work function modulation of the contact metal

Schottky-Mott rule that shows Schottky-barrier height dependence on the metal work
function does not strictly apply to 2D semiconductors due to Fermi level pinning. How-
ever, tuning of the barrier height by selecting an appropriate metal has been shown for
materials where the Fermi level is pinned near one of the band edges. The use of low
work-function metals such as Sc has been demonstrated to improveddueige perfor-
mance by pinning the Fermi level near the conduction band edge [44]. Density-functional
theory calculations performed by Fang et al. showed a dependence of the barrier height
while taking interfacial states into account [45]. With an increase in work function, this
pinning gradually moves towards the middle of the bandgap resulting in a larger Schottky
barrier for electrons and thereby, increasing the n-type contact resistance. However, this
pinning never crosses the middle of the bandgap in Md%is poses a larger barrier for
hole transport than for electron transport, thereby making this semiconductor an inher-
ently n-type material. This approach of contact engineering lacks generalization majorly
due to thickness-dependent bandgap of 2D semiconductors and widely varying metal-
semiconductor interface chemistry depending on the fabrication steps. Since the bandgap
of these materials increases with decreasing layer thickness, the impact of the same metal
on the contact resistance to different numbers of layers also tends to vary [46]. Typically,
multilayer samples show lower contact resistance values due to a smaller bandgap. The
same metal further results in different contact resistance values for different fabrication
recipes such as deposition at ultra-low vacuum, different annealing temperatures and dif-
ferent chemical treatments [47, 48, 49]. Table 3.1 shows the issue with engineering metal
work-function to make reliable contacts in MeShe same work function metal results in
different contact resistance values with different layer numbers with different fabrication

recipes.
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Table 3.1: N-type contact resistance of MoMth different metals

metal work-function Number  contact special reference
(eV) of M0S, resistance measures
layers  (k " m)
Al 4.08 1 16 N/A [50]
In 4.1 6 4.07 edge contact [51]
6 11 Low-energy deposition [52]
and substrate cooling
Ti 4.3 2 30 annealing [48]
9 0.5 selective etching and [49]
12 hour annealing
Ni 5.0 7 4.2 N/A [15]
5 1.8 hBN tunnel layer [53]
Au 5.2 9 4.5 N/A [15]
4 0.7 ultra-high vacuum deposition [47]

Contact resistance engineering by selecting appropriate metals becomes more dif cult
in 2D semiconductors where Fermi level is often pinned to the middle of the bandgap
such as in WSg[54]. In spite of their similar work function, Ni contacts result in n-
type transport in WSewhile Pd contacts make it p-type [54]. Similarly, the Fermi level
in Al is closer to the conduction band edge of the W3®an that in Ag. So, Al is
expected to form better n-type contacts to W8&an Ag. However, the absence of d-
orbital in Al leads to low electron density at the metal-semiconductor interface resulting
in poor contacts, whereas strong d-orbital overlap of Ag with Y8sults in better n-type
contacts than Al [55]. This unreliable nature of work-function engineering for contacts in
2D semiconductors has motivated researchers to investigate more effective strategies to

improve contact resistance.

37



3.2.2 Edge contacts

In 2013, Wang et al. have demonstrated the lowest contact resistance to graphene
by using one-dimensional edge contacts as shown in gure [56]. A bottom-down ap-
proach was used to fabricate the edge contacts where the graphene was covdiBtNwith
followed by etching of patterned areas to deposit metal that is contacted at the edge of
graphene. This approach has yielded good quality contacts to multilayer &ahown
by Yang et al. by unpinning the Fermi level [57]. The presence of dangling bonds at
the edges of 2D semiconductors allows greater orbital overlap enabling low resistance
contacts with this method. However, the dif culty in optimizing the etch rate poses chal-
lenges in making physical contacts to ultrathin 2D semiconductor layers with a top-down
approach.

A bottom-up approach was demonstrated for \W&&ere monolayers were grown
with chemical vapor deposition (CVD) from the edges of pre-de ned Pt/Ti seeds [58].
However, this method resulted in poor quality of the channel material (low mobility val-
ues) and with the use of ionic liquid gating, the best contact resistance achieved was 16
k < m which is still much higher than what we present in our work in the next chapter.
Moreover, the intricate nature of edge contact fabrication involving multiple dry transfer

steps with polymers precludes its use for large-scale fabrication.

3.2.3 Phase engineered contacts

TMDCs can occur in different polymorphic phases such as 1T (metallic octahedral),
1H or 2H (semiconducting trigonal prismatic) and 1T (distorted octahedral) [59]. Using
n-butyl lithium treatment to form the 1T phase in Mo&s contacts to the 2H phase,
Kappera et al. were able to show excellent contacts to the material with contact resistance

as low as 0.48 ke” m[18]. Since then multiple reports have been published with different
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Figure 3.2: Edge contacts (a) The fabrication process for 1D edge contact to graphene
by Wang et al. [56]. (b) High resolution STEM image of the contacts of the edge contacts
[56]. Image source for (a) and (b)— [56] (c) Schematic of edge contacted WéSee by

[58] using bottom up approach and TEM image of the contacts, image source— [58].
techniques for phase engineering in Md& form ohmic contacts with similar resistance
values [60]. Similar work has been demonstrated for Mode well [61]. However,

promising results to form a stable 1T phase for \Wfe low resistance contacts remain

a challenge thus far.

3.2.4 Interfacial layers

Numerous approaches have been adopted to resolve contact resistance issues in 2D
semiconductors by trying to unpin the Fermi level at the metal-semiconductor interface.
This can be achieved by inserting an interfacial layer such as an insulator or graphene at
the interface. An insulator acts as a barrier to attenuate the wave function of the electron

from metal to the semiconductor, thereby reducing MIGS density. Further, dipole for-
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Figure 3.3: Insertion of buffer layers at metal-semiconductor interface (a) Schematic of
the Mo$S transistor with ZnO as an interfacial layer between Ti and Mda&ken from

[16]. (b) Cross-section TEM image of the Ti/ZnO/Mg8ontact (top) and conventional
Ti/MoS; contact (bottom). The bottom image shows the damage caused to the few layers
at the surface by direct metal deposition. Images source—[16]. (c) Schematic of the MoS
device taken from [62] showingBN as an interfacial layer between Mp&nd Co.

mation at the semiconductor-insulator interface is also expected to neutralize the states
responsible for Fermi level pinning. By using a ZnO layer between the Ti contact and
multilayer MoS, Jang et al. were able to demonstrate 0.9 kn contact resistance [16].
Although several oxides such as MgO and Ji@ve been used as the buffer layer [63,
64] the presence of dangling bonds on metal oxides and the dif culty of growing them on
the 2D surface has motivated the use of atomically at 2D insulators subBSCui et.

al. demonstrated contact resistance to MaSlow as 4 k " m by using a single layer

of hBN between Co-contacts and monolayer M¢&2]. hBN lowers the work-function

of Co due to strong lattice match and results in large interface dipoles at the interface.

This eliminates the Fermi level pinning and combined with the work-function reduction,

it creates an almost zero Schottky barrier between the metal and the semiconductor. Sim-
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Figure 3.4: Fabrication steps in transferred via contacts method and its comparison to
conventional fabrication recipe with direct deposition of metals onto the semiconductor
surface.

ilar results have been demonstrated by Wang et al. for Ni-M&%k < m) [53] and by
Mleczko et al. for Sc-MoTgwith bi and monolayer ohBN buffer layers [65]. While
growing a thin metallic oxide as an interfacial layer is challenging, the optically trans-
parent nature of single or bilayer bBN makes it dif cult to fabricate these devices with
mechanical transfer BN layers. Further, with an insulator in between, the charge injec-
tion mechanism becomes purely tunneling and precludes the use of thicker buffer layers

in the process as the tunnel current decreases exponentially with tunneling distance.

3.2.5 Clean interfaces and transferred contacts

Similar to an interfacial layer, a clean interface between the metal and the semicon-
ductor where the metal is not chemically bonded to the 2D surface through hybridization

allows purely tunneling contacts. In this case, the vdW gap acts as the tunnel batrrier,
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Figure 3.5: TVC characterization. (a) Cross-sectional TEM of a TVC shows no damage
to the bilayer WSgunderneath. (b) Direct metalization causes of the same metal causes
structural damage at multiple points of the semiconductor surface. (c) Comparison of
transfer characteristics of three devices fabricated with TVC inside a glove-box, outside
glove-box and with direct metalization. TVC inside a glove-box shows a much higher
on-current as well as smaller subthreshold slope. (d) Transfer characteristics of the TVCs
measured two months apart showing stability of the contacts.

eliminates Fermi level pinning effects, and improves the contact resistance to the 2D
channel. Based on this idea, we demonstrated p-type ohmic contacts to bilayer WSe
with a contact resistance of 7 k" m using a technique called transferred via contacts
(TVC) method [43]. In this work, we fabricated metal contacts that are embedded in
hBN and dry-transferred them on top of bilayer W$&ing a polymer stamp as shown in

g. 3.4. Both exfoliation of WSe and pick-up and transfer BN with metal contacts
were carried out in an Nglove-box environment to maintain an ultraclean 2D surface
free from adsorbates.

Figure 3.5(a) and (b) shows the cross-sectional transmission electron microscope (TEM)
images of the TVC device and direct-metalization contacts respectively. The direct met-
alization leads to damage to the bilayer W&é multiple points while the TVC allows
a damage-free surface. Further, g. 3.5(c) shows the transfer characteristics of devices

fabricated using TVC inside glove-box, outside glove-box, and using direct metalization.

A 4-order of improvement in on current and signi cant improvement in the subthreshold
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slope demonstrates the advantages of this process over a conventional one. The stability of
these contacts is demonstrated by electrical characterization of the TVC device acquired
two months apart as shown in g. 3.5(d).

We further showed that this technique can be used to fabricate top gated d&/Se
vices with high on-currents and near-ideal subthreshold swing of 64 mV/dec [43]. Al-
though this technique yields high-performance ohmic contacts with ultraclean surfaces,
the achieved low contact resistance is still greater than< k. Further, the intricacies
of the fabrication process demand a long time for single device fabrication and are not
appropriate for a scalable solution to produce multiple devices with robust contacts and

high yield.

3.2.6 Doping

Thus far, all the aforementioned techniques focused on reducing the Schottky barrier
height to achieve low-resistance ohmic contacts. However, in conventional 3D devices
where contact resistance is an issue, decreasing the barrier width to facilitate high tun-
neling probability that can result in high current injection is the preferred solution. The
barrier width on the semiconductor side is the depletion width which is proportional to
the doping density. Therefore, heavily doping the semiconductor at the contact region
results in a reduced barrier width and can enable low-resistance ohmic contacts as shown
in g. 3.6.

The conventional doping methods such as high energy ion implantation used for bulk
3D semiconductors are not applicable for 2D materials due to process-induced surface
damage. Therefore novel techniques are required to be developed for ultrathin 2D sur-
faces. Following the substitutional doping route, it is possible to dope TMDCs during

growth using appropriate precursors [66, 67, 17]. However, this method is not spatially
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Figure 3.6: Reduction of hole Schottky barrier width by p-type contact doping. Lower
barrier width results in lower contact resistance and higher tunneling current.

patternable and cannot be implemented for area selective doping of the contact region
without affecting the channel. So far, the most widely studied approach has been using
surface charge transfer mechanism which involves introducing the 2D surface with con-
centrated charges or dipoles. Different techniques have been adopted to achieve n-type
and p-type surface charge transfer doping in TMDCs. These include treating the surface
with a chemical such as benzyl viologen [68] for electron and Adi&lhole-doping [34].

Yang et al. demonstrated n-type doping for few-layer MoSing 1, 2-dichloroethane
treatment and were able to attain contact resistance as low as ©./m69]. The pos-

sible damage to the pristine channel of ultrathin devices during these chemical treatment
based doping requires further. A lesser invasive and more common approach is to oxidize
the 2D semiconductor surface with plasma [20] or ozone treatment [70] to form a substo-
ichiometric oxide that dopes the semiconductor underneath due to either work-function
mismatch or vacancies in the oxide which form xed charges working as a oating gate.
Further details of such surface charge transfer based doping techniques foak/ Ses-

cussed in the next chapter.
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Figure 3.7: P-type contact resista@, , to WSe with respect to (a) the number of
layers and (b) the sheet carrier density [43].

3.3 Contact engineering in WSg

Most of the studies found across the literature thus far focus on contact engineering
speci cally for MoS, compared to other TMDCs. This has resulted in high-performance
n-type ohmic contacts to ultrathin MgSvith contact resistance as low as 0.4«km
by using aluminum oxide as the dopant layer [19]. However, robust and stable ohmic
contacts with resistance lower than 1€ m to a p-type counterpart are yet to be demon-
strated. As mentioned in chapter 1, the most widely studied candidate as a p-type 2D
semiconductor is WSe However, Fermi level pinning in WSenear the bandgap along
with its large bandgap in ultrathin sample2(1 eV in mono and bilayer) makes it chal-
lenging to attain good quality p-type ohmic contacts to ultrathin W&eure 3.7 further
summarizes the contact resistance of W&eind across literature with respect to the
layer number and sheet resistance. Thus far, there have been three reports cbWwSe

tact resistance below 1 l¢*m. Pang et al. show less than 1« m for an 8 layer WSg
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device with tungsten-oxide doping by using plasma oxidation [20]. Cai et al. show similar
values with molybdenum-oxide doping using rapid ame synthesis technique for 6 layer
WSe [71]. Thus far, the lowest p-type contact resistance to YW&s been demonstrated

by Chuang et. al. [17]. However, it was a 10 layer device with total contact resistance of
0.6k ."m (0.3k ." mfor a single contact) achieved with 30 layer Nb-doped Y«®m-

tacts formed by substitutional doping. Moreover, the thinner devices (5 layers) showed
a total resistance of 50 k™ m, thereby providing room for further studies to optimize
doping techniques on ultrathin devices. Resolving contact resistance issue in multilayer
and ultrathin 2D semiconductors requires different approaches due to three reasons — (1)
Difference in the charge injection mechanism [72]: In a multilayer device, there is a lat-
eral path along the metal-semiconductor interface as well as a vertical path through the
layers beneath for current injection. In a thin device, however, the lateral injection path
dominates. Moreover, hybridization at the metal-semiconductor surface results in differ-
ent resistivity of the semiconductor along the surface underneath the metal compared to
the layers beneath [73]. (2) The bandgap of 2D semiconductors increases with decreasing
layer thickness [46]. As the Fermi level in WiSs typically pinned near the middle of the
bandgap, metals form a larger Schottky barrier with thin devices leading to larger contact
resistance than with multilayer devices. (3) The surface of the 2D semiconductor suffers
from fabrication process-induced damage which affects the charge transport in ultrathin
devices more than in multilayer devices [43].

The results found across the literature motivated our studies to gure out a technique
that enables the formation of high-performance stable ohmic contacts with high yield and
with the prospect of relatively easy and large-scale fabrication. The following chapter
discusses a doping technique that we developed and optimized to achieve this goal and

the corresponding results showing the best p-type contacts to ultrathip M(Sefar.
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Chapter 4

P-type Contacts to WSe

In this chapter, we address the bottleneck of large p-type contact resistance 10 WSe
and the method we developed to resolve it by lowering the Schottky barrier thickness at
the metal-semiconductor junction using hole doping. We report the lowest contact resis-
tance (642 ." m) to sub-5 nm thin WSeusing a monolayer dopant, namely tungsten
oxyselenide (TOS), that induces degenerate doping densities as high a0 cm 2.

We also discuss multiple hole-doping techniques for YdBemonstrated across the liter-
ature, none of which have been shown to be effective for ultrathin samples (less than 5 nm
thick). The technique that we developed and optimized provides degenerate hole densi-
ties that remain active at low temperatures thereby enabling good quality ohmic contacts
for cryogenic applications. Further, we show the stability of the doping with electrical
measurements taken four months apart on TOSJM8eices. An important feature of

our technique is the ability to selectively dope the contact regions only and we show a
drastic improvement in device characteristics through area-selective doping of the con-
tact, which opens an avenue towards achieving high-performance p-type transistors with

ultra-thin 2D WSe.
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Methods for hole doping of WSe

2D semiconductors provide a pathway to extend silicon-on-insulator technology to the
atomic limit (less than 5 nm thin) which is extremely dif cult to achieve with traditional
epitaxial process [74], and therefore the doping methods under investigation for these ma-
terials are required to work effectively on ultrathin devices. One of the prime candidates
in this family of materials is WSe Its staggered band alignment[9] with that of MoS
an inherently n-type and widely studied 2D semiconductor, make it an ideal choice for
the p-type material in 2D p-n junction diodes [11] and tunnel eld-effect transistors [75].
However, the fabrication of good p-type electrical contacts to ultra-thinJt&e been a
major challenge due to Fermi level pinning at the metal-semiconductor interface giving
rise to a large contact resistance irrespective of the metal work-function [76]. A potential
solution for this problem is hole-doping of the semiconductor to degenerate densities at
the contact region to overcome the large Schottky barrier by thinning down its width to
allow hole tunneling and thereby facilitating low contact resistance. Previously reported
studies have demonstrated high-performance p-type contacts for multi-layer (thicker than
5 nm) WSe devices achieved by different hole-doping methods [17, 77, 78, 79, 80, 20].
However, for thinner channels, the band-gap increase and surface damage to the material
during fabrication pose challenges in achieving good-quality ohmic contacts [43]. This
calls for the development of techniques that can induce degenerate hole densities without
degrading the pristine nature of these 2D surfaces in ultrathin samples.

Among previous reports, substitutional doping is a widely adopted technique for dop-
ing WSe [17, 77, 81, 82, 78, 79]. This involves a dopant species such as niobium (Nb)
introduced during chemical vapor deposition (CVD) growth of the material and requires
elevated temperatures for the activation of the dopant atoms. High-temperature process-

ing is, however, undesirable for 2D semiconductor surfaces as it is known to create de-
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fects that alter the pristine channel properties [83]. The requirement of activation energy
further implies that substitutionally doped contacts cannot function at cryogenic tem-
peratures due to carrier freeze-out [84]. Methods involving chemical dopants such as
terpolymer poly(vinylidene uoride-tri uoroethylene-chloro uoroethylene) [85] and 4-
nitrobenzenediazonium tetra uoroborate [79] have proven effective for multi-layeprWSe
samples. However, as surfaces of these materials are susceptible to degradation during
chemical treatments, the applicability of doping methods involving chemicals requires
further evaluation for thinner devices. Further, chemical-based and substitutional doping
methods lack area selectivity implying both the channel and contact regions are exposed
to equal doping. High doping density in the channel region leads to mobility degrada-
tion and poor gate-control of the device electrostatics. On the other hand, surface charge
transfer mechanism [86] based techniques such as chemisorptigiy\tBe semicon-
ductor [80, 87] or formation of a few-layer substoichiometric oxide at the surface using O
plasma [20, 88] or @gas [88, 70] are proven effective for a few-layer devices and area-
selective doping. While some of these processes introduce doping that is unstable with
time [80] or in ambient conditions [87], others that have demonstrated stability require
subjecting the material to high temperatures [70, 89] to attain degenerate hole densities.
Moreover, these oxidation techniques are not self-limiting to a monolayer ob\Al&e
thus, lack precise control and reproducibility over the number of layers being affected in
the process.

In this work, we report a room-temperature doping method using self-limiting oxida-
tion of WSe by O3 in the presence of ultraviolet (UV) light to convert only the top layer
to TOS, a non-stoichiometric oxide of tungsten (W), oxygen (O), and selenium (Se). Hav-
ing precision to oxidize only a single layer reliably has not been demonstrated for WSe

in the previous studies. This monolayer TOS acts as a strong p-type dopant possibly due
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to surface charge transfer facilitated by the work-function difference between the TOS
and the semiconductor layers underneath[86] and has resulted in the highest hole density
and the lowest contact resistance reported for sub-5 nm thin,\MSeces so far. With-

out any post-oxidation encapsulation, the stability of the doping in ambient conditions
was observed via electrical characterizations. Measurements carried out at temperatures
ranging from 30077 K show that the degenerate densities, as well as the ohmic nature
of these contacts, are retained at low temperatures. We further establish area-selectivity
for our technique by covering the channel witBN and display manifold improvement

in device characteristics achieved only via contact doping without adopting measures to

improve the channel.

4.1 UV ozone oxidation process

Our process involves treating WSm a UV-Ogz environment in SAMCO UV-2 sys-
tem, a commercially available UV-ozone cleaning/stripping tool for 30 minutes at room
temperature at an oxygen ow rate of 3L/min. The role of the UV light is to dissocigte O
into molecular oxygen and highly reactive oxygen radicals that act as the oxidizing agent

to form TOS.

4.1.1 Optical characterization of TOS-WSe

To con rm the formation of an oxide layer, we rst performed X-ray photoelectron
spectroscopy (XPS) characterization on a CVD-grown few-layer\\éke. The degen-
erate peaks in the XPS spectra before oxidation in Figure 4.1a represent W (left panel) and
Se (right panel) atoms. Post-oxidation, additional convoluted peaks that appear at higher
binding energies for both left and right panel in Figure 4.1b refer to the W-O and Se-O

bond formation respectively [90, 91, 92]. Furthermore, the presence of degenerate W and
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Figure 4.1: Material characterization (XPS and PL) of the UMi®@atment.(a) XPS spec-

tra of W(4f) (left) and Se(3d) (right) core level for CVD-grown few-layer WW®efore
oxidation. (b) XPS spectra of the sample after oxidation showing formation of TOS with
W-O bonds (left) and Se-O bonds (right). The presence of degenerate W and Se peaks
both before and after oxidation indicates the presence of M&yers beneath. (c) The

PL spectrum of the bilayer (gray) changes to a sharp monolayer peak (red) after oxida-
tion providing evidence that only the top layer transforms to TOS. (d) Raman spectra
of bilayer WSe before (gray) and after (red) oxidation. Inset shows that tgbe;ﬁak
disappears after oxidation corresponding to 1L W\Bgh a layer of amorphous TOS on

top.

Se peaks even after the process as seen in g. 4.1b indicates minimal (if any) damage to
the underlying layers. Additionally, the shift in the peaks towards lower binding energies

after oxidation is indicative of p-type doping of the layers underneath [81].
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Next, we con rmed the self-limiting nature of the oxidation with photoluminescence
(PL) characterization on an exfoliated ake with a bilayer (2L) regiod.@4 nm thick).
The broad, double-humped PL spectrum (gray) before oxidation transforms to a sharp,
single peaked spectrum (red) after the process as shown in Figure 4.1c representative of
the conversion of the bilayer to a monolayer. Moreover, the absence of any additional
peaks in the post-oxidation PL spectrum proves that the monolayer underneath is not
affected during the process. To further corroborate our claim, we performed Raman mea-
surements on the same 2L region. In Figure 4.1d, we see similar Raman p@@ilE:%A
and 2LA(M)) before and after oxidation signifying that the hexagonal symmetry of the
crystal structure of the underlying 1L WSes preserved even after oxidation. The in-
set shows that post-oxidation th%GBpeak disappears which corresponds to 1L WSe
formation with a layer of amorphous TOS on top, bolstering our claim of a monolayer

dopant.

4.1.2 Atomic force microscopy (AFM) characterization

The optical microscope (OM) image, thickness determination, and surface roughness
study of a trilayer (3L) WSg ake with AFM before and after oxidation is provided in
g.4.2. Post-oxidation optical image of the trilayer WSeg. 4.2a) appears to be that of a
bilayer WSe due to the high transparency of TOS [93]. The AFM topography in g.4.2b
shows uniform oxidation throughout, however, the surface roughness for the TOSz+ WSe
increases. This is expected due to the amorphous nature of the TOS. Further, the increase
in the height as seen in g. 4.2c con rms that the oxidation process is not etching the
material. Different bond lengths for W-O from W-Se results in more than 1 nm increase
in height in the oxidized sample compared to a non-oxidized one which is in agreement

with the literature [94].
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Figure 4.2: AFM characterization of the trilayer WiS€a) Optical microscope image

of the ake before (left) and after (right) oxidation. No non-uniformity was seen optically
after oxidation. (b) AFM topography shows uniform and homogenous oxidation of the
entire ake with a slight increasey(2 A) in root mean square value of surface roughness,
R after oxidation. (c) The height maps along the A-A' cut on the ake before (gray)
and after (red) oxidation. The post-oxidation map shows more than 1 nm increase in the
height after oxidation due to different bonding con gurations of TOS from WSe

4.1.3 Structural characterization

Selected-area diffraction (SAED) pattern was used to characterize the structural prop-
erties of the TOS. The presence of SAED pattern with hexagonal symmetry along the [0
0 0 1] zone axis on 1L-WSeas seen in g. 4.3a is indicative of the crystalline nature of

the material. This diffraction pattern is completely absent in 1L-TOS which con rms the
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Figure 4.3: SAED characterization of TOS (a) SAED pattern of 1L-Y\&fore oxida-

tion showing single-crystal diffraction patterns with zone axis [0 0 0 1]. (b) Post-oxidation
SAED shows no pattern indicating the amorphous nature of TOS. (c) SAED patterns for
two few-layer WSe akes before and after oxidation. The presence of a single-crystalline
pattern even after UV-@treatment establishes that the underlying layers are protected
during the oxidation.

amorphous nature of TOS. However, SAED for few-layer \W&ter oxidation still shows

the diffraction pattern corroborating our claim of underlying layers not getting affected
in the oxidation. Further, energy-dispersive X-ray spectroscopy (EDS) was performed to
nd the atomic composition of the 1L-WSdefore and after oxidation. Results presented

in table 4.1 show a large enhancement in the O/W ratio from before to after oxidation.

However, Se is not completely removed in the process and hence, the substoichiometric

oxide is termed as TOS.
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