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Abstract: Atomically thin molybdenum disulfide (MoS;), a member of the transition metal
dichalcogenide (TMDC) family, has emerged as the prototypical two-dimensional (2D) semiconductor
with a multitude of interesting properties and promising device applications spanning all realms
of electronics and optoelectronics. While possessing inherent advantages over conventional bulk
semiconducting materials (such as Si, Ge and III-Vs) in terms of enabling ultra-short channel and,
thus, energy efficient field-effect transistors (FETs), the mechanically flexible and transparent nature
of MoS; makes it even more attractive for use in ubiquitous flexible and transparent electronic
systems. However, before the fascinating properties of MoS, can be effectively harnessed and put
to good use in practical and commercial applications, several important technological roadblocks
pertaining to its contact, doping and mobility (i) engineering must be overcome. This paper reviews
the important technologically relevant properties of semiconducting 2D TMDCs followed by a
discussion of the performance projections of, and the major engineering challenges that confront,
2D MoSp-based devices. Finally, this review provides a comprehensive overview of the various
engineering solutions employed, thus far, to address the all-important issues of contact resistance
(Rc), controllable and area-selective doping, and charge carrier mobility enhancement in these devices.
Several key experimental and theoretical results are cited to supplement the discussions and provide
further insight.

Keywords: two-dimensional (2D) materials; transition metal dichalcogenides (TMDCs);
molybdenum disulfide (MoS,); field-effect transistors (FETs); Schottky barrier (SB); tunneling; contact
resistance (Rc); doping; mobility (u); scattering; dielectrics
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1. Introduction

The isolation and characterization of graphene, an atomically thin layer of carbon atoms arranged
in a hexagonal lattice, in 2004 by Geim and Novoselov ushered in the era of two-dimensional
(2D) atomically thin layered materials [1]. This all-important discovery came at the backdrop of a
continuous ongoing quest by the semiconductor industry to search for new semiconducting materials,
engineering techniques and efficient transistor topologies to extend “Moore’s Law”—an observation
made in the 1960s by Gordon Moore which stated that the number of transistors on a complementary
metal-oxide-semiconductor (CMOS) microprocessor chip and, hence, the chip’s performance, would
double every two years or so [2—4]. In effect, this law led to the shrinking down of conventional CMOS
transistors (down into the nm regime) to enhance their density and performance on the chip [5-10].
However, in the past decade or so, the performance gains derived due to dimensional scaling have
been severely offset by the detrimental short-channel effects (SCE) that cause high OFF-state leakage
currents (due to loss of effective gate control over the charge carriers in the semiconducting channel and
inability of the gate to turn the channel fully OFF) leading to higher static power consumption and heat
dissipation (i.e., wasted power), which have dire implications for Moore’s Law [11-16]. With continued
scaling (sub-10 nm regime), the SCE effect will get far worse and even state-of-the-art CMOS transistor
architectures designed to enhance gate controllability (such as MuGFETs, UTB-FETs, FinFETs, etc.) will
face serious challenges in minimizing the overall power consumption. Hence, the need of the hour
is an appropriate transistor channel material that allows for a high degree of gate controllability at
these ultra-short dimensions [17-20]. In this light, graphene has been thoroughly researched for its
remarkable properties, such as 2D atomically thin nature, extremely high carrier mobilities, superior
mechanical strength, flexibility, optical transparency, and high thermal conductivity, that can be
useful for a wide range of device applications [21-23]. While graphene can allow for excellent gate
controllability due to its innate atomic thickness, a major drawback of graphene is its “semi-metallic”
nature and, hence, the absence of an electronic “band-gap” (Eg)—a necessary attribute any material
must possess to be considered for electronic/optoelectronic device applications. Hence, a graphene
transistor cannot be turned “OFF” [24,25].

Graphene’s shortcomings led to the search for alternative materials with similar yet
complementary properties. This led to the emergence of a laundry list of 2D layered materials
ranging from insulators to semiconductors and metals [26,27]. Among these 2D materials, the family
of transition metal dichalcogenides (TMDCs) has garnered the most attention [28]. These TMDCs are
characterized by the general formula MX, where M represents a transition metal (M = Mo, W, Re, etc.)
and X is a chalcogen (X =S, Se, Te) [29,30]. Analogous to graphene, these layered 2D TMDCs can be
isolated down to a single atomic layer from their bulk form. A TMDC monolayer can be visualized
as a layer of transition metal atoms sandwiched in-between two layers of chalcogen atoms (of the
form X-M-X) with strong intra-layer covalent bonding, whereas the inter-layer bonding between two
adjacent TMDC layers is of the van der Waals (vdW) type (Figure 1a schematically illustrates the 3D
crystal structure of molybdenum disulfide or MoS,, the prototypical TMDC). Moreover, depending
on the specific crystal structure and atomic layer stacking sequence (1T, 2H or 3R), these TMDCs
can have metallic, semiconducting or superconducting phases [29,30]. Of particular interest is the
subset of semiconducting 2D TMDCs as they offer several promising advantages over conventional 3D
semiconductors (Si, Ge and III-Vs) such as: (i) inherent ultra-thin bodies enabling enhanced electrostatic
gate control and carrier confinement versus 3D bulk semiconductors (this can help mitigate SCE in
ultra-scaled FETs based on 2D TMDCs as their ultra-thin bodies can allow significant reduction of the
so-called characteristic “channel length (Lcyy) scaling” factor “A”, given by A = v/(toxtopy€BopY)/ €0X,
where tox and tgopy are the thicknesses of the gate oxide and channel, respectively, and eox and egopy
are their respective dielectric constants; a simple relationship for the scaling limit of FETs, i.e., minimum
length required to prevent SCE, is given by Lcyg > 3A) (Figure 1c shows the schematic cross sections of
the gate-channel regions of FETs employing bulk 3D and 2D semiconducting channels and compares
their electrostatic carrier confinements) [31]; (ii) availability of a wide range of sizeable band-gaps
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and diverse band-alignments [32]; and (iii) lack of surface “dangling bonds” unlike conventional 3D
semiconductors (Figure 1b schematically compares the surface of bulk 3D and 2D materials) allowing
for the formation of pristine defect-free interfaces (especially 2D/2D vdW interfaces) [33]. These
attributes make the semiconducting 2D TMDCs extremely promising for future “ultra-scaled” and
“ultra-low-power” devices [30,31,33-39]. Among the semiconducting 2D TMDCs, MoS; has been the
most popular and widely pursued material by the research community owing to its natural availability
and environmental /ambient stability. Like most semiconducting TMDCs, MoS; is characterized by
a thickness-dependent band-gap as has been verified both theoretically and experimentally: in its
bulk form, it has an indirect band-gap of ~1.2 eV, whereas in its monolayer form, the band-gap
increases to ~1.8 eV due to quantum confinement effects and is direct (Figure 1d illustrates the
band-structure evolution of MoS, with decreasing layer thickness) [40-44]. This band-gap variability,
together with high carrier mobilities, mechanical flexibility, and optical transparency, makes 2D MoS,
extremely attractive for practical nano- and optoelectronic device applications on both rigid and
flexible platforms [45-51].
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Figure 1. (a) 3D schematic of the crystal structure of semiconducting 2H MoS,, the prototypical TMDC,

r MK

showing stacked atomic layers. Atoms in each layer are covalently bonded, whereas a vdW gap exists
between adjacent layers with an interlayer separation of ~0.65 nm. Adapted with permission from [40].
Copyright Springer Nature 2011. (b) Schematic illustration of bulk 3D (top) versus 2D materials
(bottom) showing the absence of surface dangling bonds in the latter. (c) Schematic illustration
of the carrier confinement and electrostatic gate coupling in bulk 3D (top schematic) versus 2D
semiconducting materials (bottom schematic) when used as the channel material in a conventional FET
architecture. 2D semiconductors offer much better gate control and enhanced carrier confinement, as
opposed to 3D semiconductors, owing to their innate atomic thickness. (b,c) Adapted with permission
from [35]. Copyright Springer Nature 2016. (d) Band-structure evolution of MoS, from bulk to
monolayer (1L) showing the transition from an indirect to a direct band-gap (as indicated by the solid
black arrow). Adapted with permission from [41]. Copyright 2010 American Chemical Society.
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MoS; can also be combined with conventional 3D semiconductors (such as Si and III-Vs), other 2D
materials (e.g., TMDCs or graphene), and 1D and 0D materials to form various 2D/3D, 2D/2D, 2D/1D
and 2D /0D vdW heterostructure devices, respectively, enabling a wide gamut of functionalities [52-59].
Indeed, several device applications such as ultra-scaled FETs [60-63], digital logic [64-67],
memory [68-71], analog/RF [72-75], conventional diodes [76-79], photodetectors [80-83], light
emitting diodes (LEDs) [84-87], lasers [88,89], photovoltaics [90-93], sensors [94-97], ultra-low-power
tunneling-devices such as tunnel-FETs (TFETs) [98-101], and piezotronics [102,103], among several
others, have been demonstrated using 2D MoS, (either on exfoliated MoS;, flakes or synthesized
MoS; films), highlighting its promise and versatility. Concurrently, massive research effort has been
devoted to solving various key technical challenges, such as large-area wafer-scale synthesis using
techniques like chemical vapor deposition (CVD) and its variants (such as metal-organic CVD or
MOCVD), van der Waals (vdW) epitaxy, [104-107], reduction of parasitic contact resistance (Rc),
and enhancement of charge carrier mobility (i), that can improve the operational efficiency of these
devices and allow MoS,-based circuits and systems to become technologically and commercially
relevant. The focus of this review paper is to give a comprehensive overview of the progress made in
the contact, doping and mobility engineering techniques for MoS,, which collectively represent one of
the most significant technological bottlenecks for 2D MoS, technology.

2. Projected Performance of 2D MoS,

To realize low-power and high-performance electronic/optoelectronic devices based on
2D semiconducting TMDC materials, several key parameters, such as contact resistance (Rc),
channel/contact doping (n- or p-type) and charge carrier mobility (for both electrons and holes), need
to be effectively engineered to harness the maximum intrinsic efficiency from the device [31,35,36,38,39].
In the case of M0S;, excluding the effect of any external factors, its calculated /predicted intrinsic
performance is indeed extremely promising. Firstly, the quantum limit to contact resistance (Rcmin)
for crystalline semiconducting materials in the 2D limit is determined by the number of conducting
modes in the semiconducting channel which, in turn, is connected to the 2D sheet carrier density (nyp,
in units of 10" cm~2) as Remin = 26/v/n2p Q-um (Figure 2a depicts this quantum limit in a plot of
Rc versus nyp) [108-111]. For nyp = 10'3 em ™2, this yields an Repin of 26 Q)-um, which is well below
the projected maximum allowable parasitic source/drain (5/D) resistances for high-performance
Si CMOS technology (for example, 80 Q)-um for multiple-gate FET technology) as per the ITRS
requirements for the year 2026 [112]. Thus, 2D MoS; has the potential of meeting the R¢ requirements
if a sheet carrier density of ~10!® cm~2 or higher is realized in the contact regions by doping or other
means. Secondly, the predicted room temperature (RT, i.e., 300 K) phonon-limited, or “intrinsic”,
electron mobility for monolayer MoS, falls in the range of 130-480 cm?/V-s [113-116]. On the other
hand, the predicted phonon-limited hole mobility for monolayer MoS, is supposed to be as high
as 200-270 cm?/V-s [115,117]. Moreover, the calculated saturation velocities (vsat) of electrons and
holes in monolayer MoS, are 3.4-4.8 x 10° and 3.8 x 10° cm/s, respectively [115]. This makes
MoS; extremely promising for various semiconductor device applications and gives it a distinct
advantage for use in thin-film transistor (TFT) technologies as its predicted carrier mobilities are
higher than conventional TFT materials such as organic and amorphous semiconductors as well
as metal oxides (Figure 2b compares the mobility of TMDCs against various other semiconducting
materials) [118-120]. In fact, MoS; offers channel mobilities that are comparable to single-crystalline
Si [121]. Moreover, MoS; can potentially outperform conventional 3D semiconductor devices at
aggressively scaled channel lengths (Lcyy < 5 nm) thanks to its excellent electrostatic integrity [122,123],
finite band-gap, and preserved carrier mobilities even at sub-nm thickness (monolayer MoS, thickness
~0.65 nm), unlike 3D semiconductors that can experience severe mobility degradation (due to scattering
from dangling bonds, interface states, atomic level fluctuations, surface roughness, etc.) and a large
band-gap increase (due to quantum confinement effects) with dimensional/body thickness scaling
below ~5-10 nm [35,36,124-126]. Thus, the high predicted mobilities and saturation velocities, coupled
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with its atomically thin nature, high optical transparency and mechanical flexibility, makes 2D MoS,
very attractive for applications in ultra-scaled CMOS technologies as well as in flexible nanoelectronics
and flexible “smart” systems [74,118,127-129].

The projected performance potential of MoS, transistors has also been investigated by several
research groups and compared to conventional CMOS devices for applicability in future technology
nodes. For example, the performance of double-gated monolayer MoS, FETs was theoretically
examined (in the presence of intrinsic phonon scattering) and compared to ultra-thin body (UTB)
Si FETs by Liu et al., with results showing that MoS; FETs can have a 52% smaller drain-induced
barrier lowering (DIBL) and a 13% smaller subthreshold swing (SS) than 3-nm-thick-body Si FETs at
an Lcy of 10 nm with the same gating [123]. This favorable performance and better scaling potential
of monolayer MoS, FETs compared to UTB Si counterparts was attributed to its atomically thin
body (~0.65 nm thick) and larger effective mass that can suppress direct source-to-drain tunneling at
ultra-scaled dimensions. Moreover, the performance of MoS; FETs was found to fulfill the requirements
for high-performance logic devices at the ultimate scaling limit as per the ITRS targets for the year
2023 [123]. Through rigorous dissipative quantum transport simulations, Cao et al. found that bilayer
MoS; FETs can indeed meet the high-performance (HP) requirement (i.e., the ON-state current drive
capability) up to the 6.6 nm node as per the ITRS. Moreover, they showed that with proper choice of
materials and device structure engineering, MoS; FETs can meet both the HP and low-standby-power
(LP, i.e., good subthreshold electrostatics in the OFF-state) requirements for the sub-5 nm node as
per the ITRS projections for the year 2026 [130]. Another recent simulation study by Smithe et al.
revealed that, if the predicted saturation velocity of monolayer MoS; can be experimentally realized
(i.e., Vsat > 3 x 10° cm/s), then MoS, FETs can potentially meet the required ON-currents (while
meeting the OFF-current requirements) for both HP and LP applications at scaled ITRS technology
nodes below 20 nm (Figure 2c compares the projected ON-currents of monolayer MoS; FETs against
ITRS requirements for different MoS; vs,t and field-effect mobility (jipg or ieff) values, as a function of
gate length “L”) [131]. While these performance projections are extremely encouraging, it must be kept
in mind that these calculations of contact resistance, mobilities, and FET performances assume an ideal
or a near-ideal scenario wherein the 2D MoS, under consideration is pristine with a defect-free crystal
structure, and its material /device properties are evaluated in the absence of extrinsic carrier scattering
sources and while considering ideal contact electrodes (i.e., Ohmic contacts). In practice, several
non-idealities and inherent challenges exist that can have a detrimental effect on the key performance
metrics, adversely affecting the overall MoS, device performance.
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Figure 2. (a) Contact resistance (Rc) plotted as a function of the 2D sheet carrier density (nyp)
showing the respective contact resistances of various semiconducting materials (Si, III-Vs, graphene,
and TMDCs). The red dashed line represents the quantum limit to Rc. Top right inset shows the
schematic top view of a basic transistor configuration. Adapted with permission from [111]. Copyright
Springer Nature 2014. (b) Plot of carrier mobility versus band-gap for various semiconducting materials
used in technological applications such as processors, displays, RFIDs and photovoltaics. TMDCs
have a distinct advantage over poly /amorphous Si and organic semiconductors, and their mobilities
are comparable to that of single-crystalline Si. Adapted with permission from [171]. Copyright
2017 John Wiley and Sons. (c) Projected ON-current performance versus gate length L of monolayer
MoS;, FETs compared against low-power (LP) (left plot) and high-performance (HP) (right plot)
ITRS requirements. ITRS requirements are shown in blue with fixed Iorr = 10 pA pum ! for LP and
100 nA um~! for HP. Simulations in red use vsat = 10® cm s~ 1, with solid symbols for CVD-grown
MoS; (ppg =20 em? V15 1)and open symbols for exfoliated MoS; (ppg = 81 em? V1571, The green
curve shows projections for MoS, FETs using both the higher mobility value (i.e., 81 cm? V-1 s~1) and
higher vsat = 3.2 x 10° cm s~1, that meet ITRS requirements for both LP and HP applications for gate
lengths L < 20 nm. Adapted with permission from [131]. Copyright 2016 IOP Publishing.

3. Major Challenges in Contact, Doping and Mobility Engineering of 2D MoS,

3.1. The Schottky Barrier and the van der Waals (vdW) Gap

One of the biggest issues confronting MoS,-based devices is the presence of a Schottky barrier
(SB) at the interface between MoS, and the contact metal electrode. This results in a “non-Ohmic” or a
Schottky electrical contact characterized by an energy barrier, called the Schottky barrier height (SBH
or ®gp), that hinders the injection of charge carriers into the device channel [132]. Consequently, this
notable SBH leads to a large R¢ and a performance degradation (e.g., low field-effect mobilities) in
two-terminal MoS, devices since a large portion of the applied drain bias gets dropped across this
Rc [133,134]. The presence of the SBH in MoS; devices has been experimentally verified by several
research groups [134-139], and these barriers are thought to be formed due to strong Fermi level
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pinning (FLP) effects at the contact metal/MoS, interface [110,132,140]. Detailed microscopic and
spectroscopic studies on natural MoS; flakes revealed high concentrations of defects and impurities,
such as sulfur vacancies (5Vs) and subsurface metal-like impurities, which are thought to be responsible
for the strong FLP [141-144]. These SV defects/impurities lead to a large background n-doping in the
MoS; and introduce unwanted energy levels or “mid-gap states” closer to the conduction band edge
(CBE) within its band-gap that ultimately governs the location of the charge neutrality level where the
metal Fermi level gets pinned resulting in fixed barrier heights at the contact/MoS; interface [145-147].
Further insight on the possible origin of this FLP effect was shed by theoretical calculations based on
density functional theory (DFT). Kang et al. reported that interactions between certain metals and
MoS; can lead to the formation of a “metal/MoS; alloy” at the contact interface with a much lower
work function than unalloyed MoS;. This leads to an abnormal FLP as if the MoS, is contacted to
a low work function metal [148]. Gong et al., on the other hand, claimed that the FLP mechanism
at metal/MoS, interfaces is unique and distinctively different from traditional metal-semiconductor
junctions. According to their calculations, the FLP at the metal/MoS, interface is a result of two
simultaneous effects: first, a modification of the metal work function by interface dipole formation due
to the charge redistribution at the interface and, second, by the formation of mid-gap states originating
from Mo d-orbitals, that result from the weakening of the intralayer S-Mo bonds due to the interfacial
interaction, and the degree thereof, between the metal and the S atom orbitals [149]. A qualitatively
similar result was obtained by Farmanbar et al. where they studied the interaction between a wide
range of metals and MoS; using DFT and found that this MoS; /metal interaction leads to the formation
of interface states due to perturbation of the MoS; electronic band-structure, with energies in the MoS,
band-gap that pin the metal Fermi level below its CBE. The extent of this interfacial interaction depends
on whether the metal is physisorbed (i.e., weakly adsorbed) or chemisorbed (i.e., strongly adsorbed)
on the MoS; surface, resulting in a small or large density of interface states, respectively. Moreover,
the authors showed that by artificially enlarging the physical distance between MoS, and the metal,
these interface states vanished [150]. Experimentally, this physical separation can be achieved by
inserting suitable interfacial tunnel barriers or buffer layers in-between the MoS, and the contact
metal (more on interfacial contact tunnel barriers is discussed in Section 8). Additionally, Guo et al.
suggested that the strongly pinned SBHs at the metal/2D MoS, interface arises due to strong bonding
between the contact metal atoms and the TMDC chalcogen atoms [151], in accordance with the age-old
theory of metal-induced gap states (MIGS) established for metal contacts to conventional bulk 3D
semiconductors [152-154].

Regardless of the exact underlying physical mechanism involved, FLP is an undesired effect as it
leads to fixed SBHs at metal /MoS, interfaces. It is for this very pinning effect that most metal-contacted
MoS; FETs typically show unipolar n-type behavior as the metal Fermi level gets pinned near the CBE
of MoS; irrespective of the metal work function [135,136,155,156]. In addition to degrading the device
performance due to large Rc, the reduced tunability of the SBH due to FLP is detrimental towards
realizing both n-type and p-type Ohmic contacts to MoS, desirable for CMOS applications [110].
Besides SBH, another relevant parameter associated with these Schottky barriers is the width of its
depletion region in the semiconductor channel or, simply, the Schottky barrier width (SBW). The SBW
is largely dependent on the extent of semiconductor “band-bending” in the 2D TMDC/MoS, channel
under the electrode contacted region [157]. Both the SBH and the SBW together determine the charge
injection in the 2D MoS; channel. While SBH governs the extent of thermionic emission of carriers
“over” the barrier, SBW determines the extent of thermionic field emission (i.e., thermally-assisted
tunneling) and/or field emission (i.e., direct tunneling) “through” the width of this barrier due to the
quantum mechanical tunneling of charge carriers (Figure 3a shows the band-alignment at the metal /2D
TMDC interface under different gating conditions and illustrates the different charge carrier injection
mechanisms) [110,132,158,159]. Hence, both the SBH and SBW must be minimized to achieve efficient
injection of charge carriers (electrons or holes) from the contact into the semiconducting MoS, channel.
Additionally, the FLP-induced SBH has been found to depend strongly on the Mo$S, layer thickness
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(especially in the limit of 1-5 layers) since the electronic band-structure of MoS, undergoes a drastic
change as its thickness is decreased (recall that band-gap increases with decreasing MoS, thickness),
leading to a modification of its electron affinity and relative shifts in its band edge positions (i.e., CBE
and valence band edge or VBE) in the energy-momentum (or E-k) space [44,160]. Owing to these
factors, thinner MoS; with a larger band-gap typically yields a larger SBH with metal contacts as will
be discussed later. This effect is particularly important for devices based on direct band-gap monolayer
MoS, for optoelectronic applications. Finally, in addition to the SB, there are several other important
issues that require careful consideration. In an ideal scenario, the surface of TMDCs has an absence
or at least a dearth of dangling bonds and, thus, MoS; does not tend to form interfacial covalent
bonds with the as-deposited contact electrodes. Hence, the metal/MoS, interface is characterized by
the presence of a van der Waals (vdW) gap, especially in the top contact geometry (which is most
common). This vdW gap acts like an additional “tunnel barrier” for the charge carriers in series with
the inherent metal/MoS, SB (as shown in Figure 3a) and can increase the overall R¢c [110,134,148].
Moreover, this vdW gap-induced tunnel barrier also manifests itself in multilayer MoS, devices as
additional “interlayer” resistors (since adjacent MoS, atomic layers are also separated by a vdW
gap) and can have implications on the overall device performance. Therefore, for purely electronic
applications, the thickness of MoS, must be carefully chosen for optimum device performance as will
be discussed in more detail later. Some elegant ways to overcome this vdW gap issue are to realize
“hybridized” top contacts and/or “edge contacts” (that have a greater degree of orbital interaction
with the MoS, atoms/bonds resulting in a more intimate contact having lower R¢) instead of the
regular top contacts [110,161], and these solutions are discussed in more detail later on along with
their promises and inherent challenges.
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Figure 3. (a) Energy band diagram of the n-type contact/MoS, interface under different gating
(electrostatic n-doping) conditions depicting the different charge injection mechanisms/paths from
the metal into the MoS; channel across the SB. q®p( represents the SBH. Thermionic emission is
represented by Path (1), thermionic field emission by Path (2) and field emission by Path (3) as shown
in the top band diagram for the case of maximum n-doping or maximum gate voltage V (that causes
maximum downward band-bending). The additional tunnel barrier due to the vdW gap is also shown
(marked by the red text). The lateral distance through which the carriers “tunnel” through in Paths (2)
and (3) represents the SBW. As V; decreases (i.e., n-doping decreases), the band-bending decreases
and charge injection is governed by thermionic emission only, as shown by Path (1) in the middle and
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bottom energy band diagrams. (b) Schematic illustration of the contact length (L¢), transfer length (L)
and current injection (or the “current crowding” effect) near the metal contact/2D TMDC interface
edge. The different resistive components at play are marked in the resistor network model (note:
in the figure, pc is depicted at rc, L is depicted as 1, and TMDC is depicted as SC). (a,b) Adapted
with permission from [110]. Copyright Springer Nature 2015. (c) Schematic illustration of the various
extrinsic charge carrier scattering mechanisms in a 2D TMDC/MX; channel. The black and blue balls
denote the M and X atoms, respectively. The orange balls and corresponding orange dashed arrows
denote the electrons and their paths in the channel, respectively. Change in the direction of the carrier
path denotes a scattering event. The green balls and the smeared green areas denote the charged
impurities and their scattering potentials, respectively. The red arrow denotes the polar phonon in the
top dielectric. Hollow blue circle represents atomic vacancies which tend to form in both natural and
synthetic chalcogenides. Blue dashed line represents grain boundaries (GBs) which are typically present
in synthetic chalcogenides. Adapted from [160] with permission of The Royal Society of Chemistry.

3.2. Contact Length Scaling, Doping and Extrinsic Carrier Scattering

A major problem arises when we consider “contact length scaling” for MoS,. Contact length (Lc)
scaling is required when we consider designing aggressively scaled ultra-short-channel devices based
on any semiconductor, because Lc must be shrunk by a similar factor as the channel length (Lcy)
as it will determine the final device footprint/density and can lead to chips with smaller area and
faster speeds [162,163]. However, while scaling Lcyy decreases the channel resistance (Rcyy), scaling Lc
increases Rc in 2D TMDCs. These two effects are contradictory to each other and device performance
will ultimately be limited by Rc for aggressively scaled devices [164]. L¢ scaling issue mainly arises
from the fact that in 2D TMDCs like MoS,, the transfer length (Lt)—i.e., the average length over
which the charge carriers move in the semiconductor before being transferred to the contact electrode
(also referred to as the “current crowding” effect at metal/semiconductor contacts) [165-167]—is
often large (Figure 3b shows the schematic illustration of this current crowding effect at the metal/2D
TMDC junction using a resistor network model). For example, Lt = 600 nm for monolayer MoS; [157]
and 200 nm for six-layer MoS, with Ti contacts [167]. If the L is scaled below Lt (i.e., Lc << L),
then Rc increases as per the relation Rc = pc/Lc where pc is the specific contact resistivity [note
that R¢ is independent of Lc when Lc >> Ly and is then given by the relation Rc = v/(oc psp)
where pgp is the sheet resistance of the semiconducting channel underneath the contact] [110,168].
Therefore, for ultra-short-channel FETs (targeting the sub-10 nm node) based on 2D MoS;, it is
extremely important to minimize pc or, in other words, minimize Ly [since Lt = v/(oc/psu)] to
achieve low Rc. This is important because the R¢ of any FET must only be a small fraction (~20%)
of the total FET resistance (i.e., Rcg + 2Rc) for the transistor to operate properly while ensuring
that its current-voltage (I-V) behavior is primarily determined by the intrinsic channel resistance
Rcp [110,112]. Hence, it is imperative that Rc must scale (i.e., reduce) together with both Lcg and Le
before MoS,-based FETs can come anywhere close to rivaling the performance of state-of-the-art Si
and III-V device analogs (for reference, the R¢ values reported for most TMDC/MoS, FETs to date
are about an order of magnitude higher than in today’s Si Fin-FET technologies where R¢ is well
below 100 (3-um) [110,111,132]. Now, the pc is strongly dependent on the SBH among other factors,
hence minimizing or eliminating the SBH is a guaranteed way to alleviate the R¢ issue in MoS, FETs.
Next, the ultra-thin nature of the 2D MoS, makes it incredibly challenging to employ conventional
CMOS-compatible doping techniques (ion implantation or high-temperature diffusion) to perform
controlled and area-selective doping to control the carrier type (n or p) and carrier concentration
(ranging from degenerate in the source/drain contact regions to non-degenerate in the channel region)
in MoS; FETs, especially at the monolayer limit [169]. This is primarily because the atomically thin
MoS, lattice is highly susceptible to structural damage and etching which, for example, is typically
unavoidable in the ion implantation process [170]. Lastly, MoS, devices typically show much lower
intrinsic carrier mobilities in experiments than the predicted phonon-limited values, implying the
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existence of extrinsic carrier scattering sources. Thus, it is important to eliminate or minimize the effect
of these extrinsic charge carrier scattering mechanisms, such as substrate remote phonons, surface
roughness, charged impurities, intrinsic structural defects (e.g., SVs), interface charge traps (Djt) and
grain boundary (GB) defects (Figure 3¢ schematically illustrates some prominent extrinsic charge carrier
scattering mechanisms), that can severely degrade the mobility in MoS;-based devices [160,171-179].

3.3. Tackling the Major Challenges

To achieve low-power, high-performance and ultra-scaled devices based on 2D MoS,, it is highly
necessary to come up with effective solutions to alleviate the various problems, as mentioned above,
that have an adverse effect on key device performance metrics. It is worth noting that solutions to
several of these problems are intertwined and solving one can alleviate the other. As an obvious case,
reduction of the SB (either by minimization of the SBH or thinning of the SBW) lowers the R¢ and
effectively improves the charge injection efficiency and the field-effect mobility (ugg) of the MoS,
FETs. Reduction of the SBH can lead to a reduced specific contact resistivity pc. With area-selective
and controlled doping, one can potentially realize degenerately doped S/D contact regions in MoS;,
just like in the conventional Si-CMOS case, to achieve Ohmic contacts. Realization of edge contact
to few- or multilayer MoS;,, such that each individual layer of the stack is independently contacted,
can not only help in eliminating the vdW gap-induced tunnel barriers, it can also be useful in terms
of contact scaling and overall device area/footprint reduction. Unsurprisingly, therefore, there has
been an extensive research effort in the past few years to explore effective solutions for mitigating the
challenges associated with the contact, doping and mobility engineering of 2D MoS, devices. These
solutions are categorically discussed in the various sections below, highlighting several insightful
experimental and theoretical results reported thus far. The reader should note that, although the
discussion is focused on MoS;, majority of these issues, along with their underlying concepts and
engineering solutions, are readily applicable to other members of the semiconducting 2D TMDC family
(e.g., MoSep, WS,, and WSe;) as well.

4. Contact Work Function Engineering

A very straightforward approach to minimize the SBH for either electrons or holes has been
through “work function” (®y) engineering of the contact electrodes. In an ideal scenario, without
any FLP, Fermi level of low @) contacts (typically ®p < 4.5 eV) can align closer to the CBE of MoS;
(since the electron affinity of MoS; is about 4.2 eV) resulting in smaller SBH for electrons and, likewise,
the Fermi level of large @) contacts (typically @y > 5 eV) can align closer to the VBE of MoS; resulting
in smaller SBH for hole injection. This is known as the Schottky—-Mott rule or the Schottky limit,
wherein the SBH at any metal/semiconductor junction can be determined by the difference between
the metal’s work function and the semiconductor’s electron affinity [110,158,180]. One would assume
then, that by choice of a proper metal work function, it would be possible to eliminate the SBH and
realize purely Ohmic contacts. In reality, however, hardly any metal /semiconductor (MS) junctions
(including those for traditional bulk or 3D semiconductors) follow this rule due to the FLP effect,
and the Fermi level at the MS interface is typically pinned at the interface state energy (referred to as
the Bardeen limit of pinning) arising due to MIGS [152-154,181,182]. Hence, the contact Fermi level
lies somewhere in-between the Schottky limit (i.e., no pinning) and the Bardeen limit (i.e., perfect
pinning) depending on the severity of the FLP, which ultimately determines the SBH [180]. Strategies
to achieve Fermi level “depinning” can, therefore, be important to realize true Ohmic contacts by
virtue of contact work function engineering alone (as will be discussed later). However, even in the
presence of strong FLP effect, as observed in 2D MoS, (due to reasons described before), and despite
the fact that metals typically get pinned near the CBE of MoS; resulting in the largely observed n-type
device behavior, it has been shown that the magnitude of the SBH at the contact/MoS; interface can
be directly correlated to the work function of the contact metal. Efforts to achieve p-type injection in
MoS, via work function engineering are also discussed.
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4.1. N-Type Work Function Engineering

For n-type few-layer MoS, devices, Das et al. showed that low work function metals such as
scandium (Sc, @ = 3.5 eV) and titanium (Ti, $p; = 4.3 eV) yield a lower SBH for electron injection
into the MoS, conduction band, resulting in a lower R¢, than higher work function metals such as
nickel (Ni, @y = 5.0 eV) and platinum (Pt, Oy = 5.9 eV) [135]. From a detailed temperature-dependent
study that accounted for both thermionic emission over the SBH and thermally-assisted tunneling
through the SBW, the authors extracted the true SBH (i.e., $gp extracted at the flatband voltage) to be
~30 meV, ~50 meV, ~150 meV, and ~230 meV for Sc, Ti, Ni, and Pt, respectively, clearly suggestive of
the strong FLP near the CBE of MoS; (the Fermi level pinning factor S = d®gp/d®y; was around 0.1
indicative of strong pinning). Moreover, the extracted field effect mobilities were found to be 21, 90, 125,
and 184 cm?/V-s for Pt, Ni, Ti, and Sc contacts, respectively, clearly highlighting the detrimental effect
of large SBHs on both the R¢ and the ON-state device performance (Figure 4a,b show the expected
and true metal Fermi level line-up with the MoS, electronic bands, respectively, with Sc providing
the best electron injection) [135]. Similar to the case of Sc contacts, Liu et al. showed that low work
function Ti could also be used as an efficient n-type contact for few-layer (5-15 layers) MoS,. Using
Ti, they achieved a low Rc¢ of 0.8 kQ)-um and, based on theoretical calculations, surmised that Ti can
heavily dope the MoS, surface leading to a good contact. Moreover, the authors emphasized upon
the importance of MoS; layer thickness, post-contact “annealing” and realizing “edge contacts” to
enhance the performance of few-layer MoS, devices with Ti contacts [183]. In particular, edge contacts
to few- or multilayer devices are more promising because each individual layer in the few-layer device
can be independently contacted from the side (more on the effects of MoS; layer thickness on the SBH
and carrier mobility is discussed in Section 10, while Section 11 discusses the advantages of making
side or “edge contacts” to few- or multilayer MoS,).
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Figure 4. (a) Expected line-up of metal Fermi levels (Sc, Ti, Ni, Pt) with the electronic bands of
few-layer MoS; considering the difference between the electron affinity of MoS, and the work function
of the corresponding metal. (b) Transfer characteristics (Ipg versus Vgg; linear scale) of a 10 nm thick
MoS; back-gated FET with Sc, Ti, Ni, and Pt metal contacts at 300 K for Vpg = 0.2 V. The FET shows
n-type behavior with all metals, including high ®); Ni and Pt, with low ®) Sc clearly providing the best
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carrier injection. Inset shows the true metal Fermi level line-up with the MoS, bands taking Fermi
level pinning (FLP) into account. (a,b) Adapted with permission from [135]. Copyright 2013 American
Chemical Society. (c) Energy band diagrams between IZO (top) and IZO/ Al (bottom) contact electrodes
and the MoS; channel. The MoS;-Al-IZO contact includes a thin tunnel layer of amorphous Al;O3
due to surface oxidation of Al. The SB in each case is depicted by the colored dashed circular area.
Sandwiching a thin layer of low ®y; Al helps minimize the SBH as depicted in the band diagrams.
Adapted from [184]. (d) Schematic of an MoS, back-gated PFET with high work function MoOx
contacts (top) together with the qualitative band diagrams for the ON and OFF states of the MoS, PFET
(bottom). (e) Transfer curves of the MoS, PFET clearly showing good p-type behavior with high @
MoOx contacts. (d,e) Adapted with permission from [187]. Copyright 2014 American Chemical Society.
(f) Band profiles explaining the working principle in the OFF- (top) and the ON-states (bottom) of the
MoS, PFET with 2D/2D contacts. Holes are injected from a metal (M) into a degenerately p-doped
MoS; contact layer through a highly transparent interface (i.e., negligible SB). Hole injection from the
degenerately p-doped contact layer across the 2D /2D interface into the undoped MoS, channel is
modulated by the back gate voltage. The bands in the undoped MoS, channel near the degenerately
p-doped contact can be freely modulated thanks to the weak vdW interaction at the 2D /2D interface.
Adapted with permission from [190]. Copyright 2016 American Chemical Society.

In another work, Hong et al. combined thin layers of low work function aluminum (Al,
Dy = 4.064.26 eV) sandwiched in-between MoS; and indium zinc oxide (IZO), a transparent
conducting oxide having a large work function (®y ~5.14 eV), to realize high-performance and
transparent multilayer MoS; FETs. The low work function Al contact led to a much reduced
SBH resulting in a 24-fold increase of the field-effect mobility (from 1.4 cm?/V-s in MoS,/1ZO to
33.6 cm?/V-s in MoS,/Al/1Z0O), three orders of magnitude enhancement in the ON/OFF current
ratio, robust current saturation and linear output characteristics in these MoS, FETs (Figure 4c
explains the SBH lowering due to the insertion of low ®)\; Al in-between IZO and MoS, via band
diagrams). Moreover, the transparent IZO S/D electrodes allowed a transmittance of 87.4% in the
visible spectrum [184]. Recently, in a major push towards large-area fully transparent MoS; electronics,
Dai et al. demonstrated aluminum-doped zinc oxide (AZO) transparent contacts deposited via atomic
layer deposition (ALD), with tunable conductivity and work function, to make Ohmic contacts to
CVD-grown MoS;. The work function and resistivity of the AZO film could be tuned by changing the
Zn:Al subcycle ratio during the ALD growth process and optimized AZO films with a combination of
low resistivity and low work function (®y; ~4.54 eV, similar to Ti) were chosen as contacts. Overall,
the AZO-contacted CVD MoS; FETs showed promising performance with linear output characteristics
at RT (suggesting Ohmic-like contacts), a g of 4.2 cm?/V-s, low threshold voltage (Vg,) of 0.69 V, low
SS of 114 mV /decade, large ON/OFF ratio >10%, and an average visible-range transmittance of 85%
for fully transparent MoS, FETs on glass substrates (with AZO S/D and gate contacts, and HfO, gate
dielectric) [185]. To achieve more effective n-type work function engineered contacts, mitigating the
deleterious effects of strong FLP at the 3D metal /2D semiconductor interface, Liu et al. suggested
the use of surface engineered 2D “MXenes” as a potential SB-free n-type metal contact to MoS,. 2D
MXenes are a class of metal carbides/nitrides with the general formula M;,11 X, Tx (where M is an early
transition metal, X is C and/or N, T represents a surface terminating group, and n = 1-3) that can make
a vdW contact to MoS, having an inherent vdW gap. This weak vdW interaction can suppress the
formation of gap states at the interface leading to a weaker FLP than conventional 3D metal contacts.
Moreover, based on first principles calculations, the authors showed that MXenes having “OH” as
the surface terminating group can have very low work functions (<3 eV) due to surface dipole effects,
even lower than that of Sc metal, leading to Ohmic contacts [186].

4.2. P-Type Work Function Engineering

For realizing p-type MoS; devices, Chuang et al. used substoichiometric molybdenum trioxide
(MoOy, x < 3), an extreme high work function transition metal oxide with ®y; = 6.6 eV, in the S/D
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contacts and demonstrated efficient hole injection in the MoS, valence band, as opposed to high
work function metals that typically showed n-type behavior due to strong FLP. The efficacy of MoOx
as a hole injector was attributed not only to its high @), but also to its better interface properties
(such as lower tendency to form MIGS than elemental metals) that caused a lower degree of FLP.
Using MoOy, the authors could demonstrate MoS, PFETs (essential for realizing CMOS-type devices
together with MoS, NFETs) with ON/OFF ratios ~10%, and MoS, Schottky diodes with asymmetric
MoOy and Ni contacts. The SBH for holes was extracted to be ~310 meV for MoOy/MoS, contacts
(Figure 4d,e show the FET schematic as well as the qualitative band diagrams, and the p-type transfer
curves for the MoOx-contacted MoS; FETs, respectively) [187]. A detailed theoretical investigation
by McDonnell et al. further revealed that the work function of MoOy should be sufficient to provide
an Ohmic hole contact to MoS, (provided carbon impurities and Mo®* concentration at the interface
can be carefully controlled) [188]. Like high work function MoOy, high work function graphene oxide
(GO, @)1 ~5-6 €V) has also been proposed as an efficient hole injector in monolayer MoS,. Theoretically,
the p-type SBH at the MoS, /GO interface can be made smaller by increasing the oxygen concentration
and the fraction of epoxy functional groups in GO (which increases its ®)). Compared to MoOy, GO can
be promising as it is easier to fabricate, and its production methods are simpler and inexpensive [189].

More recently, an extremely promising experimental approach to realize low-resistance p-type
Ohmic contacts to MoS; FETs was demonstrated by Chuang et al. where they utilized a “2D/2D”
vertical heterostructure contact strategy [190]. In their approach, the undoped semiconducting MoS,
channel is contacted in the S/D regions by degenerately p-doped Mog 995Nbg 0955 [the degenerately
p-doped MoS; was obtained by substitutional doping of MoS, using niobium (Nb) during the crystal
growth process; more on substitutional doping of MoS; is discussed in Section 15]. The work function
difference between the undoped and the degenerately p-doped MoS, creates a band offset across the
2D /2D vdW interface. This band offset can be electrostatically tuned by a back gate voltage owing to
the weak interlayer vdW interaction at the 2D /2D junction, essentially resulting in a negligible SBH
in the ON-state of the FET (Figure 4f illustrates the working principle of MoS; PFETs with 2D /2D
contacts via band diagrams). Note that the vdW interface also promotes weaker FLP by suppressing
the formation of interface gap states. The authors reported field-effect hole mobilities as high as
180 cm?/V-s at RT, observation of a metal-insulator transition (MIT) in the temperature-dependent
conductivity, and linear output characteristics down to 5 K in their p-type MoS, FETs with these
low-resistance 2D /2D contacts [190]. Finally, an alloyed 2D metal/MoS, contact scheme, similar to
recent reports on 2D tungsten diselenide (WSe;) where a NbSe, /Wy Nb; _4Se, /WSe, contact interface
was realized (here NbSe; is a metallic 2D TMDC), could also be used to facilitate p-type MoS; FETs.
Such alloyed 2D junctions have been shown to have atomically sharp vdW interfaces with both reduced
interface traps and SBH, and can help maximize the electrical reliability of 2D devices [191]. In the
same context of 2D /2D vdW contacts, and as described in the previous section for n-type contacts,
Liu et al. also predicted that 2D MXenes with “O” surface terminations can yield a p-type SB-free
contact to MoS,, as some of the O-terminated MXenes can have a rather high work function that is
even higher than that of elemental Pt [186]. Additionally, in a separate theoretical study, Liu et al.
predicted that 2D niobium disulfide (NbS,), a 2D TMDC metal with a high work function (>6 eV), can
be a promising 2D electrode for achieving low SBH for p-type contacts to MoS, while combining all
the advantages associated with a vdW interface and weak FLP [140].

5. Effect of Stoichiometry, Contact Morphology and Deposition Conditions

While work function engineering of the contacts seems a simple and straightforward approach
to realize either n- or p-type contacts with low SBHs to MoS; (taking FLP into account of course),
there are other reports that reveal that contact work function engineering alone is not always a good
predictor for forming high-quality electrical contacts to MoS;. For instance, McDonnell et al., in their
study of structural defects on MoS,, found that both n- and p-type regions can exist at different sites on
the same MoS, sample. The n-type regions were found to be S-deficient (5/Mo ratio ~1.8:1), whereas
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the S/Mo stoichiometry in the p-type regions was 2.3:1, indicating that these regions were either S-rich
or Mo-deficient. These variations in the structural defect density can strongly impact the observed
n- or p-type I-V characteristics in MoS, devices irrespective of the contact metal (Figure 5a,b show both
n- and p-type behavior, respectively, with the same Au contacts at different MoS, locations) [141]. This
nanoscale spatial inhomogeneity on the MoS, surface was further elucidated by Giannazzo et al. where
they used high resolution conductive atomic force microscopy (CAFM) to study the spatial variations
in the SBH (Pgp) and local resistivity (pjoc). They found an excellent correlation between the ®gp
and pjo. values, with low (high) pj,. regions corresponding to low (high) ®gp regions (see Figure 5c¢),
and concluded that the low resistivity /low SBH regions were a result of n-type SV clusters on the MoS;
surface [192]. Yuan et al. highlighted the importance of metal/MoS, interface morphology, and the
thermal conductivity of the metal, on the performance of MoS; FETs. They compared monolayer and
few-layer MoS, devices with Ag and Ti contacts, both having a similar low work function (®y; = 4.3 eV)
and showed that devices with Ag contacts had 60 x larger ON-state currents than those with Ti contacts.
This was attributed to the significantly smoother and denser topography of Ag films on MoS, owing to
the excellent wettability of Ag on MoS; as well as to the higher thermal conductivity of Ag (~20x larger
than Ti) that can enhance the heat dissipation efficiency and, hence, prevent heat-induced mobility
degradation in MoS, FETs (Figure 5d shows a comparison of the transfer characteristics between
identical MoS, FETs with Ag and Ti contacts) [193].
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Figure 5. (a,b) Electrical characteristics of Au contacts deposited on a single piece of MoS; showing
both n- (a) and p-type (b) behavior at different locations, confirming the stoichiometry-dependent
doping variation in MoS,. Adapted with permission from [141]. Copyright 2014 American Chemical
Society. (c) Plot of local resistivity (oj,) as a function of SBH as determined from conductive AFM
measurements performed on different MoS, sample locations. A direct correlation is observed,
confirming the existence of nanoscale inhomogeneities on the surface of MoS,. Adapted with
permission from [192]. Copyright 2015 by the American Physical Society. (d) Transfer curves of
few-layer MoS; FETs with similar work function Ag and Ti contacts showing a clear performance
enhancement (higher ON-currents and higher ON/OFF ratios) in the case of Ag contacts. Adapted
with permission from [193]. Copyright 2015 American Chemical Society. (e) Measured R¢ versus nyp for
MoS, FETs with multiple contact metals deposited under different deposition pressures clearly showing
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that lower deposition pressures lead to lower R¢ due to cleaner interfaces. The cleanest UHV-Au
contacts reach R¢ ~740 Q)-um at nyp ~1013 cm 2 after the metal electrode resistance is subtracted. This
value is even lower than the R¢ achieved with low work function Sc contacts. (f) Measured transfer
characteristics of identical MoS, FETs with UHV-deposited Au contacts having L¢ = 20, 100 and 250 nm
(Lcy =40 nm and Vpg =1 V). Inset: Measured current (hollow circles) and simulated current (dashed
line) versus L¢ at Vgg =5V, from which a transfer length Lt of ~30 nm is extracted. From the transfer
curves, it is evident that when L¢ << Lt for metal/MoS; contacts, the device performance degrades
due to increase in the R¢ originating from the current crowding effect. (e,f) Adapted with permission
from [164]. Copyright 2016 American Chemical Society.

The excellent wettability and morphology of Ag on MoS; was further exploited by Kim et al. to
demonstrate, for the first time, low-cost inkjet-printed Ag S/D electrodes on large-area CVD-grown
monolayer MoS, FETs, using a commercial nanoparticle-type Ag ink and a drop-on-demand printer.
The favorable surface interaction between Ag and MoS, makes Ag-based printable inks highly
compatible for enabling inkjet-printed electrodes on MoS;, a process that is promising for large-area
and low-cost MoS;-based thin-film electronics [194]. English et al. revealed the importance of metal
deposition conditions and showed that gold (Au), a high work function metal (&) = 5.1 eV), deposited
under ultra-high vacuum (UHV) conditions (base pressure ~10~? Torr) yielded a cleaner, higher
quality and air-stable (over 4 months) metal /MoS, contact with a low R¢ of ~740 ()-pum, that was
even lower than the Rc achieved using low &) metals, such as Sc, Ti and Ni, on MoS, (Figure 5e
compares Rc versus nyp for various metals deposited on MoS, under two different deposition base
pressures) [164,195]. The authors also studied the effects of MoS, FET scaling and found that the
Rc starts dominating the overall device performance below Ly = 90 nm. Moreover, the effects of
L¢ scaling were also analyzed and, as expected, a current degradation of 30% was observed when
Lc became less than Lt due to increase in the Rc when L¢ << L, as explained earlier in Section 3.2
(Figure 5f shows the transfer characteristics of MoS; FETs evaluated at varying contact lengths L) [164].
The importance of base vacuum pressure while depositing contacts (especially low @) reactive metals)
on MoS; was also highlighted by McDonnell et al. where they studied Ti contacts deposited under
high vacuum (HV, ~10~° mbar) and UHV (~10~? mbar) using X-ray photoelectron spectroscopy
(XPS). Under HV, an interfacial TiO, layer is formed due to the oxidation of Ti, whereas metallic Ti is
deposited under UHV that can react with the MoS; to form less conductive TixSy and metallic Mo at
the interface [196]. Similarly, Smyth et al. performed an intensive XPS study to reveal the interfacial
chemistry between high work function (Au and Ir) and low work function (Cr and Sc) metals deposited
on MoS; under HV and UHV deposition ambient. They found that while Au does not react with
MoS; regardless of the reactor ambient, Ir leads to interfacial reactions with MoS; under both HV and
UHV. In contrast, both Cr and Sc lead to interfacial reactions under UHV. Additionally, Sc is rapidly
oxidized, whereas Cr is only partially oxidized when deposited under HV conditions [197]. Thus, it is
evident that the deposition chamber ambient or base pressure can strongly influence the contact/MoS,
interface chemistry and, ultimately, the SB and R¢ in MoS, devices.

6. Electric Double Layer (EDL) Gating

Several groups have also demonstrated the concept of electric double layer (EDL) gating on 2D
MoS, devices using a variety of liquid, solid and gel-based “electrolytes” that serve as the gating
medium. In a typical EDL gating approach, an ionic liquid (IL) or a solid polymer electrolyte (PE) is
drop-casted on top of an MoS, FET (typically back-gated) covering the entire FET area along with
its S/D contacts. The electrolyte is electrostatically gate-controlled through a top electrode or a side
electrode pre-fabricated near the device channel (Figure 6a shows the schematic illustration of the EDL
gating approach on MoS, FETs). When a positive (negative) voltage is applied on the gate electrode,
mobile negative (positive) ions in the electrolytic medium accumulate near the gate electrode, whereas
positive (negative) ions accumulate near the MoS, channel, leading to the formation of an EDL at
the interfaces between the IL/PE electrolyte and solid surfaces (i.e., the gate electrode and the MoS,
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surface). At the MoS; interface, this results in the induction of either electrons or holes in the channel
(depending on the gate bias polarity) essentially doping the channel either n- or p-type (Figure 6b
schematically illustrates the formation of the EDL at the electrolyte/solid interfaces) [120,198-203].
A major advantage of the EDL gating/doping technique is that extremely high sheet carrier densities
(on the order of nyp ~10'% cm™2; much higher than the carrier densities achievable in MoS, FETs
gated using solid dielectrics, e.g., SiO, or high-k dielectrics) along with broad carrier density tunability
can be realized in the channel due to the large geometrical capacitances and highly efficient gating
afforded by the thin EDL layer. Moreover, the doping-induced high carrier densities cause a large
band-bending in the MoS; channel which is beneficial for minimizing the R¢ at the MoS;/contact
interface due to substantial reduction of the Schottky-depletion width (or the SBW) allowing for easy
injection of carriers in the channel via tunneling. This results in increased FET carrier mobilities
(urg). Although the EDL technique is promising for investigating the electronic transport properties
of MoS;, it has some major drawbacks which make it unsuitable for practical device applications.
For example, the ionic liquids are unstable, sensitive to moisture, and chemically reactive. Hence,
the device measurements must be carried out under high vacuum and at low-temperatures. Moreover,
both the liquid and solid electrolytes are physically bulky (several microns thick) and cannot be scaled
to nanoscale dimensions [120,198-203].

Despite these limitations, the use of EDL gating on MoS; has shown some interesting device
behavior. The first report of EDL gating using an ionic liquid on MoS, was by Zhang et al.
where they demonstrated ambipolar operation in thin MoS, flakes characterized by large ON-state
conductivities and ON/OFF ratios >10? for both the electron and hole branches. The nyp reached 1.0
and 0.75 x 10 cm~2 for electrons and holes at | Vgl =3V, respectively, while their maximum Hall
mobilities were 44 and 86 cm?/V-s, respectively [198]. Perera et al. reported ambipolarity, significantly
higher electron mobilities (~60 cm?/V-s at 250 K) and near ideal SS (~50 mV /decade at 250 K) in
ionic liquid gated MoS; FETs as compared to comparable back-gated MoS, FETs (Figure 6¢c shows
the ambipolar behavior in the transfer characteristics of the IL-gated MoS, FET). They observed an
increase in the electron mobility from ~100 to 220 cm?/V-s as the temperature was lowered from 180 K
to 77 K. This performance enhancement was primarily attributed to the reduction of the SB at the S/D
contact interface by the enhanced MoS, band-bending due to EDL doping [200]. The use of a solid
PE as an EDL gate on monolayer MoS; was shown by Lin et al. where they used a PE consisting of
poly(ethylene oxide) (PEO) and lithium perchlorate (LiClOy) as a SB reducer and a channel mobility
booster. In this case, the PEO serves at the polymer base, whereas the Li* and ClO, ™ ions serve as the
mobile ionic dopants. A three order of magnitude enhancement in the electron mobility (from 0.1 to
150 cm?/V-s) was achieved that was attributed to the reduction of the contact SB as well as to an “ionic
screening” effect. Moreover, PE-gated devices showed a near ideal SS (~60 mV /decade at RT, implying
high gating efficiency) and high ON/OFF ratios (~10°) [199]. A similar PE gating approach, using
PEO polymer medium and cesium perchlorate (CsClO4) as the ion source (Cs* and ClO; ™), was used
by Fathipour et al. which yielded an Rc of 200 Q-pm (comparable to the best R¢ reports on MoS;)
and high current densities (~300 pA/pm) in MoS, NFETs [204]. Recently, a “2D electrolyte” capable
of electrostatically doping the surface of MoS, was introduced by Liang et al. The electrolyte is only
0.5-0.7 nm thick and consists of an atomically thin cobalt crown ether phthalocyanine (CoCrPc) and
LiClO4 molecules, such that one CoCrPc molecule can solvate one Li* ion. In this technique, the CoCrPc
is deposited on the 2D MoS, surface by drop-casting and annealing to form an ordered array. The Li*
ion location with respect to the CoCrPc/MoS, interface can be modulated by a gate bias, similar to
the conventional EDL approach, to dope the MoS; by inducing image charges on the MoS, surface,
with nyp as high as ~10'> cm 2 (Figure 6d schematically illustrates the concept of 2D CoCrPc-based
electrolytes and the relative movement of the Li* ion with respect to the CoCrPc/MoS, interface).
Moreover, the 2D electrolyte shows “bistability”, with the extent of n-doping (either more or less)
dependent on the magnitude and polarity of the external gate bias [205]. This work is indeed promising
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as it shows that electrolytes can be scaled to atomically thin dimensions and can be used for adjustable
doping/gating of 2D MoS,, but the ambient stability of the 2D electrolyte is still under scrutiny.
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Figure 6. (a) 3D schematic of an ionic liquid (IL) gated device. The transparent light green blob
represents the ionic liquid that is contacted by a narrow gate electrode on the top. Side gates
fabricated close to the device channel represent another popular EDL gating scheme. Adapted with
permission from [198]. Copyright 2012 American Chemical Society. (b) Schematic illustration of the
working principle of an IL-gated MoS, FET showing the formation of an electric double layer (EDL)
in close proximity of the MoS, channel when a voltage is applied on the gate electrode. (c) Transfer
characteristics of representative bilayer and trilayer MoS, IL-gated FETs measured at the drain-source
bias Vpg of 1 V. Ambipolarity is observed owing to the extremely high geometrical capacitance of
the EDL layer which enables large MoS; band-bending, SB/R¢ reduction and accumulation of both
electrons and holes in the MoS, channel. (b,c) Adapted with permission from [200]. Copyright 2013
American Chemical Society. (d) Schematic of an MoS; FET with a 2D electrolyte (top) and the atomic
structure of a CoCrPc molecule showing the four crown ethers (CE) as well as two states of the
CE/Li* molecular complex under applied gate biases with opposite polarity (bottom). The Li* ions
(represented by solid pink spheres) embedded in these CoCrPc molecules can move either towards or
farther away from the MoS, channel surface depending on the applied back gate bias and cause doping
via image charge formation. Adapted from [205] with permission of the Electrochemical Society.

7. Surface Charge Transfer Doping

Surface charge transfer doping, utilizing various chemical/molecular reagents and
sub-stoichiometric high-k oxides, has been investigated as an alternative method to achieve controllable
channel doping as well as access region doping to alleviate the SB/R¢ issue in MoS; FETs. In this
approach, depending on the electron affinity /work function of the adsorbed or deposited interfacial
specie, electrons either get donated to or accepted from the MoS, surface resulting in n-type or p-type
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doping, respectively. This technique typically involves heavily doping the contact/access regions of
the MoS, FET with electrons /holes which renders the SB transparent due to substantial “thinning”
of the SBW (due to large band-bending in the highly doped MoS; near or underneath the contact).
Thus, the charge carriers can easily “tunnel” through the narrow SBW into the channel resulting
in Ohmic contacts. Conceptually, this approach is similar to that used in conventional Si CMOS
technology where the S/D regions are degenerately doped by donor (e.g., P and As) or acceptor
(e.g., B) species to facilitate carrier tunneling and low R for n- and p-type contacts, respectively, at the
metal-semiconductor contact interface [206-208].

7.1. Charge Transfer Electron Doping

Initial studies on MoS; devices utilized strong electron-donating reactive chemical species such
as polyethyleneimine (PEI) [209] and reactive group-I metals such as potassium (K) [210]. Although
successful electron doping, and an improvement in the MoS, FET performance (by reduction of
the sheet/contact/access resistances), was achieved using these techniques, the doping reagents
used were unstable under ambient conditions and, hence, practically unfeasible [209,210]. The first
air- and vacuum-stable n-type charge transfer doping of MoS; was subsequently demonstrated by
Kiriya et al. using benzyl viologen (BV), an electron donor organic compound having one of the
highest reduction potentials. Using BV doping, the authors obtained an electron sheet density of
~1.2 x 10'® em~2, which corresponds to the degenerate limit for MoS, as well as a 3x reduction
in the Rc of MoS, FETs (Figure 7a,b show the schematic illustration of the BV doping process,
and performance enhancement in the transfer curves of the MoS, FET after BV doping, respectively).
Moreover, the BV dopant molecules could be reversibly removed by immersion in toluene, thereby
promoting controlled and selective-area doping [211]. In an interesting experimental and theoretical
study, Rai et al. demonstrated the use of sub-stoichiometric high-k oxides, such as TiOx (x < 2), HfOx
(x <2) and AL,Oy (x < 3), as air-stable n-type charge transfer dopants on monolayer MoS,. This
high-k oxide doping effect, arising due to interfacial-oxygen-vacancies in the high-« oxide, could
be used as an effective way to fabricate high-k-encapsulated top-gated MoS, FETs with selective
doping of the S/D access regions to alleviate the R¢ issue, merely by adjusting the interfacial high-«
oxide stoichiometry (Figure 7c shows the Rc of a back-gated monolayer MoS, FET, extracted using
the transfer length measurement or “TLM” method, as a function of back gate bias before and after
sub-stoichiometric TiOx doping) [212,213]. The underlying doping mechanism is similar for all high-«
oxides and involves the creation of donor states/bands near the CBE of MoS, by the uncompensated
interfacial metal atoms of the sub-stoichiometric high-k oxides. Moreover, this doping effect is
absent in the case of purely stoichiometric high-« oxides as has been verified both experimentally as
well as theoretically using DFT calculations [212-214] (Figure 7d compares the DFT band-structures
and atom-projected-density-of-states, AP-DOS, for both an oxygen-rich, i.e., stoichiometric, and an
oxygen-deficient TiOx/MoS; interface confirming the n-doping effect only in the latter case). Using
this doping technique, the authors reported an Rc as low as 180 Q)-pum in TiOx-encapsulated monolayer
MoS,, that is among the lowest reported Rc values for monolayer MoS; FETs. The extracted transfer
length Lt reduced from 145 nm before doping to 15 nm after TiOx doping highlighting the effectiveness
of heavily doping the MoS, near the contact regions to drive down the Lt which is important for
ultra-scaled devices. Moreover, an enhancement in both the yupg and intrinsic mobility was observed,
strongly indicating that this high-x doping effect plays an important role in boosting the electron
mobility in high-k-encapsulated MoS, FETs.
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Figure 7. (a) Schematic illustration of MoS, FETs used for benzyl viologen (BV) surface charge
transfer doping. Top schematic illustrates BV doping of a bare back-gated MoS, FET, whereas the
bottom schematic illustrates the self-aligned BV doping of S/D access regions in a top-gated MoS,
FET. (b) Transfer characteristics of the top-gated device before (blue and purple) and after (pink and
orange) BV treatment at Vpg = 50 mV and 1 V. The substrate was grounded (Vg = 0 V) during the
measurements. A clear enhancement of the FET performance is seen after BV doping. (a,b) Adapted
with permission from [211]. Copyright 2014 American Chemical Society. (c) Extracted R¢ versus Vg
before (blue) and after (red) amorphous TiOx (ATO) doping measured using a TLM structure. The R¢
shows a strong gate dependence before doping (Schottky behavior) and a weak gate dependence after
doping (Ohmic behavior). Left inset: Optical micrograph of the as-fabricated transfer line method
(TLM) structure. Right inset: Qualitative band diagrams of the metal/MoS; interface before (top)
and after (bottom) ATO doping showing increased band-bending in the MoS, after doping leading
to SBW reduction and enhanced electron injection into the channel via tunneling. (d) Left schematic:
Supercell showing the composite crystal structure of the monolayer MoS, /TiO, interface used in the
DFT simulations. Top right: Band-structure and atom-projected-density-of-states (AP-DOS) plots for
MoS;-on-sub-stoichiometric TiOx case. In the presence of interfacial oxygen “O” vacancies, electronic
states/bands from the uncompensated Ti atoms are introduced near the CBE of monolayer MoS; causing

20 of 84



Crystals 2018, 8, 316 21 of 84

the Fermi level (represented by the 0 eV energy level on the y-axis) to get pinned above the
conduction band indicating strong n-doping. Bottom right: Band-structure and AP-DOS plots for the
MoS;-on-stoichiometric TiO, case. No doping effect is seen in this case and the Fermi level remains
pinned at the VBE of MoS;. (c,d) Adapted with permission from [212]. Copyright 2015 American
Chemical Society. (e) Extracted R¢ for lightly doped (LD) and heavily doped (HD) top-gated MoS,
FETs with Ti and Ag S/D contacts using sub-stoichiometric HfOx as the top dielectric. A drastic
decrease in Rc is obtained (18 x for Ti-contacted FETs; >100x for Ag-contacted FETs) after heavy HfOx
doping. (e,c) (right inset) Adapted with permission from [215]. Copyright 2017 IEEE. (f) Schematic
of a back-gated CVD-grown monolayer MoS, FET with a top AlOy doping layer and Au contacts.
(g) Semilog transfer curves of the MoS, FET before and after AlOy deposition, and after N, anneal.
A significant n-doping effect is seen after AlOy deposition accompanied with an SS degradation.
The N, anneal helps restore the SS while maintaining the n-doping effect of AIOy due to conversion of
“deep-level traps” into “shallow-level donors”. (f,g) Adapted with permission from [216]. Copyright
2017 IEEE. (h) Schematic illustration of the PVA coating process for n-doping on back-gated MoS; FETs.
Adapted from [217] with permission of The Royal Society of Chemistry.

In similar reports, both McClellan et al. and Alharbi et al. demonstrated the efficacy of n-doping
by sub-stoichiometric high-k oxides in improving the performance of MoS, FETs. Alharbi et al.
used sub-stoichiometric HfOy as the top gate dielectric in FETs fabricated on CVD-grown monolayer
MoS; and achieved an R¢ as low as ~480 Q-pm under heavy HfO, doping (>100x improvement
than the light HfO, doping case) and a mobility of ~64 cm?/V-s (Figure 7e shows the improvement
in Rc for both Ti- and Ag-contacted top-gated MoS, FETs under light and heavy HfO, doping).
Moreover, the top-gated geometry allowed effective control over the channel resulting in an SS of
~125 mV/decade and an ON/OFF ratio > 10° [215]. McClellan et al., on the other hand, utilized
AlOy encapsulation to n-dope back-gated monolayer MoS, FETs and achieved an Rc of ~480 ()-um,
a pgg of ~34 cm?/V-s and a record ON-current of 700 uA/um. A key step in their approach was
annealing of the MoS; devices in an N, ambient after AlOy encapsulation, which helped restore the SS
and ypg by converting the “deep-level traps” at or near the AlIO,/MoS; interface into “shallow-level
donors” (Figure 7f,g show the back-gated MoS, FET schematic, and the effect of AlOy doping, as
well as N; post-annealing on the FET transfer curves, respectively) [216]. Besides n-doping using
sub-stochiometric high-k oxide encapsulation, poly(vinyl-alcohol) (PVA) polymeric coatings can also
be used as strong n-type dopants for MoS; as shown by Rosa et al. They showed a 30% reduction in
the R¢ and the sheet resistance (Rgy) was reduced from 161 k() sq_1 to 20 kQ sq ! after PVA doping
(Figure 7h schematically illustrates the PVA coating process). The non-covalent and non-destructive
PVA doping increased the carrier concentration without any g degradation, with the g actually
increasing with dopant concentration (from 20 to 28 cm?/V-s for 0 to 1% PVA). Moreover, the PVA
doping efficiency was enhanced after a dehydration anneal (as H,O molecules were found to hinder
the electron transfer from the PVA to the MoS; surface) which led to the best MoS, device performance
in this study. Finally, the authors showed that encapsulating the PVA coating with an ALD-grown
AlyOj3 film can make it robust against the environment with long-lasting doping effects [217]. Other
reports on surface charge transfer n-doping of MoS, include air-stable doping using hydrazine [218],
p-toluene sulfonic acid [219], black phosphorous quantum dots [220], and self-assembled oleylamine
(OA) networks [221]. In the case of OA doping, nyp as high as 1.9 x 10'3 cm~2 at zero gate bias was
achieved without any upp degradation, along with a 5x reduction in Rc.

7.2. Charge Transfer Hole Doping

For p-type charge transfer doping of MoS;, Choi et al. reported the use of AuCl; solution
(spin-coated on the MoS, FETs) which acts as an effective electron acceptor due to its large positive
reduction potential. The mechanism involves formation of Au nano-aggregates through the reduction
of AuCly~ ions in the solution by receiving electrons from the MoS; layer, thereby leading to a
significant p-doping of the MoS; [76]. The same AuCl; doping method was used by Liu et al. to realize
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high-performance MoS, PFETs with high hole mobilities (68 cm?/V-s at RT, 132 cm?/V-s at 133 K),
low contact resistance (2.3 kQ-um) and ON/OFF ratios >10” (Figure 8a shows the transfer curves
of the AuCl;-doped back-gated MoS; PFETs) [222]. The authors also employed “graphene buffer
layers” in the contact regions of their AuCl3-doped MoS, PFETs to demonstrate further reduction of
Rc for hole injection into the MoS; valence band. This is because AuCl; not only p-dopes the MoS;
causing an upward band-bending in the channel, thereby, reducing the SBW for hole injection from the
contact, but it can also p-dope the graphene contact layer causing its Fermi level to move downwards
and align closer to the MoS, VBE, thereby, reducing the SBH for holes. Moreover, the Fermi level in
graphene can also be electrostatically tuned giving it an inherent advantage over regular metal contacts
(more on graphene contacts to MoS, is discussed later in Section 9). Tarasov et al. reported controlled
n- and p-doping of large-area (>10 cm?) highly uniform trilayer MoS, films using stable molecular
reductants (such as dihydrobenzimidazole derivatives and benzimidazoline radicals) and oxidants
(such as “Magic Blue”), respectively. They achieved high doping densities up to 8 x 10'2 cm~2 and
work function modulation up to £1 eV [223]. Similarly, Sim et al. demonstrated a highly effective
and stable doping mechanism based on thiol-based molecular functionalization (note: thiol molecules
are organosulfur compounds containing an -SH group) that makes use of the sulfur vacancies in
MoS;. In this approach, the -SH terminated end of the thiol molecules get tightly chemisorbed on
these MoS, SV sites, and these thiol molecules act as either donors or acceptors depending upon the
nature of the functional groups attached to them (e.g., NH; for n-doping and F-containing groups
for p-doping) (Figure 8b shows the schematic representation of this thiol-based molecular doping
approach on MoS,; FETs). A significant enhancement and reduction in the carrier concentration was
observed for n- (An = +3.7 x 10!? cm~2) and p-doping (An = —1.8 x 10! em~2), respectively, using
this technique [224]. A very recent report by Min et al. introduced a novel way to realize p-type
MoS, FETs via charge transfer between MoS; and wide band-gap n-type InGaZnO (IGZO) films
(Eg = 3.1 eV) deposited on top of these thick MoS, flakes (Eg = 1.2 eV) [225]. High work function Pt
metal contacts and prolonged ambient thermal annealing at 300 °C were crucial for the realization of
these PFETs. In this approach, the prolonged 300 °C anneal causes the IGZO to become a more intrinsic
semiconductor (i.e., reduction in its electron carrier density) as the O-vacancies in IZGO (responsible
for its n-type doping) get filled by the O atoms in air. This increases the work function (i.e., lowering
of the Fermi level) of the IGZO film, thereby, causing an interfacial transfer of electrons from the MoS,
flakes to the IGZO since the equilibrium Fermi level of the MoS; /IGZO system must remain constant.
In other words, lowering of the Fermi level in IGZO also drags down the Fermi level in the MoS, due
to charge transfer, causing electron depletion in the MoS; layer. This process continues until the MoS,
gets heavily depleted of electrons or, in other words, accumulated with holes, eventually resulting
in a superior p-type FET performance with Pt-contacts having high hole mobilities of 24.1 cm? /V-s
(Figure 8c,d show the evolution of this p-doping process with increasing ambient annealing time,
and the MoS, /IGZO band diagram explaining the p-doping mechanism, respectively). Moreover,
the IGZO serves as an encapsulation layer and imparts long term air stability to the device (MoS,
PFETs maintained most of their performance even after 142 days in ambient). With proper choice
of contact metals and annealing duration, the authors were also able to demonstrate CMOS-inverter
operation on the same MoS; flake. Thus, the MoS, /IGZO heterojunctions represent a promising and
practical approach towards realizing stable MoS, PFETs necessary for enabling CMOS-applications
based on 2D MoS, [225].
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Figure 8. (a) Semilog transfer characteristics of an AuCl3-doped MoS, PFET at RT and 133 K, clearly
showing enhanced p-type performance with high hole mobilities and high ON/OFF ratios. Inset shows
the schematic of a back-gated MoS; FET spin-coated with AuClj; solution. Adapted with permission
from [222]. Copyright 2016 John Wiley and Sons. (b) Schematic illustrations of the chemisorption of
functionalized thiol molecules (containing -SH groups) onto MoS, sulfur vacancies (left), and of the
charge transfer doping of back-gated MoS, FETs with MEA-terminated (top right) and FDT-terminated
(bottom right) thiol molecules, respectively, used for the molecular functionalization on MoS,.
The MEA molecule has an NH, functional group and causes n-doping of the MoS,, whereas the
FDT molecule has a fluorocarbon functional group and causes p-doping. Adapted with permission
from [224]. Copyright 2015 American Chemical Society. (c) Transfer characteristics of an MoS, only
(leftmost blue curve) and the MoS, /IGZO heterojunction FET (maroon curves) with Pt S/D contacts
annealed in the ambient for 10, 40, 120, and 300 min at 300 °C, clearly showing gradual enhancement
of the p-doping with increasing annealing time due to gradually increased electron transfer from the
MoS; flake to the IGZO capping layer. The final p-doped state of the MoS, FET was maintained even
after 142 days (red curve) showing great ambient stability. Schematic illustration of the IGZO-capped
back-gated MoS, FET shown on the top right corner above the figure. (d) Energy band diagram of
the MoS; channel and the IGZO film explaining the charge transfer p-doping process. The ambient
annealing lowers the Fermi level of the IGZO film due to decreased n-doping in the IGZO layer,
as indicated by the broad yellow arrow. In the MoS, /IGZO heterostructure, this causes transfer of
electrons from the conduction band of MoS, to the conduction band of the IGZO film to maintain
the equilibrium Fermi level. Thus, due to this electron transfer, Fermi level of the MoS, gradually
decreases/lowers (i.e., moves towards the VBE of MoS,) with ambient annealing, eventually leading to
the MoS; film becoming strongly p-type. (c,d) Adapted with permission from [225]. Copyright 2018
American Chemical Society.

8. Use of Interfacial Contact “Tunnel” Barriers

Contact engineering utilizing ultra-thin interfacial “tunnel barriers” has been employed as another
promising way to reduce the SBH and Rc in MoS; devices. This method, widely explored for
engineering the contact resistivity in conventional 3D semiconductor FETs based on Si and Ge [226-232],
is based on the incorporation of an ultra-thin insulating material (such as 2D hexagonal boron nitride
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or hBN, and oxides such as TiO,) in-between the MoS, and the contact electrode, to effectively realize
a metal-insulator-semiconductor (MIS) configuration at the contact. This thin interfacial insulating
“buffer” layer in the MIS structure serves as a “Fermi level de-pinning (FLDP) layer” by increasing
the physical separation between the MoS, and the contact electrode owing to its finite thickness,
thereby, breaking or minimizing the metal/MoS, interfacial interaction responsible for the creation of
mid-gap interface states that cause FLP [149-151]. Once this depinning is achieved, the contact work
function can effectively be chosen to line up with or closer to the CBE or VBE of MoS; in accordance
with the Schottky—Mott rule. This approach can help to significantly lower or eliminate the SBH and
allow for easy tunneling of the charge carriers through the ultra-thin interfacial barrier into the MoS,
bands/channel (Figure 9a,b show the qualitative band diagrams of a metal/MoS; contact interface
with/without an interfacial TiO, tunnel barrier, and 3D schematic illustrations of FETs incorporating
these interfacial tunnel barriers in their contact regions, respectively). However, in this approach, one
has to be mindful of the thickness of the inserted tunnel barrier. It must be thick enough to suppress
the metal /MoS; interfacial interaction and FLP, yet thin enough to ensure a high tunneling probability
at the MoS,; band edges [226,232]. If the barrier becomes too thick, then the tunneling resistance of the
carriers through the barrier will increase significantly, offsetting the advantages gained due to decrease
of the Rc (or pc) via SBH reduction (as illustrated in Figure 9d).
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Figure 9. (a) Qualitative band diagrams illustrating the effect of an interfacial contact tunnel barrier
(e.g., TiOy) on the charge carrier injection in the MoS, channel. A significant SBH exists in the case
of conventional metal (e.g., Ti)/MoS, contacts and charge is injected primarily due to thermionic
emission (top). However, the presence of a TiO, contact tunnel barrier (bottom) minimizes the SBH by
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alleviating the FLP effect at the metal/MoS, interface by effectively creating a physical separation
between the two and, hence, minimizing the interfacial reactions between the metal and MoS, that
can create mid-gap states. Easier charge injection can, therefore, be achieved via tunneling (bottom).
Adapted with permission from [234]. Copyright 2014 IEEE. (b) Schematic illustrations of back-gated
MoS, FETs with interfacial contact tunnel barriers. Top schematic: TiO, barrier only in the S/D contact
regions. Adapted with permission from [236]. Copyright 2016 American Chemical Society. Bottom
schematic: monolayer hBN barrier covering the entire MoS, surface (i.e., contact + channel regions).
(c) Plot of extracted SBH as a function of interfacial Ta;Os thickness. Lowest SBH is realized for
an optimized thickness of ~1.5 nm and remains mostly constant with further increase in the Ta,Os
thickness. (d) Plot of specific contact resistivity (oc) as a function of Ta;Os thickness. Lowest pc is
achieved for an optimum thickness around 1.5 nm. For thicknesses <1.5 nm, pc increases due to
increase in the SBH (since Ta;Os is not thick enough to prevent the metal /MoS; interaction and FLP).
For thicknesses >1.5 nm, pc increases due to increase in the tunneling resistance (since TapO5 becomes
way too thick). Thus, choosing the optimum thickness of the interfacial tunnel barrier is important.
(c,d) Adapted with permission from [237]. Copyright 2016 American Chemical Society. (e) Extracted
SBH (Pgp) as a function of gate voltage (V) for Co/MoS; (left plot) and Co/1L hBN/MoS; (right plot)
contact interfaces. The ®gg value at the flatband condition (i.e., Vg = Vgp) represents the true SBH.
The extracted flatband SBH in the case of Co/1L hBN/MoS; is much lower, signifying the importance
of having ultra-thin hBN as an interfacial contact tunnel barrier. (e) and bottom schematic of (b)
Adapted with permission from [241]. Copyright 2017 American Chemical Society.

One of the first reports utilizing this approach was by Chen et al. who used a thin magnesium
oxide (MgO) barrier (2 nm thick) between ferromagnetic cobalt (Co) electrodes and monolayer MoS;
which resulted in the reduction of the SBH for electrons by as much as 84% [233]. Park et al. reported
the use of TiO; and Al,Oj interfacial FLDP layers and showed that TiO; resulted in a 5x decrease of Rc
at the metal/MoS; channel interface, with a corresponding increase in the drain current and mobility
of the FET. The authors attributed the enhanced R¢ decrease in the case of TiO; to reduction in the
SBH (®gp reduced from 180 meV to about 90 meV) due to a combined effect of Fermi level de-pinning
and stronger dipole effects of the interfacial TiO; layer than the Al,O3 layer [234]. A similar approach
was used by Kaushik et al. where they used ultra-thin TiO, ALD interfacial layers and demonstrated a
24 x reduction in the R¢c and a low constant ®gp of 40 meV in MoS, FETs irrespective of the contact
metal [235,236]. However, they attributed this improvement mainly to the interfacial n-doping effect of
TiO; arising due to a charge transfer mechanism which renders the TiO, /MoS, interface metallic. This
is similar to the n-doping effect observed by Rai et al. at the TiO/MoS, interface [212]. These results
suggest that TiO, can be promising as an interfacial contact tunnel barrier due to a combined effect
of FLDP and n-doping. Lee et al. demonstrated the use of Ta;Os as thin interfacial tunneling layers
(1.5 nm thick) between CVD-synthesized few-layer MoS, films and the metal contacts. Using this
approach, the extracted ®sp was reduced from 95 meV in devices without any Ta;Os to about 29 meV in
devices containing TayOs (Figure 9c shows the extracted SBH as a function of Ta;Os barrier thickness).
Moreover, the authors presented a statistical study on over 200 devices made on large area MoS;
films (>4 cm?) and reported a three orders of magnitude reduction in the specific contact resistivity
(oc) and about two orders of magnitude increase in the ON-current of the devices by insertion of
the thickness-optimized TayOs layer (Figure 9d shows the dependence of pc on the interfacial TayOs
thickness, clearly highlighting the importance of selecting the optimum tunnel barrier thickness to
achieve low pc) [237].

In addition to ultra-thin insulating oxides, other 2D materials such as graphene and a monolayer
of insulating hBN were also proposed as effective 2D insertions or buffer layers to alleviate the
n-type SBH at the metal /MoS; interface [238,239]. Experimentally, Wang et al. reported the use of
ultra-thin CVD-synthesized hBN (thickness = 0.6 nm) as an interfacial tunneling layer to reduce the
SBH and realize high mobility MoS, NFETs. In comparison to oxides, the atomically thin nature
of hBN can have advantages in terms of offering relatively small tunneling resistance. The authors
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achieved a small SBH of 31 meV in MoS, FETs with hBN/Ni/Au contacts as well as a high upg of
73 cm?/V-s (321.4 cm?/V-s) and an output current of 330 pA/um (572 pA/um) at RT (77 K) [240].
Similarly, Cui et al. utilized cobalt (Co) with a monolayer (1L) of hBN as the tunnel barrier to realize
low-temperature Ohmic contacts to monolayer MoS,. The authors extracted a flatband SBH of 16 meV
for the Co/1L hBN/MoS; case, a reduction from 38 meV for the Co/MoS; case (as shown in Figure 9e),
and reported the best low-temperature MoS; contacts to date, with an R¢ value of 3.0 kQ)-um at 1.7 K
extracted at a carrier density of only 5.3 x 10'> cm~2 [241]. This drastic Rc improvement led to the
observation of interesting quantum oscillations in monolayer MoS, devices at much lower carrier
densities compared to previous works. In addition to the role of monolayer hBN as a tunnel barrier,
a critical factor that led to the enhanced behavior and greatly reduced SBH in these Co/hBN-contacted
MoS; devices was the strong interaction between the hBN and Co that led to a lowering of the latter’s
work function from 5.0 eV (for pure Co) to 3.3 eV [241], in excellent agreement with theoretical
predictions made by Farmanbar et al. [238]. The use of an additional MoS; layer itself as an interfacial
buffer layer has also been suggested by Chai et al. that can not only help prevent the interfacial reactions
between the contact metal and the MoS, channel layer (by preventing any unwanted band-structure
modification of the channel MoS, layer, thereby, preserving its semiconducting property), but can
also lead to a reduced n-type SBH with proper choice of a low work function metal [242]. Finally,
while most of the experimental / theoretical studies utilizing an interfacial tunnel barrier with MoS,
have focused on decreasing the n-type SBH, theory predicts the same approach can be useful for
mitigating the p-type SBH as well by carefully choosing or modifying the buffer layers. For example,
Farmanbar et al. revealed that using a monolayer of high work function metallic NbS, (Py ~6 €V) as
the buffer layer could give a barrierless or Ohmic p-type contact to MoS; irrespective of the contact
metal [243]. Similarly, Musso et al. predicted a fluorographene (C,F) buffer layer to yield an Ohmic
p-type contact to MoS; with high work function Pt as the contact metal [244]. Another study by Su et al.
suggested that the SBH for both electrons and holes in the metal/hBN/MoS, contact geometry can be
decreased or even completely eliminated by doping the hBN buffer layer with high concentrations of Li
(electron-poor) and O (electron-rich) dopants, respectively, and that this effect can be more pronounced
when the doped-hBN buffer layer spreads all over the MoS; device surface. Moreover, the authors
predicted that both the intrinsic nature of the MoS; and the weak FLP effects at the metal/hBN/MoS,
interface are preserved irrespective of the dopant type and concentration [245].

9. Graphene 2D Contacts to MoS,;

The wonder material graphene, a 2D semimetal composed of a single sheet of carbon atoms
arranged in a honeycomb lattice, has also been explored as an alternative 2D contact material for 2D
MoS;. The remarkable properties of graphene have already been well studied and reported [1,246-248].
Owing to its unique band-structure with a linear Dirac-like spectrum [249], the charge carriers in
graphene mimic relativistic particles and can effectively move at the speed of light [250]. This leads to
extremely high charge carrier mobilities for both electrons and holes in graphene [251,252]. Moreover,
unlike regular bulk metals, graphene’s unique band-structure allows its Fermi level position (or, in
other words, its work function) to be easily tuned around its “Dirac” point or the charge neutrality
point (i.e., the point at which the conduction and valance bands of graphene meet each other in the
momentum space) by an external doping source (electrostatic doping, chemical doping, etc.) leading to
the accumulation of both electrons and holes in graphene depending on the doping polarity [232,253].
The superior electrical properties of graphene, therefore, make it an attractive choice for use as an
atomically thin 2D vdW electrical contact to MoS,. It can be used as an independent contact to MoS;
or as an insertion between MoS, and conventional metal contacts (Figure 10a schematically illustrates
MoS, FETs with graphene contacts in these two possible configurations). This latter case closely
resembles the FLDP approach using insulating interfacial tunnel barriers (such as oxides or hBN) as
described previously in Section 8. In this scenario, however, graphene is an electrically active semimetal
that helps promote a strong electronic coupling between the metal and the MoS, despite the increased
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physical separation, and while maintaining a vdW-type interaction (since vdW gaps exist on either side
of the inserted graphene layer), between the two. Contrary to the case of regular metal/MoS; contacts
where the metal Fermi level typically gets pinned near the CBE of MoS; irrespective of the metal work
function, the metal/graphene/MoS, contact (or simply an independent graphene/MoS; contact) can
enable more efficient carrier injection into the MoS, channel. For metal/graphene/MoS, contacts, this
is due in part to the physical separation created between the metal and the MoS; layer by the inserted
graphene sheet, thereby, promoting FLDP by minimizing the metal /MoS, interfacial interaction that
otherwise can lead to unwanted interface or mid-gap states (i.e., MIGS). However, the primarily
mechanism responsible for the enhanced carrier injection in MoS, FETs with metal/graphene or
independent graphene contacts is the dynamic tunability of the graphene Fermi level (due to gate
bias-induced electrostatic doping, a combination of electrostatic and chemical doping, etc.) that can
enable it to easily move up or down and align closer to the MoS; CBE or VBE, thereby, reducing the
SBH for either electrons or holes, respectively [222,253,254].

The first such report of a metal/graphene hetero-contact on MoS; was by Du et al. where
they demonstrated few-layer MoS, back-gated NFETs with Ti/graphene top contacts showing drain
currents >160 pA/pum at 1 um gate length with an ON/OFF ratio of 107. Compared to MoS, FETs
without the graphene interlayer, the authors observed a 2.1x improvement in the ON-resistance and
a 3.3x improvement in the R¢ with Ti/graphene hetero-contacts. This performance enhancement
was attributed to the fact that the positive back gate bias not only electrostatically n-doped the
MoS,, but n-doped the sandwiched graphene layer in the contact regions as well. Due to this
electrostatic n-doping, the graphene Fermi level shifted upwards, moving further beyond the regular
Ti-MoS; pinning level, leading to SBH (or R¢) reduction and more efficient electron injection into the
MoS, conduction band (Figure 10b,c compare the extracted Rc as a function of back gate bias Vg,
and the output characteristics of back-gated MoS, FETs, both with and without graphene contacts,
respectively) [255]. Leong et al. demonstrated MoS, NFETs with “nickel-etched-graphene” electrodes
that yielded an R¢ as low as 200 (-um, a two orders of magnitude improvement over pure Ni
electrodes as well as a 3x improvement in the ppg (from 27 to 80 cm?/V-s). The authors found a
bilayer graphene (BLG) insertion to be more effective than a single graphene layer. In addition to
the electrostatic tunability of the graphene Fermi level, this large Rc reduction was attributed to two
main factors: first, to the reduction in SBH thanks to a significantly smaller work function of the
Ni-BLG electrodes (4.08 eV as compared to 5.5 eV for pure Ni) resulting due to the strong interaction
between Ni and BLG and, second, to a Ni-catalyzed etching treatment of the BLG prior to stacking
the electrode stack on MoS;. This etching treatment of the BLG created a vast density of nano-sized
pits with reactive zigzag edges that covalently bonded to the Ni, thereby, enhancing carrier tunneling
and minimizing the resistance at the Ni/BLG interface (Figure 10d-f show the R¢ versus gate voltage
for MoS, FETs with different Ni-graphene contact configurations, the 3D schematic illustration of the
Ni-etched-graphene contact to MoS;, and the output characteristics of Ni-contacted MoS, FETs both
with and without etched-graphene insertions, respectively; these results clearly reveal the significantly
enhanced performance achieved in the case of MoS; NFETs with Ni-etched-graphene electrodes) [256].



Crystals 2018, 8, 316 28 of 84

~—With Graphene c
—— Without Graphene ®

ng -20V:30V:5V

2 3 7
V, (V)
* 50 - - - — e, T, Vg=0V
~ —e— Ni-MoS2 contacts Vg=10V
E 4 —e— Ni-SLG-MoS2 contacts Vg=20V 1400
E - Ni-BLG-MoS2 contacts -=Vg=30V
=} 30 —+— Ni-Treated-BLG-MoS2 contacts Vg=40V
3 —Vg=50V 300 £
§ 20} s
2 Ni-Treated-BLG- A 200 €
&) 10= MoSzcomactS\ ’/,/ . ‘é
5 20} 2 _ 53 £
§ 1.5 ~” Ni-MoS, contacts - 100
o 1.0 : 1
Co5fh V—au 5 ., . ] ¢
0.0 " i i i 3 o 0 = Sl Sl R R I
0 10 20 30 40 50 0.0 05 1.0 15 20
Ve (V) : Vps (V.
g h. 1.0 " 10* =
° -5
1000} “* e o i 10
e 10.1' Pristine
- st 5mM
" < 10'[ 20 mM
- < 10
i3 _°1o"°; GresmM /ol T~
1 <2
E 100 :g-ﬂ; 10 \ i
- 13 0 =
a T=19K 100 ¥ TS0, 0 £ 01
” _ 1.0 . 10“[ V=10V , Vi
1 10 100 50 ] 50 10 55 0 0 ' 20
Temperature (K) Vg (MV) V.

Figure 10. (a) Schematic representations of MoS, FETs with graphene contacts inserted in-between
the MoS; and the metal (top) or used as an independent back contact (bottom). (b) Plot of R¢ versus
back gate voltage Vg for MoS,; NFETs with Ti/graphene (red curve) and Ti (black curve) contacts.
Ti/graphene contact clearly yields much lower Rc¢ for electron injection thanks to the Fermi level
tunability of graphene by the positive gate bias. Inset shows qualitative band diagrams illustrating
the gate tunability of graphene’s Fermi level and explaining the working principle of MoS; /graphene
contacts in the OFF (left inset) and ON states (right inset) of the device. Positive gate bias not only
causes downward band-bending in the MoS,, but helps move the graphene Fermi level upwards
by doping the graphene with electrons (right inset). (b) and top schematic of (a) Adapted with
permission from [254]. Copyright 2014 IEEE. (c) Output characteristics of a Ti-contacted MoS, FET
with (red curves) and without (black curves) graphene insertion in the contact region. The FET with
Ti/graphene contact shows enhanced currents and clearly outperforms the FET with regular Ti contacts.
Adapted with permission from [255]. Copyright 2014 IEEE. (d) R¢ plotted as a function of back gate
Vgg for different Ni-graphene contact configurations to MoS, FETs. The best performance (i.e., lowest
Rc of ~200 Q)-um) was obtained from the FET with Ni-Treated BLG-Mo0S, contacts (red curve). (e) 3D
schematic illustration of the Ni-etched-graphene contact electrodes to MoS;. The etched graphene layer
facilitates a lower resistance interface between Ni and the graphene due to the formation of reactive
zigzag edges that enhances carrier tunneling. (f) Output characteristics of Ni-contacted MoS, NFETs
with (red curves) and without (blue curves) treated bilayer graphene (BLG) insertions. The FET with
Ni-Treated-BLG contacts clearly outperforms the FET with direct Ni contacts (~10x improvement
in the ON-current due to reduced R¢). (d—f) Adapted with permission from [256]. Copyright 2015
American Chemical Society. (g) Mobility versus temperature for an hBN-encapsulated MoS; NFET with
graphene back contacts showing an extrinsic (i.e., two-point) ypg up to 1300 cm? /V-s at low-T (1.9 K)
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thanks to the zero SBH afforded by the gate-controlled graphene contacts. (h) Output characteristics
of a back-gated monolayer MoS, NFET at 1.9 K showing linear Ip-Vp behavior at higher positive
gate biases (gate voltage ranges from —60 to 80 V in 20 V steps) confirming the Ohmic nature of
graphene contacts even at such low temperatures. (g,h) and bottom schematic of (a) Adapted with
permission from [257]. Copyright 2015 American Chemical Society. (i) Comparison of the semilog
transfer characteristics of Pd-contacted back-gated MoS; FETs, with (blue curve) and without (black,
red and green curves) interfacial graphene layers in the contact regions, under high AuCl; doping
concentrations. Before AuClz doping, the pristine Pd-contacted FET shows typical n-type behavior with
strong gate modulation (black curve). Under high AuCl3 doping concentrations of 5 mM (red curve)
and 20 mM (green curve), the same FET shows p-type behavior with slight gate modulation due to
heavy p-doping of the MoS; by AuCl; (with the current levels being higher for the 20 mM case than
5 mM, as expected). In contrast, for the Pd/graphene-contacted FET, an even higher hole current level
with practically no gate modulation is achieved at the lower doping concentration of 5 mM (blue curve)
as compared to the Pd-contacted FET with the higher doping concentration of 20 mM (green curve).
The comparative results clearly reveal the added advantage of using tunable graphene contacts in
providing enhanced carrier injection (in this case, holes) in the MoS; channel as compared to direct
metal contacts. Inset shows the linear transfer characteristics. Adapted with permission from [222].
Copyright 2016 John Wiley and Sons.

Liu et al. further utilized the Fermi level tunability of graphene to demonstrate Schottky
barrier-free Ohmic contacts to MoS; FETs in the ON-state under a proper gate voltage. The authors
extracted an SBH of zero at positive gate biases, thereby, confirming the efficacy of graphene in realizing
perfectly “matched” contacts to MoS,. Moreover, having realized barrier-free contacts, the authors
demonstrated linear output I-V characteristics and a record high extrinsic (i.e., two-terminal) ypg up
to 1300 cm? / V-s at cryogenic temperatures down to 1.9 K in their MoS, NFETs (Figure 10g,h show
the temperature-dependence of ypg, and linear output characteristics even at 1.9 K, respectively,
for MoS, FETs with graphene contacts) [257]. More recently, Singh et al. employed graphene
contacts in their dual-gated monolayer MoS, NFETs with Al;O3 as the top gate dielectric. The output
characteristics with different top gate voltages indicated an Ohmic-like contact between graphene and
MoS,. They extracted an extrinsic pgg of 71 cm?/V-s in the back-gated configuration (without any
AlyO3 deposition), whereas a boosted extrinsic ppg of 131 cm?/V-s in the top-gated configuration [258].
Likewise, low resistance graphene/MoS, contacts were utilized by both Cui et al. [259] and
Lee et al. [260] in their studies of hBN-encapsulated MoS, devices that showed high Hall- and
two-terminal electron mobilities, respectively. However, in all these reports utilizing a combination
of both graphene contacts and dielectric encapsulation on MoS; FETs, the high-«k Al,O3 and the hBN
dielectric environments could also play a significant role in enhancing the MoS, carrier mobility in
addition to the lower R¢ (or SBH) afforded by graphene contacts (more on the effects of dielectric
environment, such as hBN and high-k dielectrics, on MoS, carrier mobility enhancement is discussed
later in Section 14). It is interesting to note that despite the Fermi level tunability of graphene contacts,
most experimental reports to date demonstrate the efficacy of graphene in making better n-type contacts
to MoS,, but reports of graphene as a p-type contact to MoS, are, in general, lacking. This, again,
is possibly because the Fermi level of graphene aligns closer to the CBE of MoS, under equilibrium
to maintain charge neutrality, as dictated by the interface/mid-gap states, similar to the scenario
of Fermi level pinning at 3D metal/MoS, interfaces. Additionally, the work function of pristine
graphene (i.e., when its Fermi level is exactly at the Dirac point) is ~4.3—4.4 eV [140] which is close
to the electron affinity of MoS; (~4.0-4.2 eV) [135,140]. Hence, owing to these factors, one can expect
the n-type SBH at the graphene/MoS, interface to not be substantially large to begin with. Moreover,
this n-type SBH can be minimized further thanks to the electrostatic n-doping of the graphene/MoS;
interface by positive gate biases which not only helps move the graphene Fermi level upwards to align
even closer to the MoS, CBE, but causes downward band-bending in the MoS, as well (recall that
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downward band-bending helps reduce the SBW at the contact/MoS, interface leading to enhanced
carrier injection).

In principle, however, the Fermi level of graphene can potentially also be tuned deep into its
valence band to align closer to the VBE of MoS; resulting in a small p-type SBH for hole injection.
To achieve this, electrostatic p-doping of the graphene/MoS, interface alone may not be sufficient
enough (since moving the graphene Fermi level from near the MoS; CBE all the way down towards the
MoS; VBE, or causing a large upward band-bending in the MoS, to minimize the SBW for hole injection,
would require extremely large negative gate biases that may be practically unfeasible) and additional
doping/work function tuning mechanisms in the contact regions may be required. One such report of
back-gated MoS, FETs with chemically p-doped graphene/MoS, contact regions was by Liu et al. [222]
as already highlighted in Section 7.2. The authors used AuCls solution as a surface charge transfer
p-dopant to demonstrate high-performance unipolar MoS, PFETs as well as ambipolar MoS; FETs
with hole dominated transport (note that AuClz causes p-doping in both MoS; and graphene). In their
study, bare back-gated MoS, FETs (i.e., FETs employing only gate electrostatic doping via the back
gate) with metal/graphene contacts showed n-type behavior as expected. However, upon AuClj
chemical doping, the FET polarity switched to p-type. Moreover, the AuClz-doped MoS, PFETs with
metal /graphene contacts showed enhanced p-type performance (i.e., lower Rc and higher upg for
holes) than AuClz-doped MoS; PFETs with direct metal contacts. The comparative analysis done in
this study unambiguously proved that a combination of both chemical and electrostatic p-doping was
required to cause a large downward shift of the graphene Fermi level which resulted in reduced Rc
(and SBH) and enhanced p-type injection in metal/graphene-contacted MoS, FETs as compared to
regular metal-contacted MoS; FETs (Figure 10i compares the transfer characteristics of Pd-contacted
back-gated MoS, FETs, both with and without an interfacial graphene layer in the contact regions,
under high AuCl; dopant concentrations, clearly revealing that for a given AuCls concentration,
the presence of an interfacial graphene layer facilitates enhanced hole injection in the MoS; FET than
direct metal contacts due to the combined effects of chemical as well as electrostatic p-doping in
aligning the graphene Fermi level closer to the MoS; VBE) [222]. In addition to the commonly used top
or bottom contact configuration for graphene contacts to MoS, wherein the basal planes of graphene
and MoS; overlap, lateral graphene “edge contacts” to MOCVD-grown MoS, were also demonstrated
by Guimaraes et al. [261] and its implications are discussed in Section 11 that talks about the effects of
contact architecture. Finally, the use of substitutionally-doped graphene has also been theoretically
predicted to yield better contacts to MoS, with lower Rc by Liu et al. In principle, graphene can be
doped with elements such as B and N that have fewer and more electrons than C, respectively. Hence,
B doping can increase the graphene work function (i.e., by making it hole-doped), while N doping can
reduce its work function (i.e., by making it electron-doped). In particular, the authors showed that a
high N doping concentration (C/N ratio ~20:1) can result in the work function of graphene to be as
low as that of low work function metal Sc, thereby, making it a promising contact for electron injection
in MoS, NFETs [140].

10. Effects of MoS; Layer Thickness

The layer thickness of MoS, can play an important role in determining the magnitude of the
contact SBH, contact resistivity (oc) as well as the overall carrier mobility (urg) of the device. One of the
first studies on the effect of MoS; layer thickness on the SBH and specific contact resistivity (oc) was
done by Li et al. on back-gated MoS, NFETs with Au top contacts [262]. They found two interesting
and contrasting effects: first, for MoS; thicker than five layers (i.e., in the bulk or 3D limit), the pc
increased slightly with increasing MoS, thickness; and, second, the pc increased sharply with reducing
MoS, thickness below five layers (i.e., in the 2D limit). The first effect was attributed to the added
thickness or, in other words, the added resistance of the “inactive” upper MoS; layers (i.e., layers
further away from the back gate dielectric interface) which do not actively participate in the lateral
current flow from the source to the drain of the FET, but through which the injected carriers must pass



Crystals 2018, 8, 316 31 of 84

through orthogonally to reach the lower “active” MoS, layers primarily responsible for the lateral
current flow (since majority of the gate-induced carriers are located in the lower layers). The added
resistance of the upper “inactive” MoS; layers originates from the added “interlayer” resistances in the
current flow path, as described later in this section. The second effect, on the other hand, was attributed
to the quantum confinement-induced electronic structure modification and band-gap (Eg) increase of
MoS, (Figure 11a shows the plot of pc as a function of MoS, layer thickness for Au-contacted MoS;
FETs, depicting the two contrasting effects in the 2D and 3D limits). As the MoS, layers reduce from
five to one layer, its Eg increases from 1.2 eV for 5L to 1.8 eV for 1L [44] leading to a corresponding
gradual increase in the SBH at the Au/MoS, contact interface due to relative changes in the MoS; band
edge positions with respect to the Au work function (i.e., Fermi level position of Au). A quantitative
relationship between the n-type SBH and MoS; layer thickness was established, with the extracted SBH
increasing from 0.3 to 0.6 eV by merely reducing the MoS, thickness from five to one layer (Figure 11b,c
show the plot of extracted SBH versus MoS, band-gap, and a qualitative illustration of the increase in
SBH with reducing MoS; thickness for Au-contacted MoS, devices, respectively) [262]. Kwon et al.
further confirmed the thickness-dependent SBH in Al-contacted MoS; devices with thinner MoS,
devices yielding a larger SBH for electrons (®Psg ~50 meV for 1L) than the thicker ones (Psp ~7 meV for
3L). Moreover, the layer-dependent SBH had a clear manifestation in the extracted R¢ that showed an
increase with decreasing MoS; thickness [263]. Although these studies of layer-dependent SBH have
focused on n-type MoS, devices, the same trend and reasoning should also hold true for p-type MoS,
devices as well. The reader should note that the layer-dependent SBH for a given metal/MoS, contact
is more dominant in the 2D limit (i.e., 1-5 layers) since the MoS; band-gap changes drastically only in
the 2D regime. In contrast, the band-gap remains constant at ~1.2 eV for thicker MoS, (i.e., >5 layers)
and, hence, the SBH would remain largely constant at a relatively low value for devices made on
thicker MoS; films for a given metal contact. The contribution of the SBH to the overall device R¢ for a
given metal/MoS, system can, therefore, be minimized beyond a critical MoS, layer thickness.

In a multilayer MoS, device with conventional top contacts, however, the effective R is governed
not only by the resistance due to the SBH (Rgp), but by an unusual out-of-plane “interlayer resistance”
(Rint) in-between the individual MoS; layers as well. This Rjn is nothing but a direct manifestation
of the presence of interlayer “vdW gaps”. The implications of this unique Rj,; that manifests in
multilayer MoS, devices have been analyzed in detail by Das et al. employing a resistor network
model based on Thomas-Fermi charge screening (which relates to the charge screening length A)
and interlayer coupling (which captures the effect of Ryy) [264]. Due to the finite charge screening
length in MoS; (Amoes2 ~7-8 nm or 12 layers), the centroid of the current flow distribution (or the
current “HOT-SPOT”) in a multilayer MoS, device can migrate dynamically between its individual
layers (i.e., moving either closer to or farther away from the S/D electrodes along the vertical axis)
depending on the applied electrostatic gate bias, effectively determining the number of these “in-series”
interlayer resistors (i.e., the total Riy¢) involved along the current path from the source to the drain
of the MoS; FET [265]. For example, if the “HOT-SPOT” is located closer to the S/D electrodes, then
fewer interlayer resistors would be involved along the current flow path (Figure 11e schematically
depicts the resistor network model as applicable to multilayer MoS, as well as the dynamic migration
of the current “HOT-SPOT” as a function of both MoS; layer thickness and gate overdrive voltage,
in the back-gated FET configuration). This Rjyt contribution adds to the Schottky barrier resistance Rgg,
leading to an effective total R¢ (or pc) for the multilayer MoS, system that limits the extracted ygg.
Note that this “HOT-SPOT” migration can only happen within the thickness range set by the charge
screening length of MoS,. Thus, it would be disadvantageous to have MoS; devices with too many
layers or thicknesses greater than its charge screening length of ~7-8 nm, as, ultimately, the device
performance will be severely limited by the additional interlayer resistors involved. Experimentally,
the extracted value of Rj,+ between two adjacent MoS; layers has been estimated to be ~2.0 kQ)-um by
Na et al. [266], and a recent experimental study by Bhattacharjee et al. reported a net Rj,; of 1.53 kQ)-pum
for 5-7 nm thick MoS, [267]. Thus, the number of these individual interlayer resistors involved in the
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charge transport can have a significant impact on parameters such as ypg and ON-currents of few-layer
or multilayer MoS, FETs.

The carrier mobility of monolayer MoS,, on the other hand, is, in general, lower than few-layer
MoS, films due to the deleterious effects of various extrinsic charge scattering mechanisms (such
as charged impurities, surface roughness, remote interfacial phonons from the dielectric) that are
at play at the MoS, /dielectric interface [113,176,177,268,269]. This is because the strength of the
“screening” against these extrinsic scattering mechanisms is naturally weaker in monolayers (since
both surfaces of the monolayer are directly exposed to its surroundings) as compared to few-layers
where the outer MoS5; layers effectively “shield” the inner-lying layers making them less susceptible
to the external environment. A simple calculation of scattering rates as a function of MoS; layer
thickness by Li et al., taking into account the typical carrier scattering sources (e.g., intrinsic phonons
and charged impurities), sheds important insight into the increased susceptibility of carrier scattering
in thinner MoS; films as compared to thicker ones (Figure 11f shows the calculated carrier scattering
rates for various extrinsic sources as a function of MoS; layer thickness, clearly showing that the
overall scattering increases with decreasing thickness) [269]. Moreover, monolayer MoS, FETs suffer
from a larger SBH issue as described earlier. Hence, keeping all these factors in mind, one can surmise
that there exists an “ideal” MoS; layer thickness to guarantee the best device performance in terms
of reduced net R¢ (considering effects of both Rgg and Rjy¢), minimal external carrier scattering and
increased upg. Indeed, the dependence of carrier mobility on the MoS, layer thickness has been
experimentally studied and a non-monotonic trend was revealed by Das et al. wherein the maximum
mobility was achieved for a flake thickness of around 8 nm or 12 atomic layers for a given metal contact.
Below 8 nm, ppg reduces primarily due to carrier scattering, whereas above 8 nm, ygg reduces due to
increased overall Rin. (Figure 11d shows the plot of extracted ppg versus flake thickness for MoS; FETs
with different metal contacts with peak ypg values occurring around 8 nm) [135,264,265]. A similar
trend was reported by Li et al. where the maximum mobility was achieved for a 14-layer MoS;
device [269]. Lin et al. further corroborated this MoS, thickness effect by showing that the optimal
MoS; thickness range for maximum mobility (or, in other words, maximum device performance) was
somewhere within 5-10 atomic layers [270], in good agreement with other reports.

Recently, a relationship between MoS; film thickness and its charge transfer surface doping was
also elucidated by Rosa et al. using both experiments and semi-classical modeling. They studied the
n-doping of back-gated MoS, FETs via PVA coating (that can enhance MoS, FET performance, as
highlighted in Section 7.1) while varying the MoS, layer thickness, and found that the penetration
depth of the carriers induced by PVA doping was approximately 5.2 nm from the PVA /MoS; interface
(Figure 11g shows the calculated cross-sectional profile of the electron density for two different MoS,
layer thicknesses). Thus, for MoS; films thicker than 5.2 nm, the dopant-induced charge would be
farther away from the MoS, / gate dielectric interface resulting in a poor gate electrostatic control and
degradation of the FET performance (mainly in terms of compromised ON/OFF ratios). Conversely,
for thinner MoS, films (<5.2 nm), the dopant-induced charge will be much closer to the gate interface
resulting in better electrostatic control of the device channel, enhanced charge depletion capability of
the gate and improved ON/OFF ratios even in the presence of doping [271]. Therefore, for designing
high-performance electronic devices based on MoS;, its layer thickness must be considered as it can
have pronounced effects on important device parameters such as the overall R¢ (considering effects of
both SBH and Rjy) and ypg as well as on the charge carrier distribution in the device. However, for
optoelectronic device applications where monolayer MoS; is necessitated due to the direct band-gap
requirement, alternative approaches to mitigate Rc (due to larger SBH) and yrp degradation (due to
increased external carrier scattering) must be used. Finally, it is interesting to note the effect of MoS,
layer thickness scaling on its charge carrier effective masses (since the effective masses depend on
the MoS; band-structure which, in turn, varies with the layer thickness) as highlighted by Yun et al.
In particular, the effective mass of electrons in the lowest lying conduction band valley reduces from
0.551 to 0.483 m, (where m,, is the free electron mass) as MoS; is thinned from bulk to monolayers [272].
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Since carrier mobility is inversely proportional to its effective mass, this implies that monolayer MoS,
will have a higher intrinsic electron mobility than multilayers. However, in practice, the monolayer
MoS, device mobility is far worse due to various external effects as already pointed out.
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Figure 11. (a) Plot of specific contact resistivity (oc) versus MoS, layer thickness for Au-contacted
back-gated MoS, NFETs at two different gate overdrive voltages. Below five layers, pc increases
sharply due to increase in the SBH which is directly correlated to the band-gap increase of MoS; with
decreasing thickness. Above five layers, the pc increases only slightly due to the added resistance of the
upper “inactive” MoS;, layers through which the injected carriers have to pass through orthogonally to
reach the lower “active” layers of the FET (note that the SBH height remains constant above five layers).
Based on this plot, one can effectively delineate the 2D and 3D regimes for MoS;-based devices. (b) Plot
of extracted SBH at the Au/MoS; interface as a function of MoS, band-gap. The SBH height increases
linearly with increasing band-gap (i.e., reducing MoS, thickness from bulk down to a monolayer).
(c) Evolution of the MoS; band edge positions with respect to the Fermi level position at the Au/MoS,

contact interface as the MoS; thickness gradually reduces from five layers to one layer. The n-type
SBH increases as the band-gap increases. (a-c¢) Adapted with permission from [262]. Copyright
2014 American Chemical Society. (d) Plot of extracted mobility (ypg) as a function of MoS, layer

thickness for MoS, FETs with different metal contacts. A non-monotonic trend in the ypg is evident
with the maximum ppg achieved for a thickness of ~8 nm for each metal/MoS, contact. A good match
between experimental ppg values (marked spots) and calculated ypg values (dashed lines) can be seen.
urg calculations were done based on a model considering effects of both Thomas—Fermi charge screening
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and interlayer resistance (Rint). (e) Left schematic: Depiction of the resistor network model that can be
used to describe the various resistance components, i.e., due to the SBH (Rgp, shown in red), interlayer
resistances (Rjyt, shown in green) and intra-layer resistances (Ry, shown in blue), that dominate
the charge transport in a back-gated multilayer MoS; FET. (d) and left schematic of (e) Adapted
with permission from [264]. Copyright 2013 John Wiley and Sons. Right schematic: Illustration
of the dynamic vertical migration of the current “HOT-SPOT”, or the centroid of the current flow
distribution, in a multilayer MoS; FET as a function of both MoS; layer thickness and the gate overdrive
voltage. The “HOT-SPOT” location effectively determines the number of interlayer resistors (or the
net Ryjy;) involved in the charge transport. Note that this “HOT-SPOT” migration can happen only
within the thickness range set by the MoS, charge screening length (Ayj,s2). For thicknesses above
AMos2 of ~7-8 nm, R, becomes the dominant R¢ contributor. Adapted with permission from [265].
Copyright 2013 American Chemical Society. (f) Calculated scattering rates as a function of MoS, layer
thickness clearly showing that the net scattering increases as the layer thickness decreases. Moreover,
the external scattering sources such as charged impurities (filled and hollow squares in the plot)
dominate for thinner layers. Adapted with permission from [269]. Copyright 2013 American Chemical
Society. (g) Cross-sectional representation of the calculated electron density profile for two different MoS,
thicknesses (orange regions represent the highest densities) showing that the PVA doping-induced charge
resides primarily in a ~5 nm thick region near the MoS, /PVA interface. Adapted from [271].

11. Effects of Contact Architecture (Top versus Edge)

The contact architecture can also be important in designing high-quality contacts to MoS; FETs
with low Rc (Figure 12a schematically illustrates the common contact architectures used in MoS, FETs).
Typically, the most commonly utilized configuration is the top contact geometry where the metal
contact is deposited on top of the basal plane of MoS;. As mentioned earlier, this sort of topography
leads to a vdW gap-induced tunnel barrier in-between the largely inert MoS; basal plane (due to lack
of surface dangling bonds) and the contact electrode [110]. This vdW gap contributes an additional
tunneling resistance to the overall Rc. One approach to mitigate this vdW gap prevalent in the top
contact geometry is using metals that can bond or “hybridize” better with the underlying MoS, surface
(hybridization is discussed in more detail in Section 12). Another approach to resolve this issue could
be to use “side” or “edge contacts” to MoS,. It has been shown theoretically that edge contacts can
lead to much better charge carrier injection in the MoS; layer as opposed to top contacts [148,161]. This
is because MoS, edges are chemically more active due to the presence of unsaturated chemical bonds
and, thus, can form stronger bonds with a shorter bonding distance (i.e., smaller physical separation)
with the contact metals, thereby, minimizing or even eliminating the vdW gap-induced tunnel barrier
(Figure 12a also shows the calculated electronic interaction at the Au/MoS, contact interface for both
the top and edge contact configurations as well as a 3D schematic illustration of the MoS, /metal atoms
in an edge-contacted geometry). Edge contacts to graphene FETs have indeed shown extremely low
Rc values as compared to conventional top contacts, thereby, proving the efficacy of this contacting
scheme [273-275]. Moreover, it can be inferred that this edge contact geometry is particularly attractive
for few-layer or multilayer devices based on MoS; or other 2D semiconducting materials wherein
each individual layer can be independently contacted from the sides. This will help eliminate the
adverse effects of the interlayer resistance Rint (as described in the previous section) since the injected
charge carriers will no longer have to “hop” from one layer to the other across the interlayer vdW gaps
(as would be the case in top-contacted multilayer MoS; devices), instead the carriers can be laterally
injected into all the constituent MoS, layers simultaneously [183,276,277]. Furthermore, edge contacts
have the inherent advantage of minimizing the overall contact volume and area (since an overlap
between the bulk metals and MoS, is no longer required) and, thus, are promising from the scaling
point of view [261]. It is also worth noting that the edge contact geometry should not be limited by the
“current crowding” effect that comes into play in the top or bottom contact geometry (and which results
in an exponential R¢c increase when Lc << L7, as described in Section 3.2). Experimentally, however,
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realizing pure edge contacts to MoS, has been challenging due to the close proximity required and
stringent fabrication requirements (for instance, the contact metal may fail to contact all the MoS,
edges due to processing-induced voids etc.), and there have only been a few reports.

Yoo et al. reported multilayer MoS, NFETs with DC-sputtered molybdenum (Mo) S/D contacts
and confirmed the presence of both top and edge contacts via cross-sectional TEM imaging. They
found that the electrical performance of their 96-layer or 67 nm thick MoS; FET (upp ~24 cm?/V-s)
was similar to few-layer (3-5L) MoS, FETs with Mo top contacts (ypg ~26-27 cm?/V-s). This clearly
suggests that the detrimental effect of Rj,¢ was greatly minimized even though the MoS; was 67 layers
thick, thanks to the formation of edge contacts (due to conformal Mo deposition by DC-sputtering)
that injected carriers deep into the constituent layers of the multilayer MoS, device [278]. Chai et al.
developed a “passivation first, metallization second” technique for fabricating pure edge contacts
to two types of back-gated MoS;-based heterostructures wherein the MoS; was first encapsulated
in-between dielectrics: Al,O3/MoS,/SiO; and hBN/MoS, /hBN. The authors then performed a plasma
etching step to create vertical trenches in these heterostructures to expose the MoS, edges for contact
formation and revealed that the SFq plasma is better suited than CF, plasma as the former created a
smooth side wall profile with less residues. Although the MoS, device performance achieved in this
study was not great (possibly due to discontinuities at the metal/MoS, contact edges that impeded
carrier injection) with the process needing further optimization, the fabrication procedure presented
represents a promising way to make edge contacts to fully-encapsulated 2D TMDC-based devices [279].
Guimaraes et al. reported a scalable bottom-up technique where they grew wafer-scale monolayer
MoS; using MOCVD from the patterned edges of CVD-grown graphene on SiO; substrates that
resulted in seamless MoS, /graphene 1D Ohmic edge contacts (Figure 12b schematically compares 2D
metal/MoS; top contacts with 1D graphene/MoS; edge contacts) [261]. This approach combines the
advantages of having gate-tunable graphene contacts along with the edge contact geometry. Although
the extracted SBH was low (®gp ~24 meV at Vg =10 V; 4 meV at Vg = 60 V), the average Rc was
found to be 30 kO)-um which is much higher than the lowest R¢ values reported in literature for
monolayer MoS, devices. This is because, although the graphene edge contacts provide better carrier
injection into the Mo$S, layer, these carriers are injected through a significantly reduced contact area.
Regardless, MoS, FETs with 1D graphene edge contacts outperformed FETs with 2D metal contacts,
and showed Ohmic behavior down to liquid helium temperatures (i.e., ~2 K) with the two-probe
urg ranging between 10-30 cm? / V-s. Moreover, these promising device results with graphene edge
contacts were obtained while maintaining minimal electrode volume and contact area, a key advantage
afforded by 1D graphene edge contacts when it comes to device scaling (Figure 12c,d show the R¢
comparison for different contact geometries used in this study, i.e., edge graphene, top graphene or
top metal, and the sheet conductance versus gate voltage for top-gated MoS, FETs comparing 1D
graphene edge contacts to 2D metal top contacts, respectively) [261].

The benefits of forming side or edge contacts to multilayer MoS; FETs were further highlighted
by Zheng et al. who compared FETs made on CVD-grown multilayer MoS, with “gradually shrinking’
basal planes to FETs made on similarly thick exfoliated MoS; having abrupt edges. The gradually
shrinking basal planes created “terraced” edges on the multilayer CVD MoS; such that each layer
was exposed to facilitate a good edge contact formation with the electrode. In contrast, the exfoliated
multilayer MoS, with abrupt edges could only be contacted from the top (Figure 12e schematically
illustrates the top-contacted exfoliated multilayer MoS, with abrupt edges as well as the edge-contacted
CVD-grown multilayer MoS; with terraced edges). As expected, the edge-contacted CVD MoS, having
terraced edges (with contacts to each layer) outperformed the top-contacted MoS, in terms of both
upe and ON-currents for any given layer thickness (Figure 12f shows a statistical comparison of ygg
and ON-currents as a function of layer thickness between CVD-grown MoS; with terraced edges
and exfoliated MoS, with abrupt edges) [280]. The results clearly reveal the efficacy of forming edge
contacts to multilayer MoS, devices. Moreover, it is instructive to note that, for both mono- and
multilayer MoS, devices, the effective edge contact length can be increased by cutting zigzag or jagged
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edges in the MoS; film that can help lower the Rc even further via edge injection. Furthermore,
a combination of both top and edge contacts to multilayer MoS, (keeping in mind the area constraints,
of course, since the contact length must be scaled together with device dimensional scaling) could also
be a promising approach to maximize the area for charge injection while eliminating the deleterious
effects of Rin. Finally, besides top and edge contacts, use of “bottom” contacts, with independent
electrostatic gating of the contact regions via a strongly coupled top gate (that can provide strong
electrostatic doping and band-bending in the MoS, contact regions, leading to SBW narrowing and,
thus, reduction of the SBW tunneling resistance), could also be beneficial in minimizing R¢ as shown
by Movva et al. in the case of WSe; PFETs with Pt back contacts [281].
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Figure 12. (a) Top left panel: Schematics of some common TMDC /metal contact configurations: top
contacts, edge contacts and a combination of both top and edge contacts. Bottom left panel: Plots of
calculated electron localization function (ELF) for both top- (left plot) and edge-contacted (right plot)
MoS; with Au metal electrodes. ELF closer to 1 (i.e., light-colored areas in the plot) indicates higher
probability of finding an electron. It can clearly be seen that edge-contacted MoS, has overlapping
electron orbitals between the MoS, and the Au metal atoms (as indicated by the dashed green contours
in the right plot). In contrast, the top-contacted MoS; clearly shows a vdW gap between the MoS, and
the metal atoms (as shown by the dark region in the left plot). Right schematic: Schematic illustration
of the metal /MoS, atomic interaction in the edge-contacted MoS, configuration. Adapted from [148].
(b) Schematic comparison of top-contacted MoS, with a metal (2DM implies a 2D metal top contact)
and edge-contacted MoS, with graphene (1DG implies a 1D graphene edge contact). (c) Comparison
of Rc as a function of different contact configurations to MoS, [i.e., 1DG, 2DM and 2D graphene top
contacts (2DG)]. Lowest R¢ is achieved with 1DG contacts to MoS,. Note that R¢ for the 2DG contact
with a ~1 um overlap is comparable to 1DG contacts, but at the expense of a large overlap area. (d) Top
gate voltage (V1) dependence of the two-terminal sheet conductance (o(]) measured from MoS; devices
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with 1DG contacts (black curve) and with 2DM electrodes (red curve; contact dimensions 23 um x
22 um x 55 nm). Top inset: Output I-V characteristics for the two devices at Vg = 3 V. Bottom insets:
Cross-sectional MoS, device schematics with 2DM (bottom left schematic) and 1DG (bottom right
schematic) contacts. The TMDC channel, graphene contacts (g), source (S), drain (D), and top gate
electrodes (TG) with the HfO, gate dielectric layer are shown. (b-d) Adapted with permission
from [261]. Copyright 2016 American Chemical Society. (e) Schematic illustrations of the contact
geometries used in multilayer exfoliated MoS, flakes (top schematic) and CVD-grown MoS; flakes
with gradually shrinking basal planes or “terraced” edges (bottom schematic). (f) Statistics of electron
mobility (left plot) and ON-currents (right plot) measured at Vg =40 V and Vp =1V as a function of
number of MoS; layers. The red columns represent data from CVD-grown MoS, flakes having terraced
edges, whereas the blue columns from exfoliated MoS; flakes. Devices made on side-contacted CVD
flakes with terraced edges clearly outperform the devices made on exfoliated flakes for all layer thicknesses,
highlighting the advantage of making electrical contacts to each individual layer in a multilayer MoS,
device. (e,f) Adapted with permission from [280]. Copyright 2017 John Wiley and Sons.

12. Hybridization and Phase Engineering

The concept of hybridization essentially implies enhancing the chemical interaction (through
covalent bonding or, in other words, stronger atomic orbital overlapping) between the contact metal
atoms and the MoS, to form a more intimate contact interface [51,161]. Edge contacts to MoS,
(as described in the previous section) are an example of such hybridized contacts due to the enhanced
chemical interaction between the unsaturated bonds at the MoS; edges and the contact metal atoms.
However, pure metal edge contacts to MoS, with good electrical quality have been experimentally
difficult to realize (as of yet). Alternatively, hybridization can also be invoked in a top contact
geometry by carefully selecting the right contact metal for a given 2D TMDC material, and/or by
carefully optimizing the contact fabrication steps, leading to elimination of the vdW gap-induced
tunnel barriers [148,161,282,283]. For example, metals having a lower lattice mismatch with MoS, can
potentially induce stronger hybridization by enabling a “closer physical proximity” between the metal
and MoS; sulfur atoms that can maximize their orbital overlapping. Stronger hybridization can also
be invoked by metals having “d orbital electrons” as they can allow for a higher probability of orbital
interaction or “mixing” with the d orbitals of the MoS, system since the MoS, band edges are primarily
made up of Mo d orbitals (Figure 13a shows the basic concept of hybridization by schematically
illustrating the interfacial atomic arrangements in top-contacted MoS; with Au and Mo contacts, with
the latter representing the hybridized case) [148,161]. With these views in mind, Kang et al. reported
the use of Mo as a high-performance n-type contact to mono- and few-layer MoS, FETs and provided a
physical understanding of the underlying mechanism through intensive DFT calculations. Comparing
Mo contacts to Ti, the authors demonstrated Mo-contacted few-layer MoS, FETs with smaller Rc
(~2 kQ-pm), higher ON-currents (271 uA/um), and higher mobilities (~27 cm?/V-s), which were
much better than those obtained using Ti contacts. It was revealed that although Mo has a higher work
function (@)1 = 4.5 eV) than Ti (P = 4.3 eV), it has a high degree of “atomic d orbital overlapping”
with the underlying MoS, which results in an intimate top contact [284]. Their DFT calculations
revealed that S atoms in MoS; are dragged by the Mo metal atoms to form Mo-S interface bonds
resulting in modification of the MoS; band-structure, rendering it metallic underneath the Mo contacts
(Figure 13b shows the DFT-calculated band-structure and the partial-density-of-states “PDOS” plot
for the Mo-MoS, system showing the presence of metallized states). Moreover, it was found that
electrons associated with the overlap states in the Mo-MoS, system are not localized, implying that
the Mo contact does not degrade the conductivity of the underlying MoS,. Furthermore, a small SBH
of 0.1 eV was calculated for the Mo-MoS, system which was much lower than that for the Ti-MoS,
system (Psp ~0.33 eV) despite Mo being a higher work function metal [284].

Recently, a new method of forming hybridized Mo contacts to MoS;, together with large-area
CVD integration, was demonstrated by Song et al. Compared to conventional CVD growth methods
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that provide MoS, films (by sulfurization of deposited Mo layers, etc.) without any device processing,
the authors pre-deposited Au top contact metal (having defined areas) on Mo films deposited on
sapphire substrates to serve as the S/D electrodes following the CVD sulfurization process, thus, readily
creating top-contacted MoS, structures for FET fabrication. In this novel strategy, the pre-deposited
Au effectively serves as a “mask” during the CVD sulfurization process, resulting in significantly
impeded sulfurization of the Mo directly underneath the Au metal. In contrast, the Mo in the exposed
channel region gets fully converted (or sulfurized) to MoS,. Therefore, this method results in seamless
and hybridized edge contacts between the channel MoS, and the metallic Mo (i.e., unsulfurized Mo)
underneath the Au electrodes (Figure 13c schematically compares the MoS, device fabrication process
flows for Au contact metal deposition both after and before sulfurization of the as-deposited Mo films
as represented by Method A and Method B, respectively; the qualitative band diagrams explaining the
two resultant metal/MoS, contact interfaces are also shown highlighting the superiority of Method
B in making hybridized edge contacts to MoS;). Top-gated FET measurements revealed that this
fabrication strategy provides better contact performance than the traditional metal-on-CVD MoS,
approach [285]. Although the overall device performance was under-par (possibly due to poor quality
of the CVD MoS5y,), this strategy is promising as it combines the advantage of using Mo as a hybridized
contact to MoS; together with the advantages of an edge contact geometry (see previous section for
a detailed discussion on edge contacts to MoS,). Another recent report by Abraham et al. showed
the benefits of using annealed Ag contacts on few-layer (5-14 layers) MoS; FETs [286]. As described
in Section 5, Ag has been shown to be a good electrical contact to MoS; owing to its high wettability
and thermal conductivity [193]. In this study, however, the authors further revealed that annealing
(250-300 °C) the as-deposited Ag contacts on few-layer MoS, promotes diffusion of the Ag atoms into
the MoS, lattice causing them to “locally dope” the MoS; layers underneath the S/D contact electrodes.
The authors extracted an Rc of 200-700 Q- pm for few-layer MoS, devices with annealed Ag contacts
that ranks among the best reported R¢ values for MoS; devices. This method is particularly attractive
for few-layer MoS; devices as the Ag dopant atoms can diffuse through and mitigate the deleterious
effects of the interlayer resistance “Ry,;” (as described in Section 10) by enhancing the interlayer
coupling [286]. Moreover, this work also highlights the importance of “post-contact annealing” which
is a common technique to improve the adhesion and electrical quality of metal-semiconductor contacts.

An extremely promising approach to mitigate the SB issue was demonstrated by Kappera et al.
where they utilized a novel “phase-engineering” technique to convert the MoS, in the contact regions
from its semiconducting “2H” phase to an environmentally stable metallic “1T” phase [287]. This
method involves selective treatment of the semiconducting 2H phase of MoS, by an organolithium
chemical, namely, n-butyl lithium, which converts the 2H phase into the metallic 1T phase resulting in
a seamless in-plane edge contact to MoS, (Figure 13d shows the 3D schematic as well as the EFM and
TEM images of the 2H /1T MoS, contact interface). The mechanism involves the intercalation of Li
ions in the MoS; lattice that causes the phase transition, and stabilization of the resulting 1T phase
by electron donation from the organolithium compound during intercalation [287,288]. The authors
achieved a record low Rc of 200 Q-pm at zero gate bias (see Figure 13d for the resistance versus Lcyg
plot used to extract the R¢ via TLM method) using this technique which resulted in high-performance
MoS, NFETs with excellent current saturation, high mobilities (~50 cm?/V-s), high drive currents
(~100 pA/pum), low SS (<100 mV /decade), and high ON/OFF ratios (>107). Moreover, it was shown
that the FET performance was highly reproducible and independent of the S/D contact metal, implying
that the carrier injection in the MoS, channel was controlled by the 1T/2H interface. The low R¢
was attributed to the atomically sharp interface between the two MoS, phases, and to the fact that
the work function of the metallic 1T phase matches well with the CBE energy of the semiconducting
2H phase, thereby, resulting in a negligible SBH at the 1T/2H interface. A detailed investigation of
the atomic mechanism of this semiconducting-to-metallic phase transition in MoS, (due to intralayer
atomic plane gliding which involves a transversal displacement of one of the S atom planes) has been
performed by Lin et al. [288]. Moreover, this phase engineering strategy has also been successfully
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demonstrated in FETs made on CVD-grown MoS; [289]. Although this 1T/2H contact technique is
extremely promising, the stability and performance of the metallic 1T phase under high-performance
device operation is yet to be determined.
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Figure 13. (a) Schematic representation of top-contacted MoS, with Au (left schematic) and Mo (right
schematic) electrodes showing different atomic views. A vdW gap “d” exists at the Au/MoS; interface,
but is absent at the Mo/MoS, interface due to strong hybridization between Mo atoms and MoS,.
Adapted from [148]. (b) Left: DFT-calculated band-structure of the Mo/MoS, system. For reference,
the original band-structure of MoS, without the Mo contact (shown in red) is superimposed on the
Mo/MoS; band-structure (shown in grey) such that the old and new sub-bands align. The Schottky
barrier (®gp) is marked in blue and is calculated to be 0.1 eV for the Mo/MoS; system. Right:
The corresponding partial-density-of-states (PDOS) plot showing the metallized overlap states in
the Mo/MoS; system. Adapted from [284], with the permission of AIP Publishing. (c) Schematic
illustration of the two different fabrication process flows for making electrical contacts to CVD MoS,.
Method A represents the conventional process where the Au electrode is deposited after the complete
sulfurization of the Mo film into MoS;. Method B represents the process where the Au electrodes
are pre-deposited on Mo films before the sulfurization step which yields readymade hybridized
edge contacts after sulfurization. The resultant top-gated MoS, FETs from Method B show better
electrical performance than those fabricated using Method A. Corresponding qualitative band diagrams
explaining the carrier injection mechanisms are presented below and clearly show the advantages of
Method B over Method A in realizing CVD MoS, FETs with superior electrical contacts (i.e., hybridized
Mo edge contacts with no vdW gap). Adapted with permission from [285]. Copyright 2017 IOP
Publishing. (d) Phase-engineered metallic contacts to MoS,. Top left: Schematic illustration of the
seamless “in-plane” contact between metallic and semiconducting phases of a TMDC material. Adapted
with permission from [110]. Copyright Springer Nature 2015. Top right: High-resolution TEM image
of the phase boundary (indicated by the white arrows) between the 1T and 2H phases in a monolayer
MoS; nanosheet (scale bar = 5 nm). Bottom right: Electrostatic force microscopy (EFM) phase image
of a monolayer MoS; nanosheet showing the contrast between the 2H and locally patterned 1T MoS;
phases. Bottom left: Plot of total resistance versus Ly for Rc determination of 1T/MoS, contacts using
the TLM method at zero applied gate bias. Extracted Rc value of ~200 (2-um is among the lowest R¢
values reported on MoS,. Top inset shows the percentage decrease in R¢ with positive gate bias. Bottom
inset shows the schematic of a back-gated MoS, FET with phase-engineered 1T contacts. (Top right,
bottom left and bottom right) Adapted with permission from [287]. Copyright Springer Nature 2014.
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13. Engineering Structural Defects, Interface Traps and Surface States

In addition to all the intrinsic phonon scattering mechanisms that inevitably set an upper
bound on the MoS, charge carrier mobility [113-117], the performance/mobility of MoS; FETs is
often dominated by several extrinsic carrier scattering factors, such as structural defects, interface
traps and surface states, leading to carrier localization and lower experimental mobilities than the
predicted phonon-limited values [171-179,290,291]. Moreover, the scattering problem becomes worse
for monolayer or ultra-thin MoS; devices (due to lack of efficient screening) since charge carriers in
it are more susceptible to getting scattered by impurities present at the MoS, /dielectric interface(s)
as well as those residing within the MoS; lattice (see discussion in Section 10 that talks about the
effects of MoS; layer thickness on device performance). One of the main structural defects in MoS,
are the sulfur vacancies (SVs) that can act as charged impurities (Cls), charge trapping as well as
short-range scattering centers by introducing localized gap states [292-294]. Moreover, as described
in Section 3.1, SVs are also responsible for the strong contact FLP effect that leads to uncontrolled
and large SBH for carrier injection [142,143,147,295]. Therefore, passivating these SVs is important
to enhance the MoS; device performance. Yu et al. reported a facile, low-temperature thiol (-SH)
chemistry to repair these SVs and improve the monolayer MoS; /dielectric interface, resulting in
significant reduction of charged impurities and interfacial traps [296]. They treated both sides of the
monolayer MoS; using the chemical (3-mercaptopropyl) trimethoxysilane, abbreviated as “MPS”,
under mild annealing. In this approach, not only the S atoms from the MPS molecules passivate the
chemically reactive SVs, but the trimethoxysilane groups in MPS react with the 5iO; substrate to form
a self-assembled-monolayer (SAM) that can effectively passivate the MoS;/SiO; interface as well
(Figure 14a,b illustrate the chemical structure of the MPS molecule, and the SV passivation process in
MoS; by the MPS sulfur atom, respectively). After MPS treatment, back-gated monolayer MoS,; NFETs
showed a much higher RT mobility (~81 cm?/V-s, which is among the highest reported g values for
monolayer MoS;,) than the untreated samples. Using TEM analysis, the density of SVs was found to be
reduced from ~6.5 x 103 cm~2 in as-exfoliated samples to ~1.6 x 103 cm~2 in MPS-treated samples.
Moreover, using theoretical modeling, the authors were able to extract the densities of Cls and interface
trap states (Dj;) that showed lower values in MPS-treated samples than the as-exfoliated ones (Cls
reduced from 0.7 x 1012 to 0.24 x 10'2 cm ™2, and D;; reduced from 8.1 x 10'2 to 5.22 x 102 cm~2,
after MPS treatment), highlighting the importance of passivating the SV defects in MoS, to minimize
carrier scattering and to improve the MoS, device performance (Figure 14c compares the monolayer
MoS; FET conductivity before and after MPS chemical treatment at RT) [296].

Another promising approach to passivate the SVs in monolayer MoS, was reported by
Amani et al. using an air-stable, solution-based chemical treatment by an organic superacid, namely,
bis(trifluoromethane) sulfonamide or TFSI, resulting in a near-unity photoluminescence (PL) yield
and minority carrier lifetime enhancement, showing great promise for MoS,-based optoelectronic
devices [297]. The potential of SAMs, with the right “end-terminations”, in passivating the substrate
interface and reducing Dj; was highlighted by Najmaei et al. where they studied back-gated MoS,
FETs on SAM-modified SiO, substrates having different functional groups or end-terminations, such
as amine (-NHj), methyl (-CHj3), fluoro (-CF3), and thiol (-SH), and compared their performances
with FETs fabricated on pristine and hydroxylated (i.e., -OH functionalized) SiO, substrates. From
the back-gated transfer curves, it was revealed that the hysteresis (caused due to charge trapping and
detrapping by the Dj;) was significantly reduced in FETs made on -SH, -NH;, and -CF3-terminated
substrates, implying that their Dj; was much lower as compared to FETs made on -CHj, -SiO,,
and -OH terminated substrates (Figure 14d shows the ball-and-stick models of different SAMs used
in the experiment as well as the conductance versus back gate voltage for the MoS, FET made on
-SH-terminated SiO, substrate) [298]. It was also shown by Giannazzo et al. that D;; at the MoS, /oxide
interface can be reduced by carrying out a “temperature-bias” annealing process on MoS; FETs.
The authors demonstrated an improvement in the subthreshold behavior and a significant decrease in
the electrical hysteresis upon subjecting their as-fabricated back-gated MoS, FETs to a 200 °C anneal
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under a positive gate bias ramp (0 to +20 V), directly correlated to a decrease in the D;; (note that D;;
worsens the SS of FETs in addition to causing hysteresis) from ~9 x 10! to ~2 x 10! eV~ cm~2 after
annealing (Figure 14e shows the semilog transfer characteristics of a back-gated MoS, FET before
and after temperature-bias annealing) [299]. Forming gas annealing could be another effective way to
passivate Dj; and enhance the MoS, device performance (due to lowering of the SS and increase in the
urE) as shown by both Bolshakov et al. [300,301] and Young et al. [302].
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Figure 14. (a) Chemical structure of an MPS molecule showing the thiol (-SH) end-termination.
(b) Schematic illustration of the MoS, SV passivation mechanism by the sulfur atom (yellow balls)
derived from the -SH group of the MPS molecule. The SV in the MoS; layer is marked by the
black-dashed contour. (¢) Comparison of conductivity versus back gate voltage Vg for FETs made on
as-exfoliated (black curve), top side-treated (blue curve) and double side-treated (red curve) monolayer
MoS; by MPS at RT. It is evident that the double-side treated FET shows the highest conductivity
due to SV passivation on both the top and bottom surfaces of the monolayer MoS;. (a—c) Adapted
with permission from [296]. Copyright Springer Nature 2014. (d) Left schematic: The ball-and-stick
models for SAMs with different functional groups used in the substrate surface functionalization
along with their orientations relative to overlying MoS, monolayers. Right: Conductance versus back
gate voltage for the monolayer MoS; FET on SiO, treated with the -SH terminated SAM showing
highly reduced hysteresis. Adapted with permission from [298]. Copyright 2014 American Chemical
Society. (e) RT transfer characteristics of an MoS; FET showing a significant reduction in the hysteresis
after bias-temperature annealing (red curves) at 200 °C due to passivation of interface traps (Dj;).
Adapted with permission from [299]. Copyright 2016 John Wiley and Sons. (f) Output characteristics
of Pd-contacted back-gated MoS, NFETs with (left) and without (center) (NHy),S chemical sulfur
treatment (ST) clearly showing Schottky behavior with poor current saturation and Ohmic behavior
with excellent current saturation, respectively. The ST enables reliable Ohmic contacts with reduced
variability in the n-type SBH even with high work function metal contacts such as Pd. Right schematic:
Qualitative band diagrams of the Pd/MoS, contact interface before (black lines) and after (red lines)
ST, illustrating the SBH reduction in the sulfur-treated MoS, case. Adapted with permission from [303].
Copyright 2016 IEEE.
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Bhattacharjee et al. on the other hand, developed a novel sulfur treatment (ST) method for
engineering the surface states on MoS; via ammonium sulfide [(NH4),S] chemical treatment to
systematically improve the contact performance and reliability of few-layer MoS, NFETs with stable
high work function metals such as Ni and Pd [303]. The sulfur-treated devices showed consistent
Ohmic behavior with good current saturation, reduced SBHs and R¢ as opposed to untreated reference
samples that showed variable contact behavior (ranging from Schottky to Ohmic) with poor current
saturation. It is to be noted that controlling the contact variability of FETs is important for improving
their overall yield. However, in contrast to SV passivation and reduction of surface/interface states,
the main underlying mechanism responsible for the reliable Ohmic behavior in these sulfur-treated
devices was attributed to the removal (either by etching or sulfurization) of spatially non-uniform
molybdenum suboxide (MoOx) species (that can form due to surface oxidation, particularly at the SV
sites) from the MoS; surface due to their reaction with the (NHy4),S chemical [303]. It was suggested
that the removal of these suboxide species led to strongly and reliably pinned n-type contacts, with
the pinning entirely governed by the surface states, even for high work function metals (i.e., Ni
and Pd) with their n-type SBH comparable to that obtained using low work function metals such
as Ti (Figure 14f compares the output characteristics of Pd-contacted MoS; FETs with and without
ST, and shows the band diagram of the Pd/MoS; contact interface before and after ST explaining
the SBH reduction). Using this sulfur treatment technique, and in conjunction with an optimized
e-beam-evaporated HfO, dielectric, the authors also demonstrated top-gated MoS, FETs with a high
pirg of 62 cm?/V-s and a low average SS of 72 mV/decade. The relatively low SS was attributed to a
pristine HfO, /MoS; interface having a low Dj; [304].

Besides sulfur treatments, oxygen/ozone treatment has also been explored to repair the structural
defects/SVs in MoS,. Nan et al. used a mild oxygen (O;) plasma treatment to improve the mobility
of MoS, devices by an order of magnitude. This was attributed to the passivation of localized states
originating from the SVs (that serve as carrier scattering centers) by the incorporation of oxygen ions
that chemically bond with the MoS; at these SV sites. However, the plasma power and exposure time
must be carefully controlled as excessive treatment may damage the MoS; lattice (either by physical
damage or by excessive MoOj3 formation due to oxidation) and deteriorate the material quality [305].
Another novel report of mobility enhancement in multilayer MoS, NFETs was by Guo et al. where
they used the synergistic effects of ultraviolet (UV) exposure and ozone (O3) plasma treatment.
The authors showed an abnormal enhancement, up to an order of magnitude, in the FET mobility
(from 2.76 cm? / V-s to 27.63 cm? / V-s) and attributed this to the passivation of interface traps/scattering
centers as well as to an n-doping effect arising due to the photo-generated excess carriers during the
UV /ozone plasma treatment. In this approach, negatively charged oxygen ions get incorporated in
the MoS; lattice at the SV sites (similar to the mechanism reported by Nan et al. [305]) during the O3
plasma treatment which are simultaneously neutralized by the excess photo-generated holes due to the
UV exposure. This results in an aggregate of electrons in the MoS; lattice effectively causing n-doping
and downward band-bending in the MoS, near the contact regions, thereby, narrowing the SBW
and reducing the n-type Rc. Moreover, the Dj; reduced from 1.53 x 10!3 cm =2 to0 5.59 x 10'? cm 2
after the UV-Oj3 treatment signifying the passivation of interface traps/scattering centers (due to O
incorporation and increased free carriers) that can further enhance the carrier mobility (Figure 15a
illustrates this UV-Og3 passivation/doping process of MoS; FETs and explains the mechanism via band
diagrams) [306]. Again, the reader should note that, while controlled O, /O3 treatment can passivate
the structural defects and interface traps in MoS; devices, excessive Oy /O3 exposure can be harmful
for the device performance. This was further revealed by Leonhardtl et al. who studied the effect
of oxidants (by air and water exposure) both in the channel and contact regions of MOCVD-grown
MoS, FETs, and concluded that ambient exposure and MoS; layer oxidation must be minimized in
order to improve the Rc and pypg [307]. Finally, while chemical passivation of structural defects and
traps are beneficial for improving the MoS; device performance, introduction of controlled physical
damage in the contact regions via argon (Ar) plasma treatment has also been shown to be beneficial for



Crystals 2018, 8, 316 43 of 84

improving the Rc at the metal/MoS, interface (possibly due to the creation of unsaturated/reactive
MoS, edge sites that can bond better with the contact metal atoms and/or due to the etching/removal
of any superficial oxide layers) [308,309].
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Figure 15. (a) Top schematic: Illustration of the photo-generated excess electron-hole pairs and
neutralization of the incorporated oxygen ions in the MoS; lattice by the excess holes under the
synergistic effects of UV illumination and ozone (O3) plasma treatment. Middle and bottom
schematics: Energy band diagrams illustrating the effects of UV-O3 treatment on MoS;. UV photons
with energy greater than the MoS, band-gap generate excess electrons and holes, with the latter
neutralizing the incorporated negatively charged oxygen ions in the MoS; lattice (middle schematic).
Bottom schematic shows the band diagram along the MoS; FET channel showing the SBH formed
at the S/D contact electrodes. After the neutralization of negatively charged O ions by the excess
photo-generated holes, the leftover excess electrons cause an effective n-doping of the MoS; channel
causing stronger downward band-bending in the MoS; near the contact interface, thereby narrowing
the SBW (see CBE profile after UV-Oj3 treatment, shown in red) and enabling more efficient electron
injection. Adapted from [306], Copyright 2017, with permission from Elsevier. (b) Atomic resolution
annular dark field (ADF) images of various intrinsic point defects present in CVD-grown monolayer
MoS,. The nomenclature of these defects (Vs, Vsp, S2M:o, etc.) stems from the exact nature of their
crystalline structure. (c) High resolution STEM-ADF image showing a grain boundary (GB) defect
in synthetic monolayer MoS, comprising various dislocation centers. (d) Schematic representation
of the DFT-calculated band diagram of MoS, showing the defect levels introduced in its band-gap
due to various intrinsic point defects shown in (b). These defect levels or mid-gap states can act as
charge trapping as well as charge scattering centers leading to carrier mobility degradation in synthetic
MoS; FETs. (b—d) Adapted with permission from [312]. Copyright 2013 American Chemical Society.
(e) Scanning tunneling microscopy (STM) image showing the presence of “intra-domain” periodic
defects, arranged as concentric triangles, within an individual CVD MoS; domain. Adapted from [314],
with the permission of AIP Publishing.
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It is also instructive to note that in addition to the commonly observed structural defects in
2D MoS; films derived from either naturally occurring or synthetically grown (via chemical vapor
transport, CVT, etc.) bulk MoS, crystals, there also exists a set of intrinsic structural defects uniquely
associated with synthetically grown large-area 2D MoS, nanosheets. From a commercial viewpoint, it is
imperative to realize wafer-scale growth of uniform 2D MoS; films (either on rigid or flexible substrates)
with tunable, application-specific thicknesses for any MoS;-based technology to become scalable and
practically viable [107]. Hence, various synthetic routes, such as CVD [104,106], ALD [310], and vdW
epitaxy [105] among others, utilizing a diverse set of precursor materials and growth conditions, have
been explored to grow wafer-scale MoS; films [311]. However, these synthesized MoS; films typically
have a polycrystalline nature (i.e., they are formed by the coalescence of several MoS, domains) and
typically contain a rich variety of unique point defects (e.g., antisite defects, vacancy complexes of Mo
with three nearby sulfurs or disulfur pairs, etc.) and a diverse set of inter-domain dislocation cores and
grain boundaries (GBs) that can introduce localized mid-gap states which, in turn, can scatter and/or
trap the charge carriers (Figure 15b—d show the atomic resolution images of some common intrinsic
point defects, a high resolution STEM image of a GB defect showing dislocation centers, and the
DFT-calculated electronic band-structure showing the mid-gap defect levels introduced by various
intrinsic point defects in synthetically grown MoS; films, respectively). These defects can have dire
consequences on the electrical performance of devices derived from synthesized MoS, films [312,313].
Moreover, synthetic growth techniques can also result in MoS; surface contamination and substrate
property modification (giving rise to charged impurities and/or interface traps) and can also cause
growth-induced strain in the MoS; films [313]. Furthermore, in addition to the various “inter-domain”
dislocations and GBs, another distinctive type of narrowly spaced (~50 nm apart) “intra-domain” GBs
or periodic defects, arranged in the form of concentric triangles, have also been reported in CVD-grown
MoS, films by Roy et al. (Figure 15e shows an STM image revealing these intra-domain periodic
defects in CVD MoS; films) [314]. While several of the defect-passivation techniques described earlier
in this section can also be applied to these synthetic MoS, films, it is highly necessary to optimize
the synthetic growth process itself to achieve defect-free, single-crystalline and pure MoS;, films over
commercial wafer-scale substrates that will enable the integration of large-scale 2D MoS,-based devices
and circuits.

7

14. Role of Dielectrics in Doping and Mobility Engineering

The role of dielectrics is of paramount importance in the development and integration of
high-performance MoS, devices. Dielectrics can play a critical role in doping the MoS,, thereby,
enhancing its carrier mobility, and in passivating/protecting the device channel against ambient
exposure. Traditionally, MoS, devices/FETs have been largely demonstrated on SiO, substrates in
a back-gated configuration. However, a wide range of dielectrics (such as technologically relevant
high-« dielectrics and 2D hBN) have been explored as substrates and superstrates to enable both top-
and dual-gated MoS, devices, and to engineer various critical device parameters [169,315,316]. Quite
obviously, tremendous progress has been made in understanding the underlying growth mechanisms,
deposition methods and fabrication techniques (including various pre- and post-deposition
processes/treatments such as MoS, surface pre-functionalization) to integrate several dielectrics on
MoS, (typically via the ALD method). Special attention has been given to ensure that these dielectrics
maintain a high degree of uniformity/conformity on the MoS, surface, and that they display good
electrical quality (i.e., minimal “pinhole” defects, low current leakage, high stability, low density of
traps at the dielectric/MoS, interface, etc.) as well as nanometer scalability (to reduce their effective
oxide thickness “EOT” for enhanced gate control over the MoS; channel). The interested reader is
directed to various literature reports for further reading on these topics [317-333]. The focus of the
following discussion is on the influence of dielectric engineering on important device parameters, such
as doping, carrier mobility, ON-currents and contact resistance, and how dielectric engineering can be
used to help enhance the performance of MoS,-based devices.
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14.1. Dielectrics as Dopants

The role of dielectrics as n-type charge transfer dopants on MoS; is discussed above in Section 7.1.
Sub-stoichiometric high-k oxides (such as HfO,, AlOy or TiOy) dope the MoS; owing to their
interfacial-oxygen-vacancies and this interesting property can be utilized to selectively and controllably
dope the MoS; regions by merely varying the high-k oxide stoichiometry (Figure 16a shows the
back-gated transfer characteristics of a monolayer MoS; FET before and after sub-stoichiometric
ALD HfOy deposition, demonstrating significant n-doping effect in the latter case). This “high-«
doping effect” has been utilized to achieve very low contact resistances in monolayer MoS; devices,
and has also been suggested as the primary mechanism responsible for the enhancement of both
field-effect (upp) and intrinsic mobilities (i.e., two-point and four-point mobilities, respectively) in
high-k-encapsulated MoS; devices [212-216]. There are also other reports where dielectric engineering
has been utilized to dope the MoS,. For example, Li et al. demonstrated a technique to dope MoS; by
functionalization of the underlying SiO, dielectric surface using self-assembled monolayers (SAMs)
having functional groups with different dipole moments. In this technique, the MoS; can either be
hole- or electron-doped depending on the polarity and strength of the electrostatic interaction between
the MoS; and the SAM-modified SiO, substrate. The authors reported a Fermi level modulation
in monolayer MoS, of more than 0.45-0.47 eV using this approach [334]. A similar dipole-induced
doping effect was also observed by Najmaei et al. in their study of MoS, FETs on SAM-modified SiO,
substrates. They concluded that with the right choice of the end-termination/functional group of the
SAM (e.g., -SH terminated), one can get complementary benefits in the MoS, device performance by
simultaneously passivating the interface traps Dj; (leading to reduced hysteresis in the device I-V)
and enhancing the channel carrier density. For example, in the case of SAM having -SH terminations,
the negative dipoles of the -SH groups help push the electrons from the MoS,/SiO, interface into
the MoS, channel, thereby, causing an n-doping effect (Figure 16b shows the comparison of both
sheet conductance versus back gate voltage and the extracted mobility upg for back-gated MoS,
FETs fabricated on SAM-modified SiO, substrates having different end-terminations or functional
groups) [298]. For reference, a detailed review of SAM-induced electrical property tuning of MoS, has
been done by Lee et al. [335].

Recently, a novel and extremely promising n-doping technique for MoS, based on dipole
interaction was reported by Park et al. using phosphorous silicate glass (PSG) as the back gate
dielectric. They achieved wide-range controllable n-doping on trilayer and bulk MoS; using the
PSG insulating layer, with the sheet doping density ranging between 3.6 x 10! and 8.3 x 10'> cm~2.
This was achieved through careful design of the PSG substrate with special emphasis on the weight
percentage of P atoms in the PSG layer which determined the starting concentration of the polar P,Os
molecules responsible for the doping. Moreover, a “three-step” thermal and optical activation process
was employed to improve the PSG/MoS, interface properties (reduction of the PSG surface roughness
enabled a more intimate contact with the MoS;) as well as to control the final concentration of the
polar P,O5 molecules at the PSG/MoS; interface which ultimately determined the doping levels in
MoS; via electrostatic dipole interactions (Figure 16¢,d show a schematic illustration of this three-step
controllable doping process of MoS; by the PSG substrate, and show the transfer characteristics of
back-gated MoS; FETs on PSG substrates highlighting the wide-range doping tunability achieved
via a combination of thermal and optical activation as well as via tuning of the weight percentage
of P atoms in the PSG substrate, respectively) [336]. More specifically, in this method, the negative
poles of the polar P,Os molecules (made up of electronegative O atoms) are aligned towards the PSG
surface and they attract and “hold” the positively-charged holes from the overlying MoS, layer at the
interface region, thereby, n-doping the MoS, body. This doping effect was found to be independent
of the MoS, thickness and was limited only to the extent of dipole interaction at the PSG/MoS,
interface. The PSG substrate doping method is very promising from a technological viewpoint, since
achieving a wide-range doping capability, spanning the non-degenerate and degenerate regimes,
is critical for designing MoS;-based electronic and optoelectronic devices with useful and tailored
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properties [336,337]. It was also shown by Joo et al. that hBN, a popular 2D layered insulator (more
on the usage and advantages of hBN is discussed later in Section 14.3), can also have an electron
doping and SB minimization effect when used as a substrate for monolayer MoS; devices. The authors
found that, unlike the conventional SiO, substrates, hBN can induce an “excess” electron doping
concentration of ~6.5 x 10! em~2 at RT (~5 x 10'3 cm~2 at high temperature), thereby, n-doping
the MoS; resulting in lowering of the effective SB and R¢ (due to reduction of the SBW thanks to the
doping-induced stronger band-bending at the contact/MoS; interface). Moreover, a 4 x enhancement
in the pgg as well as an early emergence of metal-insulator-transition (MIT) was observed in MoS, FETs
fabricated on hBN substrates (Figure 16e shows the calculated excess electron doping concentration as
a function of temperature for SiO, and hBN substrates, and compares the schematic band diagrams of
the Schottky barrier at the metal/MoS, interface as well as the extracted SBH as a function of back
gate voltage for MoS, FETs fabricated on both 5iO, and hBN substrates). Furthermore, in addition
to the substrate doping effect, it was suggested that the inserted hBN in-between the MoS, and SiO,
can lead to a pronounced “dipole alignment effect” between the positive fixed charges of SiO; and
the negative image charges in the contact metal, resulting in a reduced effective work function of the
contact metal and, consequently, a lower effective ®gp [338].
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Figure 16. (a) Transfer characteristics (at RT) of a back-gated monolayer MoS, NFET before (blue curve)
and after (red curve) sub-stoichiometric HfOx deposition (x ~1.56) showing strong n-doping. Adapted
with permission from [213]. Copyright 2015 IEEE. (b) Left: Comparison of sheet conductance versus
back gate voltage for MoS; FETs on SiO, substrates modified with SAMs having different functional
groups/end-terminations (as shown in the legend). It can be seen that different functional groups
cause different levels of n-doping in the MoS, depending upon the magnitude and polarity of their
dipole moments. Right: Average mobility for MoS, FETs on different SAM-modified SiO, substrates.
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The mobility increases continuously from the -OH-modified to the -SH-modified substrates and
this effect can be attributed to a higher dipole-induced n-doping of the MoS; as well as to an
enhanced passivation of the interface traps (thus, reduced carrier scattering) as we move from -OH
to -SH-modified SiO; substrates. Adapted with permission from [298]. Copyright 2014 American
Chemical Society. (c) Schematic illustration of the wide-range and controllable “three-step” doping
process of MoS, by PSG substrates. The doping effect in MoS, takes place at the MoS, /PSG interface
via electrostatic interactions with the dipoles of the polar P,Os molecules present at the PSG surface.
The doping strength can be controlled via the weight percentage of P in the PSG (which determines
starting concentration of the polar P,O5 molecules) as well as by performing additional “thermal”
and “optical” activation steps (which modifies the interfacial electrostatic interaction between the
polar P;O5 molecules and the MoS,). (d) Left: Transfer characteristics of back-gated MoS; NFETs on
PSG substrates showing the wide-range n-doping tunability (i.e., from non-degenerate to degenerate)
achieved using a combination of thermal annealing (dashed-pink and dotted-blue curves) and optical
exposure (red curve) steps. Right: Transfer characteristics showing the n-doping tunability by altering
the weight percentage of P atoms in the PSG substrate. (c,d) Adapted with permission from [336].
Copyright 2015 American Chemical Society. (e) Excess electron doping of MoS, by hBN substrates. Left:
Analytically calculated excess electron doping concentration (Np g) as a function of temperature for
MoS; on hBN (blue circles) and SiO; (red circles) substrates showing enhanced n-doping effect at higher
temperatures (>165 K) in the former case. Middle schematic: Band diagrams of the contact/MoS,
interface showing the effect of excess electron doping by hBN substrates as compared to SiO,. As
is evident, electron doping by hBN leads to a narrower SBW and, hence, a reduced effective SBH.
Right: Extracted SBH (Pgp) as a function of back gate bias for MoS, FETs on SiO, and hBN substrates.
The SBH extracted on hBN substrates is ~3x smaller than that on SiO, thanks to the n-doping effect
of hBN (n = 1,2 denotes the ideality factor used in the thermionic emission current equation for SBH
extraction). Adapted with permission from [338]. Copyright 2016 American Chemical Society.

14.2. Mobility Engineering with Dielectrics: Role of High-x

Dielectric engineering has been widely utilized to “boost” the mobility of charge carriers
in MoS;-based devices. The reader should note that the dielectric-induced doping of the MoS;
(as described in the previous section, due to sub-stoichiometric high-k oxide doping, dipole
interaction effects, etc.) can, by itself, help enhance both the peak Hall (y,;) and the peak
field-effect (upg) mobility in ultra-thin MoS, devices within a given gate and drain biasing range.
This is because it is well known that doping-induced increased carrier densities in the device
channel can provide better “screening” against various external carrier scattering sources and can
also help reduce the SBW tunneling distance (due to enhanced MoS; band-bending) for efficient
charge injection [173,212,213,339]. However, even without considering their propensity for doping
the MoS, via sub-stoichiometric surface charge transfer or their capability to provide enhanced
electrostatically-induced carrier densities in the device channel (due to the much higher gate
capacitances they offer), high-k dielectrics can also help mitigate the deleterious Coulombic interaction
between charge carriers in low-dimensional (i.e., 2D and 1D) semiconductors and their surrounding
charged impurities (Cls) [340]. For 2D MoS, devices, these Cls typically reside at the MoS, / dielectric
interface and can originate from various kinds of incorporated residues and adsorbates (gaseous or
chemical) during device processing (note that the widely used SiO; substrate for MoS; devices is highly
prone to the adsorption of these CIs due to its highly reactive /hydrophilic surface). Moreover, these Cls
can also originate from the intrinsic structural defects such as SVs (as highlighted in Section 13) and/or
trapped ionic species in the MoS, host lattice. Whatever their source, Cls serve as major scattering
centers by giving rise to localized electric fields that can interact strongly with, and perturb the motion
of, the MoS; charge carriers. Furthermore, the scattering effect of Cls is much more pronounced at low
temperatures (<100 K) and can significantly degrade the low temperature mobilities in MoS; devices.
The high-« dielectrics, thanks to their large ionic polarizability, can effectively cancel out or “screen”
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the local electric fields generated by these CIs, thereby, minimizing the scattering effect of CIs on the
charge carriers. Note that higher “«k” values increased polarizability of the high-k dielectric, leading
to improved dielectric screening of Cls (Figure 17a illustrates the effect of a “high-«x” environment
in minimizing the spread of the Coulombic potential or the localized electric field generated by the
charged impurities) [178,290,341,342].

Employing high-k dielectrics to offset the effect of Cls, Li et al. demonstrated the use of an
HfO, / Al,O3 high-k dielectric stack to fabricate dual-gated MoS, NFETs on SiO; substrates and showed
that the high-k stack enhanced the RT electron mobility (from 55 to 81 cm?/V-s) as well as enabled high
drain currents at low-T (~660 pA/pm at 4.3 K), while effectively eliminating the self-heating-induced
negative differential resistance (NDR) effect owing to its higher thermal conductivity as compared
to 5i0,. Moreover, by doing pulsed I-V and low frequency 1/f noise measurements, the authors
confirmed a higher interface quality at the Al,O3/MoS, top interface than the MoS, /SiO, bottom
interface with a ~2x reduction in the oxide trap density in the former (Figure 17b compares the
temperature-dependent transconductance “gn” and the oxide trap density “Not” between MoS, FETs
with the HfO, / Al,O3 high-« stack and bare MoS; FETs on SiO5) [343]. Xu et al. introduced a novel
dielectric “stack” substrate, comprising Si/SiO, /ITO (indium tin oxide)/Al,Os, that combined the
benefits of dielectric screening and high gate capacitance offered by the high-k Al,O3 together with
enhanced gate controllability, thanks to the conductive ITO films that served as the gate electrode.
They demonstrated back-gated MoS,; NFETs with high mobilities (~62 cm?/V-s), record low SS
(62 mV/decade), and ON/OFF ratios >10”. Moreover, using these enhanced device characteristics,
the authors demonstrated MoS, photodetectors with the best reported photoresponsivity [344].
Similarly, Yu et al. reported monolayer MoS, back-gated FETs on HfO, and Al,O3 substrates showing
RT mobilities of 148 and 113 cm?/V-s, representing an 85% and a 41% improvement over FETs on
SiO; substrates, respectively. The authors, through experimental and rigorous theoretical modeling,
demonstrated the efficacy of high-k dielectrics over SiO,, and of higher-x HfO; (k ~17) over Al,O3
(x ~10), in providing improved screening against CI scattering (Top plot of Figure 17c compares the
temperature-dependent mobility of MoS, FETs on SiO;, Al,O3 and HfO, substrates, at a fixed sheet
carrier density, showing a good match between experimental data and the theoretical model employed
by the authors). Moreover, the authors theoretically calculated the dependence of the CI-limited
mobility (i.e., after subtracting the contribution of phonon scattering) on the MoS, sheet carrier density
(nzp) for MoS, FETs on SiO,, Al;O3 and HfO, substrates and found that while the mobility increased
with increasing nyp for all dielectric substrates, the mobility values were highest in the case of HfO,,
followed by Al,O3, and lowest for SiO, (Bottom plot of Figure 17c shows the calculated Cl-limited as a
function of nyp). A similar dependence was observed by the authors in their experimental data, further
validating their theoretical model [345]. These results make sense as increased sheet carrier densities in
the MoS, channel would provide additional screening against the CI scattering centers, in addition to
the high-k screening effect of the various dielectrics (with HfO, being more effective than Al,O3 due
to its higher « value). Likewise, Ganapathi et al. reported back-gated multilayer MoS, NFETs on HfO,
substrates with record drain current (180 pA/um) and transconductance (75 uS/um) for an Ly of
1 um and achieved a 2.5x higher ygg as compared to the FET on SiO, substrate (Figure 17d shows the
transfer characteristics comparing the drain current and mobility for multilayer MoS, FETs on both
HfO, and SiO, substrates) [346].

Besides commonly used ALD-deposited high-k dielectrics on MoS; such as HfO, and Al;O3,
researchers have also resorted to integrating several other high-k dielectrics in MoS; devices using
novel approaches showing interesting device results. Chamlagain et al. presented a new strategy
to integrate tantalum pentoxide (Ta;Os) high-k dielectric (x ~15.5) into MoS, FETs via chemical
transformation and mechanical assembly of reactive 2D tantalum disulfide (TaS,) layers. At elevated
temperatures, mono- and multilayer TaS, transforms into atomically flat, spatially uniform and
nearly defect-free Ta;Os via thermal oxidation. This approach enabled the integration of high-quality
TayOs5 dielectric in both back- and top-gated MoS, FETs that displayed low SS values and nearly
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hysteresis-free transfer characteristics, suggestive of an ultra-clean and high-quality MoS;/TayOs
interface with minimal interface traps (extracted Dj; value was relatively low ~1.2 x 1012 em—2 eV
(Figure 17e shows the transfer characteristics of a back-gated MoS, FET on Ta,Os dielectric displaying
negligible hysteresis and an SS of 64 mV/decade). This authors also reported high-performance
top-gated MoS; FETs with high RT mobilities (>60 cm?/V-s), near ideal SS (~61 mV/decade) and
pronounced drain current saturation using Ta,Os. This approach opens a novel way to integrate
high-quality high-k dielectrics on MoS, via chemical transformation of their reactive 2D material
precursors, thereby, circumventing the complexities involved in the ALD deposition of high-k
dielectrics. Moreover, this approach is compatible with large-area synthesis techniques such as CVD
and can also be readily extended to common high-k oxides such as HfO, (by chemical transformation
of reactive 2D hafnium diselenide (HfSe,)) [347]. Zirconium oxide (ZrO,) represents another potential
high-«k dielectric candidate as was demonstrated by Kwon et al. where they used sol-gel processed
ZrO; (k ~22) as the back gate dielectric in MoS, FETs (together with conductive ITO as the back gate
electrode) and showed enhancement in the MoS, /ZrO, interface quality as well as a 2.5x improvement
in the ppg of MoS, FETs on ZrO,; versus those on SiO, [348].
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Figure 17. (a) The calculated Coulomb potential contours due to a charged impurity (CI) located inside
MoS, for three different surrounding dielectric environments: k =1 (left), k = 7.6 (same as MoS,, center)
and k = 100 (right). The spread of the localized electric potential/field of the CI gets strongly damped
in higher-k environments, minimizing its scattering effect on the MoS, charge carriers. Adapted
from [290]. (b) Left: Comparison of the temperature-dependent transconductance (gm) between a
back-gated MoS; FET on SiO; (black curve) and a top-gated MoS, FET using a dual high-k dielectric
stack (red curve). The gn, is much higher in the latter case employing high-« dielectrics. Right: Oxide
trap density versus depth from the channel, derived from the low-frequency 1/f noise measurements,
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clearly showing lower trap densities in the dual high-k dielectric stack as compared to SiO,. Adapted
with permission from [343]. Copyright 2017 American Chemical Society. (c) Top: Mobility versus
temperature (at a fixed carrier density) for MoS, FETs on HfO,, Al,O3 and SiO, substrates. While FETs
with both high-«k dielectrics show mobility enhancement over SiO,, highest mobilities are achieved in
the case of HfO, due to the enhanced CI screening effect of higher-« HfO, (k ~17) than Al,O3 (k ~10).
Bottom: Log-log plot showing the calculated RT CI-limited mobility versus sheet carrier density (at a
fixed CI density) for monolayer MoS, FETs on the three different dielectrics. Highest mobilities are
achieved in the case of HfO, which outperforms Al,O3 which, in turn, outperforms SiO,. Adapted
with permission from [345]. Copyright 2015 John Wiley and Sons. (d) Mobility (blue curve) and drain
current (black curve) as a function of gate bias for back-gated MoS, FETs on HfO, substrate. Inset
shows the data for a similar FET on SiO,. Much higher peak mobility and drain current values are
achieved in the MoS; FET on HfO, than that on SiO,. Adapted with permission from [346]. Copyright
2016 IEEE. (e) Transfer characteristics of a back-gated MoS, FET on high-« Ta;Os5 substrate (derived
from thermal oxidation of reactive 2D TaS,) showing negligible hysteresis and a low SS ~64 mV /decade,
thereby, confirming a high-quality interface between MoS, and Ta,O5 with minimal traps. Adapted
with permission from [347]. Copyright 2017 IOP Publishing. (f) 3D schematic of a few-layer MoS;
MESFET with Schottky-contacted NiOy top gate. (g) Comparison of transfer characteristics between a
four-layer MoS; “MES” FET with NiOy top gate (left plot, black curves) and a four-layer MoS, “MIS”
FET with Al,O3 top gate (right plot, red curves). The MESFET displays much better SS and reduced
hysteresis than the MISFET, confirming the superior NiOx/MoS, interface quality that minimizes
carrier scattering leading to a much higher peak mobility in the MESFET (inset of each plot shows
mobility versus gate voltage). (f,g) Adapted with permission from [349]. Copyright 2015 American
Chemical Society.

While integration of these insulating high-«k dielectrics in top-gated MoS; FETs represents the
conventional metal-insulator-semiconductor (MIS) FET configuration, Lee et al. demonstrated for
the first time a metal-semiconductor (MES) FET on MoS; using semi-transparent and conductive
NiOy dielectric as the Schottky-contacted gate electrode which makes a vdW interface with the
MoS, (Figure 17f illustrates the 3D schematic of the MoS, MESFET with Schottky-contacted NiOx
top gate). In this rather unconventional approach towards designing MoS, FETs, the authors
demonstrated few-layer (~10 layers) MoS, MESFETs with NiOy gate to have high intrinsic-like
electron mobilities ranging between 500-1200 cm?/V-s. The NiOx/MoS; MESFETs had low threshold
voltages, minimal gate bias-induced hysteresis and displayed a sharp SS, showing a significant
improvement over comparable MoS, MISFETs made using ALD Al,O3 top gate dielectric (Figure 17g
compares the transfer characteristics of the MESFET and the MISFET device, showing a much improved
hysteresis and SS behavior in the case of the MESFET). Using the high intrinsic electron mobilities,
the authors demonstrated their MESFETs to work as a high-speed and highly sensitive phototransistor.
The improved MESFET mobilities was mainly attributed to the unique and pristine nature of the
vdW MoS, /NiOy Schottky interface having a large vdW gap of 3.31 A as revealed by DFT (even
larger than the gaps of 1.6 A and 2.6 A at MoS; interfaces with common metals such as Ti and Au,
respectively) together with negligible interface and bulk traps [349]. Moreover, the channel sheet carrier
density in the MESFET was found to be 2-3 orders of magnitude lower than that in the gate-controlled
MISFET devices. Hence, the low nyp as well as interface traps in the MESFET structure allowed for
scattering-minimized transport without the deleterious effects of the ON-state gate electric field on
the carrier mobility as is the case in MISFET devices. However, although the NiOyx/MoS; MESFETs
showed much improved electron mobilities, their maximum ON-currents were much lower (~60x)
than the Al;O3/MoS; MISFETs owing to the low nyp in the MESFET channel [349].

14.3. Limitations of High-x Dielectrics and Advantages of Nitride Dielectric Environments

While high-k dielectrics can be promising for enhancing the carrier mobility in MoS,-based
devices (via dielectric screening of Cls, improved interface quality over SiO,, reduced oxide trapped
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charges, etc.), an extremely important point to note is that this performance enhancement at RT is
only nominal and still far below the true intrinsic potential of MoS,. Recall that the RT electron
mobility (which is the most relevant mobility number for practical device applications) of monolayer
MoS; is predicted to be as high as ~480 cm?/V-s [113] (as described earlier in Section 2). Moreover,
the mobility enhancement due to high-k screening is possible only when the MoS; carrier mobility is
strongly limited by charged impurities (i.e., the CI density is high, typically >10'2 cm~2, which limits
the MoS;, carrier mobility to values well below 100 cm?/V-s due to Coulombic scattering). In other
words, in the absence or dearth of Cls, high-« dielectrics would no longer be useful for improving
the device performance of clean MoS, samples any further. This is because high-« dielectrics are
a major source of surface optical (SO) phonons or remote optical phonons, which can serve as a
major extrinsic carrier scattering source. These SO-phonon modes originate from the oscillations
of the polarized metal-oxide bonds (note that these are the same polarized bonds that provide the
screening against Cls) in the high-k dielectric and typically have low activation energies such that
these SO-phonon modes can easily be activated at RT. Moreover, in contrast to 3D semiconductors with
thicker channels, the ultra-thin 2D channel of TMDCs such as MoS; (especially in the monolayer case)
is highly susceptible to its surrounding dielectric environment. These SO-phonon modes can, therefore,
easily couple to the MoS, channel and scatter the charge carriers [171,290,345,350]. Hence, at the
MoS; /high-« dielectric interface, there is always a competition between the detrimental SO-phonon
scattering effect and the advantageous CI screening effect on the carrier mobility, and SO-phonon
scattering ultimately becomes the dominant mobility-limiting factor for 2D MoS, devices in the limit
of decreasing charged impurities. That is to say, while the RT mobility in devices made on ultra-clean
MoS, will naturally be much higher than devices made on “impure” MoS; (i.e., MoS; having a large
density of Cls), encapsulating the ultra-clean MoS, devices in a high-k dielectric environment would
not lead to a further enhancement in their mobility. Instead, the high-« dielectric would degrade the
mobility of ultra-clean MoS; devices due to SO-phonon scattering (though the SO-phonon-limited
mobilities in ultra-clean MoS, devices would still typically be relatively much higher than the highest
mobilities achievable in highly impure MoS, devices even after high-k dielectric screening). At this
point, it is instructive to note that phonon scattering, in general, is the primary mobility-limiting
mechanism in semiconductor devices at higher temperatures (>100 K), wherein the mobility follows a
power law dependence on temperature, pt < T~ (the exponent “y” can be regarded as the “mobility
degradation factor” and its value depends on the dominating phonon scattering mechanism, due to
either intrinsic or extrinsic SO-phonons or their combination) [113].

This mobility degradation effect due to high-k SO-phonon scattering also holds true for charge
carriers in graphene as shown by Konar et al. [351] as well as for charge carriers in the inversion layer
of conventional Si MOSFETs as shown by Fischetti et al. [352]. The magnitude of SO-phonon scattering
in MoS, is directly (inversely) proportional to the k-value (SO-phonon energy) of the surrounding
dielectric media. Now, for SiO, and other commonly used high-k dielectrics, their SO-phonon energies
are as follows (listed in ascending order in units of meV): HfO,(12.4) < ZrO,(16.67) < Al;03(48.18) <
Si0,(55.6) [351,353]. In general, the magnitude of the SO-phonon energy of a dielectric is inversely
related to its dielectric constant or k-value. Thus, from this trend, it can clearly be inferred that at
RT (i.e., when the thermal energy kT/q ~26 meV), the SO-phonon modes of HfO, and ZrO, can
readily be activated/excited in comparison to the SO-phonon modes of Al;O3 and SiO,. Consequently,
HfO,; would cause the worst SO-phonon scattering of the MoS, charge carriers, and SiO, the least,
among the dielectrics considered (Figure 18a shows the calculated electron mobility in monolayer
MoS, as a function of the k-value for different dielectric environments at RT and 100 K, both with
and without considering the effects of SO-phonon scattering). Detailed theoretical investigations of
temperature-dependent charge transport in MoS, in the presence of both CI and SO-phonon scattering
by Ma et al. and Yu et al. shed further insight into the dependence of carrier mobility on these
extrinsic scattering sources, while providing effective guidelines for selecting the most favorable
dielectric environment to extract the maximum mobility from MoS; under varying extrinsic conditions
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(i.e., mobility as close to the truly intrinsic phonon-limited values for MoS,) [290,345]. For example,
calculation of RT field-effect mobility for monolayer MoS, devices on different dielectric substrates as
a function of CI density by Yu et al. revealed a “critical” CI density of ~0.3 x 102 cm~2 above which
the mobility was strongly limited by the Cls (this corresponds to the “impure” regime in which high-k
dielectrics can be beneficial for enhancing the mobility by effectively screening the scattering effect of
these Cls) and below which the mobility was limited by phonons (this corresponds to the “ultra-clean”
regime where high-k dielectrics are no longer useful due to the detrimental effect of their SO-phonons)
(Figure 18b shows the calculated RT mobility of monolayer MoS; as a function of CI density “ncy”
for MoS; on various dielectric substrates, illustrating the phonon-limited and Cl-limited transport
regimes) [345]. Qualitatively similar results, showing a crossover between the two transport regimes
in the plot of mobility versus CI density, were also obtained by Ma et al. [290].

Considering the above discussions, it becomes clear that to achieve the maximum MoS, device
performance, ultra-clean samples (i.e., those having CI densities well below 102 cm~2) and low-«
dielectrics (as opposed to high-k HfO,, ZrO,, Al,O3, etc.) having higher SO-phonon activation
energies (to minimize SO-phonon scattering) must be integrated together. To achieve ultra-clean
samples, the structural and electronic quality of synthetically grown large-area MoS, as well as the
device processing/fabrication steps must be carefully optimized to minimize the CI density. Regarding
choice of dielectrics, nitride-based wide-band-gap dielectrics such as 2D hexagonal boron nitride (hBN)
and aluminum nitride (AIN), both having Eg ~6 eV [354], hold the most promise since they are both
medium-k dielectrics (k ~5 for hBN and ~9 for AIN) and have much higher SO-phonon energies (hBN:
~93 meV, AIN: ~81 meV) compared to the other high-« dielectrics discussed above. Therefore, both hBN
and AIN can offer an optimized combination of high gate capacitances (required for better electrostatic
control over the device channel) and high carrier mobilities (required for achieving high ON-state
currents) that are essential for realizing high-performance FETs based on MoS; [290]. Moreover, 2D
hBN, in particular, has been demonstrated to be an ideal dielectric for 2D materials as opposed to
conventional oxides owing to its highly crystalline structure (hBN has a similar hexagonal lattice as
graphene and MoS,), atomically smooth surface, mechanical flexibility, lack of dangling bonds and
charge traps, and ability to form pristine 2D /2D interfaces [118,355,356].

Indeed, there have been several reports demonstrating MoS, FETs with hBN dielectrics. Cui et al.
reported a vdW heterostructure device platform wherein the MoS, layers were fully encapsulated
within hBN to minimize external scattering due to charged impurities and remote SO-phonons, while
gate-tunable graphene was used as the contacts to MoS,. Using this approach, the authors extracted a
low-temperature mobility of 1020 cm?/V-s for monolayer MoS; and 34,000 cm? / V-s for 6-layer MoS,
at 4 K, with the values being up to two orders of magnitude higher than what was reported previously
(Figure 18c shows the temperature-dependent Hall electron mobility for fully hBN-encapsulated MoS,
devices having different number of MoS; layers). Theoretical fit to the experimental data revealed
the interfacial long-range CI density of ~6 x 10° cm~2 that was about two orders of magnitude
lower than the CI density typically obtained for graphene devices on SiO; [259]. This confirmed
the superior interfacial quality in the sandwiched hBN/MoS, /hBN structure having minimal CIs.
Moreover, owing to the substantially high low-T mobilities, the authors demonstrated the first-ever
observation of Shubnikov—de Hass (SdH) oscillations (i.e., quantum oscillations due to Landau-level
quantization of the cyclotron motion of charge carriers, observed in high purity 2D systems [357])
in their hBN-encapsulated monolayer MoS; device. However, even with such clean samples and
hBN dielectrics, the maximum RT MoS;, electron mobility was only 120 cm?/V-s and the exponent y
(extracted from p ~T~Y) ranged 1.9-2.5, suggesting the existence of phonon scattering sources [259].
A similar fully hBN-encapsulated and graphene-contacted MoS, device platform was utilized by
Lee et al. where they found via Raman and photoluminescence measurements that the double-sided
hBN encapsulation imparts extremely high stability to the MoS, device, even at high temperatures
(200 °C), with negligible degradation even after four months of ambient exposure [260]. The RT ppg of
an hBN-encapsulated 3-layer MoS, FET was extracted to be 69 cm?/V-s, much higher than the values
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obtained from un-encapsulated (7 cm?/V-s) and HfO,-encapsulated (18 cm?/V-s) MoS, FETs on SiO,
substrates with regular metal contacts. Moreover, negligible hysteresis and absence of “memory steps”
were observed in the I-V transfer characteristics of the hBN-encapsulated MoS, devices as compared to
un-encapsulated and HfO,-encapsulated MoS, devices, thanks to the ultra-clean MoS; /hBN interface
with reduced density of charge traps (Figure 18d compares the hysteresis as well as environmental
stability of hBN-encapsulated MoS, devices against un-encapsulated or HfO;-encapsulated ones
via comparison of their transfer characteristics, and also compares the high-temperature stability of
various device parameters such as p and Vy, in these devices). Furthermore, the hBN-encapsulated
devices showed no degradation or breakdown even at a high drain current density of ~6 x 107 A/cm?
affirming their stability over HfO,-encapsulated devices having a lower breakdown current density of
49 x 107 A/cm? [260]. Recently, Xu et al. reported sandwiched hBN/MoS, /hBN devices where the
metal contacts were deposited after selective etching of the top hBN layer using O, plasma to expose
the underlying MoS, in the contact regions. The low-T Ohmic contacts achieved via this process
(R¢ ~0.5 kQO)-pum), together with the high interface quality afforded by the hBN, resulted in a high
low-T pgg of 14,000 cm?/V-s and Hall mobility (pp1a11) of 9,900 cm?/V-s at 2 K. The extracted RT device
mobilities in this study, however, were only ~50 cm?/V-s [358]. It is interesting to observe that in most
of the experimental studies on hBN-encapsulated MoS; devices, while record-high low-T electron
mobilities well in excess of 1000 cm?/V-s have been achieved, the technologically relevant RT mobility
still lags behind the best reported values for MoS, FETs fabricated using other dielectrics (e.g., an RT
urg of ~150 cm?/V-s was reported for monolayer MoS, FET on HfO, substrate by Yu et al. [345]). This
could be due to a multitude of factors such as differences in the material or electronic quality of the
starting MoS; (i.e., structural defects, densities of Cls, traps, etc. in synthesized versus exfoliated MoS;)
used in these isolated experiments, the innate material quality of the hBN itself (with perhaps lower
than expected SO-phonon energies etc.), and other differences such as quality of the S/D electrical
contacts and processing-induced impurities/defects.

Nonetheless, together with the “excess electron doping” and the “dipole alignment effect” induced
by hBN [338] as described earlier in Section 14.1, these theoretical and experimental results clearly
highlight the advantages of using pristine 2D hBN as an ideal dielectric for MoS,-based electronics
over commonly used SiO, and other high-k dielectrics, as hBN can afford much lower densities of
interface traps and charged impurities, lower surface roughness scattering as well as much better
immunity against SO-phonon scattering. Moreover, the innate atomically thin nature of 2D hBN can
allow for ultimate gate dielectric scaling that can lead to a much enhanced electrostatic control over 2D
MoS, device channels. Furthermore, combined with semi-metallic and gate-tunable graphene, hBN
can help enable high-quality “all-2D” MoS,-based devices and circuits for large-scale flexible nano-
and optoelectronics, as shown by Roy et al. [359]. In addition to hBN, experimental evidence of the
benefits of using aluminum nitride (AIN) as an alternative nitride-based dielectric for MoS, devices
was also recently reported by Bhattacharjee et al. They compared the performance of identical MoS,
FETs fabricated on SiO,, Al,O3, HfO, and AIN substrates, with the MoS;-on-AIN FETs outperforming
its counterparts. The MoS,-on-AIN FET displayed a pgg of 46.3 cm?/V-s and a saturation drain current
density of 160 pA /um (for an Lcy of 1 um), which compare favorably against the highest reported
values for MoS; FETs. Temperature-dependent ppg calculations revealed the mobility degradation
factor (y) to be lowest for the FET on AIN (y = 0.88) as compared to all other dielectrics (y = 1.21,
1.32, and 1.80 for SiO,, Al,O3, and HfO,, respectively). Since phonon scattering is the dominant
scattering mechanism at high temperatures and p o< T™Y (as described earlier in this section), it is
no surprise that AIN affords the lowest phonon scattering owing to its relatively high SO-phonon
activation energy of ~81 meV (Figure 18e compares the output characteristics as well as the extracted
urg and y values as a function of the SO-phonon energy for MoS; FETs fabricated on the four different
dielectrics used in this study, with FETs on AIN showing the best performance). Moreover, the authors
also demonstrated MoS, FETs encapsulated in an all-nitride dielectric environment comprising
hBN/MoS, /AN structures from which an RT pgg as high as ~73 cm?/V-s was extracted, displaying
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an improvement over the bare MoS;-on-AIN FETs) [360]. Furthermore, the deposition of AIN can be
done using CMOS-compatible processes (e.g., MOCVD in this case) making AIN an attractive substrate
for large-scale integration of devices and circuits based on 2D MoS;. Finally, besides hBN and AIN,
another CMOS-compatible nitride-based dielectric, namely, silicon nitride (Si3Ny), having a band-gap
of 5.1 eV, dielectric constant of 6.6 and a high SO-phonon energy value (~110 meV) [361], has also been
demonstrated as a suitable dielectric for MoS, FETs [362].
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Figure 18. (a) Calculated electron mobility of monolayer MoS, at RT (300 K) and 100 K as a function
of dielectric constant of its surrounding media (calculated at a fixed nyp and CI density). The solid
black and red curves represent the net mobility after combining the scattering effects from charged
impurities, intrinsic phonons and SO-phonons. Dashed blue lines represent the calculated mobility
without considering the effect of SO-phonon scattering. Numbers 1 to 8, as marked on the curves,
represent different pairs of dielectrics. As is evident, the MoS, mobility is drastically reduced in the
presence of SO-phonon scattering for higher-k environments, with the effect being more pronounced
at RT. Adapted from [290]. (b) Calculated RT MoS, mobility as a function of CI density (ncy) for
MoS; on SiO; (black curve), Al,O3 (green curve) and HfO, (red curve) substrates. Star symbols
represent experimental data from the study. From the plot, two transport regimes are clearly evident on
either side of the critical ncy ~0.3 x 102 em~2. When ncy is high, the MoS, mobility is CI-limited and
the high-k dielectric screening of Cls can be useful in enhancing the mobility in this regime (shaded
pink region). However, when ncy is low, high-« dielectrics can no longer enhance the mobility any further.
In this regime, the mobility is phonon-limited (shaded blue region) and lower-k dielectrics with higher
SO-phonon energies are advantageous. Adapted with permission from [345]. Copyright 2015 John Wiley
and Sons. (c) Temperature-dependent Hall electron mobilities extracted from fully hBN-encapsulated
MoS, devices with different number of MoS; layers. The low-T mobility reaches ~1000 cm?/V-s for
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monolayer and ~34,000 cm?/V-s for 6-layer MoS,, thanks to the high-quality hBN dielectric
environment with minimal traps and charged impurities. Inset shows the extracted y value for
the various devices. Adapted with permission from [259]. Copyright Springer Nature 2015. (d) Left:
Back-gated transfer characteristics of an hBN-encapsulated 3-layer MoS, device showing negligible
hysteresis as compared to un-encapsulated and HfO;-encapsulated MoS, FETs (shown in the
inset), indicating the ultra-clean interfaces afforded by hBN. Middle: Transfer characteristics of the
hBN-encapsulated MoS, device showing no current degradation even after four months. In contrast,
an un-encapsulated MoS, device shows significant current degradation (as shown in the inset) after
two months. Right: Comparison of u/ g (Where py is mobility at RT) and Vy, between HfO,- and
hBN-encapsulated MoS, devices as a function of increasing temperatures. The hBN-encapsulated
device shows a much enhanced stability, whereas the HfO,-encapsulated device shows large variability
inits Vy, and /g values at higher T. Adapted with permission from [260]. Copyright 2015 American
Chemical Society. (e) Left: Normalized output characteristics of MoS; FETs on SiO, (green curve),
AlyO3 (blue curve), HfO; (red curve) and AIN (black curve) substrates showing the highest saturation
drain current in the case of AIN. Middle: Extracted average RT jipg for MoS, FETs on four different
dielectric substrates as a function of their SO-phonon energies. The highest g is achieved for FETs
on AIN substrates which has the lowest scattering effect due to its relatively high SO-phonon energy
(~81 meV). Right: Extracted mobility degradation factor “y” as a function of the dielectric SO-phonon
energy for MoS, FETs on different dielectrics. As expected, v is highest for HfO, (which has the lowest
SO-phonon energy ~12 meV) and lowest for AIN (which has the highest SO-phonon energy). Adapted
with permission from [360]. Copyright 2016 John Wiley and Sons.

15. Substitutional Doping of 2D MoS,

There have also been several reports of “substitutional doping” of MoS, wherein both the
Mo cation and the S anion atoms have been substituted by appropriate “donor” or “acceptor”
dopant atoms to yield either n-type or p-type MoS,, respectively. In conventional CMOS technology,
substitutional doping using ion implantation is the method of choice for controllably doping selected
areas of the semiconductor wafer (either Si, Ge or III-Vs) to fabricate complementary FETs and
realize complex circuits with desired performances. The ion implantation technique is also used
to selectively and degenerately dope the S/D regions of the FET to realize Ohmic n- and p-type
contacts for NMOS (i.e., n*-p-n*) and PMOS (i.e., p*-n-p*) device configurations, respectively,
as well as to realize various bipolar devices, such as LEDs and photodetectors, for optoelectronic
applications [207,363-375]. The ion implantation process is known to induce surface damage and
amorphization in the as-implanted semiconductor crystals which requires further annealing to
“activate” the implanted dopants and to minimize residual damage [170,376-381]. However, owing
to the atomically-thin nature of 2D MoS, (recall that an MoS, monolayer is only ~0.65 nm thick),
it is extremely challenging to employ the conventional ion implantation technique to dope MoS;
(or 2D materials in general) as the process can induce irreparable surface damage and etching of the
MoS; layers. As described earlier in this review, the traditional approaches for n- and p-doping
of MoS; have employed techniques such as surface charge transfer doping (via adsorption or
encapsulation of electron-donating or electron-accepting species), gate electrostatic doping using
highly capacitive dielectrics or liquid/solid electrolytes, and doping via electrostatic dipole interactions
at the MoS, /dielectric interface. However, practical and stable doping requires “substitution” of a
given fraction of the host lattice atoms by the dopant atoms wherein the latter covalently bonds with
other atoms in the host lattice. While little progress has been made in the controlled and area-selective
“top-down” substitutional doping of MoS; (as described in Section 15.4), most substitutional doping
efforts on MoS; have relied on the incorporation of dopant atoms during the “bottom-up” or in-situ
synthetic growth process (e.g., CVD) which may provide controlled, but inevitably unselective, doping
of the entire MoS; film [169,382,383].
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The reader should note that although the focus of this discussion is on the incorporation of
“electron-rich” or “hole-rich” dopant atoms that lead to a pronounced n- or p-type doping effect
in MoS,, one can also achieve covalent substitution of the host MoS, atoms by “isoelectronic” or,
in other words, MoS,-like atomic species to yield different MoS,-based alloys [384-387]. Indeed, there
are several reports where the isoelectronic substitution process, using both transition metal atoms
(e.g., W) or chalcogen atoms (e.g., Se), has been carried out on MoS; resulting in alloyed ternary
TMDC species of the form Moy _xWxS; or MoSy(1—y)Sexy, that essentially represent a fusion between
MoS; and WS, or MoS; and MoSe,, respectively [388-394]. While isoelectronic doping/alloying
provides no extra electrons or holes, it represents an important avenue for tuning the band-gap,
band-structure, band-edge positions and the carrier effective mass in these MoSy-based alloys
via composition tuning [395-398]. For example, Chen et al. demonstrated tunable band-gap
emission in monolayer Moj_yWS, ranging from 1.82 eV (at x = 0.20) to 1.99 eV (at x = 1) [394].
Similarly, Mann et al. demonstrated band-gap tuning in the range of 1.88 eV (i.e., pure MoS,) to
1.55 eV (i.e., pure MoSe;) in composition-tuned MoSy(; _,)Sezx monolayers (Figure 19a shows the
evolution of the photoluminescence spectra in composition-tuned MoSy(; _y)Sez, monolayers) [390].
Recently, a quaternary alloy of MoxW1_xSzySey1-y) was also reported with tunable band-gaps
ranging from 1.61 eV to 1.85 eV [399]. Analogous to the case of composition-dependent band-gap
tuning in conventional III-V semiconductor alloys [400-403], the band-structure and band-gap
engineering of composition-tuned monolayer MoS,-based alloys is extremely promising for enabling
2D optoelectronic applications with tailored properties. Moreover, composition-engineering can be
combined with techniques such as “pressure-engineering” to enable a wide variety of band-alignments
in these 2D alloys, as shown in the case of Mo1.4WyS, monolayers by Kim et al. [404].
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Figure 19. (a) Normalized PL spectra at RT for monolayer MoSy( _,)Seoy alloy films with different
compositions showing the band-gap tunability from 1.88 eV (pure MoS,) to 1.55 eV (pure MoSe;). Adapted
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with permission from [390]. Copyright 2013 John Wiley and Sons. (b) Left schematic: 3D cross-sectional
illustration of Nb-doped few-layer MoS, wherein the Nb dopant atoms replace the Mo host atoms in
the MoS, lattice. Right: XPS spectra of the Mo 3d core level peaks as a function of electron binding
energy as measured from the Nb-doped (red) and undoped MoS; (light blue). A clear shift in the Mo
3d peaks towards lower binding energies is observed after Nb doping confirming the lowering of the
MoS; Fermi level due to p-type doping. (c¢) Transfer characteristics of undoped and Nb-doped MoS,
films. The undoped film shows typical n-type behavior, whereas the Nb-doped film shows degenerate
p-type behavior. (b,c) Adapted with permission from [406]. Copyright 2014 American Chemical Society.
(d) Left: DFT-calculated electronic band-structure of Re-doped MoS, showing the presence of Re donor
bands/levels close to the CBE of MoS; confirming the n-type substitutional doping. Right: XPS spectra
of the Mo 3d core level peaks as a function of electron binding energy measured from the Re-doped
(red) and undoped MoS; (blue). In this case, the Mo 3d peaks shift towards higher binding energies
after Re doping (opposite to the case of Nb-doped p-type MoS;) confirming the upshift of the MoS;
Fermi level due to n-type doping. (e) Comparison of output characteristics acquired at 10 K between a
Re-doped MoS, FET (left plot) and an undoped MoS, FET (right plot). The metal-contacted Re-doped
MoS; device clearly exhibits linear I-V behavior even at 10 K confirming Ohmic contacts, whereas
the metal-contacted undoped MoS, device exhibits a non-linear and noisy I-V behavior indicative of
Schottky contacts. The results clearly confirm the n-doping-induced SBW reduction in metal-contacted
Re-doped MoS, films leading to lower R¢ and enhanced carrier injection even at 10 K. (d,e) Adapted
with permission from [410]. Copyright 2016 John Wiley and Sons. (f) Back-gated transfer characteristics
for pure MoS; (blue curve), Cr-doped MoS; (red curve) and Mn-doped (green curve) MoS; FETs
showing the relative doping effects of Cr and Mn atoms. While Cr shows an n-type doping effect, Mn
shows a p-type doping effect. Adapted with permission from [418]. Copyright 2017 IOP Publishing.

15.1. Hole Doping by Cation Substitution

The first report demonstrating the in-situ CVD substitutional doping of MoS, was by Laskar et al.
where they p-doped MoS, using niobium (Nb) atoms. In this approach, the Nb atoms replace the
Mo cations in the MoS; host lattice and act as efficient electron acceptors because they have one
less valence electron than the Mo atoms (note that Nb lies to the left of Mo in the periodic table).
The authors showed that the crystalline nature of MoS; is preserved after Nb doping and reported
reasonable RT mobilities (8.5 cm?/V-s) at high hole doping densities (3.1 x 1020 em—3), and a low R¢
(0.6 Q)-mm) for p-type conduction (since the high hole doping concentration would help reduce the
SBW for hole injection, favoring hole tunneling at the contacts) [405]. A similar in-situ Nb doping
approach was reported by Suh et al. where they obtained a degenerate hole density of 3 x 10!? cm~3
in their MoS; thin films and confirmed the p-doping via XPS, TEM and electrical measurements among
others (Figure 19b,c show the 3D schematic of a Nb-doped Mo$S, lattice along with the XPS spectra
depicting the shift of the Mo 3d core level peaks associated with p-type doping, and the electrical
transfer characteristics of an MoS, FET before/after Nb doping, respectively). Moreover, the authors
demonstrated gate-tunable current rectification in MoS, p-n homojunctions by combining their p-type
MoS,; films with undoped intrinsically n-type MoS; films [406]. A detailed study on Nb-doped p-type
MoS; FETs was reported by Das et al. where they studied the effects of high doping concentration
(~3 x 10" cm~3) and flake thickness on the MoS, PFET performance, revealing important insights
on the doping constraints of 2D MoS,. They found that under heavy doping, even ultra-thin 2D
semiconductors cannot be fully depleted and may behave as a 3D semiconductor when used in a FET
configuration [407].

Mirabelli et al. studied the back-gated FET behavior of Nb-substituted highly p-doped 10 nm thick
MoS, flakes and highlighted the importance of high Nb doping levels in improving the metal/MoS,
contact resistance [408]. The hole concentration after doping was extracted to be 4.3 X 101 cm—3
from Hall-effect measurements. Although the FET ON/OFF ratio was compromised due to the
uniform high hole doping throughout the MoS, contact and channel regions (the extracted MoS;
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depletion region thickness was only 4.7 nm, much less than the 10 nm flake thickness, resulting
in high OFF-state currents), the authors extracted the specific contact resistivity (oc) for holes to
be 1.05 x 10~7 Q-cm? from TLM measurements which was even lower than the pc for electrons
as reported by English et al. (5 x 1077 Q-cm? using UHV metal deposition [164]) and Kang et al.
(2.2 x 1077 Q-cm? using hybridized Mo contacts [284]), confirming that heavy doping of MoS, can be
an effective way to drive down the pc (due to SBW thinning in the contact regions). The authors further
stated that such high doping levels can also be promising for realizing MoS;-based “junctionless”
FETs, the device architecture of which can help achieve both low leakage and higher immunity against
short-channel effects [408]. Besides Nb, zinc (Zn) was also demonstrated to be a p-type dopant in
MoS, by Xu et al. The authors reported the growth of mm-scale monolayer and bilayer Zn-doped
MoS; films through a one-step CVD process wherein the Zn concentration was determined to be 1-2%
via XPS analysis. Zn was found to suppress the n-type conductivity in MoS, FETs, and its stability
and p-type accepter nature was confirmed by DFT calculations (a 2% Zn doping level was found to
introduce acceptor states right above the MoS, VBE). Moreover, the authors showed a p-type transfer
behavior in Zn-doped MoS, FETs upon annealing in a sulfur environment, highlighting the importance
of sulfur vacancy elimination (recall that native SVs result in unintentional background n-doping of
the MoS;, as described in Section 3.1) in addition to transition-metal doping for achieving large-area
p-type CVD-MoS; films [409].

15.2. Electron Doping by Cation Substitution

In contrast to the in-situ p-doping of MoS; by Mo cation substitution, Gao et al. reported the
in-situ n-doping of monolayer MoS, by substitution of Mo with rhenium (Re) atoms. Note that Re has
seven valence electrons as compared to six valence electrons in Mo and, hence, donates an extra electron
to the MoS; lattice when substituted at the Mo atom site. The authors confirmed the n-doping via XPS
and PL measurements as well as DFT calculations (Figure 19d shows the DFT-calculated band-structure
of Re-doped MoS, depicting the presence of Re donor bands near the MoS, CBE and the XPS spectra
depicting the shift of the Mo 3d core level peaks associated with n-type doping). Unlike the heavy or
degenerate doping reported in studies of Nb-doped MoS,, the authors could achieve non-degenerate
behavior in their Re-doped MoS, films as demonstrated by the clear gate modulation observed in the
output characteristics of back-gated Re-doped MoS, FETs. Moreover, in stark contrast to the undoped
MoS, NFETs that displayed a strong non-linear Schottky-type I-V behavior at temperatures <100 K
(since, at low-T, the charge carriers have insufficient thermal energy to overcome the SBH present at
the contact/MoS, interface), the Re-doped MoS,; NFETs displayed linear output characteristics even at
temperatures as low as 10 K implying Ohmic nature of the S/D contacts (due to the doping-induced
reduction of the SBW that facilitated efficient carrier injection into the MoS, channel via tunneling).
Hence, these results clearly demonstrate the efficacy of Re doping on the n-type R¢ reduction in MoS,
FETs (Figure 19e compares the low-T output characteristics between an undoped and a Re-doped
MoS,; NFET clearly showing Schottky and Ohmic I-V behavior, respectively) [410]. Hallam et al.
also demonstrated the scalable synthesis of Re-doped MoS; films with electron concentrations in the
range of 5 x 107 to 9 x 107 cm~2 as determined via Hall effect measurements and supported by
DFT calculations. In their approach, the authors used “thermally-assisted conversion” (TAC), similar
to the method used by Lasker et al. to synthesize Nb-doped p-type MoS, films [405], to convert
interleaved Mo-Re films into Re-doped MoS; via high-temperature sulfurization [411]. However,
the electron mobility of their Re-doped MoS, films was low, ranging between 0.1 to 0.7 cm?/V-s,
implying the presence of various carrier scattering sources (including scattering from the incorporated
Re dopant atoms).

Zhang et al. shed further light on the criticality of the substrate surface chemistry as well as
the substrate-dopant reaction during the substitutional doping of MoS;. They demonstrated the
successful incorporation of manganese (Mn) atoms (up to 2 at.%) into monolayer MoS, supported
on inert graphene substrates using in-situ vapor phase deposition and confirmed the band-structure
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modification of MoS, via PL and XPS measurements. However, the authors found that the Mn
doping of MoS; grown on traditional substrates, such as SiO; and sapphire, was highly inefficient
due to the reactive nature of their surfaces that caused the Mn atoms to bond with the substrate
instead of being incorporated into the MoS; lattice [412]. Thus, the surface chemistry of the MoS,
substrate can play an important role and must be considered while carrying out the substitutional
doping process. It is worth noting that doping the MoS; with atoms of magnetic elements, such
as paramagnetic Mn, antiferromagnetic Cr, and ferromagnetic Fe or Co, can pave the way towards
realization of 2D “dilute magnetic semiconductors” having high Curie temperatures (above 300 K) as
predicted by theory [413,414]. These dilute magnetic semiconductors can exhibit both ferromagnetism
as well as useful semiconducting properties that can have promising implications for spintronic
applications [415-417]. Hence, in a push towards this goal, several attempts to introduce magnetic
dopants in 2D MoS, via Mo cation substitution have been carried out, along with detailed studies of the
transport properties of the resultant films. Huang et al. reported in-situ Mn- and Cr-doped MoS, films
via CVD. Detailed FET measurements revealed Mn to have a p-type doping effect (via suppression
of n-type conduction), whereas Cr was found to have an enhanced n-type doping effect in MoS, in
comparison to the undoped control sample (Figure 19f compares the back-gated transfer characteristics
of undoped, Mn-doped and Cr-doped MoS, NFETs showing the relative doping effects of Cr and
Mn). The upg of electrons for the undoped, Mn-doped, and Cr-doped devices was extracted to be 15,
7 and 12 cm?/V-s, respectively [418]. Wang et al. compared the properties of MoS; and iron-doped
MoS; films grown by the CVT method and revealed via Hall effect measurements that although both
samples were n-type, the Fe-doped MoS, exhibited a higher electron concentration (revealing Fe as an
n-dopant in MoS,) than the undoped MoS,. Moreover, the RT mobilities of the undoped and Fe-doped
samples were extracted to be 79 and 49 cm?/V-s, respectively, with the lower mobility in Fe-doped
MoS; attributed to carrier scattering by lattice imperfections and defects introduced by the Fe doping
process [419]. Similarly, Li et al. synthesized large-scale cobalt-doped bilayer MoS, nanosheets that
exhibited n-type transport behavior [420].

15.3. Electron and Hole Doping by Anion Substitution

In addition to substitution of Mo atoms, doping via substitution of the sulfur (S) anion has also
been investigated for MoS,. Yang et al. reported a novel and simple chloride-based molecular doping
technique wherein the chlorine (Cl) atoms covalently attach to the Mo atoms at the sulfur vacancy (SV)
sites in the MoS; lattice upon treatment with 1,2-dichloroethane (DCE) at RT. Since the Cl atom has an
extra valence electron than the S atom (note that Cl lies to the right of S in the periodic table), it donates
its extra electron to the MoS; lattice when substituted at the S atom sites resulting in n-type doping.
Using this doping approach, an R¢ as low as 500 Q)-um was extracted for Ni-contacted few-layer MoS;
NFETs via TLM analysis, and the low R¢ was attributed to the high electron doping density in the
MoS; (~2.3 x 10" ecm~3) that causes increased band-bending at the contact/MoS, interface leading to
a significant reduction of the SBW, thereby, facilitating electron tunneling. Significant improvements in
the extracted transfer length (L) and specific contact resistivity (oc) were also observed after Cl doping,
with the Lt reducing from 590 nm to 60 nm and the pc reducing from 3 x 107> to 3 x 107 Q-cm?
(showing two orders of magnitude improvement). Recall from the discussion in Section 3.2 that both
Lt and pc must be minimized to alleviate the L¢ scaling issue in 2D MoS; FETs such that ultra-scaled
FETs with low R¢ can be realized. Along these lines, the authors demonstrated high-performance
100 nm channel Cl-doped MoS,; NFETs with a high ON-current of 460 pA/um, ppg of 50-60 cm?/V-s,
high ON/OFF ratio of 6.3 x 10°, and long term environmental stability (Figure 20a compares the
TLM-extracted Rc as well as the output characteristics of undoped and Cl-doped 100 nm channel MoS,
NFETs, showing a much enhanced performance for the latter) [421]. Moreover, the Cl doping technique
can also be applied to other 2D semiconducting TMDCs such as WS, [422]. For p-type substitutional
doping of MoS, via S anion substitution, Qin et al. demonstrated the synthesis of nitrogen-doped MoS,
nanosheets (note that N belongs to group 15 in the periodic table and has one less valence electron
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than S which is in group 16) using a simple and cost-effective sol-gel process utilizing molybdenum
chloride (MoCls) and thiourea as the starting materials. Although no devices were realized, the authors
successfully demonstrated controlled wide-range tunability of the N concentration from 5.8 at.% to
7.6 at.% simply by adjusting the ratio of MoCls and thiourea [423]. Azcatl et al. demonstrated a
different approach for the covalent nitrogen doping of MoS; employing a remote N, plasma surface
treatment technique which resulted in chalcogen substitution of the S atoms by the N atoms. The N
concentration could be controlled via the N, plasma exposure time, and electrical characterization
of N-doped MoS, FETs revealed signs of p-doping of the MoS, (through positive shift in the Vy,),
consistent with theoretical predictions and XPS results (Figure 20b shows the 3D schematic of an
N-doped MoS; lattice illustrating the covalent substitution of S atoms by the N atoms as well as the
electrical transfer characteristics of a back-gated MoS, FET alluding to the p-type behavior induced
after N doping). Moreover, the authors also reported the first-ever evidence of “compressive strain”
induced in the MoS; lattice upon substitutional doping and established a correlation between the N
doping concentration and the resultant compressive strain in MoS; via DFT calculations [424].

Incorporation of oxygen (O) in the MoS; lattice was also shown to cause a p-type doping effect by
Neal et al. and was attributed to the formation of acceptor states, about ~214 meV above the MoS;
VBE, by the incorporation of high work function MoS,Os3. clusters in the MoS; lattice. Going against
the notion that oxygen exposure only helps in passivating the SVs in MoS, leading to a decrease
in the background electron concentration, thereby, indicating an apparent p-type doping effect, this
work provided evidence that oxygen atoms can independently cause p-doping of the MoS, when
substituted at the S atom sites [425]. A very similar work by Giannazzo et al. further confirmed
the local substitutional p-doping effect of O atoms via conductive atomic force microscopy (CAFM)
measurements. They used “soft” O, plasma treatments to modify the top surface of multilayer MoS,
resulting in the formation of high work function MoOxS,. localized alloy clusters. Hence, in these
localized regions, the MoS, band-structure was modified resulting in a gradual downward shift of the
Fermi level towards its VBE with increasing O content, as was also verified via DFT band-structure
calculations (Left plot of Figure 20d illustrates the variation of the MoS, Fermi level with respect
to its VBE as a function of increasing oxygen concentration as calculated via DFT). In effect, this
localized oxygen functionalization of MoS; leads to the coexistence of “microscopic” n-type doped
(i.e., having a low work function and small SBH for electron injection) and p-type doped (i.e., having
a high work function and small SBH for hole injection) regions within a larger “macroscopic” MoS,
region (Figure 20c illustrates the extracted n-type SBH map acquired over a small section of the
O-functionalized 2D MoS, surface via CAFM measurements, revealing the coexistence of both small
and large n-type SBH regions, with the large n-type SBH regions essentially representing regions
having a small p-type SBH for holes) [426]. Utilizing this nanoscale SBH tailoring approach, the authors
demonstrated back-gated multilayer MoS, FETs with selective oxygen functionalization only in the
S/D contact regions. This enabled MoS; FETs showing ambipolar operation thanks to the coexistence
of small SBH regions or low resistance paths for both electrons and holes within the metal-contacted
S/D regions, facilitating injection of both types of carriers into the MoS; channel while using the same
contact metal. The extracted pgg values for electrons and holes were 11.5 and 7.2 cm?/ V-s, respectively
(Middle schematic and right plot of Figure 20d illustrate the 3D schematic of a Ni-contacted back-gated
MoS, FET with O-functionalized contact regions, and transfer characteristics of the FET showing
ambipolar behavior, respectively).
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Figure 20. (a) Left: Total resistance (Riyty1) versus Lcy (gaps) used to extract the Rc via TLM analysis
in Ni-contacted MoS, with (blue line) and without (red line) chloride doping. The extracted R¢ after
Cl doping is as low as 0.5 kQ)-um. Middle: Ry, of a 100 nm channel length MoS, FET for different
doping conditions comparing the relative contributions of the two resistance components, Ryq (i.e., Rc)
and Repannel: The Rygia of the FET is reduced from 11.7 kQ-pm to 1.85 kQ)-um primarily due to
significant reduction in the R¢ (~10x) after Cl doping (recall that Rc must scale with Lcy to extract
the intrinsic performance of MoS, FETs at ultra-short channel lengths). Right: Output characteristics
of the 100 nm Lcy MoS; FET with (solid blue curves) and without (dashed red curves) Cl doping
showing tremendous enhancement in the ON-current level (460 pA/um from 100 pA /pum) after C1
doping thanks to the R¢ reduction. Adapted with permission from [421]. Copyright 2014 IEEE. (b) Left
schematic: Representation of the MoS; lattice showing covalent N atom (shown in pink) substitution
at the S anion site. Right: Comparison of transfer characteristics of an as-exfoliated MoS, FET with an
N-doped MoS; FET, with the latter showing a clear reduction of the n-type behavior, as reflected by the
positive Vy, shift, due to counter p-doping by the incorporated N atoms. Adapted with permission
from [424]. Copyright 2016 American Chemical Society. (c) 2D maps of the local n-type SBH for
electrons as extracted via CAFM measurements on the O, plasma-treated MoS, surface. Nanoscale
clusters of large n-type SBH regions (orange red spots), representing regions with small p-type SBH for
hole injection, are evident which result due to the formation of high work function MoOxS,. species
on the topmost surface of MoS; via covalent O substitution of S atoms. (d) Left: Relative position of the
Fermi level with respect to the MoS, VBE (i.e., Ep-Ey) as a function of the incorporated oxygen content
in the topmost layer of MoS;, determined via DFT calculations. With increasing O concentration,
the Fermi level moves closer to the VBE of MoS, (giving rise to a p-type nature in these localized
O-functionalized regions) along with a corresponding decrease in the band-gap (see top right inset) due
to formation of high work function MoOyS;. clusters. The schematic at the top of the plot illustrates
the multilayer MoS; lattice showing substitutional O atoms (shown in red) in its topmost layer. Middle
schematic: Illustration of a Ni-contacted back-gated MoS, FET with selective O, plasma treatment
in its S/D contact regions. Right: Transfer characteristics of a representative Ni-contacted MoS, FET
with O-functionalized S/D contact regions showing ambipolar I-V behavior due to the coexistence of
localized regions with small n- and p-type SBHs underneath the contact metal that facilitate injection of
both electrons and holes in the MoS, channel, respectively. (c,d) Adapted with permission from [426].
Copyright 2017 American Chemical Society.
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15.4. Towards Controlled and Area-Selective Substitutional Doping

A breakthrough in the controlled and area-selective p-doping of few-layer MoS; was reported
by Nipane et al. who used a novel and CMOS-compatible plasma immersion ion implantation (PIII)
process using phosphorous (P) atoms [427]. P lies to the left of S in the periodic table and, hence, acts as
an acceptor in the MoS; lattice due to its electron deficient nature. In this method, the MoS; flakes were
exposed to an inductively-coupled phosphine (PH3)/He plasma inside a PIII chamber either before or
after S/D contact patterning to achieve area-selective P implants (Figure 21a schematically illustrates
the P ion implantation process on MoS; inside the PIII chamber). Various characterization techniques
(Raman, AFM, XRD, etc.) were employed to identify suitable PIII processing conditions (such as
implant energy and dose) to achieve low surface damage and minimal etching of the MoS,. Back-gated
FETs fabricated on P-implanted MoS, with varying implant energies and doses showed clear evidence
of p-type conduction, ranging from non-degenerate to degenerate behavior, and the p-doping was
also verified experimentally via XPS (Figure 21b,c shows the back-gated transfer characteristics for
MoS, FETs with degenerate and non-degenerate P doping levels, and the XPS spectra depicting the
shift of the Mo 3d core level peaks towards lower binding energies after p-doping, respectively).
The peak ppg for holes was extracted to be 8.4 cm?/V-s and 137.7 cm? /V-s for the degenerate and
non-degenerate doping cases, respectively. Moreover, the authors also demonstrated air-stable lateral
homojunction p-n diodes with high rectification ratios (as high as 2 x 10*) and good ideality factors
(n ~1.2) by selectively p-doping regions of the MoS; (Figure 21d schematically illustrates the process
used to fabricate lateral MoS, p-n diodes via selective P implantation and shows clear rectification
in the diode I-V characteristics). Furthermore, using a rigorous DFT analysis, the authors confirmed
the substitutional p-doping of MoS, by incorporation of P atoms at the S atom sites, and found that
pre-existing SVs could enhance this doping effect by providing “empty” sites for the P atoms to latch
onto (Figure 21e compares the density-of-states plots as a function of energy for pristine MoS; as well
as P-implanted MoS, with and without SVs, showing the shifting of the Fermi level towards the MoS,
valence band due to the p-doping induced by P atoms). It is worth noting that the low-damage PIII
process can also be adapted to substitutionally dope monolayer MoS, [427,428].

Recently, another extremely promising result for substitutional doping of MoS, using high energy
ion implantation was reported by Xu et al. wherein they directly utilized traditional ion-implanters
to p-dope few-layer MoS; films using P atoms. In their approach, a thin layer of poly(methyl
methacrylate) or PMMA resist (200 nm or 1000 nm thick) was spin-coated onto the ultrathin MoS,
flakes (<10 nm thick) as a “protective masking layer” which helped decelerate the P dopant ions and
led to the successful retention of a portion of these ions inside the 2D MoS, lattice (Top schematic
of Figure 21f illustrates the ion implantation process for MoS; utilizing the PMMA mask) [429].
P ions were implanted with implantation energies ranging from 10 keV to 40 keV and a fluence of
5 x 10! cm~2 (with these parameters being more in sync with commercial ion implantation processes
as opposed to the low 2 keV energies used by Nipane et al. [427]). Raman, TEM and HRTEM
characterization revealed negligible damage to the MoS, crystal structure upon removal of the PMMA
layer, highlighting an advantage of this PMMA-coated ion implantation technique over the PIII
process described above (where the plasma can lead to unintended etching of the 2D MoS, layers).
The p-doping effect was further confirmed via extensive photoluminescence (PL) measurements as
well as electrical characterization of back-gated MoS; FETs (Bottom plot of Figure 21f compares the
transfer characteristics of a back-gated few-layer MoS, FET before and after P ion implantation in
the exposed channel region, showing a positive Vy, shift and decrease in the n-type behavior due to
counter p-doping by the implanted P atoms). Although no unintentional etching of the MoS, occurred
in this process, it was found that the combination of thinner PMMA (200 nm thick) and higher implant
energy (40 keV) led to a larger kinetic damage of the MoS, lattice, especially in the case of mono-
and bilayer films, resulting in the creation of SVs since bombardment of high velocity P atoms can
“knock-off” the S atoms from the lattice. Thus, the p-doping effect due to P-implantation can be
counterbalanced by the n-doping effect due to creation of these SVs. Further optimization is needed
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to determine a synergistic relationship between the PMMA mask thickness, MoS; layer thickness,
and the implantation energy to achieve controlled doping profiles without any kinetic damage to the
MoS, lattice [429]. Nonetheless, this ion implantation technique is extremely promising for achieving
large-scale, controlled and area-selective doping of MoS; (both n- and p-type) and is compatible with
existing infrastructures in the semiconductor industry.
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Figure 21. (a) Schematic illustration of the P ion implantation process on MoS, inside the plasma
immersion ion implantation (PIII) chamber. (b) Transfer characteristics for degenerately (purple
curve) and non-degenerately (orange curve) P-doped back-gated MoS, FETs showing enhanced p-type
behavior. Variation of the implant time and energy can help achieve doping controllability in thin
MoS; layers using the PIII process. (c¢) XPS spectra of the Mo 3d core level peaks acquired from the
MoS; film before (yellow) and after (pink) P ion implantation. The peaks show a shift towards lower
binding energies after P-doping confirming the downshift of the Fermi level towards the VBE of MoS,.
(d) Top schematic: 3D illustration of the P implantation process used to fabricate lateral MoS; p-n
homojunction diodes. Half the MoS; channel is masked with a resist to ensure selective p-doping only
in the exposed MoS, regions. Bottom: I-V characteristics of a lateral MoS, p-n homojunction diode at
varying back gate biases exhibiting high rectification ratios (up to ~2 x 10%). (e) The density-of-states
plots for pristine (top panel) and P-implanted MoS; with (bottom panel) and without (middle panel)
SVs as calculated via DFT. The Fermi level is represented by the vertical line within the faint blue-shaded
region. As is evident, the Fermi level shifts towards the MoS, VBE (overlapping the valence band
states) with the incorporation of P atoms at the S atom sites in the MoS, lattice indicating p-type
doping. This shift is even more pronounced in the presence of SVs that serve to enhance the p-doping
by providing empty sites for the P atoms. (a—e) Adapted with permission from [427]. Copyright 2016
American Chemical Society. (f) Top schematic: Cross-sectional representation of the PMMA-assisted
ion implantation process used for implanting P atoms in the MoS; lattice. Bottom: Comparison of
transfer characteristics of a back-gated 5-layer MoS, FET before (black curves) and after (red curves) P
implantation. The inset shows the optical micrograph of the device. After P implantation, the n-type
behavior reduces as depicted by the positive shift of the Vy, due to counter p-doping by the incorporated
P atoms. Adapted with permission from [429]. Copyright 2017 IOP Publishing.
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16. Conclusions and Future Outlook

Atomically thin semiconducting MoS, indeed holds great promise for use as a transistor
channel material and can be advantageous for a wide variety of electronic and optoelectronic device
applications. The material and device performance projections for MoS; certainly seem to give it an
edge over conventional bulk semiconductors in ultra-scaled future technology nodes. Moreover, as an
ultra-thin, flexible and transparent material, MoS; can change the status quo in flexible nanoelectronics
and thin-film transistor technologies. However, the promising advantages of MoS, can only be
utilized to the fullest once several key performance bottlenecks are mitigated. As highlighted in this
review, the challenges associated with contact resistance, doping and mobility engineering are of
paramount importance and these parameters must be carefully engineered to extract the maximum
efficiency from MoS,-based devices and to make any MoS;-based technology commercially viable. This
review presents a comprehensive overview of a whole host of engineering solutions, reported to date,
to mitigate these challenges. Moving forward, the right mix of the most promising and cost-effective
techniques must be adopted and further optimized, ensuring their robustness for use on both rigid
and flexible platforms. For reducing contact resistance, use of techniques such as phase-engineered
2H/IT metallic contacts, gate-tunable graphene contacts in conjunction with interfacial contact “tunnel”
barriers (ultra-thin oxides, 2D hBN etc.), doping via substoichiometric high-k oxides and 2D /2D Ohmic
contacts employing degenerate substitutional doping in the MoS, contact regions seem as promising
approaches to effectively eliminate the Schottky barrier issue. Concomitantly, the doping selectivity
and controllability are extremely crucial to simultaneously achieve both degenerately doped Ohmic
S/D contacts as well as non-degenerately doped channel regions with tailored electrical properties
(for both n- and p-channel devices) that can effectively be modulated by the gate. In this regard, and to
enable efficient MoS,-based NMOS and PMOS complementary devices, more research effort needs
to be devoted to further optimizing the substitutional doping techniques for MoS; that have already
made a promising start. The layer thickness of MoS; and contact architecture scheme can be chosen as
per the given application. Few-layer MoS,, with simultaneous charge injection into all its constituent
layers, seems most promising for pure electronic applications as it can afford the maximum carrier
mobilities and performance. Optoelectronic applications requiring direct band-gap monolayer MoS,
pose more stringent challenges due to the extreme susceptibility of the atomically thin MoS; body to
environmental perturbations. However, these challenges can be met with the right choice of dielectric
encapsulation, in conjunction with optimized contact and doping engineering techniques, to ensure
maximum performance. Besides all the promising applications MoS; can enable all by itself (in the
form of ultra-scaled transistors, homojunction devices, etc.), it can also be combined with several other
3D or 2D materials to form various van der Waals heterostructures enabling a wide variety of device
applications. Finally, the large-area wafer-scale growth of MoS; and its wafer-scale device fabrication
techniques must also be co-optimized with special emphasis on producing ultra-clean material and
devices, ensuring negligible impurities and defects. Everything considered, the field of 2D atomically
thin semiconductors holds great potential for the future and with the current pace of research progress,
2D MoS;-based commercial applications could soon become a reality.
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