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Abstract. The research in the field of layered materials, especially in monolayer and few layer forms, have surged in the
past decade owing to their unique properties enabling a new kind of nano-dimensional device architecture. Electrical
contacts connecting these materials to the outside circuit play very important role in deciding the device performance. In
layered materials, particularly when considering the 2D regime, metal–semiconductor contacts become even more crucial.
In this review, we present a comprehensive overview of the importance of metal contacts to 2D materials and discuss
about the challenges faced which hinder the ultimate device performance. In particular, we discuss about the recent
investigations towards improvement in electronic device performance by engineering the metal–semiconductor interfaces
based on 2D semiconductors.
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Introduction

Silicon-based complementary metal–oxide–semiconductor
(CMOS) technology has driven the modern electronic
industry from last 50 years. The need for miniaturization of
electronic devices presents obstacles in designing subnanometer-scaled CMOS devices on conventional silicon.
Challenges, such as short channel effects, voltage scaling,
power consumption, extreme dimensional scaling, excessive heating caused by large power densities and thus,
thermal management, etc. need attention for successful
implementation of nanoscale devices. This necessitates the
discovery of new novel materials, which can sustain survival of devices even at atomic scale as well as reliable
electronic performance. Layered materials with weak
interlayer interaction and strong atomic bonding within
layer can serve as the replacement of silicon for atomically
thin devices [1–3]. Theoretical and experimental investigations show huge potential of 2D layered materials in the
field of electronics and optoelectronics. In every electronic
device, electrical contacts play a crucial role to set a communication of a 2D semiconductor with the three-dimensional world. As the 2D materials-based devices evolve and
the device sizes shrink to atomic level, the device performance will get affected by the quality of metal–
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semiconductor contacts. The issue of contacts become more
crucial in 2D regime as the semiconductor thickness is less
than the depletion width and in addition, metal interaction
with underneath semiconductor may noticeably alter the
device performance.
In this paper, we present an overview of high-quality
electrical contacts on layered semiconductors. We will
discuss about metal–semiconductor interaction in layered
semiconductors. Formation of ohmic and Schottky contacts
is also discussed. Further, we will focus on the improvement
of metal–semiconductor contacts and Fermi level de-pinning through various methods, such as chemical doping,
ultra-high vacuum deposition, insertion of 2D layer between
metal and semiconductor, etc. Finally, we will conclude
with future outlooks of some unexplored 2D materials
fields.

1.1

Emergence of transition metal dichalcogenides

Layered materials exist in the form of stacked layers bonded
weakly with each other via van der Waals interaction, but
possess strong intra-layer bonds [1]. These materials have
attracted tremendous amount of research attention after the
discovery of graphene, a monolayer form of graphite, due to
its remarkable electrical, thermal and mechanical properties
[2,3]. Beyond graphite, many other layered materials are
known, such as, transition metal dichalcogenides (TMDCs)
[4,5], hexa-boron nitride (hBN) [6], black phosphorus [7],
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topological insulators [8], transition metal oxides [9],
MXenes [10,11], etc. The growing research interest in
layered materials is mainly due to their layer-dependent
unique electronic and optoelectronic properties [12]. In
particular, TMDCs present a wide range of electrical,
mechanical, optical, thermal and chemical properties [5].
TMDCs can be classified as metallic, semiconducting and
insulating, depending on their structural configuration and
chemical composition [13,14]. Monolayer counterparts of
the layered TMDCs show complimentary properties to that
of graphene. Pristine graphene is an ultra-thin electrical
conductor with exceptional high mobility [15], however, its
zero band gap limits its application in optoelectronics, and
in field effect transistor (FETs) where high on/off ratio is
desirable. Attempts to tune the band gap of graphene using
chemical treatment and nanostructuring [16,17] lead to
diminished electrical properties. In contrast, most of the
TMDCs are semiconductors exhibiting band gap of 1–2 eV
and show promising applications in electronic and optoelectronic devices, such as FETs, photodetectors, solar
cells, etc. [18,19]. TMDCs exist in the form of MX2 where
M is a transition metal (group IV, V and VI) and X
represents a chalcogen (group 16). TMDCs in the 2D form
have huge potential in ultra-thin low power electronics as
compared to ever shrinking silicon-based devices [20,21].
TMDCs can be transferred on flexible substrates making
them useful in flexible electronics [22]. Other applications
of TMDCs include sensing and capacitive energy storage
devices due to the presence of van der Waals gap between
layers and large surface-to-volume ratio [23,24]. In modern
digital electronics, there is a pressing need for nanomaterials that can possess high on/off ratio for fast switching,
while maintaining high mobility even in sub-nanometre
thickness regime. As compared to 3D semiconductors,
TMDCs, such as MoS2 show advantage in nanoelectronic
devices owing to their extreme thinness and eliminate issues
like power dissipation and short channel effects. TMDCs
have been used in the demonstration of amplifiers, inverters,
logic circuits and memory devices [25–27]. Most of the
TMDCs have direct band gap in monolayer case making
them the potential candidates for transparent optoelectronic
applications [28]. Beyond their application in electronics
and optoelectronics, they are also promising in sensing and
energy applications, e.g., in Li-ion batteries and supercapacitors due to high surface area [29,30].

1.2

Electrical contacts to TMDCs

The functioning of electronic devices relies highly on the
flow of charge carriers through metal–semiconductor contacts. Fabrication of high-quality electrical contacts is necessary for proper functioning of the device. In a threeterminal device, such as FETs, ohmic contacts act as source
and drain contacts, whereas Schottky contact is needed as
gate electrode. Therefore, study of ohmic and Schottky
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contacts is necessary for the device fabrication. An ohmic
contact allows unhindered flow of charge carriers between a
metal and a semiconductor. This kind of contact follows
Ohm’s law i.e., linear current–voltage characteristics.
Contact resistance should be very low in practical devices.
On the other hand, Schottky contacts allow current flow
preferably in one direction only (forward bias). In the other
direction termed as reverse bias, current flow is negligible.
Behaviour of electrical contacts in case of layered materials
is different from conventional 3D semiconductors. Contacting layered semiconductors is challenging both experimentally and conceptually. Formation of ohmic contacts in
bulk materials follow strategy, such as doping to decrease
contact resistance, but it is not applicable in layered materials because it would change the properties of layered
semiconductors. In case of bulk semiconductors, metal
forms covalent bonding with the underneath semiconductor,
whereas in layered materials, interaction of deposited metal
with the underlying material is quite different due to dangling bond free surface of these materials. This makes it
difficult to form strong bonds with the metals leading to
high contact resistance. Ohmic contact formation is even
more challenging in atomically thin layers where semiconductor thickness becomes less than depletion width and
transfer length. The traditional semiconductors face issue of
gap and trap states at the interface. These states may originate from various sources, such as interface states due to
dangling bonds, defects, metal-induced gap states and dislocations, etc. and affect the performance of electrical
devices [31]. Focussing on the TMDCs, their surface is
assumed to be pristine with very less defects due to the
absence of dangling bonds. But in reality, the layered
materials also face issues of interface states. In most of the
TMDCs, metal or chalcogenide vacancies are responsible
for intrinsic defects [32,33]. When a metal layer is deposited on these materials, metal reacts with underneath layer
and perturbs it leading to metal-induced gap states. These
states lead to Fermi level pinning effect [34] which may
lead to high contact resistance in ohmic contacts formation.
In case of Schottky diodes, due to this effect, the observed
barrier height is found to be less than as expected from
Schottky–Mott rule. However, researchers have tried to
form ohmic and Schottky contacts on TMDCs, such as
MoS2 using various methods. Next, we will discuss the
formation of ohmic and Schottky contacts on TMDCs and
strategies adopted so far to lower the contact resistance and
improve the electrical properties in TMDC-based electronic
devices.

2. Strategies adopted to improve metal–TMDC
contacts
The quality of an ohmic contact to a semiconductor is
quantified mainly through contact resistance (RC). Contact
resistance is the measure of the ease way with which current
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RT ¼ 2RC þ Rchannel ;

ð1Þ

where RT is the total resistance, RC and Rchannel are the
contact resistance and channel resistance, respectively.
Contact scaling is the critical issue in the context of fabrication of nanoscale devices. Both channel length as well as
contact length affect the total resistance of the device. As
the channel length is reduced, channel resistance also
decreases, however, as the contact length decreases, contact
resistance increases. Contact resistance can be correlated to
contact length and transfer length by the following relation
[35]:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
LC
RC ¼ RO coth ; RO ¼ qC  Rsheet ;
ð2Þ
LT
where LC is the contact length. In this context, we define
specific contact resistivity which is independent of contact
area and defined as given by equation (3):
qC ¼ RC  LT  w;
where LT is the transfer length defined as
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qC
LT ¼
;
Rsheet

ð3Þ

ð4Þ

Rsheet is the sheet resistance and w the length of the contact
electrode. Transfer length can be defined as the average
distance travelled by the charge carrier in the semiconductor
underneath the metal contact before flowing into the contact. When LT [[ LC, the contact resistance increases
monotonically. As the contact length decreases, current
crowding effect arises. Charge carriers prefer to travel
inside the metal and transfer into the semiconductor which
is more resistive only near the edge of the metal–semiconductor contact. In 2D limit, thickness of the semiconductor becomes less than the transfer length and depletion
length. Therefore, in 2D regime, it is challenging to make
good quality electrical contacts. Researchers have tried to
improve RC of TMDCs through various techniques including doping, high vacuum deposition, work function engineering, etc. We will discuss about the recently adopted
techniques in more detail.

2.1

Work function engineering

The careful choice of contacting metal to 2D materials is
most important factor for efficient working of the device.
Primarily, alignment of the 2D material with the metals
with different work functions decides the Schottky barrier
height. Focussing on one member of TMDC family, MoS2,
its electron affinity is reported to be in the range of 3.8–4.3
eV. It is reported that low work function metals, such as Ti,
Cr and Sc tend to form low barrier contacts or ohmic

contacts with MoS2 [36–38]. However, formation of ohmic
contact with layered materials does not solely depend on
work function of the metal chosen. Some metals react with
the underneath semiconductor and perturb the structure of
its top layers which are in contact with the metal by reacting
with the chalcogenide atoms. In case of MoS2, it has been
shown that there remains a possibility that the metal can
make alloys at the metal–MoS2 interface [39–41]. These
alloys hinder the flow of charge carriers and consequently,
rectifying electrical behaviour is observed. A few metals,
such as gold and silver do not react with MoS2 as there is
always a van der Waals gap between metal and MoS2
[42,43].
It is reported that metals, such as Pd and Pt with high
work function tend to form high Schottky barrier with MoS2
[44]. Electronic transport in MoS2-based Schottky diodes
have been studied by researchers. Figure 1 represents the
obtained Schottky barrier height between multilayer MoS2
and metals having different work functions. The extent of
Fermi level pinning can be estimated using Schottky pind/B
ning parameter (S ¼ d/
Þ where /B and /M are Schottky
M
barrier height and work function of metal, respectively. S =
0 represents the Bardeen limit of pinning i.e., the work
function of the contacting metal is strongly pinned by the
interface or gap states. S = 1 signifies no Fermi level pinning and no interface states [45]. In figure 1, the value of
S for MoS2 was estimated to be 0.09 depicting Fermi level
pinning effect.
Das et al [46] studied different metals with low work
function, such as scandium, titanium and high work function, such as nickel and platinum. They showed that low
work function metals make lower barrier with MoS2.
Scandium gives lowest barrier height of 30 meV, whereas in
case of platinum, the observed barrier height was 0.23 eV.
Very high Schottky barrier height was not observed in high
work function metal contacts. Fermi level pinning close to
the conduction band of MoS2 was given as the reason
behind it.

0.30

Schottky barrier height (eV)

can flow across a metal semiconductor interface. Total
resistance (RT ) of the device is the sum of contact resistance
and channel resistance given by equation (1):
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Figure 1. Schottky barrier height for different metals with MoS2
as reported in literature.
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Nanoscale Au/MoS2 contact leads to Schottky barrier
height of 0.19 eV as investigated using scanning tunnelling microscopy [47]. High density of sulphur vacancy
clusters may lead to smaller barrier height and high
leakage current. In W/MoS2 contact, Schottky barrier
height was obtained as 0.12 eV [48]. Kim et al [49]
studied contact properties of MoS2 with different metals,
such as, Ti, Cu, Au and Pt. In each case, very low barrier
height (0.05 eV for Ti, 0.072 eV for Cu, 0.055 eV for Au
and 0.087 eV for Pt) was observed. Fermi level pinning
at 45 meV below the conduction band edge of MoS2, was
proposed to be the reason for the observation of low
values of barrier heights. However, the barrier height was
increased by insertion of 1 nm thick TiO2 interlayer
between metal and MoS2 to give an MIS structure. Very
high Schottky barrier heights are not observed in case of
MoS2. Observed barrier height deviates from the ideal
value as calculated by Schottky–Mott rule. The presence
of defects leading to Fermi level pinning may cause this
deviation. Chemical reaction of depositing metal with
underneath MoS2 also causes the Fermi level pinning. To
fabricate high-quality Schottky contacts, the surface state
density should be very low to have low contact
resistance.
It has been investigated by researchers that the Fermi
level pinning phenomenon is universal in nature for 2D
materials. Besides MoS2, Schottky barrier height of other
TMDCs is also dominated by Fermi level pinning. Li et al
[50] investigated that tungsten diselenide (WSe2)-based
FET shows gate voltage-dependent Schottky barrier
heights, 100–10 meV, transition from Schottky to ohmic
behaviour with Ti/Au contacts. They showed that by controlling the gate voltage, barrier height and carrier transport
can be controlled. In another study, MoTe2 showed effective barrier heights of 41.1, 40.3, 30.3 and 10.2 meV for the
Ti, Cr, Au and Pd contacts, respectively [51]. The barrier
height was mainly dominated by Fermi level pinning. Sotthewes et al [52] studied various TMDCs, such as MoSe2,
WSe2, WS2 and MoTe2 using STM and CAFM techniques
and concluded that in these van der Waals materials with no
dangling bonds, Fermi level is heavily pinned due to metalinduced gap states on the pristine surface. This Fermi level
pinning effect is further enhanced due to defect-induced gap
states in the defected regions dominated by vacancies or
defects.
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WSe2-based FET showed decrement in contact resistance
after NO2 chemisorption which causes hole doping in
WSe2. High hole mobility of 250 cm2 V-1 s-1 and on/off
ratio of 106 was observed [53]. Further, the same group
studied n-doping in the few-layered MoS2 and WSe2 using
potassium-induced surface charge transfer. High electron
sheet densities of *1.0 9 1013 cm-2 for MoS2 and 2.5 9
1012 cm-2 for WSe2 were obtained and exhibited low
contact resistance [54]. Potassium is considered to be a
strong electron donor because of its small electron affinity
and therefore, electron doping using K vapours has been
applied to 2D materials and carbon nanotubes. Polyethyleneimine (PEI) molecules have also been studied as
n-type dopants on multilayered MoS2 and showed promising results as reduction in contact and sheet resistances [55].
Sheet resistance and contact resistance were reduced by 2.6
and 1.2 times, respectively. Significant improvement in the
functioning of FETs was also observed in terms of 70%
enhancement in on-current and 50% improvement in
mobility. Adsorption of these molecules on surface of 2D
materials utilizes surface charge transfer and does not
induce any defects in comparison to standard substitutional
doping. While the above reported molecules show effective
approach towards chemical doping in 2D materials, and
thus, improving the contact resistance, they lack air stability
of the devices. To overcome this issue, use of benzyl viologen (BV) has been demonstrated as it has highest reduction potential in electron donor organic compounds. Kiriya
et al [56] showed that MoS2-based FET can be doped
degenerately with BV. Contact resistance in undoped MoS2
was estimated to be 3.3 kX-lm and it reduces to 1.1 kX-lm
after BV treatment. BV generates a stable electron transfer
complex under both ambient and vacuum conditions which
allows charge transport and device characterizations more
feasible. In this sequence, Yang et al [57] demonstrated
chloride molecular doping technique to reduce contact
resistance at metal–TMDC interface. They were able to
achieve contact resistance of 0.7 kX-lm for WS2 and 0.5
kX-lm for MoS2. In addition, high on/off ratio of[4 9 106
was achieved with no degradation in device performance
with time. Figure 2 shows the effect of doping on the
electrical properties of TMDCs-based devices.

2.3

2.2

Chemical doping technique

Traditional methods, such as ion implantation used for
doping in conventional semiconductors may not apply in
layered materials due to their ultra-thin nature. However,
chemical doping has come up as an effective approach to
reduce metal–semiconductor resistance and improve overall
working of the device. Mechanically exfoliated single layer

Phase engineering

Phase engineering has been discovered as another approach
to reduce the contact resistance between the electrodes and
the channel to improve FETs performance. Kappera et al
[58] demonstrated that the metallic 1T phase of MoS2 can
be an effective contact electrode to its 2H semiconducting
phase. The contact resistance was reported to be as low as
200 X-lm at zero gate bias leading to very high drive
currents, high mobility values and high on/off ratios [ 107.
Zhu et al [59] showed that argon plasma bombardment can
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Figure 2. (a) Transfer characteristics of WSe2-based FET device before and after NO2 doping of the source/drain contacts [53].
(b) Transfer characteristics of WSe2-based FET device after potassium doping [54]. (c) Change in contact resistance with gate voltage
before and after BV doping [56]. (d) TLM characteristics of chloride-doped WS2 and MoS2. Extracted contact resistance is 0.7 and
0.5 kX-lm for WS2 and MoS2, respectively, at the back gate bias of 50 V [57].

lead to phase transition from 2H to 1T in monolayer MoS2.
Improved FET characteristics on MoS2 were observed by
inducing 1T phase transition in the fabricated contact areas.
Phase transition has also been investigated in MoTe2 using
laser-induced phase patterning to fabricate 2H/1T MoTe2
homojunction by Cho et al [60]. The mobility of
MoTe2-based FET devices were increased by a factor of 50
with high on/off ratio of 106. They suggested that Te
vacancies lead to the local phase transition in MoTe2 and
thus, facilitates the ohmic homojunction contact formation.
Another study shows that phase transition in MoTe2 can
also be achieved by strain engineering, which is reversible
at room temperature under ambient conditions [61]. The
phase transition by strain engineering can be useful in many
applications including electrical devices, sensors, optical
and biological devices. Figure 3 depicts phase engineering
in different TMDCs.

2.4 Insertion of 2D layer between metal
and semiconductor
Fermi level pinning is considered to be the fundamental
reason for the observation of large contact resistance in 2D
materials. To completely resolve the issue of large contact
resistance, researchers have tried the way of insertion of 2D
layer between metal and 2D material on which device needs
to be fabricated. Du et al [62] fabricated MoS2 FETs using
graphene as the insertion layer. Contact resistance without
monolayer graphene was obtained as 12.1 ± 1.2 kX-mm
which reduces to 3.7 ± 0.3 kX-mm after inserting monolayer graphene at the same back gate voltage. High on/off
ratio of 107 was also observed in the device. A strategy of
contacting TMDCs with substitutionally doped TMDCs was
developed by Chuang et al [63]. They showed that WSe2
FETs with 2D/2D contacts show remarkably high on/off
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Figure 3. (a) Phase transition in MoTe2 by strain engineering. (b) Semiconductor–metal transition accompanied by current–voltage
characteristics. (c) Strain-modulated phase transition barrier [61]. (d) Schematic representation of Ar plasma-induced phase transition
in monolayer MoS2. (e) Heterophase structures in MoS2 devices. (f) Transfer characteristics of back-gated MoS2 devices with
heterophase structures [59]. (g) Schematic of heterophase homojunction MoTe2-based device. (h) Arrhenius plot of conductance.
(i) Field effect mobility for 1T and 2H contacts as a function of temperature [60].

ratio of [ 109 with low contact resistance of 0.3 kX-lm.
The drastic change in the electrical properties of the devices
with van der Waals heterocontacts was attributed to the
differences in the band alignment between contact 2D
material and the channel. In the report, MoSe2 was taken as
channel material, whereas p-doped MoS2 or p-doped WSe2

were taken as contact materials. The valence band maxima
(VBM) of the MoSe2 aligns to the VBM of the contact 2D
material by applying gate voltage. This leads to the vanishing barrier at the interface of 2D/2D vertical contact. It
was concluded that in 2D-contacted p-type TMD FETs,
ohmic contacts are formed in the condition where VBM of

Figure 4. (a) Structure geometry of dual channel MoS2/WSe2 van der Waals heterostructure FET. (b) Transfer characteristics of dual
channel FET in semi-logarithmic scale [65]. (c–e) The total resistance and contact resistance as a function of back gate bias with
thickness of h-BN are 0 layer in c, 1–2 layers in d and 3–4 layers in e, respectively [64].
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the channel is above the VBM of the 2D contact material
and non-ohmic behaviour is observed when the VBM of the
channel is below that of the 2D contact material.
Wide band gap hBN has also been used as the insertion
layer between metal and 2D materials. The thickness of the
inserting layer affects the charge transport in the channel
material. Wang et al [64] studied the effect of thickness of
hBN layer and showed that atomically thin layer of hBN
works very well as a tunnelling barrier leading to low
contact resistance of 1.8 kX-lm and low Schottky barrier
height of 31 meV. As the thickness increases, not much
change in barrier height was observed, but tunnelling
resistance was observed to increase as depicted in figure 4c–
e. In this context, thickness of the insertion layer is as
important as the choice of the 2D inserting material.
Another study shows the dual channel transport in MoS2/
WSe2 heterostructures making use of atomically thin MoS2
as the insulating layer between metal and a few layered
WSe2 [65]. An improvement in the contact resistance (from
106 to 80 kX-lm) and decrement in the effective Schottky
barrier height (from 360 to 120 meV) was observed in this
way (figure 4a and b). Beyond atomically thin 2D materials,
other materials, such as TiO2 has also been used as the
tunnelling layer to Fermi level depinning in the 2D materials-based devices. Park et al [66] reported the use of TiO2
in MoS2 FETs without any doping, leading to low Schottky
barrier height of 0.1 eV and contact resistance of 5.4 kXlm. Dankert et al [67] studied MoS2-based FETs with
ferromagnetic contacts for spintronic applications. They
showed that high value of Schottky barrier resistance at
ferromagnet/MoS2 contacts hinders its application for
electron spin injection. The Schottky barrier height was
reduced after inserting a thin TiO2 tunnelling layer and thus,
deformation of Schottky barrier leads to reduction in contact resistance. Further, transistor on-current was enhanced
by two orders of magnitude. Thus, the use of tunnelling
layer between metal and 2D material can effectively
improve the contact resistance in the device. Figure 4
illustrates the role of inserting 2D layers between metal and
TMDCs.

2.5

Metal deposition in ultra-high vacuum

Environmental conditions, such as pressure in the chamber
while deposition play an important role on the quality of
the contacts. English et al [35] uncovered that Au contacts
on MoS2 deposited in ultra-high vacuum (*10–9 Torr)
lead to significant improvement in contact resistance. They
fabricated MoS2 transistors with 20 nm contacts and 70
nm contact pitch, leading to low value of RC as 740 X-lm
(three times lower than the normal conditions) at room
temperature with low contact resistivity of 3 9 10-7 X
cm–2 without chemical doping. The devices were airstable for over 4 months. According to the paper, lateral
access resistance controls RC under the contact rather than
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the Schottky barrier. Ultra-high vacuum Au deposition on
MoS2 provides clean interface with less surface adsorbates
trapped at metal–MoS2 interface and high mobility. In
another report, similar strategy was adopted on CVD
grown-monolayer MoS2. Transfer length measurements
were used for rigorous calculation of contact resistance
and mobility along with simulations [68]. Further, the
ultra-high vacuum deposition idea was implemented on
WSe2 and comparative study of deposition ambient i.e.,
high vacuum and ultra-high vacuum were performed. It
was observed that interfacial intermetallic compound was
formed in both the situations for Ir and Cr metals leading
to large Schottky barrier, however, Au shows van der
Waals interaction with WSe2 [69]. In short, the metal
interaction with 2D materials is more complex depending
on various parameters, such as deposition conditions,
metal to be deposited, etc. Figure 5 illustrates the effect of
deposition ambient on electrical properties of MoS2-based
transistors.

3.

Future outlook

The emerging era of miniaturized devices to develop fast
growing technologies, ease the 2D materials commercialization and can have a great impact on human life in all
aspects including communication, wearable electronics,
health care devices, defense, etc. Fundamentally, 2D
materials can be promising and reliable alternative to
commonly used semiconductors, which are in markets from
decades, such as silicon in CMOS devices. Their ultimate
properties even in atomical thinness allows fabrication of
efficient electronic devices for future, but their production
on large scale with no compromise to their electrical
properties is the necessity for industrial applications. Contact resistance, sheet resistance, contact lengths and control
over defect densities are some issues, which need to be
addressed in devices based on large area 2D films. Metal
contacts to 2D materials will play a decisive role to connect
the material to the outside world. The ultimate thickness
and inability to perform irradiation-induced doping in 2D
materials make it quite difficult to achieve a low contact
resistance device. However, recent studies have come up
with new strategies to solve this problem. The issue of high
contact resistance and low Schottky barrier height still
remains a big issue in 2D material-based devices and needs
an effective technique applicable to low-dimensional devices at a large wafer scale to overcome Fermi level pinning
issue. Recent techniques discovered to overcome the issue
of high-quality metal–semiconductor interface have been
applied on small-sized devices. It would be challenging to
apply these methods on large area films and controlling the
electrical parameters, such as contact resistance and sheet
resistance from industrial application point of view. In
nanoscale-integrated circuit designing, inductors and
capacitors scaling is also pre-requisite. Researchers have
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Figure 5. (a) Atomic force microscopy (AFM) image of transfer length measurement (TLM) structure on few-layered
MoS2. (b) Total resistance vs. channel length measured by TLM with different carrier densities, n. (c) Specific contact
resistivity vs. carrier density at different temperatures for Au/MoS2 contacts. (d) Transfer length as a function of carrier
density and temperature [35].

designed supercapacitors based on 2D materials. Although
these can be beneficial in modern device technology, some
challenges, such as high voltage applicability, scalability,
etc. need to be addressed in this respect.

4.

Conclusions

We have discussed different aspects of metal contacts to 2D
materials and their effect on device performance. Formation
of ohmic and Schottky contacts on 2D materials and Fermi
level pinning were thoroughly reviewed. Strategies adopted

by recent research works to overcome the issue of Fermi
level pinning, low contact resistance and sheet resistance
were discussed. These include the careful selection of
metals to be contacted on the basis of their work function,
chemical doping, insertion of 2D layer between metal and
semiconductor as a tunnelling pathway and ultra-high vacuum deposition, etc. These techniques show reliable
improvement in electrical characteristics of the devices, but
need to be explored on large variety of TMDC materials.
Despite the different strategies, high quality metal–semiconductor contact is still a big challenge for 2D materialbased devices. In this respect, we presented an overview of
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some recent investigations regarding the electrical contacts,
however, more detailed, systematic and repeatable studies
are needed on TMDCs.
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