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Abstract

The integration of electrical contact into 2D heterostructure is an essential approach to high-
quality electronic nano-devices, especially field-effect transistors. However, high contact
resistance with transition metal dichalcogenides such as molybdenum disulphide (MoS,)-based
devices has been a significant fabrication impediment to their potential applications. Here, we
have demonstrated the advantage of 1D indium metal contact with fully encapsulated MoS,
within hexagonal boron nitride. The electrical measurements of the device exhibit ambipolar
transport with an on/off ratio of 10? for holes and 107 for electrons. The device exhibits high
field-effect mobility of 40.7 cm? V~!s~! at liquid nitrogen temperature. Furthermore, we have
also analysed the charge-transport mechanism at the interface and have calculated the Schottky
barrier height from the temperature-dependent measurement. These results are highly promising
for the use of air-sensitive material heterostructure and large-scale design of trending flexible,

transparent electronic wearable devices.

Supplementary material for this article is available online
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1. Introduction

Transition metal dichalcogenides (TMDs) have the potential
to replace conventional Si electronics because of their ultra-
thinness, which allows for effective low-voltage electrostatic
gating [1]. Along with atomic-scale thickness, these materials
also demonstrate remarkable electrical and optical properties
[2-4]. Among the TMDs, molybdenum disulphide (MoS,)
appears to be one of the most promising candidates in the 2D
family due to its sizeable band gap, high on/off ratio and the
possibility for large-scale synthesis through chemical vapour

0957-4484/21/2157014+-06$33.00

deposition [5-7]. Moreover, the ultra-flat surface without
dangling bonds of MoS, presents the ability of weak van der
Waals bonding with other 2D materials, leading to further
utilisation of MoS, for novel electronic or optoelectronic
applications via stacking [8]. With regard to future applica-
tions, MoS, is able to be used as field-effect transistors
(FETs) [9-11], light-emission diodes [12], solar cells [13] and
photodetectors [14, 15].

High contact resistance is one of the major obstacles in
realising high-performance electronic devices based on MoS,
and other TMD materials. The presence of the Schottky
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barrier at the metal and MoS, interface results in increased
contact resistance and, therefore, substantially degrades the
electrical performance of the MoS,-based devices [16]. In
principle, as the Schottky—Mott rule [17-19] illustrated, the
Schottky barrier height (SBH) depends upon the difference
between the conduction-band edge or valence-band edge for
n-type or p-type transistors and the contact metal work
function, respectively [20]. However, the researcher found
that in actual MoS, devices, the SBH deviates from the pre-
dicted value of the Schottky—Mott rule [19, 21, 22]. This
deviation from the expected value was explained by the
Bardeen theory [23], which takes into consideration the pre-
sence of traps, interface states and other imperfections at the
contact metal-TMD interface [24]. This concept is termed
Fermi-level pinning (FLP), and the extent of FLP is quantified
by the pinning factor S, such that S = 1 indicates no pinning
and § = 0 as complete pinning [22, 25]. Several solutions
were proposed to address the issue of SBH and FLP. These
solutions include the introduction of a thin dielectric layer
between the metals and TMDs [26], semi-metal as a contact
material for MoS,, degenerate doping of the contact region
and phase-engineered contacts [21]. Recently, a study sug-
gested the transferring of pre-patterned electrodes on TMDs
instead of direct deposition by evaporation [27, 28]. However,
despite all these studies, the performance of TMD-based
devices is still inferior to conventional silicon devices. Fur-
thermore, these methods show limitations in the reproduci-
bility and stability of the devices. It is theoretically predicted
that 1D edge contact to MoS, would provide strong orbital
overlap between the metal and MoS, and, therefore, result in
thinner tunnel barriers and low resistance compared to top
contacts [29].

In this work, we present the metal edge contact with
MoS, because of its high performance, convenience and
reliability. The indium edge contacts were realised by
developing a plasma etching method followed by a rapid
thermal annealing process. Indium was chosen as the contact
metal because of its suitable work function. The metal with
appropriate work function can reduce the Schottky barrier and
contact resistance to some degree [16]. In this device, we have
been able to achieve ambipolar transport in MoS, with an on/
off ratio of 107 for electrons and 102 for holes. The transport
behaviour was further analysed by calculating the SBH
through temperature-dependent electrical measurement. We
also calculated the contact resistance of the device, which
shows the domination of edge contact over other contact
methods.

2. Results and discussion

Figures 1(a) and (b) illustrate the sample design of MoS, 1D
edge contact (M1C) FETs. In preparation, standard 1 cm?
heavily doped p-type Si/SiO, (oxide thickness of 285 nm)
substrates were cleaned thoroughly in acetone and isopropyl
alcohol in an ultrasonic sonicator for 10 min each, respec-
tively. A six-layer MoS, flake was mechanically exfoliated
from commercial bulk MoS, on a substrate using the Scotch

tape method and identified by an optical microscope [30]. The
Raman spectra of the six-layer MoS, are shown in figure 1(c),
which confirms the flake we have used in this experiment was
indeed MoS,. We obtained two main vibrational modes, the
E,, peak located at ~382cm~' represents the in-plane
vibrational mode of both metal and chalcogen atoms, while
the Aj, peak at ~407 cm~! represents the out-of-plane
vibrational mode of only chalcogen atoms [31, 32]. Similarly,
hBN flakes (5 ~ 30 nm) were obtained by utilising the same
procedure. All the exfoliated flakes were immediately moved
to an Argon glove box. The dry transfer method by Poly
(bisphenol A carbonate) described in previous research was
employed for making our hBN/MoS,/hBN heterostructure
[33]. Poly (methyl methacrylate) (PMMA) was spin coated
and consolidated on a 160 °C hot plate for 2 min. Markers and
electrodes were patterned by standard electron beam litho-
graphy. The etching process was performed in a reactive ion
etching mini-plasma machine using a mixture of CE; and O,
(1: 10 sccm). The In/Au (15/40 nm) contacts were deposited
by e-beam evaporator (Korea Vacuum Tech. KVT-2004)
followed by lift-off in acetone. After the first measurement,
the samples were annealed through 1000 sccm Argon gas at
150 °C for 2 h in a rapid thermal annealing (Nextron RTP-
1200) system and measured again. In our study, two-terminal
and four-terminal measurement in a high-vacuum probe sta-
tion with the pressure below 20 mTorr was performed to
study the electrical properties of the M1C device.

Figure 2(a) presents the transfer characteristics of the
MIC device in a range of —60 to 60 V before and after
annealing. From the transfer characteristics, it is obvious that
before annealing, the device exhibits n-type transport with a
current on/off ratio of around 103 and a maximum on current
of 63 nA at V; = 60 V. After annealing, several changes can
be observed. First, the device now exhibits ambipolar trans-
port with a current on/off ratio of 107 for electrons (positive
gate bias) and 102 for holes (negative gate bias). Second, the
on current in the n-region (positive gate bias) has increased
around 100 times from 63 nA to 6.8 pA. There was negli-
gible current before annealing for the p-region (negative gate
bias). However, after the annealing process, the maximum on
current increased to approximately 10 nA. The inset figure
exhibits the output characteristic of the device. The drastic
change in the characteristic curves is attributed to argon
annealing, which can improve the device performance by
removing impurities, trapped bubbles, wrinkles and strain or
chemical residue from the fabrication process, thus enhancing
the bonding between the contact metal and MoS, [34].
Overall, the edge contact samples exhibited highly improved
performance. For comparison, we also prepared several
indium top contact devices with similar MoS, thickness under
similar fabrication conditions. In all of these devices, the
measured value of the contact resistance was almost ten times
higher than the edge contact device. The transport char-
acteristic measurements and calculation are shown in figure
S1 (available online at stacks.iop.org/NANO/32/215701/
mmedia).

MoS, typically demonstrates n-type transport and the
observation of ambipolar transport in MoS, is quite rare. The
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Figure 1. (a) Schematic illustrating the structure of the MoS, edge contact device with the expanded section showing the detail of the edge
part. (b) Optical microscope image of the MoS,-incapsulated device with In used for deposition. (c) Raman spectra of the device illustrating

signature six-layer MoS, peaks.
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Figure 2. (a) Transfer curve of the M1C device at a drain voltage of 1 V, before and after the annealing process in semi-log scale (Inset shows
the same device output curve before and after annealing). (b) Variation in total resistance, channel resistance and contact resistance of the

MIC device as a function of gate voltage after the annealing process.

major reason behind this is the pinning of the Fermi level in
MoS, [21, 22]. Studies have shown that the Fermi level in MoS,
devices is pinned near the conduction band, thus not only
resulting in Schottky barrier for electrons but making it extremely
difficult to access the holes in the valence band [22]. However,
the presence of ambipolar transport in this device indicates that
either the Fermi-level pinning position has been changed in the
MoS, band gap or it has been unpinned. Figure 2(b) presents the

four-terminal measurement of the device to differentiate between
the contact resistance and channel resistance. The equation
Riotal = Rehannel + 2Rcontace has been used to calculate the
contact resistance. At low gate voltages (020 V), the channel
resistance is the dominant resistance that limits the current flow.
However, as the gate voltage is increased, the channel resistance
starts to reduce as the channel gets populated with gated-induced
carriers (electrons). From V; = 37 V' onwards, the channel



Nanotechnology 32 (2021) 215701

HY Le Thi et al

@ 3

~ 30} . :
~ o A
il Vg (V) " . v
o | 318 : $ .
= - ‘ . .
= 2} ¢ 5 2
L. .
24} 4o
27 28 29 30 31 32
q/kgT
(c) 27 "
261 . -13
—~ .
& 2 R L
™ a i L .
QU=
oy . . . ’
= 23f ¢ 3 : ,
.—.= L . . * 1
221 = : e 4 .
. . ’ - 20
21 e
27 28 29 30 31 32 33

q/kgT

0.75}
S‘OJO_ SBH, . = 0.61 eV
2 s Vig=-34V
= oest
aa]
“ 060t

055 = = = = *®

-40 -38 -36 -34 -32

-30
Ve (V)
(d) os
] SBH, =0.18 eV
<03 Ves=-114 V
L
T 02}
faa]
i
0.0}
Y | P ——
48 9 0 9 18 27

Ve (V)

Figure 3. (a) and (c) are the SBH calculation in detail. In (I, /73/?) was plotted against q/kgT at different back-gate voltages for extracting
the SBH for holes and electrons, respectively. (b) and (d) exhibit the SBH of the 1D edge contact FET device for electrons and holes as a

function of gate voltage.
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Figure 4. (a) Band diagrams showing the formation of SBH due to band bending at the interface of indium and MoS,. (b) In (I /V?) are
plotted as a function of the inverse of drain bias voltage (1/V) indicating the tunnelling behaviour of the device at different gate voltages.

resistance becomes less than the contact resistance. The major
current limiting resistance in this region is contact resistance with
a value of 4.07 kQum at V; = 60 V. In comparison with the
surface contact device shown in the supporting information, the
contact resistance for the edge contact device is much lower.
From the transfer characteristic, we also calculated
the field-effect mobility based on equation (1) [35], where
Vp=1V,L=152 x 10*cm and W = 3.8 x 10~*cm are
the length and width of the channel, respectively. C; =

1.21 x 1078 Fcm™2 is the gate insulator capacitance per unit
area. The obtained value of mobility is 32 cm? V-!s~! at
room temperature and a significantly higher value of
40.7 cm? V=171 at 77 K. The calculated value of the field-
effect mobility is higher at low temperature as the phonon
scattering reduces at low temperatures.
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In order to quantitatively evaluate the SBH in the device, we
performed electrical characterisation at different temperatures
(77-420 K), as shown in figure S2. Figure S2 displays the
transfer curves of the device at various temperatures with the
source—drain current in log scale. Equation (3) can be used to
describe the carrier transport at Schottky contacts [36].

D qVp
Ip = WAZ T3/ 2 exp| — L28 | exp | 22|, 2
D o) P( i p kT ()
% g~ 8mm*kg?
Ay = B
. kB AIH(ID/TS/Z)

In equations (2) and (3), W is the channel width, ¢ is the electron
charge, kg is the Boltzmann constant, A5}, is the Richardson
constant, @g, is the SBH, V}, is the drain voltage and m™ is the
effective mass. Equation (3), derived from equation (2), is used
to extract the SBH from the slope of the linear fit to In (I, /T°/2)
as a function of ¢/kgT. In these measurements, a constant drain
voltage of 1 V was applied. The application of such a high drain
voltage could reduce the influence of the Schottky barrier at the
drain and the current will be effectively determined by the
Schottky barrier at the source [21].

To obtain the value of the SBH, first we calculated
In(Ip/T?/%) and plotted it as a function of ¢/kgT at various
gating biases, as shown in figures 3(a) and (c). Then, we
extracted the slope from all these plots using the linear fitting,
which resulted in negative SBH. These negative slopes were
plotted as a function of gate voltage as the true SBH. The
SBH for the electron and hole transport are 0.18 eV at flat-
band voltage Vi = —11.4V and 0.61 eV at Vig = —34 V,
respectively, as shown in figures 3(b) and (d).

As can be seen in figure 4(a), the contacts in our device are
Schottky and it is well known that in the presence of Schottky
barrier at the interface, tunnelling through the barrier is the
dominant mechanism for charge transfer across the barrier [37].
The tunnelling behaviour could be a direct tunnel or Fowler—
Nordheim (FN) tunnel depending on the shape and width of the
barrier. To gain further insight into the transport across the
barrier in our device, direct (4a) and the FN tunnelling (5a)
equations were used, and to graphically see the linearity of the
data and for easy comparison, equations (4b) and (5b) are
extracted from equations (4a) and (5a), respectively. [38, 39].

Direct tunnelling:

4d\2m*

Ip < V exp [—%], (4a)
4 2m*o
ln(%) x ln(%) — [%] (4b)
FN tunnelling:

87d~2m* >

Ip o< VZexp | - N T8 | (5a)
P 3hqV

v (5b)

V2 3hq

I | lsm/ 2 ]
ln( ) x —
Here, @ is the barrier height, m is the free electron mass,
m*(0.46 m) [40] is the effective mass of electrons in the MoS,
channel, ¢ is the electron charge, / is Planck’s constant and d is
the width of the barrier. Figure 4(b) provides a plot between
In(Ip/V?) and1/V at different gate voltages. The graph remains
linear for the range 1/V = 10 to 50 V-! and as evident from
equation (4b), the linear region indicates direct tunnelling. So, for
a drain voltage of 0.02-0.1 V, the device exhibits direct tun-
nelling. Whereas, the graph in figure 4(b) exhibits exponential
behaviour for a range 1/V = 1to 10 V~'. This proves that for a
drain voltage of 0.1-1 V, the device shows FN tunnelling. This
change in tunnelling behaviour has been attributed to change in
the shape of a barrier as the drain voltage is increased and these
findings are consistent with the previous reports on transport
across the Schottky barrier [37].

3. Conclusion

We have demonstrated the use of indium as a successful metal
for the encapsulated MoS, 1D edge contact gate tuneable
device. The van der Waals heterostructure with a high-
vacuum rapid thermal annealing process dramatically reduces
the interfacial impurities. It provides a standard platform that
allows us to achieve a high-mobility 2D device through a
range of temperature-dependent electrical transport measure-
ments. The systematic four-terminal studies have revealed
better contact resistance compared to other types of contacts.
Furthermore, detailed calculated SBH results have indicated
that direct tunnelling behaviour is the theoretical match for the
observed charge-transfer mechanism. Our work shows the
premeditated design and contact method as a simple avenue to
improve charge-transportation performance for investigating
TMD 2D materials and potential applications in future flex-
ible and transparent devices.
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