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ABSTRACT: The self-biasing effects of ion gel from source
and drain electrodes on electrical characteristics of single layer
and few layer molybdenum disulfide (MoS2) field-effect
transistor (FET) have been studied. The self-biasing effect of
ion gel is tested for two different configurations, covered and
open, where ion gel is in contact with either one or both,
source and drain electrodes, respectively. In open config-
uration, the linear output characteristics of the pristine device
becomes nonlinear and on−off ratio drops by 3 orders of
magnitude due to the increase in “off” current for both single and few layer MoS2 FETs. However, the covered configuration
results in a highly asymmetric output characteristics with a rectification of around 103 and an ideality factor of 1.9. This diode like
behavior has been attributed to the reduction of Schottky barrier width by the electric field of self-biased ion gel, which enables
an efficient injection of electrons by tunneling at metal-MoS2 interface. Finally, finite element method based simulations are
carried out and the simulated results matches well in principle with the experimental analysis. These self-biased diodes can
perform a crucial role in the development of high-frequency optoelectronic and valleytronic devices.
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1. INTRODUCTION

Transition metal dichalcogenides (TMDs) have attracted great
interest for postsilicon electronics because of their unique
properties like atomic thickness and sizable band gap.
Moreover, their high optical absorption and mechanical
flexibility make them a strong candidate for optoelectronics
and photovoltaic applications.1−3 Currently, most of the TMDs
based devices use oxide gate dielectric layers to switch the
device between on and off state.4−6 However, large operating
voltage window of oxide gate for highly doped channel can be
overcome by using an electrolyte that forms electric double-
layer (EDL) capacitors under applied bias. This robust channel
charge modulation capacity of EDLs is because of their high
specific capacitance of around 1 μF cm−2, which allows the
depletion mode devices to operate at significantly reduced
voltage. Moreover, these electrolytes are solution process able
and compared to oxides, their processing temperatures are also
much lower, which makes them highly suitable for flexible
electronics.7−11 Besides their applications in organic electronics,
EDLs, commonly referred as ion gel, have also been frequently
used in TMDs based devices to achieve ambipolar operation,
superconductivity and for demonstrating proof-of-the-concept
electronic devices.12,13 Devices based on layered materials like
MoS2, WSe2, SnSe2, graphene, and WS2 have been studied

using ion gel as gate dielectric.14−17 Moreover, p−n junction
has also been fabricated in a single flake of MoS2 using ion
freezing technique under a constant bias at low temperature.18

In this work, we have studied the self-biasing effect of ion gel
from source and drain electrodes on the electrical properties of
MoS2 field effect transistor (FET). We have also demonstrated
the operation of self-biased diodes by using asymmetric biasing
technique where one electrode bias the ion-gel while the other
electrode is passivized with poly(methyl methacrylate)
(PMMA) in a two probe FET configuration. This resulted in
an extreme asymmetry in I−Vd curve with a rectification ratio of
around 103. In conventional design, the rectification in a p−n
junction is usually achieved by controlled doping of semi-
conductor, however, conventional doping techniques like ion-
implantation, thermal diffusion, etc., have limitations at
ultrasmall channels.19,20 Therefore, the proposed self-biased
diode can be a promising candidate at this scale since it does
not require conventional doping of semiconductor. Further-
more, the transparent nature of the top gate dielectric (ion gel)
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makes it suitable for optoelectronics and photovoltaic
applications.
Figure 1a and b show the schematic and optical image of the

multilayer MoS2 FET used in the experiment. The thickness of

multilayer MoS2 was 4.34 nm (6 layers), as determined by
atomic force microscopy and shown in Figure 1b. Besides the

study of multilayer MoS2, single-layer MoS2 based devices were

also studied and the thickness was confirmed by Raman
spectroscopy (Figure S1) where the difference in frequencies of

E2g
1 and A1g peak, 18 cm−1, confirms that the MoS2 flake is

single layer.21 The electrical characteristics of multilayer MoS2
FET are discussed first. All the electrical measurements are
performed at room temperature under vacuum conditions using

Keithley 4200 semiconductor characterization system (4200-

SCS).

2. RESULTS AND DISCUSSION

Figure 2 illustrates the electrical characteristics of multilayer
MoS2 FET before and after the introduction of ion gel. For the
device with ion gel, a droplet of ionic liquid was dropped using
micropipette to immerse channel as well as source and drain
electrodes as shown in Figure 1a. Figure 2a shows the output
characteristics of the pristine device at different back gate
voltages. The linear I−Vd curve indicates the formation of
Ohmic contacts between contact metal and MoS2. In Figure 2b,
the transfer characteristics shows good current modulation and
a high on/off ratio of ∼106, when the back gate voltage is swept
from −40 to 40 V. After the electrical measurement of the
pristine device, ion gel was introduced and the output and
transfer characteristics were measured again. Figure 2c shows
the output characteristics of the device with ion gel, although
the drain current remained almost same but the I−Vd curve
become nonlinear. This transition from linear to nonlinear
behavior can be explained by considering the field effect of the

Figure 1. (a) Schematic of multilayer MoS2 FET covered with ion gel. (b) Atomic force microscopy (AFM) image of six layer MoS2 with height
profile (inset shows the optical microscope image of the device).

Figure 2. (a) Output curve of pristine six layers MoS2 FET at different back gate voltages. (b) Transfer curve of pristine six layers MoS2 FET at
different drain voltages. (c) Output curve of six layers MoS2 FET at different back gate voltages after introduction of ion gel. (d) Transfer curve of six
layers MoS2 FET at different drain voltages after introduction of ion gel.
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ion gel on the MoS2 channel in the vicinity of source and drain
electrodes as illustrated in inset of Figure 2c.
The channel in the vicinity of the negative electrode will

accumulate electrons induced by the positive electric field
generated by the polarized ions from the ion gel. This
separation of positive ions is due to biasing of the ion gel from
the negative electrode. Similarly, the channel in the vicinity of
the positive electrode is depleted of electrons because of the
negative electric field from the ion gel. The modulating electric
field near the electrodes is generated by the accumulation of
opposite polarity ions which are induced by the applied voltage
at the electrodes, as explained by schematic in Figure 2c.11,18

Because of this opposite ion gel gating effect at the electrodes,
the total current through the device remains essentially same.
Since the behavior is symmetric for positive and negative
polarities, in Figure 2d, we show back gate voltage sweep for
only positive drain bias. Figure 2d is the transfer curve of device
after introduction of ion gel and an on/off ratio of ∼103 can be
seen in drain current, when the back gate voltage is swept from
−40 to 40 V. After the introduction of ion gel, the “off” current
is increased from 10 pA (Figure 2b) to around 10 nA at Vd = 1
(Figure 2d), which results in the on/off ratio decreasing from
∼106 to 103. This can be explained by combining the field
effects of ion gel and back gate. As shown in inset of Figure 2d,
at negative back gate bias, the negative electric field starts
depleting the accumulated electrons in the entire channel.
Similarly, positive electrode is also depleting the electrons in its
vicinity by the virtue of negative electric field from the ion gel.
On the contrary, the positive electric field at the negative
electrode accumulates electrons in the MoS2 channel. In the
positive gate bias regime, these accumulated electrons do not
play a significant role because of the similar order concentration
of the background carriers in the channel, however they start
affecting the device characteristics in the negative back gate bias
regime where the contribution of the ion gel induced electrons

(near negative electrode) to total current becomes significant
and can be seen as increase in “off” current. Although the “on”
current remains essentially unchanged for all drain bias, yet the
“off” current increases from 5 to 10 nA, when the drain bias is
increased from 0.5 to 1 V, respectively. This is in contrast to the
constant “off” current (at −40 V back gate voltage) observed in
the pristine device, when the drain voltage is varied from 0.5 to
2.5 V (Figure 2b). Another reason for increase in “off” current
can be gate induced drain leakage current (GIDL). In the
presence of high electric field from back gate as well as ion gel,
the valence band and conduction band will align as shown in
inset of Figure 2d. This alignment will assist tunneling of
electrons directly from valence to conduction band and results
in generation of electron−hole pairs. These electrons-holes
pairs can flow toward electrodes and result in an increased
leakage current. This effect of ion gel on the “off” current gives
an important insight into the working of ion gel FETs where
the impact of applied drain voltage on the device characteristics
can be overcome by electrically isolating the electrodes.
Next we investigate the electrical characteristics of single

layer MoS2 with ion gel as shown in Figure 3. The linear I−Vd
curves show Ohmic contacts before introduction of ion gel as
shown in Figure 3a. After the introduction of ion gel, the I−Vd
curves become nonlinear but remained symmetrical for positive
and negative voltages, which can be attributed to the local
biasing effect of ion gel at both electrodes as shown in inset of
Figure 3c. Although drain current remained same in the ion gel
multilayer MoS2 device but after the introduction of ion gel to
the single layer device, the drain current decreases around four
times as compared to the pristine device. This reduction in
current in the single layer device can be attributed to a
combination of several factors like higher band gap, different
dielectric and screening environment to the carriers as
compared to the multilayer device. As in multilayer MoS2
device, the majority of current flows in middle layers,22

Figure 3. (a) Output curve of pristine single layers MoS2 FET at different back gate voltages. (b) Transfer curve of pristine single layers MoS2 FET
at different drain voltages (inset shows the optical microscope image of device). (c) Output curve of single layers MoS2 FET at different back gate
voltages after introduction of ion gel. (d) Transfer curve of single layers MoS2 FET at different drain voltages after introduction of ion gel.
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therefore, introduction of a new interface such as ion gel does
not have a significant effect on current because of the dielectric
encapsulation and screening of charge scatterers provided by
the top layers. Whereas, in single layer MoS2, the scattering

effect of ion gel is more prominent as the charge scatterers
decrease the carrier mobility resulting in the four times
reduction in drain current. However, similar to multilayer
MoS2, after the introduction of ion gel, the “off” current in

Figure 4. (a) Schematic of self-biased single layer MoS2 FET covered with ion gel with one contact encapsulated by PMMA. (b) Plot of drain
current and drain voltage at different back gate voltages of single layers MoS2 FET before introduction of gel. (c) Plot of drain current and drain
voltage at different back gate voltages of single layers MoS2 FET after introduction of gel in linear scale (inset shows the fitting of data in diode
equation with an ideality factor of 1.9). (d) Plot of panel c in semilog scale (inset shows the optical microscope image of device).

Figure 5. (a) Schematic showing accumulation of electrons in self-biased MoS2 diode under forward bias. (b) Schematic showing depletion of
electrons in self-biased MoS2 diode under reverse bias. (c) Schematic band structure of pristine MoS2 FET and self-biased diode during forward bias.
(d) Schematic band structure of pristine MoS2 FET and self-biased diode during reverse bias.
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monolayer MoS2 also increases from 90 pA (Figure 3b) to 1 nA
(Figure 3d) at Vg = −50 V and Vd = 1 V. This increase in the
“off” current can be similarly attributed to the induced electrons
by ion gel near negative electrode as shown in inset of Figure
3d as well as GIDL. Since the band gap of single layer MoS2 is
higher (∼1.8 eV) than multilayer MoS2 (∼1.2 eV), therefore,
the GIDL is also less prominent in single layer MoS2 and the
value of “off” current in single layer MoS2 is much less than few
layer MoS2. Near Vg = −50 V, in Figure 3d, the current after
reaching a minimum value, starts to increase again. This
increase in “off” current with increasing negative back gate
voltage can be attributed to the contributions from both GIDL
as well as leakage through SiO2 at high electric field.
Further, we fabricated a device with configuration shown in

Figure 4a to demonstrate an application of the biasing effect of
ion gel by source and drain electrodes. In this device, one
electrode was selectively covered with PMMA using e-beam
lithography. In this configuration, the uncovered electrode can
selectively bias the ion gel as the covered electrode is
encapsulated with PMMA such that no electrical contact can
be formed with the ion gel droplet. When open electrode is
negative and covered electrode is positive, ion gel will also get
negative bias and the channel will accumulate electrons induced
by the positive electric field generated by the polarized ions
from the ion gel as explained by schematic in Figure 5a. This
ion gel induced positive electric field also reduce the Schottky
barrier width at the metal-MoS2 interface of the negative
electrode as shown in Figure 5c.23−25 As the major component
of the injected electrons are injected via field assisted
thermionic emission which exponentially depend upon the
width of the Schottky barrier. Therefore, the reduced Schottky
barrier width at the metal-MoS2 interface of the negative

electrode enhances the tunneling probability of the electrons
across the barrier and results in a significant increase in the
drain current. This increase in current is around 2 orders of
magnitude compared to the pristine device as shown in Figure
4b and c.
When the polarity is reversed such that the open electrode is

positive and the covered electrode is negative, the injection of
electrons in this configuration will be from electrode covered by
PMMA. This PMMA encapsulation which isolates the ion gel
from the electrode such that it can no longer modulate the
carrier density in the MoS2 channel. Therefore, at the covered
electrode, Schottky barrier remains same as in pristine device.
Whereas, by the virtue of positive voltage at the uncovered
electrode which bias the ion gel such that a negative electric
field is generated by the polarized ions of the ion gel. This
negative electric field will deplete the electrons from MoS2
channel as shown in Figure 5b and results in a four times
reduction of current as compared to pristine device.
Moreover, recent study shows that some charge transfer can

also occur between organic polyelectrolyte and 2D materials.26

Therefore, to reveal any charge transfer between ion gel and
MoS2, we performed the Raman spectroscopy of our
monolayer MoS2 device before and after the introduction of
ion gel as shown in Figure S1. Raman spectroscopy can
determine the charge transfer/doping in MoS2: n-doping in
MoS2 results in decrease of peak frequency difference between
A1g and E2g modes while p-doping cause relative shifting of the
Raman active modes in opposite direction.27 However, as
shown in Figure S1, in our device, we did not observe any shift
in peak positions indicating that there is no observable charge
transfer between ion gel and MoS2.

Figure 6. Silvaco TCAD simulation results showing (a and b) electrons concentration profile during forward and reverse bias, respectively and (c
and d) electron current density profile during forward and reverse bias, respectively.
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These results are further verified by modeling an equivalent
structure of ion gel self-biased diode in TCAD simulator “Atlas”
of Silvaco. The primary focus of simulation results is on the
modulation of carrier concentration (accumulation/depletion)
and electric current density by the ion gel in MoS2 device. The
equivalent structure consists of a back gated MoS2 FET, in
which the effect of ion gel was simulated by the electric field of
an extended electrode which is separated by 1 nm thick SiO2
from the active channel, as shown in Figure S3. Although this
arrangement cannot simulate the exact behavior of the effect of
ion gel but can sufficiently mirror the electrostatics profile of
the device and thus facilitate in the understanding of multiple
bias effects by providing insight into the electrostatic and
current density profile in such a device. As discussed in previous
sections and shown in Figure 2c and 3c, the working of ion gel
in self-biased configuration involves depletion of electrons
when positive voltage is applied to the electrode and vice versa.
Therefore, in simulations, the effect of ion gel is considered by
applying an image voltage (opposite in polarity to main
electrode voltage) to the extended electrode. When a negative
voltage (−1.5 V) is applied to drain electrode and its image
voltage (1.5 V) is applied to the top electrode, the carrier
density in the region under the top electrode is increased up to
1021 cm−3 (Figure 6a). Similarly, the current density is also
increased and the majority of current flows near top interface as
shown in Figure 6c. Contrary to that, when the polarity is
reversed such that, a positive voltage (1.5 V) is applied to drain
electrode and its image negative voltage (−1.5 V) is applied to
top electrode, it results in the depletion of the channel under
the electrode and drastic reduction in the current density in the
channel as shown in Figure 6b and d, respectively. These
variations in the carrier concentration and current density with
the polarity of the top electrode matches well with the observed
experimental results and thus explains the asymmetry in I−Vd
curve of the self-biased diodes.
Finally, the observed diode-like characteristics in Figure 4c

are also modeled with the Shockley diode equation as
follows:28,29
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where Id is the drain current, Vd is the applied voltage across
junction, q is the electronic charge, n is the ideality factor, kB is
the Boltzmann constant, T is the temperature in Kelvin, Ir is the
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The best fit was obtained for resistance Rs ≈ 0.6 MΩ and an
ideality factor of 1.9 was obtained from the slope of the curve as
shown in inset of Figure 4c. The higher value of ideality factor
is possibly due to the high resistance of the MoS2 layer and
other nonideal factors like the intrinsic material defects in the

MoS2, process chemical residue and the interface states at the
contacts that can account for the nonideal recombination
processes resulting in the higher value of ideality factor.28,30

Since the modulation of Schottky barrier width at the electrode
which injects electrons will dictate the device current, therefore,
we observe 102 times increase in current for one polarity but
only four times reduction in current for opposite polarity.31,32 A
high rectification of around 103 is achieved by the self-biasing
mechanism of ion gel and without using any conventional
doping method. This diode behavior can find ready application
in broad areas which require asymmetric transport for
rectification purposes.

3. CONCLUSIONS
Self-biased diodes have been fabricated with a high asymmetry
in output characteristics curve of around 103 and an ideality
factor of 1.9. During forward bias, the reduction of Schottky
barrier width by the electric field of self-biased ion gel enables
an efficient injection of electrons by tunneling at metal-MoS2
interface. Whereas, in reverse bias, depletion of electron in the
channel by the electric field of self-biased ion gel reduces the
device current. Finally, Silvaco TCAD simulations are carried
out and the simulated results match well in principle with the
experimental analysis.

4. EXPERIMENTAL SECTION
MoS2 devices were prepared by exfoliating MoS2 at a 285 nm thick
SiO2 layer on a heavily doped n-type Si substrate. The suitable flakes
were selected by optical microscope and after that the source and drain
contacts were defined by photolithography followed by Cr/Au (10/30
nm) deposition in electron-beam evaporation system and lift off in
acetone. The ion gel solution was prepared by mixing the polymer PS-
PMMA-PS and the ionic liquid EMIM-TFSI into an ethyl propionate
solvent (weight ratio of polymer: ionic liquid: solvent = 0.7:9.3:20).33

A 5 μL droplet of ionic liquid was dropped on the MoS2 device in such
a manner that the droplet covers the entire metal contacted region of
the MoS2 flake. To cover one electrode with PMMA, PMMA was spin
coated at 4000 rpm, baked and then patterned by electron beam
lithography.
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