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This article constitutes the first experimental measurement of
photocurrent spectra from monolayer MoS2. We report substantial
improvements (2- to 3-fold) and modulation in the photoluminescence
efficiency and photocurrent of monolayer MoS2 flakes under both ionic
liquid and electrostatic gating. This improvement arises from the
passivation of surface states and trapped charge of the material.
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Abstract:
We report substantial improvements and modulation in the photocurrent (PC) and
photoluminescence (PL) spectra of monolayer MoS2 taken under electrostatic and ionic liquid
gating conditions. The photocurrent and photoluminescence spectra show good agreement with a
dominant peak at 1.85eV. The magnitude of the photoluminescence can be increased 300% by
ionic liquid gating due to the passivation of surface states and trapped charges that act as
recombination centers. The photocurrent also doubles when passivated by the ionic liquid.
Interestingly, a significant shift of the PL peak position is observed under electrostatic (14meV)
and ionic liquid (30meV) gating, as a result of passivation. The ionic liquid provides significant
screening without any externally applied voltage, indicating that these surface recombination
centers have net charge. The acute sensitivity of monolayer MoS2 to ionic liquid gating and
passivation arises because of its high surface-to-volume ratio, which makes it especially sensitive
to trapped charge and surface states. These results reveal that, in order for efficient
optoelectronic devices to be made from monolayer MoS2, some passivation strategy must be
employed to mitigate the issues associated with surface recombination.
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Introduction:
Graphene’s lack of an intrinsic band gap presents a challenge for the use of graphene in
electronic and energy conversion devices. As a result, other 2D layered materials with finite band
gap energies have begun to receive increasing attention. Of particular interest are the layered
transition metal dichalcogenides, such as MoS2 and WSe2, which show spectacular
optoelectronic properties.[1-3] While bulk MoS2 is an indirect band gap semiconductor with a
band gap of 1.3eV, quantum confinement converts monolayer MoS2 into a direct band gap
material with a band gap of 1.85eV[3]. This band structure transition has been confirmed by
optical absorption, photoluminescence, and electroluminescence spectroscopy[4]. This property
of MoS2 makes it a good candidate for photovoltaic and photocatalytic applications, due to its
strong absorption in the solar spectral range. While several research groups have reported strong
photoluminescence from monolayer MoS2[1, 5, 6], measurements of photocurrent in this
material are limited. In previous work, the photoconductivity of multilayer MoS2 from the
ultraviolet to the infrared wavelength range was reported[7]. Also, current generated by
photothermoelectric effects (PTE) were studied by scanning photocurrent microscopy, where a
photothermal voltage is created across the junction between the MoS2 and metal electrode by a
photo-induced temperature gradient.[8] More recently, Wu et al. reported scanned photocurrent
microscopy of 4-layer MoS2 field effect transistors (FETs), which verified that the photoresponse
was due to band bending-assisted separation of photo-excited carriers at the MoS2/Au Schottky
interface.[9]
For many years, ionic liquids have been studied for applications in catalysis and energy
storage.[10, 11] More recently, ionic liquids have been used in high-performance organic
electronics[12], field-induced electronic phase transitions[13], and inducing superconductivity in
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layered materials.[14] Ionic liquid gating has also been used to circumvent surface depletion in
III-V semiconductors.[15] The intimate contact made by the ions at the liquid/solid interface
provides strong gating with a small gate capacitance. This type of electrochemical gating has
been used in other 2D materials to shift the Fermi energy of graphene by as much as ±0.85eV
from its charge neutrality point[16] and to realize ambipolar conduction in thin flakes of tungsten
disulfide (WS2).[17]
Here, we study the effects of electrostatic and ionic liquid gating on the optoelectronic
properties of monolayer MoS2. Electron transport measurements (i.e., I-V characteristics)
measured over the same range of electrostatic and ionic liquid gating are used to correlate the
strong modulation observed in the PL and PC spectra with doping. The quantum efficiency of
these devices with and without ionic liquid are obtained from the photocurrent spectra based on
the incident photon flux.

1. Experimental Section:
In this work, MoS2 flakes are exfoliated on p-doped silicon substrates with 300nm thick
SiO2 by the “Scotch tape” method, as shown in Figure 1a.[18, 19] As with graphene[20], we can
distinguish monolayer MoS2 flakes by their contrast under an optical microscope. Raman and
photoluminescence spectroscopy is used to confirm whether a given flake is in fact a
monolayer.[21] Photoluminescence spectra are taken on a Renishaw InVia spectrometer using a
532nm laser (0.1mW) focused through a 50X objective lens. Once a monolayer flake is
identified, metal electrodes are fabricated using electron-beam lithography, followed by 5nm Ti
and 50nm gold deposition. To improve the contacts, samples are annealed at 200oC in Ar.[22]
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bis(trifluoromethylsulfonyl)imide ([EMIM]-[TFSI]), it is baked in a vacuum oven at 120oC for
24 hours to remove water. Immediately prior to the measurements, a drop of ionic liquid is
deposited on the sample to serve as the electrochemical gate, as illustrated schematically in
Figure 3a.[15] Photocurrent spectra are collected using a Fianium supercontinuum white light
laser source in conjunction with a Princeton Instruments double grating monochromator to
provide monochromatic light over the 450-1000 nm wavelength range. The laser power incident
on the device is 0.05mW after passing through neutral density filters and a 50X objective lens
with a numerical aperture of 0.42.

2. Results and Discussion:
Figure 1 shows an optical microscope image of monolayer and few layer MoS2 flakes
deposited on a Si/SiO2 substrate, together with their corresponding Raman spectra (Figure 1b)
and photoluminescence spectra (Figure 1c). The photoluminescence of monolayer MoS2 is more
than 10,000 times more intense than the bulk sample and 4X more intense than the few layer
flake, reflecting the direct band gap nature of monolayer MoS2.[1] The PL spectrum of
monolayer MoS2 exhibits one dominant peak at 1.85eV (0.11eV FWHM), corresponding to band
gap emission. There is another peak around 2.0eV due to spin-orbit coupling.[23, 24] At room
temperature, we do not observe the trion peak in our spectra.[24]
Figures 2a and Figures 2b (inset) show a schematic diagram and an optical microscope
image of a monolayer MoS2 flake with two metal electrodes serving as the source and drain in a
field effect transistor geometry with the underlying silicon substrate serving as the gate electrode.
The I-V characteristics of the device are shown in Figures 2b and Figures 2d, which reveal that
the MoS2 transistor is n-doped, and can only be electrostatically gated p-type very weakly.
5

Figure 2c shows the photocurrent spectra taken from the device under various electrostatic gating
conditions with no bias voltage applied. Although the device is very resistive (~Gat Vg=0),
free carriers will be generated by photons when the device is illuminated. The Schottky junction
formed at the metal electrode-MoS2 interface provides a built-in potential that is able to separate
photoexcited electron-hole pairs, thus producing a net photocurrent.[7, 25] While an applied bias
voltage can help extract electron-hole pairs and increase the photocurrent, this results in a photoinduced conductance change dominates over the photocurrent.
The photocurrent spectra show two dominant peaks at 1.85eV and 2.0eV, as in the PL
spectra, corresponding to the two direct optical transitions at the K-point. The higher energy peak
is more pronounced in the photocurrent spectra than the photoluminescence spectra. The higher
energy peak is more pronounced in the photocurrent spectra than the photoluminescence spectra.
Here, photocurrent is generated at the Schottky junction, which creates a built-in potential that is able
to separate photo-generated charge. Electron-hole pairs created at both optical transition energies can,
therefore, result in a net photocurrent. In the PL process, on the other hand, light is mostly generated
in the MoS2 flake away from the Schottky junction, and thus higher energy electron-hole pairs are
able to relax to the band edge before emitting light. It should be noted that the PC and PL spectra are
collected from different parts of the MoS2 flake, one at the Au/MoS2 junction and the other in the
center of the flake.

The intensity of these peaks in the spectra can be modulated by varying the electrostatic
gate voltage. The integrated intensity of these peaks in the PC spectra is plotted in the inset of
Figure 2c as a function of the applied gate voltage, showing a more than 3-fold enhancement in
the photocurrent under applied gating. Here, there is a tradeoff between the size of the depletion
width and the series resistance, both of which decrease with doping. At -40V and 0V, the
6

photocurrent is small due to the large series resistance corresponding to the insulting phase of
MoS2 (see Figure 2b). The anomalously high photocurrent observed at -20V arises from an
increased depletion width at the charge neutrality point.
Figure 3 shows the gate voltage dependence of the photoluminescence spectra taken from
another monolayer MoS2 FET device shown in Figure 2. While there is no gate dependence of
the PL intensity, a slight blue shift is observed in the PL peak position under positive applied
gate voltages, as shown in Figure 3b. A total blue shift of 14meV is observed between 0V and
+40V. This blue shift cannot be attributed to Pauli exclusion of optical transitions at band edge,
by the following argument. If the Fermi energy is 14meV above the conduction band edge, the
density of free carriers will be over 1015cm-2, assuming m*  0.45m0 . However, the carrier
density n can be estimated from either the gate capacitance n  C300nm SiO2Vg , where
C300 nm  SiO2 =11.6nF/cm 2 , or from the conductivity by the relation, n 


, where  is the
e

conductance and  is the mobility of monolayer MoS2[26]. Both approaches predict a carrier
density less than 1011cm-2, even at Vg=+40V. It is known that sub-band gap states can cause a
redshift of the PL peak position.[27] Previous work has shown that the PL peak of MoS2 onsubstrate is always lower in energy, around 1.85eV[1], than that of suspended MoS2, which is
approximately 1.90eV[3]. Therefore, we believe that the surface states and trapped charges at the
MoS2/SiO2 interface cause a redshift of the PL observed of MoS2 in air. Positive electrostatic
gate voltages can reduce the redshift through passivation of surface states. However, the PL
intensity is mostly determined by the minority carrier lifetime. With both positive and negative
trapped charges acting as recombination centers, electrostatic doping can only partially passivate
these centers. Thus, the electrostatic gating does not have a strong effect on the PL intensity. If
7

we compare the relative intensity between the 1.85eV PL peak and the 2.0eV peak, a decrease of the
higher energy PL peak is observed when the PL peak blueshifts. This indicates that electrostatic
doping helps to increase the carrier lifetime, making it easier to decay to the lower energy states. On

the other hand, the PC spectra shown in Figure 2c do not exhibit a spectral shift over the entire
gate voltage range from -40V to 40V. This is most likely due to pinning of the Fermi level at the
MoS2/Au interface, where most of the photocurrent is generated.[4]
Since silicon back gating can only provide a limited range of doping, we have also
explored ionic liquid gating to further compensate for surface states and surface doping. Figure
4a shows a schematic diagram of the photoluminescence measurement of the monolayer MoS2
device under ionic liquid gating conditions. Figure 4b shows the I-V characteristics of the same
monolayer MoS2 FET shown in Figure 2 under ionic liquid gating, plotted together with the
Si/SiO2 back gating data (inset). Here, the ionic liquid gate is able to tune the MoS2 flake all the
way from n-type to p-type, indicating ambipolar conduction, and is able to screen the surface
charge more effectively than the electrostatic gate, even at zero applied voltage. As a result, the
conductance of the device increases by a factor of 100 after depositing the ionic liquid. In fact, Ids
increases from 0.02nA in air to 3nA in ionic liquid at zero applied gate voltage, as shown in the
Supplementary Information Figure S1. We can estimate the mobility change due to the ionic
liquid, based on the capacitance and transconductance of the device. The capacitance of the ionic
liquid is about 40µF/cm[28], and the quantum capacitance of MoS2 is Cq 

yielding Ctotal 

Cq Cg
Cq  Cg

e2 m *
 30 µF/cm2,
 2

 17 µF/cm2. The transconductance of the device with ionic liquid

gating is about 1.3µS/V. On the other hand, transconductance of the device with silicon back
gating is 0.45nS/V. This reduction in transconductance is largely caused by the small capacitance
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of the silicon back gate, which is 11.6nF/cm2. We can compare the electron mobilities with and
without ionic liquid gating by comparing their transconductance/capacitance ratios:

1.3S/V 0.45nS
/
 2 . Therefore, the mobility of the MoS2 increases 2-fold after depositing
17  F/V 11.6nF
ionic liquid, which is consistent with previous observations of few layer MoS2 devices[29].
Figure 4c shows a comparison of the photocurrent spectra of monolayer MoS2 taken with
and without ionic liquid. Here, a large enhancement in the photocurrent (more than 2X) is
observed in the presence of the ionic liquid, even without an applied voltage. Again, this
enhancement is due to the passivation of surface states that would otherwise cause carrier
recombination, thus lowering the photovoltaic performance of this optoelectronic device. Based
the 10% optical absorption of monolayer MoS2[30] and the incident photon flux, we estimate the
quantum efficiency of this device to be approximately 5 x 10-4 with and 2.5 x 10-4 without ionic
liquid. However, it should be noted that the effective area of the charge separation region is
considerably smaller than the focused laser spot, and thus we expect this device to have larger
actual quantum efficiency. Unfortunately, the relatively high leakage current (a few nA when the
laser is on) through the ionic liquid prevented us from exploring PC spectra under different gate
voltages applied to the ionic liquid. The ionic liquid gate dependence of the photoluminescence
spectra, however, could be measured, as shown in Figure 4d. The spectra taken in ionic liquid are
2-3X higher in intensity (and significantly narrower in linewidth) than those taken in air, as
shown in Figure 4d. Even at zero applied gate voltage, the ionic liquid produces a substantial
enhancement of both PC and PL intensities (2X) indicating significant passivation of the both
positive and negative surface charges simultaneously, that would otherwise cause non-radiative
recombination. Upon application of an applied gate voltage, the PL intensity can be further
9

increased, indicating more thorough passivation of these surface states and increased minority
carrier lifetimes, as shown in Figure S2 of the Supplementary Information. The slight decrease in
the photoluminescence intensity observed under high positive gate voltages could be due to
Auger recombination. In addition, the PL peak position changes from 1.85eV (in air) to 1.88eV
(in ionic liquid); a 30meV shift. The PL peak position of MoS2 in ionic liquid is very close to the
peak position of suspended MoS2, and no further shift of the peak position is observed upon the
application of gate voltage to the ionic liquid, as shown in Figure S2 of the Supplementary
Information. These results further confirm that the spectral shifts observed in Figures 3b and
Figures 4c are not due to Pauli exclusion, and most likely arise from passivation of the surface
charge/states, which result in the initial redshift of the PL.
While both the photocurrent and photoluminescence increase by a factor of 2-3 when
immersed in the ionic liquid, subtle differences arise in their spectral response. Most notably, the
relative intensity of the higher energy peak in the photocurrent spectrum is reduced in the ionic
liquid, whereas it is enhanced in the PL spectra. This difference can also be understood in terms
of an increase in the minority carrier lifetime, which enables more radiative recombination in the
PL process. In the photocurrent process, however, there is a tradeoff between charge separation
and recombination, which includes radiative recombination after decaying from the higher
energy excitation. As such, there are different recombination rates for the lower and higher
energy excitations.

3. Conclusion:
In conclusion, photocurrent and photoluminescence spectroscopy of monolayer MoS2
exhibit two predominant peaks in their spectra corresponding to the optical transitions at the K10

point in the Brillouin zone. Enhanced photocurrent and photoluminescence efficiency in
monolayer MoS2 flakes are achieved through the passivation of surface states via both ionic
liquid and electrostatic gating. Ionic liquid and electrostatic gating also reduce the initial
redshifts in PL spectra caused by surface states and trapped charges. The ionic liquid enables
ambipolar doping of the MoS2 flake and improves the conductance and mobility of the device
substantially. This general approach of ionic liquid gating/passivation can be applied to enhance
a wide range of other nanomaterials and devices with high surface-to-volume ratios, which are
inherently sensitive to the effects of trapped charge and surface states.
Our results suggest that trapped charges and surface states play a particularly important
role in the optoelectronic properties of monolayer MoS2, causing unintentional doping and
increased surface recombination of photo-generated electron-hole pairs. We should note that the
issue of surface states is a universal problem for most nanostructure devices with high surface to
volume ratios, including nanowires or nanoparticles. These results reveal that, in order for
efficient optoelectronic devices or electronic devices to be made from monolayer MoS2, some
form of mitigation of the surface states will be required. The need to passivate surface states in
III-V semiconductors[15, 31] is a known problem dating back several decades[32-34]. While
much is known about the nature of these states in the III-V materials, little is known about the
surface states in the transition metal dichalcogenides. Although in principle, there are no
dangling bonds for the material, as in the case of bulk material surfaces, the nature of atomic thin
monolayer film of transition metal dichalcogenides is expected to be quite different from bulk
material systems, and will require further studies.
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Figure 1. (a) Optical microscope image of MoS2 flakes exfoliated on a Si/SiO2 substrate. (b)
Comparison of Raman spectra of monolayer, few-layer, and bulk MoS2 (normalized by the peak
value). The difference between the two Raman peaks of monolayer MoS2 is 18cm-1.[21] (c) A
comparison of photoluminescence spectra taken from monolayer, few-layer, and bulk MoS2. The
dashed line indicates a fitting of the monolayer PL peak corresponding to a band gap of 1.85eV.
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Figure 2. (a) Schematic diagram and (b) I-V curve a monolayer MoS2 field effect transistor.
Inset shows an optical microscope image the MoS2 device. (c) Photocurrent spectra of the
monolayer MoS2 device under various electrostatic gate voltages from -40V to 40V. Inset:
Integrated total area of the photocurrent peaks plotted as a function of gate voltage. (d) The I-V
curve plotted on a log scale shows p-type behavior in the device below -20V. The n-type region
exhibits an on/off ratio of 104.
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Figure 3. (a) Normalized photoluminescence spectra taken under various applied gate voltages
from 40V to -40V. (b) Gate dependence of the photoluminescence peak position, showing a blue
shift of 14meV under positive applied gate voltages.
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Figure 4. (a) Schematic diagram of MoS2 FET measured in ionic liquid. (b) The I-V curve
measured in a monolayer MoS2 FET under ionic liquid gating with a bias voltage of 0.1V. The
inset shows the same device measured in air with SiO2 back gating. (c) Comparison of
photocurrent spectra of monolayer MoS2 flake with and without ionic liquid, showing that the
ionic liquid increases the photocurrent, doubling the dominant peak, while keeping the shoulder
peak relatively low. (d) Comparison of photoluminescence spectra of the monolayer MoS2 flake
with and without ionic liquid gating, showing a 30meV blue shift after depositing the ionic liquid.
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