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Transition metal dichalcogenide monolayers have attracted much attention due to their strong light
absorption and excellent electronic properties. These advantages make this type of twodimensional crystal a promising one for optoelectronic device applications. In the case of photoelectric conversion devices such as photodetectors and photovoltaic cells, p–n junctions are one of
the most important devices. Here, we demonstrate photodetection with WSe2 monolayer films. We
prepare the electrolyte-gated ambipolar transistors and electrostatic p–n junctions are formed by
the electrolyte-gating technique at 270 K. These p-n junctions are cooled down to fix the ion motion
(and p-n junctions) and we observed the reasonable photocurrent spectra without the external bias,
indicating the formation of p-n junctions. Very interestingly, two-terminal devices exhibit higher
photoresponsivity than that of three-terminal ones, suggesting the formation of highly balanced
anion and cation layers. The maximum photoresponsivity reaches 5 mA/W in resonance with the
first excitonic peak. Our technique provides important evidence for optoelectronics in atomically
thin crystals. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4967173]

The p–n junction is a key component of optoelectronic
devices based on two-dimensional (2D) crystals, such as p–n
diodes,1 light-emitting diodes (LEDs),2–4 photodetectors,3–5
and photovoltaic cells.6 In particular case of photoelectric
conversion devices based on p–n diodes, photogenerated
electron–hole pairs (or excitons) are readily separated under
built-in potential in a material depletion region and migrate
toward the electrodes. The p–n photodiode is one of the most
important tools for investigating the fundamental optoelectronic properties of materials. In recent years, p–n junctions
have been formed in transition metal dichalcogenide
(TMDC) monolayers in various ways. One is in ambipolar
field-effect transistors7 based on solid dielectric layers
(SiO2) with independent two-input local gates.2,4,6 Others
include the use of spatially selective chemical doping8 and
lateral p–n junctions. The significant point here is that these
p–n junctions enable electroluminescence and photoelectric
conversion, which offers the possibility of photoresponsivity
for future applications.2,4,6,9 However, the formation of p–n
junctions in TMDCs is limited to certain mechanisms such
as chemical doping8 and electric field doping on split
gates.2,4,6 In particular, because the Fermi level of MoS2 is
highly doped in favor of an n-type semiconductor, highdensity charge doping is required to obtain p–n junction.10
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In order to establish a universal technique to achieve photodetection with a lateral p–n junction of semiconducting
TMDC, we develop a photodetection technique based on an
electrolyte-gated monolayer TMDC transistor. This type of
transistor is gated by inducing an electric double layer, and is
referred as an electric double-layer transistor (EDLT).11–14 Its
high gate efficiency enables an extremely high carrier density
(>1014 carriers/cm2), ambipolar operation,7,12,15 and even
field-induced superconductivity in TMDCs.16 Electrostatic
p–n junctions in TMDCs have been demonstrated in ambipolar EDLTs via the freezing-while-gating technique with no
bias application.13,14 This involves freezing the biased electrolyte to restrict the movement of ions, and then resulting in
built-in electric fields with no external bias. In addition, this
device structure is suitable for detailed photocurrent spectroscopy because the high carrier density, due to electric double
layers, can effectively reduce the effect of trapping states in
the semiconductor/electrolyte interfaces than those of semiconductor/solid dielectrics (e.g., SiO2).14,17 Consequently, the
EDLT technique is promising for p–n photodiodes with high
built-in electric fields.
Other important photodetectors based on TMDC monolayers are phototransistors.18,19 Although photodiode consists
of p-n junction at the interface of p- and n-type semiconductors, a key component of phototransistor is mainly Schottky
junctions formed at the interface of semiconductor and metal
electrodes. In phototransistors, illumination of light induces
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photogenerated carriers to be photoconductive, which can be
amplified by carrier accumulation under applied gate voltage.
Importantly, the phototransistors with excellent performances
have already been reported.19,20 Because this idea is also
applicable to the EDLT technique, we will argue whether our
devices are p-n photodiodes or phototransistors. It should be
noted that the critical difference between p-n photodiodes and
phototransistors is the external bias dependence and only p-n
photodiodes can detect photocurrent without the external bias,
which is preferable to realize lower power consumption
photodetectors.
Here, we demonstrate a p–n photodiode without an
external bias based on an electrolyte-gated monolayer WSe2
transistor, in which monolayer WSe2 is ready for ambipolar
operation and suitable for the purposes of demonstration. We
report the results of photocurrent spectroscopy to examine
the photoelectric performance of the p–n photodiode, which
is a crucial factor in understanding the fundamental optoelectronic properties. The resulting photocurrent spectra are valid
and apparent excitonic features are observed. Our work
shows that an electrolyte-gated p–n photodetector is a useful
tool for investigating optoelectronic properties in monolayer
TMDCs.
Monolayer WSe2 was synthesized on a sapphire substrate using chemical vapor deposition (CVD) following our
previous work.21 This centimeter-scale film enables simple
optical and electrical measurements, and is suitable for integration into optoelectronic devices. The sample was optically
characterized by absorption, Raman, and PL spectroscopy
and verified to be monolayer (Fig. S1 in the supplementary
material). Absorption spectroscopy was performed in a UVVis-NIR spectrophotometer (Varian, Cary 5000), and Raman
and PL spectroscopy were conducted in a spectrophotometer
(JASCO, NRS-5100).
As an electrolyte, we selected an ion gel, which consisted of an ionic liquid ([EMIM][TFSI], 1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide) and
polymer (PS-PMMA-PS, poly (styrene-b- methylmethacrylate-b-styrene)). The ethyl propionate solution of ion gel was
spin-coated on the device. The electrolyte-gated transistors
were characterized using a semiconductor parameter analyzer (Agilent Technologies, Inc., E5270) in a shield probe
station inside an N2-filled glove box at room temperature.
For the light illumination experiments, we transferred these
devices to a temperature controllable probe station with an
observation glass window (Lake Shore Cryotronics, TTPX)
and measurements were carried out using another semiconductor parameter analyzer (Agilent, B1500A) under high
vacuum (<103 Pa).
For the electrolyte-gated ambipolar transistors, using
monolayer CVD-grown WSe2 as the channel material, we
fabricated three devices to investigate the reproducibility of
our results (Device I, Device II, and Device III). A picture
and schematic image of Device I are shown in Fig. 1(a). We
designed a large active channel area with a channel length of
400 lm and width of 1.2 mm to prepare enough space for the
light illumination. Figure 1(b) shows the transfer characteristics of Device I (also see Fig. S2 in the supplementary material). Similar to previous reports,2,21,22 we observed ambipolar
transistor behavior in our monolayer WSe2 EDLTs. Using the
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FIG. 1. (a) Picture and schematic structure of device with source (S) and drain
(D) contacts of Device I. The side gate (G) electrode is also implemented for
the transfer measurements. Direct formation of p–n junction on the channel of
WSe2 under ambipolar charge accumulation with ion gel dielectrics. (b)
Transfer characteristics of the WSe2 monolayer EDLT measured at the reference electrode voltage, VR, where VR is the voltage of the electric double layer
on the WSe2 surfaces and is smaller than the applied gate voltage because the
gate voltage is partially consumed by the electrical double layer on the gate
electrode. The measurement is performed at room temperature, and the drain
voltage, VD, is fixed at 0.1 V. Output characteristics of the WSe2 monolayer
EDLT for (c) p- and (d) n-channel at various reference voltages.

specific capacitance measured via impedance spectroscopy
(5 lF/cm2), we calculated relatively high hole and electron
mobilities of 65 and 2.3 cm2/V s, respectively (Fig. S3 in the
supplementary material). We also examined the p- and nchannel output characteristics (Figs. 1(c) and 1(d)). The linear
increase and subsequent saturation of the current signify
ohmic-like contacts in the metal electrodes/WSe2 monolayer
interfaces, suggesting a negligible Schottky barrier to both
hole and electron injections.
Because we observed the ambipolar transistor behavior
in our monolayer WSe2 EDLTs, we tried to form p-n junctions electrostatically, following the reported method.14 As
schematically illustrated in Figs. 2(a) and 2(b), in ambipolar
EDLTs, one can accumulate both electrons and holes simultaneously inside the channel, particularly in ambipolar
regions, where drain voltage VD, is larger than gate voltage
VG. For the p-n junction formation, we applied positive VG
and measured the output characteristics at 270 K, as shown
in Fig. 2(c). We selected 270 K to reduce the possibility of
electrochemical reactions and this temperature is above the
glass transition temperature of the ionic liquid. Similar to
Fig. 1(d), ideal ohmic-like contacts and a reasonable saturation behavior were observed, indicating a weak effect of the
Schottky barrier for electron injections. However, in the
range of higher VD than that of Fig. 1(d) (VD > 2.1 V), we
observed the nonlinear amplification of drain current. Very
importantly, it is already well established that the formation
of p-n junction is verified by this sharp increase of drain
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current, as reported in Ref. 23. If VD is markedly below the
applied VG, the accumulation layer is formed by consisting
of only electrons (Fig. 2(a)). However, if VD–VG exceeds a
specific threshold voltage (Fig. S2 in the supplementary
material), the polarity of the effective gate voltage at the
drain electrode reverses to accumulate holes, resulting in the
formation of electrostatic p-n junctions, as schematically
shown in the Fig. 2(b).
After determining the signature of the electrostatic p–n
junctions at a drain voltage of 3.2 V and a gate voltage of
3.0 V, EDLT was cooled down to 160 K under constant
drain/gate biases of VD ¼ 3.2 V and VG ¼ 3.0 V, respectively,
with a rate of 0.5–1.0 K/min to restrict the movement of
ions. Because 160 K is below the glass transition temperature
of the ionic liquid, we can expect the formation of stable p–n
junction.14 Therefore, in order to confirm the formation of
stable p–n junction, we released both drain/gate biases and
measured the output characteristics without gate bias, in

FIG. 2. (a) and (b) Schematic diagrams of unipolar and ambipolar accumulation. When the VD is markedly below the gate voltage, VG, an accumulation
layer is formed by one type of carrier as indicated in (a). Conversely, when
VD  VG exceeds a specific threshold voltage, the effective gate voltage at
the drain electrode reverses to accumulate another type of carrier, representing ambipolar accumulation as depicted in (b). (c) Output curve of the ambipolar WSe2 EDLT (Device I) measured under gate voltage of VG ¼ 3.0 V at
T ¼ 270 K. The evident current increase above 2.1 V following the linear
and saturation indicates a simultaneous accumulation of holes and electrons.
(d) Current-voltage characteristics of the p–n junction in the ambipolar
WSe2 EDLT at 160 K, where we froze the ion gel at T ¼ 160 K to stabilize
the electrostatic p–n junctions with a constant drain/gate bias of VD ¼ 3.2 V
on the signature of the electrostatic p–n junctions. Band diagram in (e) ambipolar charge accumulation under (positive VD potential) bias at T ¼ 270 K
and in (f) equilibrium after freezing ion gel at T ¼ 160 K. EC and EV are the
energy of conduction band minimum and valence band maximum, EF is the
Fermi level energy (dashed lines), and e is the elementary charge.
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which we obtained obvious diode behavior with a rectification ratio of 400 at 63 V (Fig. 2(d) in linear and Fig. S4 in
the supplementary material in log scale).
The measured current/voltage characteristics enabled
determination of the band alignment of the p–n junction as a
consequence of the ambipolar charge accumulation. Under
high-density ambipolar carrier accumulation (Fig. 2(b)), the
band diagram follows the alignment shown in Fig. 2(e).
Because the specific capacitance of the electric double layer
is very large (5 lF/cm2), the carrier density of doped region
is typically 1013–1014/cm2. Therefore, the p- and n-type
doped regions are close to degenerated semiconductors,
while the depletion region has less carrier density. As a
result, voltage drop in the p- and n-type regions is negligible
due to their low resistance, and almost all drain voltage can
be concentrated on the highly resistive depletion region.
Very interestingly, these arguments also suggest the band
alignment of the p–n junction at low temperature (Fig. 2(f)),
which corresponds to the situation of Fig. 2(d). When EDLT
was cooled down to 160 K under constant drain/gate biases
of VD ¼ 3.2 V and VG ¼ 3.0 V, respectively, the band alignment of the p–n junction is still similar to Fig. 2(e).
However, once we release both drain/gate biases at 160 K,
the Fermi levels of p- and n-type regions will be aligned by
mobile holes and electrons without movements of anions and
cations, resulting in the flip of built-in potential and band
alignment in Fig. 2(f). In this Fermi levels alignment, the
anions and cations correspond to the space charges, and
therefore, due to the formation of p-n junctions without the
external bias, we examine the photodetection capability of
the device.
After achieved bias-free p–n junctions at 160 K, white
light-emitting diodes (LEDs) light irradiation tests were performed without drain voltages to investigate the photodetection capability of the device (Fig. 3(a)). The luminescence
spectrum of the LED is shown in Fig. 3(b) and indicates sufficient energy overlap with the absorption spectrum of the
monolayer WSe2 films. WSe2 monolayers were irradiated
using the LED light through the ion gel films. As indicated
in Fig. 3(c), a dependence between the source/drain current
and time/incident light power was observed, although no
bias was applied to the source/drain/gate electrodes. The
power of the light source was measured by an optical power

FIG. 3. (a) Schematic depiction of WSe2 monolayer EDLT (Device I) with
light irradiation. The ion gel covered transistor channel was irradiated with
white LED light. Because the ion gels were frozen at T ¼ 160 K, the p-n
junction in the transistor channel was stable even without an external bias.
(b) Intensity spectrum of the white LED light source. (c) Time-resolved photoresponse of the drain current measured at incident light power from
0.0013 to 1.66 W/m2 on Device I. The colored areas in the chart correspond
to the time of light irradiation. The photocurrent is normalized by the dark
current.
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meter (Newport Corporation 1930-C). The time-dependent
response was calibrated using a Si photodiode (Hamamatsu
Photonics K.K. S2281-04) with a bias of 1 V. We define
photocurrent here as the difference between the illuminated
and dark currents. The response rise time (from 10% to 90%
of the maximum photocurrent when switching the light from
OFF to ON) and fall time (from 90% to 10% of the maximum photocurrent when switching the light from ON to
OFF) were much faster than the minimum time resolution
associated with the measurement setup (100 ms), which is
consistent with previous results in CVD-grown MoS2
films.19,24
To confirm the reproducibility of the photodetection
capability in WSe2 EDLTs, we fabricated another device
(Device II), in which device structure is similar to Device I.
As shown in Fig. S5 in the supplementary material, Device
II reproduce the results of Device I very well. Moreover,
because the circular polarization was reported in electroluminescence spectra of similar p-n junctions in single crystal
MoS2 and MoSe2, we also investigated the chirality dependence of the incident light in the photocurrent, resulting in
no obvious chirality dependence at 77 K (Fig. S6 in the supplementary material). However, these results do not fully
deny the chirality dependence in our photodetectors
completely, because our CVD-grown MoS2 films do not also
show the chirality dependence in photoluminescence spectra.
In addition, the hysteresis observed in the transfer curve
shown in Fig. 1(b) does not affect photoresponses because
this hysteresis originates from the slow response of ion
migrations to the sweep rate of Vg and these ions are fixed in
these temperatures.
To further investigate the photo detecting properties of
this photodiode, we conducted excitation-energy-dependent
photoresponsivity measurements. For these, we used a
comb-like configuration for the source and drain electrodes
(Ni/Au electrodes 3/80 nm) to maximize the source/drain
current (Device III, see Fig. S7(a) in the supplementary
material). In the photoresponsivity measurements, the devices were illuminated by either an LED lamp (Olympus, SZLW61) or a Xe lamp (Asahi Spectra, Lax-Cute) combined
with a monochromator (Asahi Spectra, CMS-100) under a
back-scattering geometry in vacuum (<103 Pa). The linewidth of optical excitation was 7–33 meV depending on
excitation wavelength (Fig. S8 in the supplementary material). The beam illuminating the device was collected with a
rectangular spot size of 3.5 mm  9.7 mm. Its power range
was 30–75 lW, over which the photocurrent had a linear
dependence on excitation power (Fig. S9 in the supplementary material). The photoresponsivity spectrum was determined as the photocurrent divided by the excitation power as
a function of excitation photon energy. The black dots in
Fig. 4 represent the photoresponsivity of Device III without
the external bias at 85 K, in which we applied VG ¼ 1.6 V
and VD ¼ 3.0 V during freezing. The obtained photoresponsivity spectrum followed the shape of the absorption spectrum and exhibited four peaks corresponding to the excitonic
transitions of A, B, A0 , and B0 .25 This resulted is a similar
trend with the photocurrent spectroscopy in suspended
monolayer MoS226 and the heterojunction of monolayer-
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FIG. 4. Photoresponsivity spectra for two- and three-terminal devices on
Device III. For the two terminal devices, the gate electrode was disconnected at room temperature with applying VD ¼ 3.8 V, followed by cooling
down the ion gel down to 85 K. For the three terminal devices, VD ¼ 3.0 V
and VG ¼ 1.6 V were applied at room temperature, and then cooled down to
85 K. The resonance peaks, A, B, A0 , and B0 , are labeled according to earlier
convention.31

MoS2/Si,27 rather than with that of a photodetector based on
monolayer MoS2.28
Because Fig. 2(e) strongly suggests that the role of drain
voltage is more important than that of gate voltage to form pn junctions, we disconnected the gate electrode before cooling
down the ion gel and applied VD ¼ 3.8 V. We refer to this
exceptional configuration as “two terminal” because the disconnected gate electrode is floated and no longer contributes
to the ion charge. In this two-terminal configuration, we still
observed rectification behavior at 85 K (Fig. S7(b) in the supplementary material), which indicates the formation of p–n
junctions. Therefore, we investigated the photoresponsivity of
the two-terminal devices, and interestingly, we observed 7.1
times higher photoresponsivity than that of the initial threeterminal devices at peak B as shown in Fig. 4. The improved
photoresponsivity without gate biasing implies that the threeterminal configuration does not necessarily provide the ideal
conditions. A key factor here, may be a uniform p–n junction
formation as a consequence of the self-assembly process of
highly balanced anions and cations layers aligned on the
WSe2 surface. Further investigations, such as Kelvin probe
force microscopy,29 would be helpful to substantiate this
enhancement. The sharp peaks of the excitonic transition in
the spectra indicate that the photocurrent can be mainly attributed to exciton generation and subsequent dissociation, while
there is relatively little contribution from free excitons. These
results are compatible with the hypothesis that essentially all
of the oscillator strength in TMDC monolayers is derived
from the exciton transitions, and that there is no direct absorption by free carriers.30
In summary, we have demonstrated a monolayer WSe2
EDLT-based p–n photodiode and detected the detailed excited
energy dependence of its photocurrent. The two-terminal
devices exhibited 7.1 times higher photoresponsivity at B resonant energy than that of the three-terminal devices, which
could be because of a more uniform formation of p–n junctions as a result of the self-assembly process of highly balanced anion and cation layers on WSe2 surfaces in the twoterminal devices. We observed a clear photoresponsivity peak
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in resonance with the excitonic absorption in the 2D crystal.
Our technique enhances the understanding of the excitonic
properties of p–n junctions in monolayer TMDCs, which is a
crucial factor for optoelectronic devices.
See supplementary material for the notes of photoresponse under illumination of circularly polarized light, the
effect of inhomogeneity in thickness of coated ion gel, reproducibility from device to device on Device I. Absorption,
Raman, PL spectra. Linear plot for the transfer characteristic
on Device I. Capacitance and mobility plots. Logarithm plot
for the current-voltage characteristics on Device I.
Additional data set including a transfer curve, output curves
under reverse and forward bias, ambipolar behavior in output
curves and rectification behavior, and spectral photoresponsivity on Device II. Photocurrent under illumination of circularly polarized light on Device II. Optical image and
rectification behavior in output characteristics on Device III.
Intensity spectra of Xe lamp. Excitation power dependent
photocurrent on Device III. Reproducibility of photoresponsivity spectra on Device III.
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