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Abstract
Layered transition metal dichalcogenides, such as MoS2, have recently emerged as a promising
material system for electronic and optoelectronic applications. The two-dimensional nature of these
materials enables facile integration for vertical device design with novel properties. Here, we report
highly efﬁcient photocurrent generation from vertical MoS2 devices fabricated using asymmetric
metal contacts, exhibiting an external quantum efﬁciency of up to 7%. Compared to in-plane MoS2
devices, the vertical design of these devices has a much larger junction area, which is essential for
achieving highly efﬁcient photovoltaic devices. Photocurrent and photovoltage spectra are measured
over the photon energy range from 1.25 to 2.5 eV, covering both the 1.8 eV direct K-point optical
transition and the 1.3 eV Σ-point indirect transition in MoS2. Photocurrent peaks corresponding to
both direct and indirect transitions are observed in the photocurrent spectra and exhibit different
photovoltage–current characteristics. Compared to previous in-plane devices, a substantially shorter
photoresponse time of 7.3 μs is achieved due to fast carrier sweeping in the vertical devices, which
exhibit a −3 dB cutoff frequency of 48 kHz.
2D layered materials, including graphene, transition
metal dichalcogenides (TMDCs), and black phosphorous, have attracted great research interest in the past
decade. Unlike graphene, TMDCs such as MoS2
exhibit ﬁnite bandgaps in the visible wavelength range
[1–4]. Furthermore, the band structures of MoS2 and
other TMDCs depend on the number of layers of
material [1]. While most research on MoS2 has focused
on the indirect-to-direct band gap transition occurring in monolayer MoS2, this has an inherently small
optical density that limits its potential application in
practical optoelectronic devices. Few-layer MoS2
ﬁlms, on the other hand, provide substantially larger
optical densities than monolayers and can withstand
substantially higher injection currents, which are
advantageous for solar energy conversion and light
emitting diode applications. Various MoS2 devices
have been fabricated and studied to improve the
performance of MoS2, including graphene/MoS2 [5],
monolayer TMDC stacks [6–8], and MoS2/metal
© 2016 IOP Publishing Ltd

junctions [9–11]. Because of the absence of dangling
bonds at the interfaces of two-dimensional materials,
the Schottky junction between metals and MoS2 more
‘ideal’ than 3D semiconductors like Si or III–V
compounds [12, 13]. This is an essential advantage of
TMDCs, which enables the possibility of building
vertical MoS2 devices with atomically clean and sharp
interfaces, leading to unique physics, such as split
excitons [14], interlayer charge transfer [7], and
plasmonic-exciton interactions [9–11].
In previous studies of in-plane MoS2 photodetectors [15–18], the charge separation region of the
device is deﬁned by the Schottky junction between the
metal and the MoS2. As a result, only incident light
shining within the depletion width, which is only
approximately 100 nm, can generate a photocurrent.
To improve this, comb-shaped source and drain metal
electrodes have been introduced to increase the effective charge separation region [18]. Nevertheless, the
effective area is still a small fraction (less than 1%) of
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the device footprint. In addition, the efﬁciency of
monolayer in-plane devices is further limited by the
small optical density of monolayer MoS2. Lastly, a gate
bias and large drain-source bias voltages (10 V) are
essential for obtaining high sensitivity in these inplane devices, which gives rise to high power consumption and may eventually degrade the device [19].
In the work presented here, we use few-layer
instead of monolayer MoS2, with a vertical device
structure. By utilizing few-layer MoS2 in a cross-plane
geometry, the optical density is enhanced and the
effective charge separation region is increased to the
entire volume of the MoS2 ﬂake. As a result, an external quantum efﬁciency (EQE) of up to 7% is achieved,
which is more than 100 times larger than previous
reports based on monolayer MoS2 ﬂakes [20]. Also,
the trapped charge and surface states in the in-plane
devices result in large time delays, which limit the cutoff frequency to less than 200 Hz [16]. In the vertical
few-layer devices presented here, the TMDC is insulated from moisture and other kinds of dopants in air
by the top electrode. This reduces the delay time
because there is a smaller amount of surface charge
and unintentional dopants. Also, the shorter channel
lengths in the vertical devices make it easier for the
remaining carriers to be collected by the electrodes
when the light is off, further reducing the response
time of the device. A substantially lower delay is
obtained using the AC lock-in technique, which exhibits a −3 dB cutoff frequency of 48 kHz, corresponding to time response of 7.3 μs (t r = 0.35 fcut ‐ off ).
The devices measured in this work are fabricated
using a dry transfer technique, as shown in ﬁgures 1(a)
and (b) [21]. First, the MoS2 ﬂake is exfoliated onto a
piece of PDMS mounted on a glass slide. Target MoS2
ﬂakes are identiﬁed using an optical microscope. The
MoS2 ﬂake is then transferred from the PDMS stamp
onto a Si/SiO2 (300 nm) substrate with pre-patterned
metal electrodes (1 nm/30 nm Ti/Au) using a home
built contact aligner. After the transfer, a semi-transparent 10 nm Pd ﬁlm is deposited as the top electrode.
After fabrication, photoluminescence (PL) spectra are
measured from the few-layer ﬂake, as shown in
ﬁgure 1(c). In addition to the PL peaks at 1.8 eV and
2.0 eV corresponding to the direct band transitions at
the K-point of the Brillouin zone [1, 2], there is
another weaker peak around 1.3 eV, which corresponds to the indirect transition at the Σ-point. In this
fabrication scheme, different metals (with different
work functions) are used for the top and bottom electrodes of the MoS2 ﬂake. Au is used for the bottom
electrode while top electrode is Pd. According to previous studies on graphene and MoS2 [22, 23], an asymmetric contact for the source and drain will break the
mirror symmetry of the internal electric ﬁelds in the
channel, and improve the photovoltaic performance
of the device. Given that the work function of Pd is
5.6 eV, and the electron afﬁnity of MoS2 is about
4.4 eV [24], the Pd serves as a hole-doping contact for
2

MoS2. On the other hand, Au is electron-doping, so
the two Schottky junctions formed at these contacts
produce an additive photovoltaic effect [5, 23]. Based
on the optical properties of Pd ﬁlms in the visible
range [25, 26], the absorption coefﬁcient of Pd at visible range is about 50–80 μm−1. As a result, only about
50% of the incident illumination will penetrate the
10 nm Pd top electrode ﬁlm. We expect there to be a
tradeoff between optical density (which increases with
thickness) and series conductance (which decreases
with thickness). Another constraint here is that the
thickness of the top Pd electrode must be thicker than
the MoS2 ﬂake in order to be provide a continuous
electrode at the step edge (i.e., boundary) of the MoS2
ﬂake. This means that if we further increase the thickness of the MoS2 ﬂake, we need to deposit a thicker top
metal electrode, which will very quickly become opaque. In general, MoS2 ﬂakes around 10 nm are best for
our device structures. Figure 2(a) shows photocurrent
spectra measured from the few-layer MoS2 vertical
device. As in the PL spectra shown in ﬁgure 1(c), the
dominant photocurrent peaks start around 1.8 eV and
extend to 2.2 eV, corresponding to the direct transitions at the K-point in the Brillouin zone. Interestingly, a few lower energy peaks are observed around
1.2–1.4 eV, likely due to indirect transitions at the Σpoint, which have not been reported previously. The
power spectrum of the incident laser light is plotted in
ﬁgure 2(b). Given an effective illumination of 50%,
considering the light absorption in the top Pd electrode, the EQE is calculated and plotted together with
the power spectrum in ﬁgure 2(b). As a comparison,
previous photocurrent spectra measured from monolayer MoS2 exhibited EQEs of about 2.5×10−4 [20],
mainly due to low optical density of the monolayer
and also the small area of the in-plane charge separation region. From the vertical few-layer MoS2 device
with asymmetric metal contacts, an EQE of up to 7% is
achieved. In addition to the short circuit current, we
also measured the open circuit voltage from the
device, as plotted in ﬁgure 2(c). The open circuit voltage of the device is relatively small, less than 80 mV. It
is know that a Schottky photodiode usually suffers
from low output voltage, because of the large dark
saturation current [27, 28]. In a pn-junction photodiode, the open circuit voltage obeys the following
relation:
Voc =

kT
q

(

ln 1 +

Isc
Io

)»

kT
q

ln

Isc
,
Io

where Isc is the short circuit current, Io is the dark
saturation current, and Io=Isc. In our vertical MoS2
device, the thickness of the few-layer MoS2 is only
10 nm (see ﬁgure S1), which is well below the depletion
width of the corresponding bulk semiconductor
device. In this case, the leakage current caused by the
drift of photoexcited carriers is not a constant, but
related to the incident photon number. As a result, the
tunneling effect makes this device very leaky, and the
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Figure 1. (a) Schematic diagram of the device fabrication process. First, the MoS2 is exfoliated from bulk crystal onto a PDMS substrate
mounted on a glass slide. After identifying the desired few-layer ﬂake, the sample is transferred from PDMS onto a Si/SiO2 substrate
with pre-patterned metal electrodes. The top electrode is then patterned using electron-beam lithography. (b) Optical microscopy
image of the vertical MoS2 device after the fabrication. The dashed line indicates the semi-transparent top electrode. (c)
Photoluminescence spectrum of the few-layer MoS2 sample after transfer.

Voc is small , only a few kT. The Voc–Isc relation is
plotted in ﬁgure 2(d). Instead of a logarithmic relationship, the Voc–Isc relation is rather linear. Also, we
observe two distinct behaviors in the relation between
Voc and Isc, which varies with different incident
photon energy. The data points associated with
incident photon energies between 1.75 and 2.25 eV
(K-point transition) have a different slope than those
obtained with photon energies between 1.25 and
1.4 eV (Σ-point transition). This difference can be
explained by considering the different band gap
energies of these two optical transitions. Since the
band gap at the K-point is approximately 0.5 eV higher
than the Σ-point band gap, we expect the open circuit
voltage to be higher in the case of the K-point
excitation. Lastly, we estimate the electrical output
power and energy conversion efﬁciency of the device
(see ﬁgure 2(e)) based on both the short circuit current
and the open circuit voltage, and by assuming a ﬁll
factor of 0.25. With 7 μW total incident optical power,
4 nW of electrical power can be extracted from the
device. It is not surprising that the energy conversion
3

efﬁciency of the device is relatively low due to the small
thickness of the device and a large leakage current.
As we mentioned above, the thickness of few-layer
MoS2 is much smaller than the ‘depletion width’ and
the minority carrier diffusion length. Because of this,
the I–V characteristics measured from this device are
exhibit a linear dependence, as shown in ﬁgure 3,
instead of rectifying behavior. This linear behavior
also limits the energy conversion efﬁciency of the
device by restricting the ﬁll factor to just 0.25. Figure 3
shows the photo-I–V characteristics of a device under
different incident laser powers (532 nm wavelength,
power 0.92, 12, and 108 μW). With higher incident
optical powers, the Isc is increased from 1.3 to 400 nA,
and Voc is increased from 1 to 100 mV.
Compared to an in-plane MoS2 device, the very
short ‘channel length’ of the vertical device, which is
smaller than the depletion width, limits the device’s
performance as a diode. On the other hand, the short
channel length also increased the conductance of these
vertical few-layer devices by more than 1000 times,
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Figure 2. (a) Photocurrent and (c) photovoltage spectra of the vertical MoS2 device. In addition to the main peak around 1.8–2.1 eV,
lower energy peaks at 1.4 and 1.5 eV are also observed due to the indirect transition. (b) Power spectrum of the incident laser plotted
together with the EQE of the device. The two peaks at 1.85 and 2.0 eV correspond to the K-point transition. The EQE of the direct
transition is about 10 times larger than the indirect transition. (d) Isc–Voc plot showing that the direct band transition (red points) and
the indirect band transition (blue points) give different Isc–Voc relations. (e) Extracted electrical power and energy conversion
efﬁciency estimated from the product of the short circuit current and open circuit voltage, assuming a ﬁll factor of 0.25.

compared to in-plane MoS2 photodetectors [16–18].
As such, our vertical device can operate at a lower voltage and does not require the application of an externally applied gate voltage, both of which reduce the
power consumption signiﬁcantly A photoresponsivity
of 10 mA W−1 is measured at a bias voltage of 0.1 V
(under an optical power density of 1 μW μm–2), which
is more than 10X larger than the maximum value measured from an in-plane MoS2 device under the same
bias voltage [15, 18].
4

The very short channel length and built-in electric
ﬁeld in the depletion region help eliminate the photon
generated carriers and trapped charges when the illumination is off. This makes the vertical device response
much faster than a corresponding in-plane device.
The time-resolved photoresponse of the device is
shown in ﬁgure 4(a). Here, a 680 nm diode laser
(Communications Grade VCSEL) is used as the light
source, modulated by a function generator (Agilent
EE4432B) at 1 kHz. The output open circuit

2D Mater. 4 (2017) 015004

Z Li et al

Figure 3. (a) Photo-I–V characteristics of the vertical MoS2
device under 532 nm illumination. (b) Log plot of the photoI–V data.

photovoltage and its rise and fall time are measured
using an oscilloscope (Agilent Inﬁniium MSO8104A),
as plotted in ﬁgure 4(a). To further investigate the frequency response of the vertical MoS2 device, an AC
measurement is performed using a lock-in ampliﬁer.
The frequency of the light modulation is varied from
100 Hz to 100 kHz, which shows a cutoff frequency of
48 kHz, showing ﬁgure 4(b). The peak in the frequency
response of this device around 20 kHz is related to the
RLC resonance of the circuit, as described in more
detail in the Supplemental Document. Here, our device
is operated without any applied gate or bias voltage, and
exhibits an open circuit voltage cutoff frequency of
48 kHz. The cutoff frequency measured from the lockin shows that the response time of our device is 7.3 μs,
which is over 10 times faster than the best result from
corresponding in-plane device [16, 18].

Conclusion
In summary, we have shown that vertical metal/
MoS2/metal devices with asymmetric metal contacts
can be used for highly efﬁcient photocurrent generation and photodetection, with an EQE of up to 7%. in
contrast to typical values of in-plane devices which

5

Figure 4. (a) Photovoltage plotted as a function of time under
modulated 680 nm laser illumination. The photovoltage
signal is processed after FFT ﬁltering to remove high
frequency noise, with the cutoff frequency of the FFT ﬁltering
set to 100 kHz. (b) The frequency response of the open circuit
photovoltage, which shows a cutoff frequency at 48 kHz. Vo is
the photovoltage measured with continuous light illumination.

span a wide range from 0.02% to 0.1% under the same
illumination power density [20, 29]. For the ﬁrst time,
the photocurrent spectra are measured from a fewlayer MoS2 device exhibiting lower energy photocurrent peaks around 1.2–1.4 eV, corresponding to the Σpoint indirect transition. A photoresponsivity of
10 mA W−1 is measured at a bias voltage of 0.1 V. The
vertical device can be run at zero bias voltage without
any gating, which reduces the power consumption
signiﬁcantly compared to the corresponding in-plane
MoS2 devices. Also, we performed the ﬁrst frequency
response measurement on vertical MoS2 photodetectors, which show a bandwidth of 48 kHz. The cutoff
frequency may be further increased by optimizing the
device design to reduce the parasitic capacitance. The
I–V characteristics of the device show a linear behavior
because the thickness of the few-layer MoS2 is smaller
than the ‘depletion width’ and the minority carrier
diffusion length. Increasing the thickness of the MoS2
ﬂakes will reduce the leakage current and result in
more rectifying behavior. The metal/MoS2/metal
vertical structure presents a more effective design
layout with a larger photovoltaic area than corresponding in-plane devices, and can readily be integrated
with silicon microelectronics.
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Methods

Reference

Fabrication of vertical few-layer MoS2 device
Few-layer MoS2 ﬁlms were exfoliated from bulk MoS2
(SPI Supplies) onto PDMS based gel (Gel-Pack®, #PF3-X4) mounted on a glass slide with pre-patterned
alignment markers using the ‘Scotch tape’ method
[30]. After identifying the target MoS2 ﬂake, the glass
slide with the ﬁlm is then mounted in a X–Y–Z
micromanipulator. With the alignment markers on
the glass slide, the MoS2 can be readily located using an
optical microscope and then the transferred onto a Si/
SiO2 (300 nm) substrate with pre-patterned metal
electrodes (1 nm Ti and 30 nm gold), as illustrated in
ﬁgure 1(a). The top electrode is fabricated using
electron-beam lithography followed by 10 nm Pd
deposition, as shown in ﬁgure 1(b).
Photoluminescence spectroscopy and photo-I–V
measurement
Photoluminescence spectra and photo-I–V characteristics are taken using a Renishaw InVia spectrometer
with a 532 nm laser focused through a 100× objective
lens. PL spectra are collected at room temperature,
under ambient conditions. The I–V characteristics are
recorded using an HP 4145B semiconductor parameter analyzer.
Photocurrent and photovoltage spectra
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. A Keithley
2401 SourceMeter® is used for the electrical measurement. The laser power is measured using a ThorLabs
PM100D power and energy meter.
Time response measurement and frequency
response measurement
A 680 nm diode laser (Communications Grade
VCSEL) is used for the measurement. The turn on
voltage of the diode laser is 2.2 V. A function generator
(Agilent EE4432B) is used as the power supply of the
diode laser. The output signal of the function generator is set as a 1 kHz square wave. The output
photovoltage is measured using an oscilloscope (Agilent Inﬁniium MSO8104A). In the frequency response
measurement, a lock-in ampliﬁer (Stanford Research
Systems, SR830) is used as the voltage supply for the
diode laser, while the frequency is swept from 100 Hz
to 100 kHz.
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