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ABSTRACT: Two-dimensional transition metal dichalcogenides
(TMDs) are promising materials for semiconductor nanodevices
owing to their flexibility, transparency, and appropriate band gaps. A
variety of optoelectronic and electronic devices based on TMDs p-n
diodes have been extensively investigated due to their unique
advantages. However, improving their performance is challenging for
commercial applications. In this study, we propose a facile and doping-
free approach based on the contact engineering of a few-layer tungsten
di-selenide to form a lateral p-n homojunction photovoltaic. By
combining surface and edge contacts for p-n diode fabrication, the
photovoltaic effect is achieved with a high fill factor of ≈0.64, a power
conversion efficiency of up to ≈4.5%, and the highest external quantum
efficiency with a value of ≈67.6%. The photoresponsivity reaches 283
mA/W, indicating excellent photodiode performance. These results
demonstrate that our technique has great potential for application in next-generation optoelectronic devices.
KEYWORDS: WSe2, edge contact, photovoltaic, WSe2 diode, lateral p-n homojunction, WSe2 photodiode

■ INTRODUCTION
In recently reported TMDC devices, the utilization of lateral p-
n junctions proves beneficial for increasing the shunt resistance
and avoiding the electrical shorts in the device. Conversely,
vertically stacked junctions are preferred for enhancing the
absorption coefficient.1 The resulting junction length is
naturally shorter by employing a vertical configuration, where
homojunction is formed using ultra-thin 2D TMDs. However,
this shorter length restricts the attainment of significant
photovoltaic effects, so generally lower open circuit voltage.2

Furthermore, implementing the lateral configuration has
proven advantageous for improving photovoltaic (PV) effects.
A recent study by Zhang et al. highlighted the development of
a lateral photodiode that achieved an open circuit voltage of
340 mV under 450 nm light illuminations. This notable
achievement was primarily attributed to the lateral config-
uration, which facilitated the utilization of the entire channel
for the photoresponse, leading to an efficient collection of
photo-generated carriers.3 This demonstration underscores the
potential of lateral homojunctions to yield more significant PV
effects than vertical ones.
For applications in devices such as photovoltaics, photo-

detectors, and light-emitting diodes, group III−V direct band
gap semiconductors and bulk Si are widely used in conven-
tional diode structures.4−7 However, these materials lack
flexibility and transparency and have low optical absorption

coefficients, limiting their applications in flexible devices like
solar cells or transparent displays.8−11 Unlike ordinary
semiconductors, there has been considerable interest in the
utilization of two-dimensional (2D) layered materials, such as
transition metal dichalcogenides (TMDs), for the fabrication
of high-performance PV devices.12−16 TMDs exhibit advanta-
geous photovoltaic properties owing to their wide range of
band gaps,17 indicating the wavelengths of light that the
materials can absorb and convert into energy.
Among TMDs, tungsten diselenide (WSe2) has emerged as a

potential candidate for an active material in optoelectronic
devices due to its excellent properties such as ambipolar charge
transport behavior,18,19 high efficiency,20−22 long lifetime,23,24

and strong optical absorption.25,26 Several methods have been
reported for fabricating PV devices, including the utilization of
vertical heterojunctions,27,28 electrostatic gating,29,30 and
doping techniques.31,32 However, most of these methods are
complex to implement and result in defects and impurities at
the semiconductor interface. Additionally, doped TMD-based
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PV devices often experience severe degradation, which hinders
the future application of TMDs in optoelectronic devices.
Therefore, the development of the doping-free fabrication
method and the enhancement of device stability are crucial for
the advancement of TMD-based PV systems.
In this study, we fabricated a lateral WSe2 PV device with the

p-side realized by a self-formed amorphous oxide layer (WOx)
during the plasma etching process of edge contact fabrication,
integrated with the n-side formed by surface contact. A
significant challenge in achieving good p-type electrical surface
contacts on WSe2 is the Fermi-level pinning at the metal−
semiconductor interface, which results in a high contact
resistance regardless of the work function of metal work
functions.33,34 Moreover, the conventional surface-contacted
device limits the scaling down of WSe2-based FETs. Here, p-
type characteristics are pronounced using edge contacts to
overcome the aforementioned drawbacks,35,36 and the surface
contact device exhibits n-type behavior, leading to the
demonstration of a WSe2 homo-structure rectifying diode.
The WSe2 PV device exhibited high-performance photovoltaic
characteristics without complicated doping methods. Our
device displays a novel photovoltaic effect under visible light
(520 nm). Specifically, a high fill factor (≈0.64), power
conversion (≈4.5%), and external quantum efficiency
(≈67.6%) were observed for our simple p-n homojunction.
Moreover, excellent photoresponsivity of 283 mA/W was
exhibited by our device. This promising photovoltaic effect
induced by doping-free asymmetric contact architecture will

facilitate the development of high-performance 2D solar cells
and future electronic applications.
Figure 1a illustrates the schematic diagram of the lateral

WSe2 PV device, and in Figure 1b, an optical microscope
image of the device is presented. A conventional dry transfer
procedure was used to stack the WSe2 (less than 10 nm
thickness) on the selected bottom h-BN, and the In/Au metal
electrodes were deposited on top of WSe2 to form surface
contacts that displayed n-type characteristics. Subsequently,
the top h-BN was transferred to the metal electrodes and the
sample was annealed with argon gas at 150 °C for 2 h to
remove residues and bubbles. In order to expose the edges of
WSe2, a mixture of hexafluoride and oxygen (30/10 sccm) was
used for the etching process with an etching time of 100 s.
Finally, metallization of In/Au was performed to form edge
contact electrodes with p-type features. A schematic of the
fabrication process steps of the device is shown in Figure S1 in
the Supporting Information. In Figure 1c, the Raman spectrum
obtained using an excitation wavelength of 532 nm at 300 K is
displayed to confirm that the material we used in this study is
WSe2, and the high-resolution transmission electron micros-
copy (HRTEM) image shows the number of layers of WSe2 is
ten layers. Two main vibrational modes were present: the E2g1
peak (in-plane vibrational mode) located at ≈248 cm−1, and
the A1g peak (out-of-plane vibrational mode) at ≈256 cm−1. As
shown in Figure 1d, we observed forward-rectification behavior
at 300 K under a vacuum below 20 mTorr in the gate voltage
range of VG = −20 to 60 V, indicating that a p-n homojunction
was generated after contact.37 To further understand the

Figure 1. (a) Schematic diagram of a lateral WSe2 PV device. (b) Optical microscopy image of the device. (c) Raman spectrum of WSe2 flakes. (d)
Diode characteristics of the WSe2 PV device measured at different gate voltages. (e) and (f) HRTEM of cross-sectional edge and surface contacts,
respectively, with the WOx layer indicated in the edge contact device.
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formation mechanism of our doping-free PV devices, we
conducted cross-sectional HRTEM to examine the metal−
semiconductor (MS) interface. According to Figure 1e, the
HRTEM image at the MS interface of the edge contact
indicates that an amorphous WOx layer has formed between
WSe2 and metal, an observation that is consistent with our
previous research.35,38 This observation was further confirmed
by energy-dispersive X-ray spectroscopy (EDS) mapping, as
illustrated in Figure S2. The formation mechanism of the WOx
layer in the WSe2 edge-contacted devices during the etching
process is due to our ex-situ etching process, which enables
oxygen from ambient binding with reactive dangling bonds
from the exposed edge of WSe2.

35 Additionally, we used an
etching mixture containing O2, which further stimulated the
formation of the WOx layer at the exposing edge. This has
resulted in the WOx layer being stably formed during the
etching process, as a result of which WSe2 edge contact devices
are polarized p-type. The HRTEM image in Figure 1e reveals
that the thickness of the WOx layer measures approximately
3−4 nm, which is in relatively good agreement with our
previously reported findings.35 However, achieving precise
control WOx formation during the etching process remains
challenging in our research. Therefore, this aspect presents a
promising avenue for future investigations. It is worth noting
that the thickness of the WOx layer can impact the tunneling
current at the edge contact. As the WOx thickness increases,
the tunneling resistance also increases, resulting in a
degradation of the contact resistance.35 In Figure 1f, the
surface contact device demonstrates a smooth interface
between the WSe2 and the contact metal, with no observable
damage or defects. This observation confirms the high-
performance n-type characteristics of the surface contact
device achieved in our research. The electrical performance
of each device component is presented in Figure S3.

To understand the optoelectronic properties, the photo-
current of the device was measured using a 520 nm laser at
different incident powers (Pin). Pin was calculated based on the
equation =P PA

din
4

2 (A represents the working area of the
device, d is the laser diameter, and P is the laser power).39 All
measurements were performed without the application of gate
voltage. Figure 2a illustrates a schematic of the WSe2 PV device
with a laser 520 nm which was used to illuminate the
homojunction device. To evaluate the photoresponse of the
device, the output curves of the device are measured under
dark and laser illumination conditions, as shown in Figure 2b.
In order to confirm the increased photocurrent generation in
the WSe2 homojunction created from the WSe2 edge contact,
scanning photocurrent microscopy (SPCM) was performed in
order to map the photocurrent flow. Figure 2c shows an optical
microscope image of the p-n WSe2 device used for scanning
with white and blue rectangular boxes designed for the surface
and edge electrode areas. The photocurrent mapping results
for the p-n WSe2 photodiode device illuminated under λLaser =
520 nm at VD = −1 V and VG = 0 V are shown in Figure 2d.
The device shows a maximum response in the region close to
the edge contact electrode; in contrast, we cannot observe a
photoresponse near the surface contact region. The photo-
current generated from the individual surface and edge
contacts device is shown in Figure S6. The output curves of
both devices demonstrate that the photocurrent is not
generated at a paired electrode of the edge and surface
contacts. It is only generated at the p-n region close to the edge
contact electrode.
In our homojunction WSe2 p-n diode, p-dominance occurs

due to the formation of the WOx layer close to the edge
contact electrodes. The thickness of the WOx layer in our
device was 3−4 nm; therefore, a p-n homojunction appeared
near the edge contact instead of in the middle of the device, as
shown in Figure 3a. The optoelectronic properties of the

Figure 2. I-V characteristics of the lateral WSe2 PV device and photocurrent mapping studies at 300 K. (a) Schematic of the WSe2 PV device with a
laser 520 nm. (b) Comparison of the output curves of the device measured in dark and laser illumination conditions. The inset represents the
transfer curves of the device. (c) Optical microscope image of the WSe2 PV used for photocurrent mapping. (d) Photocurrent mapping results of
the p-n-WSe2 diode scanned at VG = 0 V and VD = −1 V under the laser wavelength λ = 520 nm.
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device were characterized by measuring the output character-
istics ID-VD under a laser illumination with power varying from
2 to 720 nW, as shown in Figure 3b. The WSe2 p-n diode
exhibits a strong photovoltaic effect with both the short-circuit
current (ISC) and open-circuit voltage (VOC) increase depend-
ing on the incident power increases because of the photo-
generated carriers.16,40,41 As the incident power is increased,
the ID-VD curves are shifted toward more negative current
values. From the output characteristics, the electrical power
(PEL = VOC × ISC) is extracted and shown in Figure 3c that PEL
increases depending on the increase of the incident power with
the maximum PEL achieved at Pin = 720 nW. Figure 3d
represents the fill factor (FF) (FF = PEL,max/ISCVOC, where
PEL,max is the maximum electrical power). The highest FF
(FFmax) is ≈0.64, whereas the average FF (FFaverage) is ≈0.52.
Figure 4a illustrates that when the gate voltage is positive

(VG > 0 V), the drain current level increases owing to the
injection of more electrons in the conduction band of the In/
WSe2 surface contact (n-dominated). The transfer curve of the
surface-contact device is shown in Figure S3c. However, a large
hole current is observed when hole carriers are added to the

WSe2 channel, as shown in Figure 4b. This is caused by
forming of a WOx layer at the edge of WSe2, resulting in the p-
doping effect at negative gate voltage (VG < 0 V). The transfer
characteristics of the edge contact device are shown in Figure
S3d. Figure 4c illustrates the energy band diagrams of the p-n
homojunction-WSe2, depicted under laser illumination, which
can be used to understand the photocurrent properties. TMD
materials undergo conduction band transitions when the laser
energy exceeds the band gap, causing electrons to leave the
valance band into the conduction band. Consequently,
electron−hole pairs are formed by photon absorptions,
which are then separated by the built-in electric field and an
external drain bias (VD). The number of electron−hole pairs
that are recombined to produce a large photocurrent is
controlled by this factor. As a result of laser illumination,
electron−hole pairs are created near the depletion region.
When the WSe2 channel is changed with the self-formation of
the WOx layer at a junction, an increase in the photocurrent is
observed by applying an external bias. This causes the
photoexcited carriers to be pushed away from the junction in
opposite directions.
A solar cell in its ideal configuration exhibits a linear

relationship between ISC and illumination power density (P),
while a logarithmic relationship exists between VOC and P,
owing to the exponential shape of the I-V characteristic. As
shown in Figure 5a, VOC (left axis) and ISC (right axis) are
plotted as a function of the incident power derived from the ID-
VD data, whereas ISC follows a linear dependence on the power
(linear fit, black line), whereas VOC follows a logarithmic
dependence (logarithmic fit, orange line). In the p-n
configuration, the photocurrent generation is dominated by
the photovoltaic effect, as shown in the good agreement
between the experimental results and fitted curves (orange line,
a linear fit to ISC; black line, logarithmic fit to VOC).

Figure 3. Optoelectronic properties were obtained with a 520 nm laser. (a) Explanation of the position of the p-n homojunction. (b) Photovoltaic
effect of the WSe2 p-n diode device at VG = 0 V. (c) Electrical power PEL with an incident laser power between 2 and 720 nW. (d) Plotting fill factor
as a function of the incident laser power.

Figure 4. (a−c) Energy band alignment of n-WSe2, p-WSe2, and p-n
homojunction-WSe2, respectively.
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In order to assess the quality of the optoelectronic device,
we calculated the responsivity (R), power conversion efficiency
(PCE), and external quantum efficiency (EQE). To see the
dependence of these values on the incident light power and
calculate the average PCE and EQE, we plotted R, PCE, and
EQE as a function of Pin. The responsivity was extracted by R =
ISC/Pin with the maximum obtained responsivity value of about
283 mA/W at VD = 1 V 520 nm laser power intensity
wavelength. For the lowest incident power in Figure 5c, we
calculated a PCE of ≈4.5% using the equation PCE = PEL/Pin.
In addition, we used the equation EQE = ISC/Pin (hc/eλ) to
calculate the EQE values, where h, c, and e are Planck’s
constant, the speed of light, and the electron charge,
respectively. Figure 5d shows the EQE values as a function
of the laser power, reaching a maximum value of 67.6% at Pin =
21 nW. As illustrated in Figure 5c,d, both the PCE and EQE

values decrease as Pin increases. To explain this phenomenon,
the responsivity is analyzed in relation to the laser power, as
shown in Figure S11. The relationship between the
responsivity and power density can be effectively described
by the equation R = αPβ − 1, where α = 0.0063 and β = 0.79 are
constant values. When |β − 1| approaches 1, the dominant
mechanism at play is the photoconductive effect, and when |β
− 1| is smaller than 1, the dominant mechanism is the
photogating effect.42 Our result indicates that the |β − 1| is
equal to 0.213. Therefore, the photogating effect contributes to
our finding (R and VOC nonlinear dependence on Pin).
Consequently, the increase in Pin results in a decrease in EQE
and PCE.
Additionally, the photoresponse time was measured and

presented in Figure S14a. Our device exhibited an exception-
ally fast response, with a rising time of 1.27 μs and a falling

Figure 5. (a) Plot of open-circuit voltage (VOC, left axis, black circles) and short-circuit current (ISC, right axis, orange circles) as a function of
incident power Pin. (b−d) Responsivity, power conversion efficiency, and external quantum efficiency as a function of laser power for local
illumination at the WSe2-source contact under VD = 1 V and gate voltage VG = 0 V, respectively.

Table 1. Performance Comparison of WSe2 Lateral p-n Homojunction Photovoltaic Formed by Contact Engineering with
Reported WSe2 Photodetectors

device (method/structure)
illumination
condition FF responsivity (mA/W)

detectivity
(Jones)

response
time

EQE
(%)

PCE
(%) ref

WSe2 (intrinsic) 532 nm 0.2 20 13 0.03 43
ReS2/WSe2 (heterojunction) 405 nm 0.56 15.3 1.5 27
p-n WSe2 homojunction (O2 plasma
doping)

520 nm 250 7.7 × 109 41.8 ms 97 44

WSe2 (O2 plasma doping) AM 1.5G 0.59 5.44 20
p-n WSe2 homojunction (chemical
doping)

520 nm 80 1011 16 μs 20 1.4 15

WSe2/Si (heterojunction) white light (LED
lamp)

0.55 86.11 23 ms 2.91 45

WSe2 (chemical doping) 635 nm 0.4 468 4 ms 49.5 6.2 46
flexible WSe2 solar cell (Gr/MoOx
contact)

AM 1.5G 0.61 5.1 47

homojunction WSe2 p-n diode (doping-
free)

520 nm 0.64 283 1.98 × 1010 1.27 μs 67.6 4.5 this work
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time of 1.65 μs was obtained. We also calculated the detectivity
for our device by using the equation D* = R × S1/2/(2e ×
Idark)1/2, where S represents the working area of the device
(channel length L = 12.4 μm and channel width W = 4.2 μm).
As depicted in Figure S14b, we achieved the highest detectivity
of 1.98 × 1010 Jones at VG = 0 V, VD = 1 V, under a laser
wavelength of 520 nm. Considering the equation E = hc/λ, it is
evident that the WSe2 multi-layer (with a band gap of
approximately 1.35 eV) is capable of absorbing wavelengths up
to 920 nm. Consequently, we anticipate that our device could
exhibit enhanced performance and responsiveness under one-
sun AM 1.5G illumination. This aspect represents a potential
avenue for further exploration and expansion of our device’s
application in future studies.
To compare our fabricated WSe2 lateral p-n homojunction,

which was formed through contact engineering, with the
existing literature, we have compiled the figures of merit in
Table 1. The summarized results indicate that our device
demonstrated consistent quality and relatively favorable
parameters for a photodetector.

■ CONCLUSIONS
In conclusion, we successfully fabricated a WSe2 homojunc-
tion-based diode capable of harnessing the photovoltaic effect
without the need for complex doping or intricate fabrication
methods. Our device exhibited remarkable photovoltaic
performance when subjected to laser power illumination,
surpassing recent reports in this field. SPCM analysis
confirmed that the WSe2 edge contact significantly contributed
to the enhanced generation of photocurrent in response to
laser power. Moreover, we achieved a high photoresponsivity
of 283 mA/W at 21 nW. These findings demonstrate the
potential of our simple architecture and its broad applicability
to other 2D materials in future nano-integrated electronic and
optoelectronic applications.

■ EXPERIMENTAL METHODS
Fabrication of the WSe2 p-n Diode Device. The WSe2 n-type

bulk crystal (HQ graphene Inc.) was exfoliated using the traditional
Scotch-tape method on a highly p-doped cleaned Si/SiO2 substrate
(285 nm). Raman spectroscopy was used to identify few-layer WSe2
and h-BN flakes. Photolithography was performed to draw the outer
electrodes pattern, followed by metal deposition using an electron-
beam evaporator (Korea Vacuum Tech. KVT-2004). Later on,
electron beam lithography was performed to draw the inner electrode
pattern. The device was etched using a Mini-plasma System to make
edge contacts in addition to surface contacts onto the WSe2 channel.
Immediately, the device was put into a deposition chamber to deposit
metal layers of In (20 nm) and Au (30 nm) on the inner electrode
pattern. Finally, the device was lift-off using acetone.
Characterization of the WSe2 Device. To analyze the quality

and surface of WSe2 flakes, Raman spectroscopy was performed using
a 532 nm laser under ambient conditions. The electrical and optical
measurement of the device was performed using a Keithley 4200-SCS
parameter analyzer under vacuum conditions below 20 mTorr in a
dark environment connected to the probe station.
HRTEM and EDS at the Interface of the Metal−Semi-

conductor. In order to determine the cross-section of the edge
contact and surface contact after fabrication, HRTEM images were
obtained. To determine the doped elements in the samples, we
performed EDS mapping and line scanning in addition to HRTEM
images.
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