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Electrically tunable homojunctions based on ambipolar two-dimensional materials have attracted widespread attention
in the field of intelligent vision. These devices exhibit inherent switchable positive and negative photovoltaic properties that
effectively mimic the behavior of human retinal cells. However, the photovoltaic responsivity of most electrically tunable
homojunctions remains significantly low due to the weak light absorption, making it challenging to meet the application re-
quirements for high-sensitivity target detection in the field of intelligent vision. Here, we propose a gate-tunable photodiode
based on two-dimensional ambipolar WSe, with an asymmetric gate electrode, achieving high photovoltaic responsivity.
By adjusting the gate voltage and keeping bias voltage zero, we can dynamically realize reconfigurable n™—p and n™—n
homojunction states, as well as gate-tunable photovoltaic response characteristics that range from positive to negative. The
maximum photovoltaic responsivity of the electrically tunable WSe, homojunction is approximately 0.4 A/W, which is
significantly larger than the previously reported value ~ 0.1 A/W in homojunction devices. In addition, the responsivity
can be further enhanced to approximately 1.0 A/W when the n~—p photodiode operates in reverse bias mode, enabling high-
sensitivity detection of targets. Our work paves the way for developing gate-tunable photodiodes with high photovoltaic

responsivity and advancing high-performance intelligent vision technology.

Keywords: reconfigurable homojunction, in sensor computing, ambipolar material
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1. Introduction

Recently, the rapid development of two-dimensional (2D)
material photodetectors has significantly advanced the future
of intelligent vision technology.!'-'?! These advancements
stem from the fact that 2D materials not only exhibit ex-
cellent photoelectric response characteristics, but also these
properties can also be effectively and dynamically controlled
by electrical fields.!'>"'1 The superior performance of 2D
materials is attributed to their intrinsic properties, including
strong light-matter interactions and atomic thickness.!?0-23]
In particular, a class of 2D materials exhibit ambipolar prop-
erties, allowing for effective control of their majority car-

rier types and concentrations through the bias voltage!>4l

18.25-27) Fyrthermore, for the same am-

or the gate voltage.!
bipolar material, by utilizing the multi-gate device struc-
ture, the electrostatic doping states in different regions of
the material can be differentially regulated.*=3! This al-
lows for dynamically tunable homojunction properties, en-
abling the device to exhibit switchable positive and neg-

ative photovoltaic characteristics and work as gate-tunable
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25:26,32-341 which are essential for achieving in-

photodiodes, !
telligent vision applications.[!>33-371 However, photovoltaic
responsivity demonstrated in those previous works on elec-
trically tunable homojunction is still significantly low due to
weak light absorption in the homojunction area.?>?®! This
discrepancy limits the ability to achieve high-sensitivity tar-
get detection and hampers practical application in the field of
intelligent vision.

In this work, we propose a gate-tunable photodiode based
on 2D ambipolar WSe,, exhibiting high photovoltaic respon-
sivity under zero bias mode. We fabricated a field-effect tran-
sistor in which the gate electrode overlaps only the source re-
gion. This design allows the gate to dynamically switch the
doping state of the source region while maintaining the dop-
ing state of the drain region in the material’s intrinsic state. By
applying different gate voltages, we can modulate the device
state between n~—p and n~—n homojunction configurations.
This capacity enables the demonstration of gate-tunable pho-
tovoltaic response characteristics that range from positive to
negative. We demonstrate that the device has an ultrahigh pho-
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tovoltaic responsivity of approximately 0.4 A/W under 532-
nm light illumination and zero bias voltage, near 4-fold en-
hancement compared with the reported value ~ 0.1 A/W based
on the electrically tunable WSe, homojunction.**! By chang-
ing the device’s operating state to the n™—p photodiode reverse
bias mode, its responsivity can be enhanced to approximately
1.0 A/W, offering significant potential for high-sensitivity tar-
get detection. Our work explores a novel approach to achiev-
ing both dynamically tunable photovoltaic characteristics and
high photovoltaic responsivity, which is expected to advance

high-performance intelligent vision applications.

2. Method

Device fabrication began with the mechanical exfoliation
of WSe; and h-BN on the silicon substrate. The bottom gate
electrode (Cr/Au, 5 nm/40 nm) was fabricated on the SiO;
(300 nm)/Si substrates via electron beam lithography and elec-
tron beam evaporation. A hexagonal boron nitride (h-BN)
flake (~ 20 nm) was then transferred onto the gate electrode
using the polymer vinyl alcohol (PVA) transfer method as the
dielectric layer. Subsequently, a WSe, flake (~ 15 nm) was
stacked on the h-BN, and source and drain electrodes (Cr/Au,
5 nm/40 nm) were fabricated on top of the WSe, flake. It is
important to note that the as-fabricated gate electrode should
only overlap with half of the WSe, channel between the source
and drain electrodes. These materials were confirmed by Ra-
man spectroscopy using a microscopic Raman spectrometer
(Witec alpha 300) with a 532-nm laser as the excited light.

We focused 532 nm light through the home-made mi-
croscope system equipped with a long-work-distance objec-
tive lens to the sample. The laser spot size was ~ 1.5 um in
diameter. The voltage and current measurements were per-

(@) Light
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h-BN Si0,

Si

formed using a source measurement unit (Keithley, 2636B)
and an Agilent BIS00A parameter analyzer. All the measure-
ments were performed in vacuum environment (~ 10~% mbar)
at room temperature.

3. Result and discussion

The structure of the proposed gate-tunable photodiode
(GTP) based on 2D WSe; with an asymmetric gate electrode is
illustrated in Fig. 1(a). In our device, a WSe; flake (~ 15 nm)
is used as the photosensitive material, while a hexagonal boron
nitride (h-BN) flake (~ 20 nm) is chosen as the dielectric layer
due to its atomically flat surface and charge trap-free interface.
The asymmetric gate electrode (Cr/Au, 5 nm/40 nm) over-
laps only with the source region of the WSe, channel between
the top source and drain electrodes (Cr/Au, 5 nm/40 nm), as
shown in the optical image of Fig. 1(b). This design ensures
that the gate voltage (V) adjusts the doping state of the source
region while leaving the doping state of the drain region un-
changed, thus maintaining its intrinsic state. Consequently, the
device can exhibit gate-tunable homojunction characteristics.

These materials were confirmed by Raman spectroscopy,
as illustrated in Fig. 1(c). In the WSe,/h-BN region, the Ra-
man peak near 1365 cm™! corresponds to the By, mode of
h-BN, which is also observed in the h-BN area.[?®! Addition-
ally, a prominent peak at 250 cm ™! (A1z mode of WSe») with
a shoulder near 257 cm™! (Ez¢g mode of WSe;) further con-
firms the materials used in our device.*”! To investigate the
initial doping state of WSe,, we fabricated a global back-gate
WSe, field-effect transistor and obtained the expected am-
bipolar field-effect transfer curve, as shown in Fig. S1. The
initial doping state of WSe; is confirmed to be weakly n-doped
(n™) with the applied gate voltage set at 0 V.
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Fig. 1. The structure of the gate tunable photodiode. (a) Schematic of WSe; photodetector with asymmetric gate. The drain—source bias Vg5 and
gate voltage V;, can be applied to modulate the working state with the source grounded (GND). The Si substrate is also grounded. (b) The optical
image of a representative device, the scale bar is 3 pm. (c) Raman spectra at different positions of the WSe,/h-BN and h-BN.

The proposed GTP can be modulated as an n™—p homo-
junction or n”—n homojunction with a negative or positive V.
When a negative V; is applied to the gate electrode, it induces
a p-doped state in the channel material above the gate elec-
trode near the source terminal. In contrast, the channel mate-

rial near the drain electrode, which does not overlap with the

gate electrode, remains in an intrinsic n~-doped state. As a
result, an n~—p homojunction is formed, and the correspond-
ing band diagram is depicted in the bottom panel of Fig. 2(a).
The I45—Vys curve for the n™—p homojunction is shown as the
red curve in Fig. 2(c), achieving a high rectification ratio over

103. When a positive Vg is applied to the gate electrode, the
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channel material above it can be regulated to become n-doped,
thereby forming an n~—n homojunction. The corresponding
band diagram and the measured I4—Vys curve for this config-
uration are shown in the bottom panel of Fig. 2(b) and as the
blue curve in Fig. 2(c), respectively. Since the built-in field

(a) (b) (c) —V,=—5V
Vi S __JGND Vi S __§GND | =vi-sv
D bbbbbb D ceeceee 10~
e e e " e e e » =
Ve<0 Ve>0 1010
I — =
n
””””””””””””””” Ey —12

n~—p homojunction

n~—n homojunction

strength of the n™—n junction is weaker than that of the n™—p
junction, the rectification ratio of the I4—Vys curve is only 102,
which is lower than that of the n™—p junction. Consequently,
the measured I3,—Vys curves confirm the characteristics of the
proposed gated tunable homojunction device.

Vas (V)

Fig. 2. The gate-tunable homojunction behaviors. [(a) and (b)] Operation diagrams of n~—p and n~—n homojunctions with negative and positive
V; applied (top panel), and the corresponding band diagrams (bottom panel). D, S and Er mean drain, source and Fermi level, respectively.
(c) Semilog plot of output curves (|Igs|-Vas) for n™—p junction (Vy = —5 V) and n™—n junctions (Vg = 5 V).

The demonstrated tunable homojunction behaviors pro-
vide an ideal platform for showcasing a gate-tunable pho-
todiode with high photovoltaic responsivity. A light source
(532 nm) was focused on the junction region of the WSe;
device, and the light spot had a diameter of approximately
1.5 um. The photo-generated electrons and holes in the WSe,
homojunction were expected to be separated by the built-
in electric field, resulting in a short-circuit current (/i) and
open-circuit voltage (Vi.). Considering that the light spot
was smaller than the size of the whole WSe, channel and
focused on the junction area, the electrical outputs (I and
Voc) were thought to be attributed to the contributions of the
WSe, homojunction, rather than the Schottky junctions near
the drain/source electrodes.

The proposed GTP exhibited inherent photovoltaic prop-
erties with high photoelectric conversion efficiency. In
Fig. 3(a), we measured the basic optoelectronic characteris-
tics of the device, presenting the output curves (|ljs|-Vgs) in
the dark and at various light power levels (P,) on a semi-
logarithmic scale with V, set to —5 V (n~—p junction). The
corresponding output curves in linear scale are shown in
Fig. S2. As P, increases, both I and V. gradually de-
viate from zero, indicating a significant photovoltaic effect.
The I, and Vi as functions of P, were extracted and pre-
sented in Fig. 3(b), both showing monotonical increase with
P.. The I—P,, data was fitted using the power relationship
I ~ P, yielding o = 0.98. The nearly linear dependence
between /. and P, indicates that the photovoltaic effect dom-
inates the photocurrent generation. #0411 Additionally, V. ex-
hibits a logarithmic dependence on P, when P, is lower than
10~7 W and demonstrates saturation behavior with higher P,
level. The generated electrical power (Py = |lgs X Vgs|) in-
creases with light power and reaches 144 nW at P, = 1.30 pyW

with Vgs = —0.36 V, as shown in Fig. S3. Hence, the maxi-
mum power conversion efficiency (PCE = Pej max/Pin) reaches
~ 11% at P, = 1.30 uW, as shown in Fig. S4. The maxi-

[25.26.34] indicating the

mum is larger than the reported values,
high-efficiency conversion from light power to electrical out-
put signal and possible high responsivity.

Then, we characterized the GTP device as having a pe-
riodic, stable, and tunable photoresponse. In Fig. 3(c), we
observed a periodically switched photocurrent without severe
degradation under zero bias voltage and V, = —5 V, which
ensured good stability and reproducibility of the photovoltaic
response of our device. Under illumination power of 1.30 uW,
the I reached about 510 nA, accompanied by a low dark
current of 10712-10713 A. Furthermore, while maintaining a
constant zero bias voltage and varying the gate voltage (V)
from 5 V to —5 V, the photocurrent varied from —12.5 nA
to +51.5 nA with the light power of 130 nW, as shown in
Fig. 3(d), where the positive direction of the photocurrent
was defined from the drain to the source. The tunable pho-
toresponses observed with different V, were attributed to the
varying homojunction conditions. When V, > 0, our device
worked as an n™—n junction, and the direction of the built-
in electric field was from the source to the drain, resulting in
a negative photocurrent. As V; decreased to —5 'V, the junc-
tion changed from n™—n to n”—p mode, leading to a change
in the built-in electric field direction from negative to positive,
which resulted in a tunable photocurrent ranging from nega-
tive to positive values, as shown in Fig. S5.

To clearly illustrate the advantages of the proposed GTP
device, we extracted its photoresponse parameters based on
the application requirements for photoelectric sensing. For
practical applications, high responsivity and a high light on/off
ratio of the photodiode are critical for the sensitive detection
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of dim targets with low dark noise. Responsivity is defined as
Ion/ Py, and the light on/off ratio is Iph /Igark, Where I rep-
resents the dark current (the current measured in the absence
of light) and Iy, is the photocurrent (the difference between
the measured current and the dark current). Under zero bias
voltage and V; = —5 V, the responsivity reaches nearly con-
stant at approximately 0.4 A/W across the used light power,
as shown in Fig. 3(e). This photovoltaic responsivity is about
4 times higher than the reported value ~ 0.1 A/W based on
the electrically tunable WSe; homojunction.’**! The high re-
sponsivity is attributed to the improvement of light absorp-
tion near the edge region of the asymmetric gate electrode

[42.43] Begides, since the

due to local light field enhancement.
edge region of the gate electrode overlaps with the homojunc-
tion area, photo-induced carriers can be efficiently separated

by the built-in electric field, leading to a large photocurrent

(a) 107*
Vyo=-5V, n”—p junction
1076
< 10°®
Z
- 10—10
10—12
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—~ -8
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6
./. 10
0.4+ o o- o 9
o o— o— \i% o 10° &
< n ]
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- 10* 2
S 09t u @)
/ 10°
[
0 _110?
10710 1077 10°8 1077 106
P, (W)

and resulting in high responsivity. Accompanied by the low
dark current, the high light on/off ratio can exceed 10° with
P, = 1.30 uW, as shown in Fig. 3(e). In addition, when Vs
is set to 1 V to form a reversed-biased n™—p junction, the re-
sponsivity can be further enhanced to nearly 1 A/W at low
light power, as shown in Fig. 3(f). Under illumination and a
reverse bias of Vys = 1 V, the photo-induced carriers are rapidly
swept in opposite directions by the junction electric field and
the additional reverse-bias electric field. As a result, both the
reverse current and the responsivity increase due to the inter-
nal gain provided by the reverse-bias electric field, compared
to the zero-bias mode. This enhanced responsivity could sig-
nificantly improve the photodiode’s capacity for dim target de-
tection. The tunable high-performance photovoltaic photode-
tector based on the WSe; homojunction shows the enormous
potential in the field of visual sensing.

() V,==5V, V=0V
T e oo—2 105
./l/a
4104
° -
./ 10.3 .8
H10.2
0.1
10710 107° 1078 1077 1076
P, (W)
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5 20 n~—n junction v
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0 L
1v n~—p junction
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Time (s)
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Fig. 3. The high-performance and tunable photoresponse. (a) Semilog plot of output curves (|Igs|-Vgs) for n~—p junction with different light
power (P;,) with wavelength at 532 nm. (b) Extracted short-circuit current (/sc) and open-circuit voltage (V) under different Py,. (c) Time-
resolved I under periodic light illumination for £, = 1.30 uW. (d) Time-resolved gate-tunable /. at different V; for P, = 130 nW. [(e)
and (f)] Responsivity (R) and light on/off ratio under different P, at zero bias (Vgs = 0 V) and negative bias (Vgs = 1 V) for n~—p junction,

respectively.
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4. Conclusion and perspectives

We presented a gate-tunable photodiode with high pho-
tovoltaic responsivity under zero bias mode by utilizing two-
dimensional ambipolar WSe, combined with an asymmetric
gate structure. In this device, the gate voltage dynamically al-
ters the doping state of the source channel, while the drain’s
doping state remains in its intrinsic state. This allows us to
achieve dynamically reconfigurable n"—p and n~—n homo-
junction states. Leveraging this tunable homojunction prop-
erty, we demonstrated a tunable photovoltaic response that
varies from positive to negative. We have successfully demon-
strated that the device exhibits an ultrahigh photovoltaic re-
sponsivity of up to ~ 0.4 A/W under zero bias mode. Fur-
thermore, the responsivity can be enhanced to approximately
1.0 A/W when the n™—p photodiode operates in reverse bias
mode. These results indicate a promising approach for achiev-
ing high-sensitivity target detection and are expected to pro-
mote the development of high-performance intelligent vision
technology.
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