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ABSTRACT

Phototransistors with the bidirectional photoresponse (positive and negative photoconductivity, PPC and NPC) have broad

prospects for novel and multifunctional applications. Herein, a novel strategy is proposed to achieve bidirectional photoresponse in
a vertical WSe,/UVO-InSe field-effect transistor (FET) with ultraviolet-ozone (UVO) oxidized InSe nanosheets. It exhibits a giant
NPC performance with a high Iopp/Ioy ratio (6.32 x 10°), responsivity (Rypc = —1.56 X 10° A W) and remarkable operational
stability. In a further step, the separation-transport-recombination process of photogenerated carriers has been investigated under

various gate voltages for the physical mechanism of bidirectional photoconductivity. Particularly, the accumulation and recombi-

nation of electrons and holes at the WSe,/UVO-InSe interface could induce the giant NPC effect. Moreover, information protection
and pattern recognition systems are realized based on the PPC and NPC effects. This study highlights the promising potential of
the van der Waals heterojunction-based FETs with bidirectional photoresponse for multifunctional optoelectronic devices.

1 | Introduction

Phototransistors, as critical components of optoelectronic
devices, play an important role in the fields of image sensing,
optical communications, and photodetection [1-4]. Their
photoelectric performance directly influences the overall
functionality and efficiency of related equipment [5, 6].
Phototransistors with bidirectional photoresponse (i.e., positive
and negative photoconductivity, PPC, and NPC) demonstrate
significant application potential in artificial synapse, information
encryption, secure data transmission, signal processing in

complex optical environment and multifunctional optoelectronic
integrated systems [7-13]. In particular, the intrinsic switch
between PPC and NPC provides a natural foundation for
implementing optical information protection, which is highly
desirable for next-generation information security applications
[14, 15]. The advancement offers possibilities for the diversified
development of photoelectronic technology.

Recently, the NPC effect has been demonstrated in some material
systems such as 2D layered materials, halide perovskites, low-
dimensional nanomaterials, and organic semiconductors [16-19].
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FIGURE 1 | Structure and bidirectional photoresponse of the WSe,/UVO-InSe heterojunction-based FET. (a) Schematic diagram of the FET based

on the vertical WSe,/UVO-InSe heterojunction. (b) Surface potential difference of the WSe,/UVO-InSe heterojunction. (c) Schematic band structure
of the WSe,/UVO-InSe heterojunction at Vgg = 0 V. (d) Transfer characteristic curves under dark and 405 nm-laser illumination at Vpg =1 V. (e)

Photocurrent responses by applying different gate voltages (Vgs = —40 V< V- and 30 V > V).

For example, Grillo et al. realized PPC and NPC in a PtSe,-based
transistor due to the light-induced oxygen desorption [17]. Cai
etal. presented an all-optically controlled retinomorphic memris-
tor based on the halide perovskite (Cs,FA;MA,_,_,Pb(I,Br;_,);),
where the bidirectional photoresponse is tuned by laser power
density [20]. Qin et al. reported the first observation of the
NPC effect in carbon dots [21]. Moreover, a simple fully light-
modulated artificial synaptic device based on SnSe films is
constructed to operate various synaptic plasticity and reversible
modulation of conductance under 430 and 255 nm illumina-
tions [16]. However, achieving bidirectional photoresponse with
high responsivity and photosensitivity presents significant chal-
lenges. Compared with the PPC effect, achieving pronounced
NPC is difficult by tuning carrier transport in semiconductors
[22]. Moreover, there exists a fundamental physical mechanism
contradiction in simultaneously enhancing NPC and a high
detection sensitivity. These limitations restrict the applications
of photodetection, secure information processing, neuromorphic
computing, etc.

2D-layered materials have promising potential for optoelectronic
devices due to the tunable bandgap, high carrier mobility,
stability, excellent mechanical flexibility, etc [23-26]. Moreover,
atomic-level interface regulation and adjustable band structures
provide the prerequisite of bidirectional photoresponse [27, 28].
Compared with other 2D-layered semiconductors, ambipolar-
WSe,, n-type InSe, and p-type ultraviolet-ozone InSe (UVO-InSe)
have an excellent photoelectric stability and unique bandgap
alignment for high-performance optoelectronic devices for bidi-
rectional photoresponse-enabled information protection [29-31].
High-efficiency photoelectric sensor arrays based on the 2D
MoS, and WSe, have been developed for artificial vision systems
[32]. Furthermore, vertical heterojunctions have a more efficient

carrier regulation ability due to the formation of built-in electric
field at the interface, which could induce a giant NPC [33, 34]. The
heterojunction interface states can be regulated by van der Waals
stacking, molecular beam epitaxy (MBE), and UVO treatment
[35-37]. Note that the UVO technique is a simple and effective
surface modification method to introduce electron states above
the valence bands [37, 38].

In this work, a vertical van der Waals heterojunction-based
FET was fabricated by stacking WSe, and UVO-treated InSe
nanosheets, which exhibits both PPC and NPC effects by applying
different gate voltages. Particularly, it exhibits a giant negative
photoconductivity (Inpp/Ioy = 6.32 X 10°) and high responsiv-
ity (Rypc = —1.56 X 10° A W) at Vg = 30 V. Furthermore,
the separation/recombination and transport processes of pho-
togenerated carriers have been investigated under various gate
voltages for the physical mechanism of bidirectional photore-
sponse. The transport and recombination of electrons and holes
at the WSe,/UVO-InSe interface could induce the giant NPC
performance. Finally, the gate-tunable bidirectional photore-
sponse is exploited for information protection and pattern
recognition.

2 | Results and Discussion

2.1 | Structure and Bidirectional Photoresponse of
WSe,/UVO-InSe FETs

Figure la and Figure Sla show that WSe, and UVO-InSe
nanosheets are vertically stacked to form a heterojunction. The
thicknesses of WSe, and UVO-InSe nanosheets are about 16 nm
and 7.5 nm, respectively (cf. Figure S1b). Note that UVO treatment
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induces the oxygen atoms into the InSe interlayer at the bottom
surface nearby SiO,. The UVO-InSe has a p-type conductivity
based on the transfer characteristic curves and surface potential
differences (cf. Figures S2 and S3). In Figure 1b, there exists
a potential difference of about 0.23 V between UVO-InSe and
WSe, nanosheets, which indicates that a built-in electric field
(E;,) is formed at the WSe,/UVO-InSe interface. Figure Ic
illustrates the band alignment of WSe, and UVO-InSe according
to their work functions and bandgaps, which belongs to the type-
II heterojunction [39-41]. The interface carrier recombination
strongly predicts a possibility of electrical modulation for the
PPC and NPC in the type-II WSe,/UVO-InSe heterojunction.
The carrier recombination at the heterojunction interface is
dominated, which is confirmed by the time-resolved photolumi-
nescence (cf. Figure S1d). In Figure 1d, the transfer characteristic
curves of WSe,/UVO-InSe heterojunction-based FETSs reveal an
ambipolar characteristic under dark and illumination. It should
be emphasized that the photocurrent is lower than dark current
at Vg > V. Here, V. is the critical gate voltage of the transition
between PPC and NPC. The X-ray photoelectron spectroscopy
spectra (XPS) of UVO-InSe nanosheets show that the oxide
species increase progressively with increasing the UVO-exposure
time, and the NPC performance of WSe,/UVO-InSe FETs appears
(cf. Figure S4). On the contrary, the photocurrent is higher
than dark current at Vg < V.. It means that the WSe,/UVO-
InSe heterojunction-based FETs could exhibit PPC or NPC
performance by applying a certain gate voltage. Furthermore,
Figure le depicts the time-dependent channel current before
and during illumination at the gate voltages of -40 and 30 V.
It indicates a gate-tunable bidirectional photoresponse in the
vertical WSe,/UVO-InSe heterojunction-based FETs. Note that
the large gate voltage will not induce a high power consumption
due to the low leakage current (Ios ~ 107 A). Moreover, the
gate voltage will decrease dramatically for the case of a thin
high-k dielectric layer in the transistors. The FETSs based on the
WSe,/InSe without UVO exposure fail to exhibit gate-tunable
bidirectional photoresponse, indicating that the UVO treatment
results in the NPC effect (cf. Figure S5).

2.2 | Gate-Tunable PPC and NPC of
WSe,/UVO-InSe FETs

Figure 2a shows the transfer characteristic curves of a
WSe,/UVO-InSe heterojunction-based FET under various
405 nm-laser power densities from 0 to 152 mW cm~2 and it
displays an ambipolar behavior under dark. The device has a
giant NPC effect at weak laser power density by applying a large
positive gate voltage. And it has a high PPC at the high laser
power density by applying a certain negative gate voltage (cf.
Figure 2b). As the gate voltage increases from —60 to +60 V, the
PPC effect is observed, then the NPC effect is enhanced and
tends to saturate. Therefore, the PPC and NPC effects could
be modulated by gate voltages under illumination. In addition,
the FET exhibits gate-tunable bidirectional photoresponse by
applying different laser wavelengths (520 and 638 nm), as shown
in Figure S6. The positive and negative photosensitivities at
different laser power densities show a similar feature. The
Iigni/Ipa increases as the laser power density increases by
applying a negative gate voltage. In addition, the critical gate-
voltage (V) at various laser power densities has a shift toward

positive gate voltage, which means V. could be effectively
tuned by the laser power intensity (Figure S7). In Figure 2c, the
photocurrent increases as the laser power density increases at
Vs = —40 V due to the well-known photoelectric effect, which
shows a good Ohmic contact formed between the channel and
electrodes. For the case of Vg = 30V, the photocurrent is smaller
than the dark current even though it increases with the laser
power density (cf. Figure 2d). The nonlinear Ig-Vpg curves
reveal a Schottky contact between the channel and electrodes
by applying the positive gate voltage. In a further step, the
fundamental charge transports at V;g = —40 V (PPC) and 30 V
(NPC) are confirmed by the temperature-dependent Ipg—Vpg
measurements (cf. Figure S8). Moreover, the time-dependence of
channel current in Figure 2e,f shows that the FET has stable PPC
and NPC behaviors at certain gate voltages, respectively. The PPC
increases with the laser power density at a negative gate voltage
(Vgs = —40V), while NPC decreases with the laser power density
at a positive gate voltage (Vg = 30 V). Furthermore, the rise
time (7,), fall time (74), and switching speed (t < 51.1 ms) of the
PPC (7, =12.1 ms and 74 = 26.8 ms) and NPC (7, < 82.7 ms and
74 = 130.3 ms) states were obtained (cf. Figure S9). A reversible
cycle of PPC and NPC effects could be realized by applying a
certain gate voltage (cf. Figure S10). Note that the photocurrent
cannot return to the initial state (dark current) after illumination
and it can be reset by a negative gate voltage (cf. Figure S11).

2.3 | Stability of Giant NPC in WSe,/UVO-InSe
FETs

In Figure 3a, the NPC of a WSe,/UVO-InSe heterojunction-
based FET has been repeatedly measured for more than two
months. It suggests that the NPC performance does not decay
obviously, which is confirmed by the corresponding Inpp/Ioy
(cf. Figure S12a). The as-fabricated phototransistor has a stable
NPC performance according to the photoresponse of different
devices and different cycles data, as well as retention curves (cf.
Figure S12c-e). Figure 3b shows that the off-state current (Iogy) is
around 2 X 107 A and the on-state current (Iy) remains stable
nearby 3 x 1072 A. Therefore, the value of Iopp/Ioy is located
in the range of 5 X 10> ~ 8 x 10° in the cycle-to-cycle test (cf.
Figure 3c). The phototransistor exhibits an excellent reliability,
maintaining a stable performance without noticeable degradation
after 1000 continuous off/on cycles. The statistical distribution
of device-to-device test indicates that more than 90% devices
have a giant NPC (Iopp/Ioy > 10°), as shown in Figure 3d. The
statistical distribution of Iypp/Ioy reveals that the WSe,/UVO-
InSe heterojunction-based FETs have excellent NPC repeatability.
In addition, the device also has a stable PPC performance (cf.
Figure S13).

In Figure 3e, a giant NPC (IOFF/Ioy > 10°) could be obtained
by applying a weak laser power density and a gate voltage
(Vgs = 30 V). The corresponding power consumption is around
54 pJ per laser pulse based on the following equations: E = P;;, X
Adevice X Tduration' Here’ Pin’ Adevice and Tduration are the laser power
density (P;,, =0.03 mW cm™2), effective channel area (36 um?) and
pulse duration (5 s), respectively [48]. In a further step, the NPC
performance at various laser power densities is characterized by
responsivity, which is derived from the following formula [19,
22]: R = I /(Py, - Adevice)- Here, Iy = Injoh-Iparks Pin is the laser
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FIGURE 2 | Photoelectric performance of a WSe,/UVO-InSe heterojunction-based FET illuminated by the 405 nm-laser. (a) Transfer characteristic
curves at the various 405 nm-laser power densities from 0.03 to 15.2 mW cm™2 at Vg =1 V. (b) ILight/Ipark @s a function of gate voltage (Pj, = 0.03 and

15.2 mW cm™2). Output characteristic curves at various laser power densities by applying (c) Vg = -40 V and (d) Vg = 30 V. The corresponding laser

power density dependence of current (Vpg =1V) at (e) Vgg = —40 Vand (f) Vgg =30 V.
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the corresponding band alignments in the WSe,/UVO-InSe heterojunction-based FET at (a) Vg <V and (b) Vgs >Ve.

power density (0.03 mW cm~2), and Ag.,i.. represents the effective
channel area (36 um?) of the FET (cf. Figure S14). In Figure 3fand
Figure S15, the values of negative responsivity (—1.56 X 10° AW™)
and Inpp/Ioy (6.32 X 10°) for the WSe,/UVO-InSe heterojunction-
based FETs suggest an excellent NPC performance compared
with those of other devices reported in the literature [18, 27, 42—
47]. The values of specific detectivity (D*) and external quantum
efficiency (EQE) of NPC are about 5.4 x 10** Jones and 4.7 X 107%,
respectively (Figure S16). For the case of PPC performance, the
values of R, Ioy/Iore, EQE and D* are about 80 A W1, 800,
2.5 x 10%%, and 1.1 x 10" Jones, respectively (Figures S15 and
S16). In addition, the van der Waals heterojunction-based FETs
have a better NPC performance than that of most devices within
various material systems such as nanorods, nanowires, organic
semiconductors, and quantum dots (cf. Table S2).

2.4 | Physical Mechanisms of PPC and NPC
Effects in WSe,/UVO-InSe FETs

Figure 4 shows the mechanism of gate-tunable PPC and NPC
effects in the WSe,/UVO-InSe heterojunction-based FETs. Both
ambipolar WSe, and p-type UVO-InSe are excited to generate
electron-hole pairs under illumination due to the well-known
photoelectric effect (cf. Figures S1d and S2). In Figure 4a, the
holes in the WSe, layer migrate toward UVO-InSe under the built-
in electric field (E;,) by applying Vgs < Vi. The holes in the
p-type UVO-InSe contribute mainly to the channel current (cf.
Figure S17a). During illumination, the photogenerated electron-
hole pairs are separated by the built-in electric field and gate
voltage. The number of holes in the UVO-InSe increases signif-
icantly, achieving a positive photoconductivity effect at Vg < V.
For the case of Vg > V., the p-type characteristic of UVO-InSe
is suppressed, resulting in a reduction of free holes. Meanwhile,
the direction of Ej, reverses by applying a larger positive gate
voltage (Vgs > V), as shown in Figure 4b. The major carriers in
the ambipolar-type WSe, are electrons, which contribute mainly

to the channel current (cf. Figure S17b). During illumination, the
photogenerated holes in the p-type UVO-InSe and the electrons
in the WSe, migrate to the WSe,/UVO-InSe interface driven by
the built-in electric field and gate voltage and then recombine.
The process leads to the consumption of photogenerated and
intrinsic carriers in the WSe, and UVO-InSe heterojunction.
Therefore, the FET exhibits a negative photoconductivity effect at
Vs > Vi, which is confirmed by the KPFM and band alignments
at Vg = 0 V (cf. Figure S18). In addition, a pulsed laser test reveals
that the WSe,/UVO-InSe heterojunction-based FET exhibits a
negative photoconductivity effect after illumination at Vg > V¢
since the electrons consumed in WSe, are not replenished in time
(cf. Figure S19). As the gate voltage increases from —60 to +60 V,
the phototransistor exhibits a photoresponse from PPC to NPC.
The corresponding dominant current distribution evolves from
UVO-InSe to WSe, layer.

2.5 | Image Hiding and Display Based on the PPC
and NPC Effects

Information security is essential for protecting personal privacy
and safeguarding national security in the era of big data [7].
Figure 5 shows a real-time information protection process based
on the PPC and NPC effects of a WSe,/UVO-InSe heterojunction-
based FET. In Figure 5a, the phototransistor acts as the platform
for information protection, where the input information will be
hidden by laser illumination, and then it is displayed by applying
a certain Vg matrix. Figure 5b and Figure S20 show the pho-
tocurrent response under programmed gate voltages (V/Vp). The
initially distinguishable high- and low-current states are tuned
into an intermediate-current state under different laser power
densities due to the NPC and PPC effects. Figure 5c illustrates an
information protection process of a 7 X 7 pixelated image (“T”).
Each pixel (a;) corresponds to an independent gate voltage Vy
or V; (cf. Figure S21). The image “T” will be hidden during/after
illumination since the high/low current becomes an intermediate
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current. Then the image “T” is displayed by applying a certain
Vs matrix, which includes the elements a;; = Vy or V}. Note that
each pixel unit a; is sequentially tested with a single FET, and the
corresponding Ijys(i, j) for each pixel unit is shown in Figure S22.
Therefore, the WSe,/UVO-InSe heterojunction-based FET can
realize information protection by the strategy of laser-induced
image hiding and Vs-induced display.

2.6 | Artificial Neural Network for Pattern
Recognition

Figure 6a shows a biological synapse consisting of a pre-synaptic
membrane, synaptic cleft, and post-synaptic membrane. The pre-
synaptic terminal releases excitatory or inhibitory neurotrans-
mitters under light or electrical stimulation and then the neu-
rotransmitters are transmitted to post-synaptic receptors, induc-
ing excitatory or inhibitory postsynaptic current (EPSC/IPSC)
[49, 50]. Similar to biological synapses, the WSe,/UVO-InSe
heterojunction-based FET shows the single- and paired-pulse
PSC behaviors (cf. Figure 6b; Figure S23). It indicates that the
paired-pulse facilitation (PPF) index gradually decreases from
129% to 103% with increasing laser pulse interval (cf Figure S24).
Figure 6¢ shows the long-term potentiation (LTP) and long-term
depression (LTD) by applying multi-pulsed laser and multi-
pulsed gate voltage, respectively. During the potentiation process,
the synaptic weight increases progressively with laser pulse
number, while an opposite trend is observed during the depres-
sion process. Note that the gradual and continuous modulation
of conductance suggests analog-like synaptic weight updating,
which is essential for high-accuracy neuromorphic computing. In

a further step, an artificial neural network (ANN) is constructed
for handwritten digit recognition (cf. Figure 6d). The network
architecture consists of 784 input neurons for the 28x28 pixelated
grayscale image, 100 hidden neurons, and 10 output neurons.
The LTP and LTD conductance states are directly mapped to
the synaptic weights. The ANN is used to train and recognize
handwritten digit images from the MNIST database using the
CrossSim simulator. In Figure 6e, the ANN achieves a recognition
accuracy of about 94.48% using experimental synaptic character-
istics, which is close to that (97.64%) using ideal synaptic weights.
It reveals that the as-fabricated WSe,/UVO-InSe heterojunction-
based FETs are capable of emulating key synaptic functions and
hold potential applications for neuromorphic computing and
pattern recognition.

3 | Conclusion

In summary, a WSe,/UVO-InSe heterojunction-based FET
with a reversible and stable bidirectional photoresponse has
been fabricated by employing a UVO treatment on InSe
nanosheets. The phototransistor exhibits a giant NPC with
the Iopp/Ioy = 6.32 X 10° and a high negative responsivity of
Rypc = —1.56x10° A WL, It is found that the accumulation and
recombination of electrons and holes at the WSe,/UVO-InSe
interface could induce the giant NPC performance. In particular,
the fundamental charge transport of the PPC performance is
governed by the Ohmic conduction, while that of the NPC
performance is governed by the Schottky emission conduction.
Moreover, the phototransistor has an excellent PPC/NPC stability,
durability, and device-to-device uniformity. Finally, information
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FIGURE 6 | MNIST pattern recognition simulation of WSe,/UVO-InSe heterojunction-based FETs. (a) Schematic diagrams of a biological synapse.
(b) PPF index as a function of the paired pre-synaptic spike interval (At). Inset: PSC amplitudes (A; and A,) by a pair of laser pulses. (c) Optical

potentiation and electrical depression with 50 multi-pulses. (d) Schematic of an ANN structure which is simulated with the standard back-propagation

algorithm. (e) Recognition accuracy as a function of training epochs for hand-written MNIST digit images.

protection and pattern recognition systems are realized based
on the PPC and NPC effects. This work clarifies the physical
mechanism of giant NPC performance for information protection
and artificial synaptic plasticity, which represents an important
step toward multifunctional neuromorphic optoelectronics.

4 | Experimental Section
4.1 | Device Fabrication

High-quality InSe and WSe, nanoflakes were mechanically exfo-
liated from the corresponding bulk crystals (Shanghai Onway
Techology Co., Ltd) using a polydimethylsiloxane (PDMS)-
assisted dry transfer method. The InSe nanosheets on PDMS were
subjected to the UVO treatment, which was carried out using a
commercial UVO generator. The UVO-InSe and WSe, nanosheets
were sequentially transferred onto 300 nm-thick SiO,/p**-Si
substrates. Finally, 50 nm-thick Au electrodes were deposited as
source and drain contacts assisted by a shadow mask. Note that
the as-fabricated devices were stored in a vacuum moisture-proof
box (MVD-300N, Asone) at room temperature.

4.2 | Device Characterizations

The morphology and thicknesses of WSe,, UVO-InSe nanosheets,
and WSe,/UVO-InSe heterojunctions were characterized by opti-
cal microscopy and atomic force microscopy (AFM Dimension
Icon, Bruker), respectively. Raman and steady-state photolumi-
nescence spectra were obtained by a confocal micro-Raman spec-
trometer (Jobin-Yvon LabRAM HR Evolution, Horiba) with the

532nm-laser. The time-resolved photoluminescence was recorded
by an avalanche photodiode with time-correlated single photon
counting technique (PicoHarp 300, PicoQuant). X-ray photoelec-
tron spectroscopy (XPS, Thermo Scientific) was carried out to
analyze the chemical bonding states. Electrical measurements of
the WSe,, UVO-InSe, and WSe,/UVO-InSe heterojunction-based
FETs were performed using a Keithley 4200A semiconductor
parameter analyzer in a vacuum probe station (~107% Torr)
to minimize environmental interference. During photoelectric
measurements, illumination was provided by a 405, 520, and
638 nm commercial laser (Thorlabs). Transient photocurrent was
recorded with a Tektronix (DPO 5204) oscilloscope to characterize
photoresponse times.
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