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Tunable Negative and Positive Photoconductance in Van
Der Waals Heterostructure for Image Preprocessing

Zhaotan Gao, Ruiqi Jiang, Menghan Deng, Can Zhao, Zian Hong, Liyan Shang, Yawei Li,
Liangqing Zhu, Jinzhong Zhang,* Jian Zhang, and Zhigao Hu*

The processing of visual information occurs mainly in the retina, and the
retinal preprocessing function greatly improves the transmission quality and
efficiency of visual information. The artificial retina system provides a
promising path to efficient image processing. Here, graphene/InSe/h-BN
heterogeneous structure is proposed, which exhibits negative and positive
photoconductance (NPC and PPC) effects by altering the strength of a single
wavelength laser. Moreover, a modified theoretical model is presented based
on the power-dependent photoconductivity effect of laser:

ln = —mP® + nP%, which can reveal the internal physical mechanism of
negative/positive photoconductance effects. The present 2D structure design
allows the field effect transistor (FET) to exhibit excellent photoelectric
performance (Rypc = 1.1x 10* AW~', Rpc = 13 AW~') and performance
stability. Especially, the retinal pretreatment process is successfully simulated
based on the negative and positive photoconductive effects. Moreover, the
pulse signal input improves the device responsivity by 167%, and the
transmission quality and efficiency of the visual signal can also be enhanced.
This work provides a new design idea and direction for the construction of
artificial vision, and lay a foundation for the integration of the next generation

1. Introduction

In recent years, deep network-based learn-
ing methods have achieved remarkable suc-
cess with the rapid development of arti-
ficial intelligence.l'] Therefore, achieving
interaction and perception with the real
world becomes the primary problem to
be solved. For humans, more than 80%
of information comes from vision. The
retina, as the primary visual organ, con-
verts light signals into electrical signals.[>]
Compared to traditional vision chips, the
retina can simultaneously perceive and pre-
process visual information. This greatly im-
proves the transmission quality and trans-
mission efficiency of visual information.!>©]
Therefore, building a perception system
with pre-processing function is a prereg-
uisite for artificial vision to obtain infor-
mation efficiently. Through the preprocess-
ing function of the sensing system, redun-
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dant visual data is discarded and optical

information can be efficiently extracted.l”*!

Inspired by the above concept, bidi-

rectional tunable optoelectronic devices

are gradually developed. Traditional op-

toelectronic devices realize high-efficiency

sensing and wide-band detection of optical signals, while they
cannot take into account the preprocessing function of optical
signals.*1% In order to achieve bidirectional modulation of op-
toelectronic devices in sensing signals, Kim et al. developed an
artificial vision system with adaptive functions.['!! By adjusting
the load transistor in the peripheral circuit, the perception be-
havior of the environment under different light intensity has
been successfully realized. Although photoelectric hybrid mod-
ulation provides greater freedom for the construction of artifi-
cial vision systems, the increase in peripheral circuits makes cir-
cuit design and manufacturing processes more complex, and is
not conducive to the integrated development of future devices.!?]
Compared to the two-terminal devices, the three-terminal struc-
ture allows the devices to achieve bidirectional modulation
of signals by taking advantage of the adjustable gate.[®1314]
Due to bandwidth-connection-density trade-offs and intercon-
nection problems, signal processing speed is limited.!'>1%] There-
fore, bidirectional light modulation is necessary. Recently, some
researchers have developed laser wavelength-dependent bidi-
rectional modulation. The devices exhibit both negative and
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positive photoconductance (NPC and PPC) effects by inputting
different specific laser wavelength.'>7-!] This structural design
makes the devices free from the bondage of electrical signal, and
realizes true all-optical modulation, which makes it more suit-
able for the construction of artificial vision systems. While sig-
nificant progress has been made, a number of challenges and
shortcomings have been still remained. The bidirectional optical
modulation caused by specific wavelengths greatly limits the ap-
plication scenarios of all-optical devices. In addition, wavelength-
dependent all-optical modulation devices cannot achieve syn-
chronous modulation in time. Therefore, it is of great signifi-
cance to develop bidirectional optical modulators under the same
wavelength light. According to photoelectric effect theory, light
intensity is another key factor to affect photocurrent.[??] Cai et al.
constructed a fully photocontrolled retinal morphometric mem-
ristor based on halide perovskite materials. The NPC effect at
low light intensity could improve image clarity and recognition
of images.[?)] However, research on similar phenomena in the
field of 2D layered materials is relatively limited.

Since the advent of graphene in 2004, it has been widely
used in the research of optoelectronic devices due to its ultra-
high carrier concentration, high Fermi level efficiency and wide
band photoelectric response characteristics.[?* In 2010, Levesque
et al. systematically studied the influence of the atmosphere
on the doping effect of graphene, showing that graphene can
achieve p-type doping under atmospheric conditions.!*] Subse-
quently, Yang et al. applied the Bi, O,Se-graphene hybrid struc-
ture to a neuromorphic device to control its positive and nega-
tive photoresponse by stimulating light of different wavelengths
to achieve long-term potentiation or long-term depression un-
der light stimulation.[?! In 2023, Liang et al. realized all-optical
control of artificial synapses based on graphene/titanium dioxide
(TiO,) quantum dot heterostructure, and its conductivity could
be enhanced and inhibited at 635 and 365 nm, respectively.[”]
As a typical III-VI layered material, InSe has a smaller effec-
tive electron mass (m* = 0.14m,) than MoS, (m* = 0.45m,),
which make it exhibit high mobility over 10° cm? V! 7! at room
temperature,'?°! and a low electron-hole recombination makes
it exhibit a high photoresponse.[?’! Lei et al. achieved tunable
ambipolar photoresponsivity by constructing WSe,/InSe het-
erostructure with photogating effect, which can exhibit a very
high photoresponse (—1.76 X 10*, 5.48 x 10* AW~1).[28] Shang
et al. designed a self-powered photodetector with photoinduced
electric field enhancement based on 2D InSe/WSe, /SnS, van der
Waals heterojunction, and its responsivity is a 50 times increase
compared to the InSe/W Se, photodetector.??! Although optoelec-
tronic devices based on graphene and other material systems
have made some progress in the research of reversible photore-
sponse, most of them need to rely on a variety of specific bands of
light sources. This greatly limits the application scenarios of all-
optical regulation. Therefore, we are eager to propose a new idea
of regulation: negative and positive photoconductance effects de-
pend on laser power density, so as to remove the dependence of
reversible light response regulation on the laser band.

In this study, we propose a field effect transistor (FET) based
on the graphene/InSe/h-BN heterostructure to realize the con-
version of negative and positive photoconductance effects by ap-
plying a single wavelength laser. It exhibits excellent optical per-
formance (Rypc = 1.1x 10* AW, Rppe = 13 AW!) and device
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stability. The pulse signal input under the PPC effect causes the
dark current of graphene/InSe/h-BN heterojunction-based FETs
to decrease, while the photocurrent level increases. The pulse sig-
nal input increases the device’s responsiveness by 167%. Based
on the NPC and PPC effects controlled by laser power density,
a modified theoretical model is proposed and extended to the
full optical modulation range. Bidirectional modulation of NPC
and PPC effects has been successfully applied to retinal pre-
processing of visual signals. This research shows that 2D het-
erostructures have great application prospects in integrated op-
toelectronic devices and single-light bidirectional modulation.

2. Results and Discussion

2.1. Structural Characterization

Figure 1a and Figure Sla (Supporting Information) show a 3D
diagram and an optical microscopic image of a graphene/InSe/h-
BN heterojunction based FET, respectively. In this structure,
graphene acts as a conductive channel, InSe acts as a light
absorbing layer and h-BN is used as the interface contact
layer to improve the interface contact between InSe/SiO, and
graphene/SiO, .33l As monitored from AFM images and the
line profiles (Figure S1, Supporting Information), the average
thicknesses of graphene, InSe and h-BN flakes are about 4, 9.5,
and 12 nm, respectively. In Figure 1b, a clear and flat inter-
face indicates that there is good contact between the layers. For
graphene, InSe and h-BN, lattice fringes are clearly observed,
which indicates that they have a high crystal quality. In Figure 1c,
the EDS element mapping shows the top-down distribution of
C, Se, and N elements, corresponding to graphene, InSe and h-
BN, respectively. The high crystal quality of graphene, InSe and
h-BN flakes prepared by mechanical stripping was confirmed by
Raman spectroscopy (Figures S2a and S2b, Supporting Informa-
tion).

In order to analyze the interface effect between graphene and
InSe, the surface potentials in separate and contact states are
measured by a KPFM system. The contact potential difference
(CPD) between the tip and sample is measured by applying volt-
age to the tip, and the work function of the sample is calculated
according to the formula: Vepp = (g — Gample) / € Where dy, is
the work function of the tip, ¢y is the work function of the
sample, and e is the elementary charge.l®’] In the separated state,
the work functions of graphene and InSe are 5 and 5.5 eV, respec-
tively, as shown in Figure 1d, Figures S2d and S2e (Supporting
Information). It suggests that graphene shows p-type property
in the isolated state. In order to analyze the reasons, the work
function before and after contact with air was compared. The
Fermi level of graphene decreases by 0.1-—0.2 eV after 2 h in
air (Figure S3, Supporting Information). The KPFM test results
of graphene/InSe and InSe/graphene heterojunctions show that
when graphene is contacted with InSe, the surface potential of
graphene decreases while the surface potential of InSe increases.
Therefore, when graphene forms a heterojunction with InSe, the
energy band of InSe bends downward due to the mismatch be-
tween the work functions, as shown in Figure 1d and Figure S4
(Supporting Information).33!

To explore the photoelectric performance of graphene/InSe/h-
BN heterojunction based FETs, the basic electrical properties of
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Figure 1. Characterization of a FET based on graphene/InSe/h-BN heterojunction. a) 3D schematic diagram of the device composing of graphene, InSe,
and h-BN layers. b) Cross-section TEM images of the heterogeneous structure and c) the corresponding EDS element mapping. d) Band structures of
graphene and InSe in separate and contact state, respectively. e) Transfer characteristic curves of the graphene/InSe/h-BN heterojunction FET under

different laser power densities; 4 = 405 nm, Vg = 0.01V.

InSe, graphene and graphene/InSe/h-BN heterojunction FETs
were investigated (Figure S5, Supporting Information). It shows
that the FETs have good ohmic contact with Au electrodes,
and both the graphene and the graphene/InSe/h-BN FET exhibit
weak p-type doping characteristics under dark conditions, which
is consistent with KPFM results. Comparing the output and
transfer characteristic curves of the three types of FETs, graphene
is the main conductive layer in graphene/InSe/h-BN heterojunc-
tion FETs. The photoresponse of the graphene/InSe/h-BN het-
erojunction FET were studied by measuring the transfer char-
acteristic curves at the wavelength of 405 nm, as shown in
Figure 1le. It shows that the graphene/InSe/h-BN heterojunction
FET exhibits opposite photoresponse characteristics by applying
the laser with different intensities (V; = 0V), macroscopically
manifested as an increase (P = 11.39 mWcm™2) and decrease
(P = 0.002 mWcm™) in current levels under light conditions
(compared to dark current levels). The negative and positive pho-
toconductance effects dependent on laser power densities can be
achieved by graphene/InSe/h-BN heterojunction FETs.

2.2. Negative and Positive Photoconductance Effects of Laser
Power Density Modulation
During the photoelectric test, the laser is incident perpendic-

ular to the surface of the device and can cover the entire
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channel uniformly, as shown in Figure 2a. In order to fur-
ther investigate the positive and negative photoconductance ef-
fects of graphene/InSe/h-BN heterojunction FETS, the photore-
sponse characteristics of the graphene/InSe/h-BN FET under
single pulse (wavelength: 405 nm, pulse width: 1 s) conditions
are tested, as shown in Figure 2b,c. When P < 0.098 mWcm™2,
the FET exhibits a NPC effect. At this time, the current level
under light is lower than the initial current level. With increas-
ing the laser power density, the NPC effect becomes more ob-
vious. It shows that the NPC of graphene/InSe/h-BN hetero-
junction FETs can accept laser power modulation, which agrees
with the general physical law. With the further increase of laser
power density, the NPC effect gradually decreases. For the case of
0.098<P<5.12 mWcm~2, although the FET still exhibits a NPC ef-
fect, the increasing laser power density weakens the current vari-
ation. Note that following the cessation of light in this laser power
range, the current level drops to a position equivalent to that ob-
served when the laser power density reaches 0.098 mWcm~=2. For
the case of P > 5.12 mWcm~™2, the FET exhibits a PPC effect,
and the current level under light conditions increases rapidly.
Note that the current level of the FET will still drop below the
initial current level instantaneously after the light is turned off,
which is differs from the traditional photoresponse. In addi-
tion, after the stopping of illumination (P > 5.12 mWcm™),
the device current level increases with the increase of the laser
power density. When the pulsed laser power density is less than
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Figure 2. Photoelectric properties of the FET based on graphene/InSe/h-BN

heterostructure. a) Structure diagram of a graphene/InSe/h-BN heterostruc-

ture FET under light. b) NPC effect and c) negative and positive photoconductance effects conversion process with increasing laser power density, A
Ips = I1-lg, lg represents the initial dark current level, Vps = 0.1V. d) Responsivity and e) time-response characteristics of the FET under two photocon-
ductive effects. f) Experimental and fitted photocurrent as a function of laser power density.

28.34 mWcm~2, the current level will gradually recover from the
initial current level with time. The photoresponse curves at dif-
ferent laser power densities show that the graphene/InSe/h-BN
heterojunction-based FET can achieve NPC and PPC effects mod-
ulated by laser power density. At the same time, according to the
feature of photoresponse characteristic curves, the transforma-
tion process of PPC and NPC effects can be divided into three
stages during the increase of laser power density: 1) Enhance-
ment stage of NPC effect; 2) Attenuation stage of NPC effect;
3) Enhancement stage of PPC effect. Note that full contact of
InSe and graphene will suppress the photoresponse performance
compared to the device structure where InSe only partially con-
tacts the channel graphene (Figure S6, Supporting Information).
In addition, the similar phenomenon has been observed by apply-
ing 637 nm light laser (Figure S7, Supporting Information). For-
tunately, the opposite conversion process from PPC to NPC are
also realized (Figure S8, Supporting Information). In Figure S8
(Supporting Information), a pulse signal with a high laser power
density (P = 23.6 mWcm™2) causes the graphene/InSe/h-BN
heterojunction-based FET to exhibit a positive photoresponse.
The current level of the device gradually recovers with time af-
ter the laser is turned off. The device displays a negative pho-
toresponse by applying a pulse signal with a laser power den-
sity 0of 0.001 mWcm~2. The graphene/InSe/h-BN heterojunction-
based FET can realize the conversion from PPC to NPC effect
under time conditions. Based on the above mechanism analy-
sis, we propose two methods to reset the condition for the ini-
tial state of the device. (Figure S9, Supporting Information). In
Figure S9a (Supporting Information), a long pulse interval can
restore the photocurrent level after NPC effect to the initial state
and let the graphene/InSe/h-BN heterojunction-based FET show
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NPC effect again during the second laser (P = 0.001 mWcm™2).
We can also reset the device state with the gate voltage pulses.
Figure S9b (Supporting Information) shows that under the condi-
tion of low laser power density (P = 0.001 mWcm™2), the current
level of the device shows a negative optical response and does
not return to the initial state in a short time after illumination.
Fortunately, a forward gate pulse can make the current level of
the device quickly return to the initial state for another negative
photoresponse. Its initial state can be reset by waiting a recovery
time or applying a gate pulsed voltage to exhibit negative light re-
sponse again. Note that it is convenient in practical applications
to reset the device by applying a single pulsed gate voltage. There-
fore, there is a physical process of laser power dependence in the
conversion process of negative and positive photoconductance ef-
fects. It is the existence of this physical process that divides the
entire modulation process into the above three stages, which will
be described in detail in part C. It means that graphene/InSe/h-
BN heterojunction FETs have the potential to tunable positive and
negative photoconductance effects at a single wavelength.

As a new type of photoelectric device, in addition to its unusual
physics, another concern is its performance. As one of the phys-
ical quantities used to measure the detection efficiency of pho-
toelectric devices, the responsivity is calculated by the following
formula:?!) R = [1,,,]/(PS), where I,;, = I -, P is the laser
power density, S is the effective area of transistor. When the FET
exhibits a NPC effect, the responsivity gradually decreases with
increasing the laser power density, and finally tends to saturation.
A high responsivity of up to 1.1 x 10* AW~! based on NPC ef-
fect is achieved, which is better than most reported photoelectric
devices.[21343] With the further increase of laser power density,
the FET begins to show a PPC effect, the responsivity increases

(4 of 10) © 2024 Wiley-VCH GmbH
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with increasing the laser power density, and tends to saturation
at the detected laser power density. The reversal trend of the re-
sponsivity further indicates the conversion of the photoconduc-
tive effect. Figure 2e shows the time-response characteristics of
the device under negative and positive photoconductance effects,
respectively. The current drop/recovery process under NPC ef-
fect and the current recovery process under PPC effect are fitted
and analyzed based on the Kohlrausch law:'% I(t) = I, + Aexp[(—
t)/ 7], I,, A, and 7 represent the stable current, the fitting factor
and the characteristic relaxation time, respectively. For the nega-
tive photoresponse process, the characteristic relaxation time of
the current drop/recovery is 0.21 and 3.60 s, respectively. When
the FET transforms into a PPC effect, the characteristic relaxation
time of the recovery process is 2.49 s. In Figure S10 (Supporting
Information), the heterojunction FET maintains a good negative
and positive photoresponse under continuous cycle test condi-
tions. Comparing the levels of photocurrent in different cycles,
with only 9% and 18% fluctuation relative to the photocurrent
average level.

In order to further analyze the relationship between neg-
ative/positive photoconductance effects and laser power den-
sity, the photocurrent is plotted as a function of laser intensity
(Figure 2f). The relationship between the photocurrent and inci-
dent laser power density is explained by the modified power-law
formula:

I, = —mP“ + np® (1)

where m and n are fitting factors, «; and «, are power factors.
The ideal value of a is 1, while electron-hole recombination and
carrier capture cause a to be less than 1.1273¢] Since there are
two photoconductive effects, a double power function is used
for fitting. Among them, the fitting factors m and » are 90 and
43.6, respectively, and the fitted power factors were a; = 0.2
and a, = 0.69, respectively. It means that the device photocur-
rent is mainly dominated by the former at P < 0.098 mWcm™2.
a, = 0.2 indicates that a large number of electron-hole recombi-
nation or photogenerated charges are trapped at low laser power
density. With increasing the laser power density, the proportion
of the latter term gradually increases, and the NPC effect grad-
ually decreases. This is consistent with what has been observed
experimentally. For the case of P > 5.12 mWcm~™2, the photocur-
rent of the device is mainly dominated by the latter term. The
a, = 0.69 indicates that the recombination effect of electron-hole
pairs gradually decreases or the fraction of the trapped photogen-
erated charge decreases at high laser power density. The fitting re-
sults indicate that the modified power-law formula can perfectly
match the experimental results, and reveal the internal physical
process of negative and positive photoconductance effects depen-
dent on laser power density.

2.3. Mechanisms of NPC and PPC of Laser Power Modulation

In order to further investigate the effect of laser power density on
photoconductivity, the photoresponse curves under the condition
of double pulses were tested. Figure 3a shows the photoswitching
characteristics of the graphene/InSe/h-BN heterojunction FET
at three laser power densities under the dual pulse condition
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(Vps = 0.1V, 4 =405 nm, pulse width: 1 s and pulse period: 2 s).
When the first pulse is applied, the photoconductive effect of the
device is modulated by the laser power density, the photocon-
ductive effect is negative or positive. At the end of the first laser
pulse, the current at the three different laser powers are below
the initial dark current level. Since the consumed holes in the
graphene have not been fully recovered, with the application of
a second light pulse, the device exhibits a PPC effect at power
densities of 3.08 and 19.3 mWem 2. It suggests that the contin-
uous light pulse not only reduces the current level of the device,
but also realizes the conversion of the photoconductive effect. In
other words, FETs based on graphene/InSe/h-BN heterojunction
have a memory function. This phenomenon is obvious in the
multi-pulse condition where the laser power density gradually in-
creases (Figure S11, Supporting Information). With the increase
of power density and time, the photoconductive effect is trans-
formed due to the fact that the higher incident light power den-
sity induces more photo-generated carrier production. When the
device changes from NPC effect to PPC effect, with the increas-
ing power density of pulsed laser, the photocurrent level contin-
ues to increase while the dark current level of the device con-
tinues to decrease until it reaches a stable state. This result fur-
ther proves that the photoconductive effect of graphene/InSe/h-
BN heterojunction FETs is dependent on the laser power den-
sity. Note that the change in dark current observed in Figure S11
(Supporting Information) differs from that shown in Figures 2c
and 3a since the partial consumption of wholes in graphene. In
Figure 3D, the Dirac voltage (V) of graphene under dark condi-
tions is 17 V. It is p-type doping caused by air (Figure S3, Sup-
porting Information).[?) When light is applied to the device, the
Vp, of graphene gradually shifts to a lower level, indicating that
electron photodoping of graphene causes the initial p-type dop-
ing effect to weaken.!'>¥] When P > 0.09 mWcm~2, the V|, be-
gins to move in the direction of -V, which proves that graphene
shifts from the initial p-type doping to n-type doping at this power
density. The position of V, moves upward as it shifts to the
left due to the increase of photogenerated electrons under high
power density illumination. Based on the change of graphene
Dirac voltage at different power densities, the work function of
graphene at the corresponding laser power density was plotted
in Figure 3c and the insert shows the Dirac voltage as a func-
tion of laser power density.[®] The work function of graphene in
the graphene/InSe/h-BN heterojunction before illumination is
larger than that of intrinsic graphene (red), which indicates the p-
type doping characteristics of graphene in the graphene/InSe/h-
BN heterojunction FET. Under light conditions, the work func-
tion of graphene gradually decreases, indicating that its p-type
doping properties gradually weaken. With the further increase
of laser power density, the work function drops below the eigen-
value, which indicates that the increase of laser power density
causes the graphene to change from p-type doping to n-type dop-
ing. Note that the critical values of laser power density that cause
Dirac voltage and doping characteristics to change are consis-
tent with those required for photoconductive effect to change.
Based on this analysis, the following mechanism model is
proposed.

The mechanism of a negative/positive photoresponse at dif-
ferent light power densities is illustrated in Figure 3d. The work
function mismatch between graphene and InSe causes the InSe
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Figure 3. Mechanism diagram of the FET based on graphene/InSe/h-BN heterojunction. a) Photoswitching and b) transfer characteristic curves of the
FET under different laser power densities, the arrow shows the direction of the Dirac voltage shift. c) Graphene work function as a function of laser
power density, Inset: Dirac voltage as a function of the laser power density. d) Schematic diagram and energy band alignment for the graphene/InSe/h-
BN heterojunction under (1) dark (before illumination), (Il) P = 0.09 mWcm™2, (II') P = 3.08 mWcm™2, (II") P = 19.3mWcm~2 and (Ill) dark

(after illumination).

band to bend downward at the graphene/InSe interface when
forming a heterogeneous structure (Figures 1d and 3d I).3* The
current level at this point is defined as the initial dark current.
When P = 0.09 mWcm~2, most light is absorbed by InSe and
a small number of electron-hole pairs are generated because of
the weak light absorption capacity of graphene (only 2.3% in
the monolayer graphene sheet).[*! Driven by a built-in electric
field between graphene and InSe, photogenerated electrons are
transferred into graphene and recombined with holes, result-
ing in a concentration decrease of charge carriers in graphene.
The macroscopic manifestation is the decrease in photocurrent
(Figure 3d II). There are two main physical processes in the light-
ing process: one is that the photogenerated electrons transfer
from InSe to graphene by the internal electric field. The other
one is that the photogenerated electrons in the graphene layer are
combined with the internal holes. In addition, there also exists a
separation process of electron-hole pairs in graphene. The pho-
tocurrent remains constant when the recombination and separa-
tion of electron-hole pairs reach equilibrium under illumination,
as shown in Figure S12 (Supporting Information). Note that a
part of photogenerated electrons that do not participate in recom-
bination can still participate in the conduction of graphene layers.

Based on the amount of photogenerated electrons in the
graphene layer and the amount of recombination, negative,
or positive photoconductance effects can be achieved in the
macroscopic state. As the holes in graphene are consumed,
the p-type doping effect is weakened, resulting in a decrease
from the work function of graphene and an increase in the
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Fermi level (Figure 3c,d II). During the second light pulse, the
photogenerated electrons generated by the InSe layer continue
to be transferred to graphene driven by the built-in electric field
to recombine with the holes, resulting in a further decrease of
the current level. Compared with the drop level of the first pho-
tocurrent, the change in the photocurrent produced by the sec-
ond illumination is much smaller since the holes consumed in
graphene have not been fully recovered.

As the laser power density further increases
(P = 3.08 mWcm~™2), the InSe layer generates more photogen-
erated electrons, which continue to transfer into the graphene
layer, as shown in Figure 3d IT'. At this time, it is considered that
the amount of transferred photogenerated electrons is slightly
more than the holes in the graphene layer, and the recombi-
nation speed of electron-hole pairs is greater than the transfer
speed of photogenerated electrons. Therefore, light causes the
current level of the device to gradually decrease and eventually
reach an equilibrium state. At this point, the photogenerated
electrons transferred from the InSe layer participate in the
conduction of graphene. Therefore, graphene changes from
p-type to n-type doping (Figure 3b,c). After the illumination,
the transfer process of photogenerated electrons stops, and the
original holes in the graphene layer have not been recovered,
resulting in an instant drop in the current level at the moment
of stopping light. Since the holes in graphene are completely
depleted under the first light pulse and only recover a small
amount during the light-stop process, the device exhibits a PPC
effect under second illumination.

© 2024 Wiley-VCH GmbH
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When P = 19.3 mWcm™2, a large number of photogener-
ated electrons are produced in the InSe layer, as shown in
Figure 3d II”. The holes in the graphene layer are quickly con-
sumed, and the remaining amount of photogenerated electrons
is still greater than the initial amount of holes, making the device
exhibit a PPC effect. After the holes in graphene are completely
exhausted, it can be considered that the physical process at this
time only includes the transfer process of photogenerated elec-
trons, and the response time of the device is greatly shortened
(Figure 2e). When P = 0.098 and 28.34 mWcm~™2, the response
time of the device is 0.7 and 0.1 s, respectively.

In order to further study the process of photogener-
ated electron transfer and electron-hole pair recombina-
tion, graphene/InSe heterostructure without h-BN are
investigated.31*%) Due to the charge capture effect between
SiO, and InSe, at the same laser intensity, the number of
photogenerated electrons transferred from InSe to graphene
is reduced. This means that under the same light conditions,
the holes in graphene can remain for a longer time.*!] Under
constant illumination, the graphene/InSe heterostructure FET
can realize the transition from photogenic inhibition to photo-
genic enhancement. The comparison results of different laser
power densities show that the higher the laser power density,
the shorter the duration of the negative photoresponse, and the
smaller the change of currentlevel in the negative photoresponse
stage (Figure S13, Supporting Information). This result further
proves the correctness of the above theory of photogenerated
charge transfer and electron-hole pair recombination.

In the case of graphene/InSe/h-BN heterostructure FETs,
light causes holes in graphene to be continuously consumed.
Therefore, after stopping illumination, the current level of the
FET will drop below the initial dark current level, as shown in
Figure 3a IIl, d I1I. Before illumination, holes are dopant charges
in graphene/InSe/h-BN heterostructure FETs, which is caused
Dby air. With the application of light, the concentration of holes in
doped graphene gradually decreases. When the laser power den-
sity exceeds the critical value (P > 0.09 mWcm~2), the main car-
rier type in graphene changes from hole to electron. At this point,
the doping charge in the FET appears as an electron. The elec-
tron concentration in doped graphene increases with the increase
of laser power density (Figure S14, Supporting Information).[*?!
This is a doping effect caused by photogenic charge. Note that the
critical value of the laser power density that causes the charge
doping type transformation in graphene is consistent with the
critical value required to change the type of photoconductive ef-
fect.

2.4. Self-Noise Reduction of Transmission Signal

Whether it is a creature or a machine, there should be signal
transmission in the process of interacting with the outside world.
80% of perceived external stimuli are light information obtained
through the visual system. In the process of signal receiving,
there is often a part of noise. The noise not only increases the sig-
nal transmission pressure, but also interferes with normal signal
detection. If the device can pre-process the signal while receiv-
ing it, the key information can be selectively optimized from a
large amount of raw data, and signal transmission quality can be

Adv. Mater. 2024, 36, 2401585

2401585 (7 of 10)

www.advmat.de

improved.l’! Figure 4a shows the optical signal self-processing
process realized by FETs based on graphene/InSe/h-BN hetero-
junction. When the visual signal reaches the visual receptor, the
noise is filtered by the NPC effect, and the normal signal can be
enhanced under the PPC effect and signal transmission is real-
ized. When the visual signal is re-input, the noise and normal
signal are further weakened and enhanced based on the mem-
ory effect of the devices. The visual signal can be perceived and
transmitted efficiently by this signal processing process.

In the process of vision formation, the retina is the main re-
ceiver of light signals, which can be converted into electrical sig-
nals. The retinal preconditioning function greatly improves the
work efficiency of the cerebral cortex. In order to simulate the
preprocessing of optical signals by the retina, four types of laser
power densities were first selected as input sources to simulate
self-noise reduction processing, and the comparison of output re-
sults before and after input and between different input sources
were drawn. In Figure 4b, laser power densities corresponding to
regions I, II, IV, and V are 0.09, 3.08, 5.12, and 21.18 mWcm™2,
and normalized values are -0.3, -0.08, 0.9, and 1, respectively. Ar-
eas I and II are defined as noise. Areas IV and V are defined as
normal signals. Area III corresponds to the dark current level in
the initial state (i.e., the state before the signal input). Except for
area III, the rest are the states at the time of signal input (the
light signal processing process). Here, the ratio is used to quanti-
tatively analyze the enhancement and suppression effects of dif-
ferent signal sources, and the formula is as follows: C=N, /N;,
where N, and N, are normalized photocurrents triggered by dif-
ferent signal sources, respectively. The comparison results of the
color block area suggest that the noise has been weakened to var-
ious degrees (blue box selection area), and the normal signal is
perceived and enhanced (orange box selection area). The compar-
ison results between different signal sources show that when the
noise and normal signal are 0.09, 21.18 mWcm ™2, respectively,
C = -3.3 (the negative sign means there is light suppression),
the enhancement and suppression effects are the most obvious
(green box selection area), and the noise reduction processing of
visual signals is realized.

In the process of image information recognition, the presence
of background (especially similar to the input signal) greatly in-
creases the difficulty of image recognition. Based on the nega-
tive/positive photoconductance effects and the memory effect,
the preprocessing of visual signals in 2D space is simulated. The
two laser intensities (0.09 and 19.3 mWem™2) distributed in 2D
space are defined as noise and normal signals, respectively. In
Figure 4c, “8” is the input signal, and the rest is the “background”,
which contains noise. Under the double pulse signals, C is -3.9
and -4, respectively. Compared to conventional photodetectors
(N = 0.9), higher quality image signals (0.9<| — 3.9]|) can be ob-
tained through self-noise reduction and signal enhancement pro-
cessing (Figure S15, Supporting Information).

Figure 4d shows that the second signal input increases the re-
sponsivity of the device by 167% (Gain/First pulse) in the image
recognition process. Input of double pulse signals reduces the
dark current level of the graphene/InSe/h-BN heterojunction-
based FET. In addition, holes in the graphene layer are further
consumed, which increases the photocurrent level of the device.
In terms of device stability, 2D layered materials, such as InSe
and black phosphorus (BP) are easily subjected to oxidation or
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Figure 4. Image self-noise reduction processing based on negative and positive photoconductance effects. a) Signal self-denoising processing model.
b) Comparison diagram of photocurrent in noise reduction process of different input light intensities. ¢) Output image signal enhancement process
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BN heterojunction and f) current level of the graphene/InSe/h-BN heterostructure FET at room temperature during three months (Vg = + 80V,
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other reactions caused by external environmental factors, result-
ing in poor stability of the prepared device.[***#] The sandwich
structure graphene/InSe/h-BN effectively avoids direct contact
between InSe and air (Figure Sla, Supporting Information). It
allows the device to maintain its original performance at room
temperature for more than three months, and the p-type doping
characteristics and current level of the device are maintained in
a constant range, as shown in Figures 4e,f. It indicates that this
structure design has obvious advantages in the device stability,
which is better than that of InSe/graphene/h-BN-based FET due
to the protective effect of graphene on InSe (Figures S16 and S17,
Supporting Information).**] Moreover, the graphene/InSe/h-BN
heterojunction-based FET exhibits a good stable performance of
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NPC and PPC effects according to the cycle-to-cycle retention
statistics tests (Figures S18 and S19, Supporting Information).

3. Conclusion

In summary, we propose a graphene/InSe/h-BN heterostructure
based FET with the negative and positive photoconductance ef-
fects of laser power tuning by a single wavelength with various
power densities. Through the pulse signal, the light current in-
creases and the dark current is suppressed, which is attributed
to the transfer doping of photogenic charge. Under the illumina-
tion, InSe is photoexcited to produce electron-hole pairs, where
electrons transfer to p-type doping graphene and recombine with
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holes, thereby reducing the macroscopic current level to achieve
NPC effect. With the increase of laser power density, a large num-
ber of photoelectron-hole pairs are generated. When the transfer
amount is greater than the recombination amount, the device ex-
hibits a PPC effect. Under negative and positive photoconduc-
tance effects, the device has excellent photoresponse characteris-
tics (Rype = 1.1x 10* AW, Rppc = 13 AW™). In a further step,
we propose a modified theoretical model (I, = —mP“ +nP®),
which can be extended to the full optical modulation range and
unify the negative and positive photoconductance effects. More-
over, it has excellent device stability at room temperature. KPFM
results reveal the p-type doping characteristics of graphene in air
and the interface effect between graphene and InSe. When InSe
comes into contact with graphene, the energy band of InSe bends
downward due to a mismatch between the work functions. This
method offers the significant advantage of being able to directly
compare surface potentials after contact with each other to de-
termine the direction of Fermi level movement. Finally, the reti-
nal visual signal preprocessing process is successfully simulated
based on graphene/InSe/h-BN heterojunction FETs. The pulse
signal input increases the responsivity of the device by 167%,
which greatly improves the transmission quality and transmis-
sion efficiency of the visual signal. All the results show that the
negative and positive photoconductance effects of laser power
density modulation based on graphene/InSe/h-BN heterostruc-
ture have great application prospects in integrated optoelectronic
devices and all-optical modulation.

4. Experimental Section

Device Fabrication: Graphene, InSe, and h-BN flakes were obtained
from the corresponding bulk crystals (Shanghai Onway Techology Co., Ltd)
by mechanical exfoliation, and then were stacked vertically on 285 nm-
thick SiO, /p** _Si substrates in turn by dry transfer. The source and drain
of heterojunctions were patterned by a copper mask technique. Thermal
evaporation was used for Au (50 nm) electrode deposition.

Device Characterizations: The morphology and thickness of graphene,
InSe and h-BN flakes and their heterojunctions were characterized by op-
tical microscopy and atomic force microscopy (AFM Dimension lcon,
Bruker), respectively. Raman spectra and photoluminescence (PL) spec-
tra were obtained by a confocal micro-Raman spectrometer (Jobin-Yvon
LabRAM HR Evolution, Horiba) with the 532 nm-laser. The surface po-
tentials of graphene and InSe were measured by kelvin probe force mi-
croscopy system (KPFM Dimension Icon, Bruker). The cross-section of
graphene/InSe/h-BN heterojunction was obtained by focusing ion beam
(FIB, G4 PFIB Hxe, Helios) technique. The TEM image and energy disper-
sive spectrometer (EDS) elemental mapping of the device were measured
by transmission electron microscopy (Talos F200X G2, FEI).

Graphene/InSe/h-BN heterojunction based FETs were measured elec-
trically and optically using a Keithley 4200-SCS semiconductor parameter
analyzer. All tests of the device were conducted in a vacuum (107° Torr)
and dark environment, and only exposed to the target light source environ-
ment. In the photoelectric measurement process, commercial light emit-
ting diodes with illumination wavelengths of 405 and 637 nm were used
(Thorlabs, Inc.). The laser spot area was 5 cm?. A laser diode controller
(ITC4001, Thorlabs, Inc.) was used to control the laser to produce light
pulses with tunable laser power, pulse width and frequency.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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