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Carrier-capture-assisted optoelectronics based on van der
Waals materials to imitate medicine-acting metaplasticity
Qianfan Nie1,2,9, Caifang Gao1,9, Feng-Shou Yang3,4, Ko-Chun Lee3, Che-Yi Lin3, Xiang Wang1, Ching-Hwa Ho 5, Chen-Hsin Lien4,
Shu-Ping Lin 6,7, Mengjiao Li3,4✉, Yen-Fu Lin3,7,8✉, Wenwu Li 1,2✉, Zhigao Hu1,2 and Junhao Chu1,2

Recently, researchers have focused on optoelectronics based on two-dimensional van der Waals materials to realize multifunctional
memory and neuron applications. Layered indium selenide (InSe) semiconductors satisfy various requirements as photosensitive
channel materials, and enable the realization of intriguing optoelectronic applications. Herein, we demonstrate InSe photonic
devices with different trends of output currents rooted in the carrier capture/release events under various gate voltages.
Furthermore, we reported an increasing/flattening/decreasing synaptic weight change index (ΔWn) via a modulated gate electric
field, which we use to imitate medicine-acting metaplasticity with effective/stable/ineffective features analogous to the synaptic
weight change in the nervous system of the human brain. Finally, we take advantage of the low-frequency noise (LFN)
measurements and the energy-band explanation to verify the rationality of carrier capture-assisted optoelectronics applied to
neural simulation at the device level. Utilizing optoelectronics to simulate essential biomedical neurobehaviors, we experimentally
demonstrate the feasibility and meaningfulness of combining electronic engineering with biomedical neurology.
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INTRODUCTION
The brain is the main intelligent organ. It has exclusive
architecture that facilitates and executes highly energy efficient
short-term computation, long-term learning, and memorization
using the network of synapses in the neural system for data
processing. The development of the next generation of humanoid
robots and electronics is inseparably connected to the innovative
concept of emulation and reproduction of biological systems and
artificial synapse1,2. Recently, atomically thin van der Waals
materials with characteristic internal and interfacial structures,
large area development, and good charge transport behavior have
attracted substantial interest in the field of neuromorphic
engineering. The materials have enabled the development of
synaptic devices, including resistive memory, sensors, and field-
effect transistors (FETs) with various operating mechanisms such
as ferroelectric or charge-trapping layer, electrochemical memory,
and optoelectronic memory2–6. However, there is a common but
inevitable problem in silicon substrate-based 2D electronic
devices, numerous defects on the surface of the SiO2 originating
from Si–O dangling bonds, which normally degrade either the
electrical or optical performance of the device7–11. Therefore,
modulating the external applied electric field to effectively control
the carrier capture mechanism would be a major breakthrough in
the development of artificial synaptic system12,13.
Synapses with functions of short-term plasticity (STP) and long-

term plasticity (LTP), as the basic units of the human brain, and
work in each brain circuit such as the reward pathway, which is
the core pathway affected by drugs14–21. Synaptic plasticity is
defined as the change in weight of the connections between

neurons (ΔWn: the ratio between the postsynaptic responses
triggered by the nth and 1st input spikes)22, and is analogous to
long lasting of drug reward learning evoked by repeated drug
stimulus. It represents three types of excitatory, flat, and inhibitory
states through transmission of chemical media between the pre
and post synapse. Likewise, in the drug reward pathway of the
human brain, the ΔWn index, which is increasing, flattening, and
decreasing, can be used to characterize the three effects21,23,24,
that is, effective, stable, and ineffective, when the neuronal
networks are triggered by adequate, low and ultralow drug doses,
respectively. At present, there is a great deal of research into the
development of solid-state neuromorphic electronics that can
simulate synaptic plasticity behaviors. However, the reported
result about the ΔWn index only exhibits a monotonous increase
as either the stimuli frequency or pulse number increase25–29. This
cannot fully conform with the tunable increasing/flattening/
decreasing synaptic responses correlated with the “same”
frequency or presynaptic spike number under different amplitude
repeated stimulations in the neural circuits of the human brain.
Different trends in the ΔWn index have also been done but
necessarily under “different” electrostatic pulses or optical pulses
with different wavelength16,30–33. Based on the aforementioned
mechanism, to effectively mimic the biological synapses at device
level, the device needs to strongly depend on the polarity of the
applied electric fields and possess the advantage of low power
consumption. Advance of optically and electrically stimulated
synaptic devices based on two-dimensional van der Waals layered
materials2,6,33 has been regarded as a thrilling progress in
neuromorphic applications.
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The present study demonstrated carrier capture-assisted
optoelectronics, based on a two-dimensional van der Waals
material indium selenide (InSe), comprising Si/SiO2/InSe/In layers
and Au source-drain electrodes. It is proven that our layered InSe
devices can imitate medicine-acting metaplasticity with three
types of responses (effective/stable/ineffective) under various
drug dosages. InSe, a III–VI group material with a low effective
electron mass, excellent intrinsic charge transport characteristics,
and ultrasensitive optical absorption, exhibits high on–off current
ratio, carrier mobility, and excellent photoresponse compared
with the pioneering works on other van der Waals semiconductor-
based electronic devices6,34–38. The traps on the SiO2 surface that
degrade device performances provide an opportunity to exploring
carrier capture/release events between the InSe semiconductor
and the SiO2 substrate by controlling electric field and applying
optical pulses7,8,39–41. Therefore, we achieved a strong gate-
dependent persistent photocurrent and an increasing/flattening/
decreasing ΔWn index, to successfully mimic the significant
synaptic plasticity and drug response by positive/zero/negative
correlations with “same” frequency and number of drug stimuli.
Finally, the underlying mechanisms in terms of carrier capturing/
releasing characteristics were comprehensively illustrated and
proved in detail by energy band and low-frequency noise (LFN)
analysis34,42,43. In our work, we developed a drug dosage
modulator utilizing InSe optoelectronics, which represents a
significant step toward achieving the next generation of
nanoelectronic devices based on artificial intelligence.

RESULTS AND DISCUSSION
Device characterization and electrical/optical performances
Since InSe possesses innate ultrahigh mobility and hypersensitivity
to light, we fabricated optoelectronic devices based on layered
InSe flakes to perform electrical measurements and probe exotic
applications. Furthermore, the band gap of layered InSe trans-
forms from direct to indirect as the material changes from bulk to
a monolayer, which covers an extensive wavelength range from
near-infrared to visible light44. Such advantages make InSe a
desirable candidate for optoelectronic devices. What is more, as a
two-dimensional material, InSe has the characteristic of low power
consumption, which is further conducive to its application in the
neuromorphic system. Figure 1a illustrates a schematic sketch of
the back-gate InSe-based FET, and the optical image is shown in
Fig. 1b. For stability and charge transport enhancement, an In
layer was deposited on the top surface of the layered InSe
semiconductor34. The thickness of the as-exfoliated and selected
InSe flake, which was crudely determined by optical microscope
with the help of color contrast and precisely measured by atomic
force microscopy (AFM), was ~11.6 nm (see Fig. 1c and
Supplementary Fig. 1) for a better channel performance. To
further understand the characteristic of the layered InSe, Raman
spectrum was obtained by a 532 nm laser excitation (Fig. 1d). The
characteristic peaks at ∼115, ∼178, ~199, and ∼228 cm−1

corresponding to vibration mode of A0
1 Γ21
� �

, E0 Γ21
� �

−TO,
A00
2 Γ11
� �

−LO, and A0
1 Γ31
� �

, respectively, were highly consistent with
previous study45. Subsequently, we carried out photoelectric
measurements to investigate the properties of the proposed
design. The linear output characteristics (Ids− Vds) of the InSe FETs
under various gate voltages (Vbg), in Fig. 1e, indicate ohmic
contact between the metal electrodes and the InSe semiconduc-
tor capped with the In layer34. The transfer characteristics (Ids−
Vbg) at various illumination intensities of a 405-nm-wavelength
laser, swept from −80 to 80 V at Vds= 0.5 V, exhibited a high on/
off ratio of 107 and a tremendous current density of 5.58 × 10−5 A
μm−1 in the dark under a relatively low drain-source voltage (Vds),
as shown in Fig. 1f. Moreover, as the light power density varied
from 0 to 0.245W cm−2, there was a distinct negative shift in the

threshold voltage (Vth) owing to an increase in the concentration
of photon-generated carriers36. Note that the photoelectrical
characterizations were conducted in the dark to reduce fluctua-
tions triggered by environmental disturbance. To quantitatively
analyze the dependence of the photoresponse on the illumination
intensity, the photocurrent (Iph ¼ Ilight � Idark) was obtained at
different values of Vbg, with a drain-source voltage of 0.5 V, as a
function of the illumination power density (see Supplementary
Fig. 2a). Figure 1g illustrates the power law of Iph / Pα, where
P and α represent the laser power density and the exponent
factor, respectively. The correlation between Iph and P was super
linear (α > 1) at negative Vbg value and sublinear (α < 1) at positive
Vbg value. The results strongly hinted that there were trap states at
the interface between the semiconductor and the dielectric layer,
which can capture and release carriers and thereby influence
charge transport46,47. Responsivity and detectivity are two other
critical characteristics of the performance of optoelectronic InSe
devices. Responsivity (R) is defined as the photocurrent (Iph)
divided by the laser power (P) and the illumination area of the
device48 (S):

R ¼ Iph=P � S; (1)

and is highly dependent on the Vbg value, as shown in Fig. 1h. As
the Vbg increased from −80 V to 80 V, the variation in the
responsivity with power density changed from ascent to descent.
Supplementary Fig. 2b presents the extracted Iph and R values at a
fixed Vbg= 0 V, which exhibits an inverse trend with an
incremental illumination intensity, in good agreement with recent
research36. In Supplementary Fig. 2c, detectivity (D*), reflecting the
sensitivity of a photoelectric InSe FET, was estimated as48

D� ¼ R �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S=2qIdark

p
; (2)

where q is the elementary charge, and revealed great uniformity
with previous reports on InSe phototransistors36,49. It should be
noted that these estimated optoelectronic parameters at a higher
Vbg were relatively smaller, which was attributed to the small
photocurrent variation under the device-saturation regime.
However, all of these Iph, R, and D* values indicated the tunability
of photoresponses, suggestively rooting in carrier-assisted InSe
optoelectronics by adjusting the gate electric field.

Mechanism of gate-modulated synaptic response
To obtain a better understanding of the photoelectrical properties
of InSe devices, we examined the performances under various
gate voltages, Vbg. As shown in Fig. 2a, we plotted the temporal
responses of an InSe-based phototransistor under the following
conditions: 405-nm wavelength and 0.245-W cm−2 power density,
and Vbg values of −80, −40, 0, 40, and 80 V. Notably, the current
decayed slower at lower Vbg values after the light was turned off
and generated a persistent current at negative gate bias and a
very fast decay time at positive Vbg. Hypothetically, strong gate-
modulated photoresponses benefit from significant carrier cap-
ture/release events at the interface between the InSe semicon-
ductor and the SiO2 substrate. Further proof of this was provided
by inserting another layered material comprising hexagonal boron
nitride (h-BN) with free-dangling bonds into the InSe/SiO2

interface (see Supplementary Fig. 3). Obviously, InSe phototran-
sistors based on an h-BN/SiO2 substrate have markedly a shorter
relaxation time than phototransistors with SiO2 alone as the
substrate50,51. It is noted that the dangling Si–O bonds at the
substrate surface play a crucial role in our carrier capture-assisted
process. The dangling Si–O bonds allow gate electric field to
regulate the Fermi level on the surface of the InSe semiconductor,
which facilitate carriers to be captured from the InSe channel to
the SiO2 surface under positive Vbg and be released back under
negative Vbg. The phenomenon of channel conductance change
caused by carrier release/capture processes, in line with the
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release/transport of neurotransmitters in the synapse16, provides
the support for imitating essential synaptic plasticity behaviors
including drug dosage reward-related metaplasticity. As presented
in Fig. 2a, we applied a series of light pulses with the same laser
wavelength, power density, and pulse width to mimic the action of
a patient taking the same kind of drug, wherein the various gate
electric fields served as different drug dosages. That is to say that
positive/zero/negative bias represented ultralow/low/adequate
drug dosages, respectively. In addition, the increasing optical
spike frequency/pulse numbers are analogous to the frequency/
number of the drug taking, and the output device current can be
taken as both a reward-related postsynaptic current (PSC) and a
reward pathway response after drug stimulations or therapy. In the
human brain, the reward pathway is an indispensable neural
circuit, in which drugs mainly act through controlling the
transmission of dopamine and other neurotransmitters24. When a
drug stimulates and activates the reward pathway in patient’s
brain, the appropriate neurotransmitters are released from the

presynaptic membrane to the synaptic space. They work by
binding to receptors on the postsynaptic membrane, and are
transported back to the pre-neurons with the aid of special
transporters, after which the reward pathway provides positive
feedback such as a feeling of wellbeing to patients. Namely, a
beneficial medicine-acting reaction can be achieved and the health
of the patient will get better and better and eventually reach
saturation to recovery after repeated medication in adequate
dosage. Whereas, a low or ultralow drug dosage stimulates the
release of low levels of neurotransmitters and few changes in
the postsynaptic membrane response17. The consequence for the
human brain is that different drug doses (adequate/low/ultralow)
give rise to three kinds of medicine-acting metaplasticity: effective,
stable, and ineffective drug reactions. The results suggest that our
proposed InSe optoelectronics have the potential to imitate
medicine-acting metaplasticity by virtue of the operating gate
electric field, as discussed in detail later.

Fig. 1 Characterization, electrical and optical properties of multilayered InSe device. a Schematic sketch of the back-gate InSe-based
device. b Optical image of the multilayered InSe device. Scale bar: 10 μm. c Height profile of the layered InSe channel. d Raman spectrum of
the InSe flake with an excitation wavelength of 532 nm. e Output characteristics of the InSe device tested in the dark at various Vbg. f Transfer
characteristics at different illumination intensities of a 405-nm laser at Vds= 0.5 V. g The extracted α value as a function of Vbg. h Responsivity
(R) of the InSe device as a function of the laser power density under diverse Vbg with Vds= 0.5 V.
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Medicine-acting synaptic plasticity emulation
In view of the aforementioned research and the discussion of the
gate voltage regulation of the photoresponse and the neuror-
egulatory mechanism of drug dose in patients, we further verified
that the artificial InSe-based devices are capable of imitating
synaptic behavior. Synapses, as a bridge between neurons,
transmit information by releasing and receiving neurotransmitters,
which stimulates postsynaptic neurons to generate action
potentials, leading to metaplasticity. Synaptic plasticity (i.e., STP
and LTP) characterizes changes in the strength of synaptic weight
aroused by memorization events16,18 and is manifested in the
ability of the brain to learn and memorize the drug efficacy. To
emulate experimentally STP and LTP behaviors in the InSe device,
we adopted a 405-nm-wavelength laser and measured under Vbg
=−40 V and Vds= 0.5 V. Figure 3a, b records the PSCs in the InSe
photoelectronic device illuminated by a series of laser pulses
during an exposure cycle of 20 s (serving as presynaptic spikes or
drug stimuli) at frequencies of 0.2 and 1 Hz, respectively. In our
measurements, the laser power density was kept constant as
0.245W cm−2 and the pulse width was 500 ms. In Fig. 3a, at the
low frequency, it can be seen that the PSC decreased abruptly
from 7.9 nA to a steady state value of 4.9 nA after the presynaptic
spikes, causing STP behavior. Note that although STP means that
the PSC return toward the initial value after the termination of
stimulus within a short time, it eventually converges to a certain
value that may not accord with the initial one as well. In order to
make the effect of presynaptic stimulus more significant, we
ultimately adopted above result. By contrast, when the InSe
synaptic device was stimulated by high-frequency presynaptic
spikes, the amplitude of the PSC slowly recovered stability and
maintained a higher current value of 12.3 nA, shown in Fig. 3b.
Therefore, we concluded that the relatively high-frequency drug
stimulus exaggerated the changes in the synaptic weight, giving
rise to an LTP behavior and a better persistent treatment effect.
Figure 3c exhibits the channel current of the InSe synaptic device
and the calculated weight variation of the PSC (ΔW1: the ratio of

PSC change induced by the presynaptic spike to the initial current
level) under various pulse widths at the same power density of
0.245W cm−2. When the pulse width was modified from 0.05 to
10 s, the strength of the PSC and the value of ΔW1 enhanced
gradually. We observed similar results following an increase in the
illumination intensity at a fixed stimulation duration of 500 ms, as
shown in Fig. 3d. Therefore, the amplitude of persistent Iph is able
to be effectively tuned by varying the width and power of the
laser pulse because of various channel conductance in InSe
optoelectronics, which can mimic the synaptic plasticity events
that occur during treatment with different types of medication.
Paired-pulse facilitation (PPF) is another crucial manifestation of

STP. It relates to the recognition and decoding of temporal
information about the drug stimulus and represents the synaptic
responses which can be strengthened by the effects of two
successive presynaptic spikes1,52,53. PPF was emulated in the InSe
device to explore dynamic synaptic plasticity as well. Two identical
laser pulses (power intensity 0.245 W cm−2, exposure duration
500ms, Vbg 40 V) were applied, and the pulse interval (Δt) ranged
from 0.7 to 3.5 s. The PPF-like behavior was remarkably observed,
in Fig. 3e, and the PPF ratio (ΔW2, ΔWn represents the percentage
of the postsynaptic responses triggered by the nth to 1st input
spikes, where n is greater than 1) grew to saturation as Δt
increased. Moreover, a similar phenomenon occurred when ten
sequential presynaptic spikes impinged on the artificial InSe
synapse, at the same light power density, spike duration, and Vbg
condition. As the frequency increased, the PSC gain (ΔW10) faded
in Fig. 3f. Such observations differ from those reported in most
studies on PPF, but have been validated in the human brain39,53,
and attributed to the release of the captured carriers at the InSe/
SiO2 interface under the negative Vbg. Therefore, the increased
pulse interval facilitated the charges in the InSe channel, which
resulted in higher values for the PSC, the PPF ratio, and the PSC
gain. The results corresponded to an improvement of the
medicine-acting effect with a relative ascent in the interval
following the administration of the adequate dose of a

Fig. 2 Gate voltage-dependent electrical property and schematic diagram of the synaptic response mechanism. a Drain-source currents
(Ids) of the InSe synaptic device at gate voltages of −80, −40, 0, 40, and 80 V and drain-source voltage of 0.5 V. b Schematic diagram illustrating
the synaptic response mechanism and three outcomes of drug action in the nervous system. Used with permission from Guangzhou
Inmagine Information Technology Co., Ltd, China, and Licensor (Seal) Shanghai Tuchong Network Technology Co., Ltd, China.
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medication. Conversely, the frequent use drugs reduced the
treatment efficacy.
To systematically investigate the dependency of synaptic

activity on the modulation of the gate voltage as well as to
realize the medicine-acting effect, we further measured the
metaplasticity in the InSe optoelectronic devices by varying Vbg
from −80 to 80 V. Combining Fig. 4a and Supplementary Figs. 5–8,
it can be appreciated that the amplitude of PSC obviously
increased at a negative Vbg and dropped off at a positive Vbg,
which corresponded to the two reactions (i.e., effective and
ineffective drug use) under adequate and ultralow drug doses.
These opposite variations caused by the reversed electric field
polarities in the PSC are also highlighted in Supplementary Fig. 4.
Furthermore, the presynaptic pulses of various frequencies with
illumination cycles of 20 s were applied at each gate voltage
conditions (−80, −40, 0, 40, and 80 V). The observations suggest
that the presynaptic spike frequency steered the degree of
variation in synaptic weight (ΔWn). For convenient comparison, we
stored the synaptic weight in a 3 × 3 matrix and utilized the
elements to represent different Vbg values plotted in Fig. 4b. The
results recorded in Fig. 4c show that when the pulse frequency
ranged from 0.2 to 1.25 Hz in exposure cycles of 20 s, ΔWn

gradually increased at negative Vbg values, became flat at zero
bias and decreased at positive voltages respectively. Apart from
varying pulse frequencies, the number of pulses can also be used
to modify the updating of synaptic weight as shown in Fig. 4d and
Supplementary Fig. 9. The InSe-based synapse was triggered by
~100 presynaptic spikes with the pulse frequency of 1 Hz under
different gate voltages. We recorded the PSCs and calculated the
corresponding ΔWn value, which indicated that the synaptic

weight enhanced and then stabilized at Vbg of −80 and −40 V
with the incremental pulse number, in close accordance with
effective treatment by administering the drug at an adequate
dosage exhibited in Fig. 2b. However, when a positive bias (i.e., Vbg
of 40, 60, and 80 V) was applied to the gate electrode, the ΔWn

followed a reverse tendency, which was similar to the ineffective
drug efficacy at a low dosage. Besides, as the Vbg increased, the
decay of ΔWn became more prominent. Such a phenomenon
profits from the release of the trapped charges at negative Vbg
values, and the capture of the charges at the interface between
the InSe and SiO2 at positive Vbg values. At Vbg= 0 V, few carriers
were trapped or detrapped, and the synaptic weight barely
changed, which was analogous to stable treatment. Accordingly,
the gate voltage, serving as the dosage of the drug, can
dynamically imitate the effective/stable/ineffective drug responses
in a patient (in Fig. 2b), meanwhile a higher drug stimulus
frequency and a greater number of spikes causes a deeper degree
of medicine-acting response.

Carrier fluctuations mechanism of InSe-based synapse
For a more intuitive comprehension of the mechanism underlying
the carrier fluctuations in InSe optoelectronics, we carried out
systematic dynamic characteristic measurements under various
conditions. Figure 5a indicates the power spectral map of the
current fluctuations (SI) at various Vbg as a function of frequency.
As the measurement frequency increased from 10 to 104 Hz and
gate voltage came to the more positive value, SI was gradually
aggrandized. Besides, the variations of SI with increasing
frequency at Vbg=−40, 0, 40 V and with increasing Vbg at a fixed
frequency of 20 Hz were highlighted in the inset at the bottom

Fig. 3 Synaptic plasticity of the InSe-based device. a Short-term plasticity (STP) and b long-term plasticity (LTP) behavior of the InSe
optoelectronic synapse illuminated by a 405-nm laser with a pulse width of 500ms, a power density of 0.245W cm−2, and frequency of 0.2 Hz
(STP) and 1 Hz (LTP). The amplitudes and weight variations (ΔW1) of the postsynaptic current (PSC) under different c presynaptic pulse widths
increasing from 0.05 to 10 s and d illumination intensity ranging from 10−6 to 0.245W cm−2. e Paired-pulse facilitation (PPF) emulated by two
identical presynaptic spikes (power intensity of 0.245W cm−2, exposure duration of 500ms) and PPF ratio as a function of pulse interval (Δt).
f PSC response triggered by a series of ten presynaptic spikes and the weight change of PSC (ΔW10) as a function of frequency. Note that all
results were done at Vbg=−40 V and Vds= 0.5 V.
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and right of Fig. 5a, respectively. Among which, the SI curves
under each gate voltage were consistent with the representative
ideal 1/f signal, revealing that carrier capture or scattering was
uniformly distributed both in terms of space and energy. The SI
was further normalized by the square of the Ids at various Vds
values, as shown in Fig. 5b. What is noteworthy is that the
normalized SI independent of Vds suggested that the LFN
originated from the InSe/SiO2 interface, rather than from the
contact barriers between the source/drain electrodes and the InSe
channel34. This corroborated by the highly linear output
characteristics in Fig. 1e, which exhibits good Ohmic contact
behavior. Moreover, it is remarkable that effective trap density (Nit)
at a fixed frequency can be characterized using the formula
Nit / SI

g2m
, where gm is the transconductance. And the formula is

determined by the carrier number (CNF) model based on carrier
capturing and releasing events near the dielectric/semiconductor
interface. Hence, the Nit depends heavily on the gate electric field
owing to gate bias-modulated gm

42,43. Combining with Fig. 5a and
Supplementary Fig. 3, we can conclude that the gate voltage-
modulated metaplasticity and the ΔWn characteristics with
opposite trends are derived from carrier capturing/releasing
events, as well as from the Nit variations between the InSe
semiconductor and the SiO2 substrate. We further described the
dynamic floating process, and used energy-band diagrams to
elucidate the functional mechanism underlying the InSe synaptic
optoelectronics in Fig. 5c, d, respectively. When we applied a
positive Vbg to the InSe optoelectronics, the energy band of the
InSe surface bent downward, which caused more carriers to travel

from the channel to the InSe/SiO2 interface where they were
captured by the interface trap states. It is a remarkable fact that
the traps multiplied sharply with more positive Vbg on account of
a higher position of the Fermi level in the InSe. Furthermore, with
increasing amounts of light stimulation, a greater number of the
carriers were trapped, shielding the effect of the effective gate
electric field, and then leading to a more obvious reduction of Ids
in the InSe channel, as exhibited in Supplementary Fig. 10. On the
contrary, the captured carriers were released from the SiO2 surface
with a negative Vbg, implementing an increase synaptic weight
change (ΔWn), which profited from an ever-larger PSC triggered by
a series of light stimuli training. Above this all, our InSe-based
optoelectronics with gate-modulated photoresponses could
successfully imitate effective/stable/ineffective medicine-acting
metaplasticity, as shown in Fig. 2b.
To summarize, we demonstrated a carrier-capture-assisted InSe

optoelectronic device and successfully imitated medicine-acting
metaplasticity with aid of the strong dependence on polarity of
the applied electric fields. In our work, the InSe transistor achieved
excellent electronical and photoelectrical properties due to the
high mobility, optical sensitivity, and low power consumption. In
addition, the STP, LTP, and PPF behaviors tuned by the photic
stimulus emulated the drug-related synaptic plasticity of the
human brain. Owing to the trap capture/release characteristics of
the interface between the InSe semiconductor and the SiO2

dielectric layer, the highly gate-modulated photoresponse sup-
ported the emulation of effective/stable/ineffective features
triggered by repeated drug stimuli with adequate/low/ultralow

Fig. 4 Metaplasticity in the InSe synaptic devices under various frequencies and numbers of presynaptic spikes. a PSC generated by
presynaptic illumination with a 405-nm laser (0.245W cm−2, 500ms) with diverse frequencies of 0.2, 0.25, 0.4, 0.5, 1, and 1.25 Hz, at Vbg=
−40 V. b Diagram showing different gate voltages represented by elements of the matrix. c Maps for weight change of the PSC (ΔWn) under
various Vbg at the aforementioned frequencies. d PSC responses triggered by a train of 100 presynaptic spikes and the corresponding ΔWn
under different Vbg ranging from −80 to 60 V.
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dosages at the device level, corresponding to ascending/flatten-
ing/descending ΔWn indexes under negative/zero/positive bias,
respectively. In addition, the LFN measurements further illustrated
that the tunable metaplasticity and ΔWn variation trend originated
from carrier capturing/releasing. Therefore, the proposed synaptic
optoelectronics could pave the way for a connection between
electronics and neurology.

METHODS
Device fabrication
Atomically layered InSe flakes were mechanically exfoliated from the bulk
crystal using the conventional Scotch tape method and transferred to a p+

silicon substrate capped with a 300 nm oxide dielectric SiO2 layer. The p+

silicon substrate served as a back-gate. Subsequently, an In layer with a
thickness of 30 nm was intentionally deposited on the top surface of a
multilayered InSe film as a doping/packed layer. It should be emphasized
that the surface morphology of the deposited In doping/packed layer
shows inconsecutive film, displaying ignorable contributions to conducting
paths for charge transport. Drain-source electrodes (Au) were fabricated by
thermal evaporation using a shadow mask. The detail of the device
fabrication was given elsewhere34.

Characterizations
The layer thickness was determined through AFM system (Dimension Icon,
Bruker), and the morphology of the InSe FET was identified via optical
microscopy (Olympus, BX51M). Raman spectra were measured by Raman
microscope (Jobin Yvon LabRAM HR Evolution, Horiba) with an excitation
laser of 532 nm.

Electrical properties
The electrical characterizations of optoelectronic devices based on
multilayer InSe were performed by using a semiconductor parameter
analyzer (Keithley, 4200-SCS) under a high vacuum condition to avoid
channel oxidation6. Note that all the electrical behaviors of the InSe
devices were determined in darkness to reduce fluctuations due to the
environmental perturbations. The photoresponses of the devices were
carried out using an adjustable laser driver system (Thorlabs, ITC4001). All
the measurements were obtained at room temperature.

DATA AVAILABILITY
Data are available on request from the authors.

Received: 14 December 2020; Accepted: 13 May 2021;

Fig. 5 Mechanism of carrier fluctuations and energy-band diagrams. a Power spectral map of the current fluctuations (SI) at different Vbg as
a function of frequency, the curves of SI versus frequency at Vbg=−40, 0, and 40 V are listed at the bottom and the SI–Vbg curve at 20 Hz is
plotted on the right. b Normalized SI as a function of frequency at diverse Vds and Vbg= 40 V. c Schematic of the trapping/detrapping events at
the interface between the InSe semiconductor and the SiO2 layer. d Energy-band diagrams of the carrier capture and release process. Note the
corresponding band diagrams of the InSe-based synaptic device under light illumination are shown in the Supplementary Information.
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