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ABSTRACT: Optoelectronic synaptic devices capable of
processing multiwavelength inputs are critical for neuromorphic
vision hardware, which remains an important challenge. Here,
we develop a bidirectional synaptic phototransistor based on a
two-dimensional ferroelectric semiconductor of α-In2Se3, which
exhibits bidirectional potentiated and depressed synaptic weight
update under optical pulse stimulation. Importantly, the
bidirectional optoelectronic synaptic behavior can be extended
to multiwavelengths (blue, green, and red light), which could be
used for color recognition. The mechanism underlying the
bidirectional synaptic characteristics is attributed to the gate-
configurable barrier heights as revealed by the Kelvin probe
force microscopy measurement. The α-In2Se3 device exhibits
versatile synaptic plasticity such as paired-pulse facilitation, short- and long-term potentiation, and long-term depression. The
bidirectional optoelectronic synaptic weight updates under multiwavelength inputs enable a high accuracy of 97% for mixed
color pattern recognition.
KEYWORDS: two-dimensional materials, α-In2Se3, phototransistor, optoelectronics, bidirectional photoresponse

Neuromorphic computing has emerged as an innova-
tive approach with the feature of massive parallelism
and high energy efficiency potentially breaking the

von Neumann bottleneck.1−4 Inspired by the human vision
system, optoelectronic synaptic devices have drawn extensive
interest in visual information recognition and data processing
for building artificial vision systems.5−9 Various optoelectronic
synaptic devices have been explored to emulate the biological
synaptic potentiation and depression characteristics, enabling
conductance state changes in response to optical intensity to
enhance image recognition.10−12 However, the reported device
conductance changes are mainly driven by the hybrid
combination of optical excitatory and electrical inhibitory
pulses, resulting in computational latency that makes it
challenging to recognize and distinguish various colors.13−17

Notably, the realization of optical-stimulated depressed
synaptic weight updates required for accurate interpretation
and mixed-color visual information recognition have remained
scarce.

Various optical-stimulated synapses have been proposed to
achieve long-term potentiation and depression (LTP/LTD)
characteristics�through both optical pulse stimulation. For
example, negative synaptic weight updates have been
demonstrated in black phosphorus (BP) by forming
oxidation-related defects and creating charge traps.18−21

Semiconductor heterostructures have been employed to realize
bidirectional synaptic modulation, exploiting the carriers
trapping and detrapping at the heterointerface.22−29 Despite
these advances, the environmental instability of BP leads to the
degradation of device performance, and heterostructures
struggle to achieve fine control of synaptic weight due to
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metastable traps, overshadowing their further applications. In
this regard, the emerging two-dimensional (2D) ferroelectric
semiconductor α-In2Se3, with its coupled ferroelectric and
semiconductor properties and appropriate bandgap for photo-
sensing, appears to be a superior candidate for multifunctional
optoelectronics.30−38 Despite optoelectronic synaptic capabil-
ities that have been demonstrated in α-In2Se3-based devices,
the optical pulse stimulation only induced potentiated synaptic
weight update, rendering them less advantageous in artificial
vision systems.39−41

Here, we report an optically stimulated bidirectional
synaptic phototransistor based on the 2D ferroelectric
semiconductor of α-In2Se3. The bidirectional optoelectronic
LTP/LTD synaptic weight updates and fine-tunable synaptic
characteristics are achieved. Kelvin probe force microscopy
(KPFM) measurements were performed to reveal that the
underlying mechanism of bidirectional synaptic weight update
could be attributed to the configurable barrier heights via gate-
modulated ferroelectric polarization switching in α-In2Se3. The
device can also mimic versatile synaptic functions, including
paired-pulse facilitation (PPF), short-term/long-term potentia-
tion (STP/LTP), the transition from STP to LTP, and
learning-forgetting behaviors. The singular potentiated and
depressed synaptic weight updates were obtained for three
distinct wavelengths: blue (450 nm), green (520 nm), and red
(675 nm), showing promise in complex mixed color pattern
recognition. As a demonstration, the α-In2Se3-based optoelec-
tronic synapse reached exceptionally high accuracies of 97% for
the mixed color pattern recognition in a simulated neural
network. This demonstration of a single-channel device with
optically configurable capabilities shows considerable promise
for power-efficient artificial vision systems.

RESULTS AND DISCUSSION
Device Design and Characterization. The emerging 2D

ferroelectric semiconductor α-In2Se3, with coupled ferro-
electric and semiconductor characteristics as well as the
electrically configurable interlocked out-of-plane (OOP) and
in-plane (IP) polarization switching properties, is promising for
neuromorphic computing applications.42−47 Each monolayer
α-In2Se3 is arranged in the order of Se-In-Se-In-Se; the
movement of central Se atom can reverse the orientation of the
crystal structure of α-In2Se3, causing the lock-in polarization of
OOP and IP, and lead to the robust existence of intrinsic
ferroelectricity (Figure 1a, left panel).48,49 We employed α-
In2Se3 as the channel material, a heavily boron-doped Si
substrate as the back-gate electrode, Al2O3 as the gate
dielectric, and Cr/Au as source/drain electrodes (Figure 1a,
right panel). The high quality of the exfoliated and transferred
2H α-In2Se3 in the fabricated devices was demonstrated by
Raman spectroscopy and X-ray diffraction (XRD) character-
ization (Figure S1).50 The false-color scanning electron
microscopy (SEM) image of the as-fabricated device is
shown in Figure 1b. Detailed device fabrication can be found
in the Experimental Section. The device cross-section was
observed by transmission electron microscope (TEM), and the
corresponding energy-dispersive X-ray spectroscopy (EDS)
element mapping is displayed in Figure 1c.
We investigated the ferroelectric properties of α-In2Se3 in

piezoelectric force microscopy (PFM) measurements; a locally
ferroelectric hysteresis loop can be obtained in switching
spectroscopy mode (SS-PFM) by applying a dc bias to tune
and measure the response at zero dc bias each time.51,52 The
distinct phase and amplitude hysteresis loops demonstrate the
intrinsic ferroelectric behavior of α-In2Se3 (Figure 1d).

Figure 1. Structure and electrical performance of optoelectronic transistor based on α-In2Se3. (a) The schematic diagram of the crystal
structure of 2H α-In2Se3 with different out-of-plane (OOP) and in-plane (IP) polarization (left panel). Schematic illustration of the
optoelectronic transistor. Ferroelectric semiconductor α-In2Se3 used as channel material, with electron-beam lithographically defined source
and drain electrode regions (right panel). (b) False-color SEM image of the device, scale bar: 2 μm. (c) High-angle annular dark-field-
scanning transmission electron microscope (HAADF-STEM) image of the α-In2Se3 in the device (scale bar: 2 nm, left panel), and large-scale
cross-sectional TEM image (middle panel) and the corresponding chemical distribution of elements gold (Au), chromium (Cr), indium (In),
selenium (Se), aluminum (Al), and oxygen (O) (scale bar: 10 nm, right panel). (d) Off-field PFM amplitude hysteresis loops (red trace) and
phase hysteresis (blue trace) of 60 nm thick sample on Au-coated Si substrate, showing clear ferroelectric polarization switching. (e) PFM
phase image after poling with ±1 V, scale bar: 30 nm. (f) Transfer characteristics at various gate voltage range under dark ambient condition
(VDS = 1 V). The current fluctuations in backward VGS sweeping could be attributed to slow response of the electrical testing system during
sharp current decrease.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c02167
ACS Nano 2023, 17, 12499−12509

12500

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c02167/suppl_file/nn3c02167_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02167?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02167?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02167?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c02167?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c02167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Furthermore, the electrical configurability of α-In2Se3 was
carefully tested after the ferroelectric domain patterning by
applying a bias of ±1 V. The clear contrast between regions
and domain boundaries can be observed in the PFM phase and
amplitude mapping, demonstrating the electrically reversible
switching of ferroelectric polarization in α-In2Se3 (Figure 1e
and Figure S2). The electrical characteristics of the photo-
transistor were measured at different sweeping ranges of
bottom-gate voltage; by increasing the VGS sweeping range, the
hysteresis loops became larger, which is mainly caused by
ferroelectric polarization switching (Figure 1f). In the bottom-
gate configuration, the application of a negative gate voltage
leads to the accumulation of positive polarization charges and
electrons, resulting in a low resistance state. Conversely, a
positive gate voltage distribution of negative polarization
charges and holes indicates a high resistance state. Devices
made from mechanically exfoliated α-In2Se3 flakes with a
thickness in the range of 10−50 nm showed similar electrical
characteristics (Figure S3). In addition, the IDS-VDS character-
istic at different gate voltages in the dark ambient conditions is
presented in Figure S4.
KPFM Measurements of α-In2Se3 Phototransistor. The

coupled ferroelectric and semiconductor characteristics of α-
In2Se3 are critical to analyzing and understanding the working

principle with different polarities on device performance, but
the interlocked ferroelectric polarization charge has not been
well-elucidated yet.49 To gain insight into the movement of
charge carriers with electrically configurable polarization and
the modulation of optoelectronic function, we performed
Kelvin probe force microscopy (KPFM) measurements on the
device. KPFM has emerged as an effective method of achieving
the synchronous mapping of the topography and local contact
potential difference (CPD) between tip and sample with
nanometer resolution (Figure S5).53 We fixed the as-prepared
device on a large substrate and led the electrodes out through
wire bonding, allowing us to apply bias to the three electrodes
(Figure S6). Additionally, the open device structure without
passivation gives us direct access to the surface potential in the
channel and the semiconductor-electrode interface regions;
thus, we can explore the electrically modulated polarization
charge distribution of the device under various operating
conditions (Figure 2a). Assuming the work function of the tip
remains constant during the measurements, the CPD mapping
and line profile reflect the surface electric potential. The
topography and CPD on the device without an external electric
field were investigated, and there was no relative difference in
CPD of source and drain regions (Figure 2b,c). The extracted
topography and CPD profiles are presented in Figure S7.

Figure 2. KPFM measurement of the device. (a) Schematic illustration of the in situ KPFM measurement for α-In2Se3 FET. (b) AFM
topography image of the as-prepared device, scale bar: 4 μm. (c) Contact potential difference (CPD) mapping of the as-prepared device
without external voltage. (d) CPD profile of the as-prepared device under VDS = 0.5 and VDS = 1 when VGS = 0 V. (e) Partial topography
image (top panel) without external bias, and contact potential difference (CPD) mapping (I−V) of the device at different states (I: VGS = 1
V, II: VGS = 0.5 V, III: without external bias, IV: VGS = −0.5 V, V: VGS = −1 V, fixed VDS = 0.5 V unless other specify). Scale bar: 500 nm. (f)
CPD profile across the device under different gate voltages with VDS = 0.5 V deviated from (e). (g) Schematic illustration of spontaneous
polarization charge at dark ambient condition without external bias. (h,i) Energy band diagrams of the synaptic weight update process of
long-term potentiation and depression (LTP/D) with optical pulse stimulation. The black arrows point out the polarization direction of α-
In2Se3.
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Particularly, the metal-semiconductor interface has a lower
potential than the α-In2Se3 region, corresponding to the higher
work function in the metal-semiconductor interface than the
channel region.
Then, we explored the effect of different VDS values (VDS =

0.5 or 1 V) without applied VGS on device performance (Figure
2d). Particularly, the modulation of VDS had only a minor
effect on the CPD profile, indicating that the applied VDS does
not significantly modulate the built-in potential caused by the
IP ferroelectric polarization charge. Consequently, this
indicates that the alterations occurring in the polarization
charges are not prominently influenced by the applied VDS.
Figure 2e presents the selected area topography image and the
corresponding CPD mappings (from I to V) with VGS ranging
from 1, 0.5, 0, −0.5, and −1 V and fixed VDS = 0.5 V (except
for III where VGS = VDS = 0 V), suggesting distinct CPD
induced by applied VGS bias. The distinct distribution of CPD
under the small VGS within ±1 V allows for insights into the

polarization charge transform process. Under negative VGS (−1
V), we observed an obvious decrease in CPD, and the CPD
value of the drain terminal is slightly lower than that of the
source terminal under the application of fixed VDS (Figure 2f,
Figure S8a). On the other hand, the CPD value increases
apparently under positive VGS (1 V) and becomes evidently
larger at the drain terminal (Figure 2f, Figure S8b). We
attribute the distinct difference of the CPD value between the
drain and source terminal to the modulation of the IP
polarization charges due to different polarities of the OOP
polarization under the VGS configuration and the polarization
charge locked in a specific orientation as shown in Figure S9.
In addition, the larger energy barrier difference (eΔCPD)
under positive VGS would impede electrons from the interface
to the channel region. This tunable barrier variation via
configurable interlocked polarization in α-In2Se3 can be
exploited to realize synaptic behavior.

Figure 3. Optical-stimulated characteristics in α-In2Se3 synaptic phototransistor. (a) Schematic illustration of biological neurons and
synapses and synaptic phototransistor. (b) The changes of excitatory PSC (ΔEPSC) under optical pulse (red, green, and blue) with different
pulse widths (pulse intensity: 0.02 mW/cm2). (c) Comparison of the relative intensity of ΔEPSC depends on optical intensity and frequency
of red, green, and blue optical pulses. (d−i) Optical-stimulated synaptic characteristics at a wavelength of 675 nm, red light. (d) Comparison
of the PSC excited by an optical pulse and light intensity ranging from 0.02 to 0.21 mW/cm2 for 1 s, showing optical-intensity-dependent
STP. (e) The PPF characteristic emulated by two optical pulses with a fixed intensity of 0.02 mW/cm2 and different intervals. The inset
shows the PSC triggered by two successive optical pulses. (f) Peak current responses and relaxation time curves under different optical pulse
numbers with fixed optical pulse intensity of 0.21 mW/cm2, pulse width of 1 s, and pulse frequency of 0.5 Hz. (g) Gradual PSC modulation
under 50 successive optical pulses training with different intensities (pulse width: 1 s; pulse frequency: 0.5 Hz). (h) Demonstration of
facilitation and depression behavior by tuning the interval times of optical pulses. The PSC responses (red curve) to a series of optical pulses
with intervals of 1 and 15 s, 1 s duration, and 0.05 mW/cm2. (i) Schematic diagram of the principle of biological consolidation in the human
brain. And the emulation of learning-forgetting behavior with facilitation and depression characteristics by optical pulses (pulse width: 1 s).
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The α-In2Se3 synaptic phototransistor operates differently
from conventional bidirectional synaptic devices, relying on
defects and/or charge trapping/detrapping, mainly due to its
gate-configured barrier height arising from polarization switch-
ing. Schematic illustrations elucidating the mechanism related
to the behavior of the charge carriers in the α-In2Se3 synaptic
phototransistor are presented (Figure 2g-i). In dark conditions,
α-In2Se3 exhibits spontaneous polarization in the absence of an
external electric field. Under illumination with negative weight
control voltage (VGS < 0), the applied VGS across the channel
causes downward polarization (P down) and the accumulation
of electrons at the semiconductor-dielectric interface (Figure
2g). The reduced tunneling width at the channel-source
junction results in more carrier injection (increased channel
conductance = potentiation; Figure 2h). Conversely, for the
scenario under illumination with positive weight control
voltage (VGS < 0, P up), the semiconductor-dielectric interface
will be cumulated by the number of holes, shielding the effect
of the effective gate electric field, resulting in a more
pronounced reduction in the channel current. And the
increased tunneling width at the α-In2Se3-source junction
results in less carrier injection (decreased channel conductance
= depression; Figure 2i). The intrinsic ferroelectric properties
of α-In2Se3 provide an optically stimulated pathway to emulate
both potentiated and depressed characteristics under the same
input wavelength.
Optical-Stimulated Synaptic Characteristics. Figure 3a

presents a schematic diagram of a synapse, which can act as a
communication channel between two neurons to transmit
various signal stimuli of different intensities from presynapse to
postsynapse via neurotransmitters, exhibiting potentiated or
depressed responses. The optoelectronic synapse is inspired by
the biological synapse in the visual cortex of the brain, which is
regarded as the basis of learning and external signal processing.
In the optoelectronic synapse based on the α-In2Se3 photo-
transistor, the gate terminal can act as the weight control
terminal to modulate the polarity of α-In2Se3, the external
optical pulse stimulation acts as presynaptic signals, and the
postsynaptic current (PSC, IDS) can be obtained from the α-
In2Se3 channel.
We first explored the PSC responses when optical pulses

were applied under a negative weight control voltage (VGS =
−10 V) and maintained VDS = 0.1 V. The changes of excitatory
PSC (ΔEPSC) of a separated device as a function of pulse
width under red, green, and blue optical pulses are shown in
Figure 3b. The enhancement of current is due to the increase
of photogenerated charge carriers with prolonged illumination
time. We also investigated the effect of pulse intensity and
frequency of different wavelength optical pulses (Figure 3c),
and the photoresponsivity of this visible light enables us to
explore the synaptic functions under the optical pulses of
various wavelengths. Figure 3d shows the short-term
potentiation (STP) under red optical pulse stimulation with
intensities ranging from 0.02 to 0.21 mW/cm2. Measurements
were also performed by using green and blue optical pulses,
showing comparable behaviors (Figures S10 & S11). The
device exhibits STP with enhanced postsynaptic current with
an increase in light intensity, which can be attributed to the
generation of photocarriers under illumination, resulting in an
increase in current, followed by a decay process toward to the
initial state. The decay process can be well-fitted with a double
exponential decay function, indicating the existence of a fast
and a slow decay mechanism corresponding to intrinsic

photoconduction mechanism and slow traps, respectively.
Detailed fitting and analysis information is presented in Figure
S12. The effect of paired-pulse facilitation (PPF) was
demonstrated by applying two closely red optical pulses with
different pulse intervals (Figure 3e inset). Detailed PPF fitting
can be found in the Experimental Methods. The calculated
PPF index was 127% for Δt = 0.25 s, and it decreased
exponentially to 101% for Δt = 10 s, suggesting that the
learning effect in our device can be enhanced when triggered
with repeated optical training pulses (Figure 3e). In the
biological synapse, the transition from STP to long-term
potentiation (LTP) can be achieved by utilizing repeated pulse
stimuli that constantly increase the synaptic weight. The peak
current responses and relaxation time curves under different
pulse numbers are presented in Figure 3f. As the optical pulse
number increased from 1 to 50, the cumulative effect became
more pronounced, leading to a higher excitatory PSC response.
The accumulation of a progressively higher number of
photogenerated carriers that do not dissipate promptly hinders
the device’s ability to return to its initial state quickly, resulting
in the transition from STP to LTP. We further applied 50
consecutive optical pulses of different intensities, and as the
number of pulses increased, the current gradually increased
due to the generation of more photogenerated charge carriers
(Figure 3g).
Interestingly, it can be observed that the PPF index value

under red optical pulses for Δt = 15 and 20 s are lower than
100%, which could not be consistent with the fitted curve,
indicating the depressed behavior of the device, which is
consistent with the reported device.54 Taking advantage of this
discrepancy in the PPF characteristic of red optical pulse,
synaptic plasticity can be potentiated or depressed under
appropriate optical pulse stimulation, outperforming the
common configuration in optoelectronic synapses where
optical and electrical inputs are used for potentiation and
depression, respectively. Figure 3h illustrates the application of
optical pulses with different time intervals to regulate the
synaptic function from facilitation to depression, exhibiting
potentiation under 50 high-frequency successive optical stimuli
of 1 s intervals, followed by depression by increasing the
intervals to 15 s. This conversion can also mimic the principle
of biological consolidation in the human brain (Figure 3i). By
rationally designing the pulse intervals, the PSC enhancement
can be altered under illumination with different intensities to
simulate this neuromorphic behavior involving learning-
forgetting ability. In comparison, this tuning ability cannot
be performed under green and blue optical pulses with the
same intensities, and the PPF index value is still in good
agreement with the fitted curve despite the increased time
intervals (>10 s) (Figures S10b & S11b), possibly due to the
relatively low excitation energy of red optical pulse.
Bidirectional Synaptic Weight Updates in α-In2Se3

Synaptic Phototransistor. Achieving mixed-color pattern
recognition in synaptic phototransistors requires multiwave-
length stimulated potentiated and depressed synaptic weight
update in the training process of a neural network. As
demonstrated in KPFM measurements, the modulation of
polarization switching can be used to realize the configuration
of barrier height to achieve an increased or decreased
conductance state update. To ensure the feasibility of the
optical-stimulated bidirectional synaptic function with different
polarization states of α-In2Se3 device, further measurements
were made by applying various weight control voltages (VGS)
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to alter the polarities. The photocurrent increased for each
incident optical pulse at negative weight control voltage (VGS =
−10 V, P down) under illumination with red, green, and blue
light, resembling the potentiation behavior of biological
synapse (Figure 4a−c). More importantly, it was found that
the optoelectronic synapse could implement depression
behavior by reversing the ferroelectric polarization in α-
In2Se3 (positive weight control voltage, VGS = 10 V, P up); the
photocurrent gradually decreased under the illumination with
50 consecutive optical pulses. It should be noted that the
decremental light response occurred at different wavelengths of
the same optical frequency, achieving bidirectional synaptic
weight update characteristics under optical pulse stimulation.
Different degrees of weight control voltage-configurable

polarity on optoelectronic synapse performance were also

characterized, showing that the polarization state in α-In2Se3
influenced the extent to which photocurrent increased or
decreased upon optical pulse stimulation (Figure S13).
Furthermore, the tunable decreased photocurrent can be
programmed by 50 consecutive pulses ranging from 0.5 to 1
Hz at different intensities, showing pulse frequency/intensity-
dependent depression plasticity (Figure 4d and Figure S14).
Particularly, the nonlinearity of potentiated and depressed
synaptic weight updates is considered as the most critical
characteristic in neuromorphic computing.55,56 The detailed
procedure for nonlinearity evaluation is presented in Figure
S15. The LTP/D characteristics in the α-In2Se3 synaptic device
were quantitatively evaluated by applying optical pulses under
different weight control states (P down and P up) and fitting
the nonlinearity from the LTP/D curves (Figure 4e,f, Figures

Figure 4. Bidirectional potentiated and depressed synaptic weight updates with respect to various polarity conditions. (a-c) Demonstration
of α-In2Se3 synaptic phototransistor where excitation of 50 consecutive optical pulse stimuli with wavelengths of (a) 675 nm (red), (b) 520
nm (green), and (c) 450 nm (blue) induces potentiation and depression. (P down: VGS = −10 V, P up: VGS = 10 V, VDS = 0.1 V. Optical pulse
amplitude: 0.02 mW/cm2, pulse width: 1 s, pulse frequency: 0.5 Hz). (d) The current change ratio of postsynaptic current at the 50th optical
pulse (IPSC(50)) to the initial PSC (Ii), which is expressed as IPSC(50)/Ii. (e,f) Normalized conductance (G) of 150 potentiated (e) and 150
depressed (f) synaptic weight update under different optical pulse frequency, including the number representing the fitting nonlinearity
(Optical pulse amplitude: 0.02 mW/cm2). (g) The multistage conductance switching under consecutive 100 optical pulses and the interval
of 100 s. The inset shows the first cycle PSC response triggered by 100 optical pulses and the retention characteristic without illumination.
(VGS = −10 V, P down. Red light, 0.02 mW/cm2; pulse width: 1 s; pulse frequency: 0.5 Hz). (h) The normalized conductance change of the
LTP/D curves with 18 cycles, where one cycle consists of 50 potentiated responses and 50 depressed synaptic weight updates.
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S16 & S17). The results reveal that the α-In2Se3 synaptic
device achieved nearly linear weight update with a nonlinearity
factor of AP = 0.52 and AD = 1.20, indicating the potential of
this device for the development of high-performance neuro-
morphic computing hardware.
The multilevel current response after every 100 optical

pulses was observed, showing the capability of continuous
programming and retention characteristics in our device
(Figure 4g). In addition, to assess the operational endurance
of the device, the LTP and LTD characteristics were measured
under an optical pulse stimulation for a total of 18 cycles
(Figure 4h). The cycle-to-cycle variation (CCV) was
calculated to be 6% and 3% for the LTP and LTD curves,
respectively (Figure S18). These results demonstrate the
device’s outstanding performance in terms of operational
reliability. A detailed comparison of other optoelectronic
synaptic devices is presented in Table S1. The configurable
potentiation and depression characteristics are achieved in our
optoelectronic synapse under optical pulse stimulation,
corresponding to the positive and negative synaptic weights
in an artificial neural network, which is of great significance for
neuromorphic computing.57−61

Mixed-Color Handwritten Pattern Classification. To
demonstrate the feasibility of the α-In2Se3-based optoelec-
tronic synapse for neuromorphic computing, the experimental
synaptic weight update characteristics under optical pulse
stimulation were used to carry out the colored and color-mixed
data set recognition (training and inference) tasks. The pattern
recognition tasks aim to identify target numbers from mixed-
color test images where the target numbers are hidden in the
mixed-color pattern. The Modified National Institute of
Standards and Technology (MNIST) handwritten digits data
set was used to provide the data sets for online learning
neuromorphic tasks, while each digit image contained original
size (28 × 28) and was appended with wavelength-dependent

color. We prepared a training data set with 18 000 shape
patterns for single wavelength color numbers 1, 4, and 8 and a
test data set with 3000 shape patterns for mixed-colored
numbers (Figure 5a). As shown in Figure 5b, for MNIST and
mixed-color MNIST digit classification, the designed fully
connected neural network consists of an input layer with 784
neurons, a hidden layer with 300 neurons, an output layer with
300 neurons, and a synaptic weight (W) connecting them. The
weight matrix size for the first layer was 784 × 300, and the
weight matrix size for the second layer was 300 × 10
(including bias). The synaptic weight connections represent
the measured conductance parameters of our optoelectronic
synapse with LTP/LTD characteristics. After 40 epochs, the
network recognition accuracy achieved by our experimental
parameters reached 97% in the data set images, while the test
accuracy using numeric weights showed a decremental trend
and finally reached 76% (Figure 5c). Note that the accuracy of
the numeric data decreased during training iteration, mainly
due to the saturation of learning ability in the model. In
contrast, the synaptic device achieved high accuracy with the
same model, suggesting a significant learning capability under
the premise of ensuring a number of parameters. It also means
the potentiated and depressed synaptic weight updates of α-
In2Se3 synaptic phototransistor have a negligible impact on the
mixed-color pattern recognition accuracy.
Figure 5d presents the confusion matrix of the neural

network, showing the classification effect by comparing the
classification results with the true labels of the test data set, and
the values on the diagonal of the confusion matrix are the
number of times each digit was correctly classified. All three
numbers were well-classified. The output distributions from
nine predicted numbers for the classification of the digit “4”
and “8” are depicted. The energy distribution percentage
corresponding to each digit shows the maximum energy
focused on the target label of the digit (Figure 5e). These

Figure 5. Implementation of α-In2Se3-based vision system for single and mixed color digits pattern recognition. (a) The single-color training
data sets and mixed-color test data sets are developed for numbers of different shapes. (b) Schematic diagram of the neural network
consisting of the input layer, hidden layer, and output layer. The input to the input layer is the feature of different digits. The output is the
recognition result. We define nine output neurons to represent the output number. (c) Recognition accuracy as a function of training epochs
on the developed test data set. (d) Confusion matrix of 1000 mixed-color digits used in our experiment. (e) The output intensity distribution
of the neural network for digit numbers “4” and “8” is presented.
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results demonstrated that the classification task could be
successfully implemented based on our optoelectronic synaptic
parameters. These results have demonstrated the potential of
utilizing polarization switching in 2D ferroelectric semi-
conductors for hardware neural networks. However, the
practical implementation of these prospects necessitates
large-scale high-quality material growth and transfer techni-
ques. Future practical applications of ferroelectric semi-
conductor devices will require higher integration density and
the demonstration of learning and inference capabilities on
hardware circuits (Figure S19).

CONCLUSION
In summary, a bidirectional synaptic phototransistor based on
the ferroelectric semiconductor of α-In2Se3 was developed,
with the synaptic weight potentiated and depressed via
multiwavelength optical pulse stimulation. KPFM measure-
ments were carried out to reveal the interlocked OOP-IP
polarization switching under the gate modulation in a
transistor structure. Utilizing the configurable barrier height
variation, diverse synaptic characteristics, including PPF, STP/
LTP, and LTD, as well as distinct bidirectional potentiated and
depressed synaptic weight update via optical pulse stimulation,
were demonstrated. Importantly, the emulation of the human
vision system based on the α-In2Se3 synaptic phototransistor
demonstrates the feasibility of both single-color and mixed-
colored pattern recognition. These results provide opportu-
nities to utilize polarization switching in 2D ferroelectric
semiconductors for artificial vision systems.

EXPERIMENTAL METHODS
Device Fabrication. The p++ Si wafers were cleaned by sequential

ultrasonication in the standard clean (SC-1) solution (1:2:7 NH4OH/
H2O2/H2O at 55 °C) and deionized (DI) water for 10 min, then 30
nm-thick dielectric layer Al2O3 was grown by atomic layer deposition
(ALD) in an SI ALD (SENTECH Instruments GmbH) at 170 °C in
which trimethylaluminum precursors and water vapor were used as
the oxidant. Subsequently, the α-In2Se3 flakes were mechanically
exfoliated from bulk crystals (HQ Graphene, purity >99.995%) onto
the Al2O3/Si substrate using Scotch tape (3M). The exfoliation was
performed in the glovebox with a nitrogen environment. The devices
had α-In2Se3 thickness range of 10−50 nm. For the field-effect
transistor, the source/drain electrode patterns were defined by
electron-beam lithography (EBL, Raith 150 Two) using a 200 nm
thick 950K A4 poly(methyl methacrylate) (PMMA) resist. Then the
electrode metal Cr/Au (5/50nm) was deposited by electron beam
evaporation (High vacuum evaporation system ei-5z) and finally
immersed in acetone for 10 min to lift-off; acetone can be heated to
50 °C for an easier lift-off operation.
Material Characterization. X-ray diffraction (XRD) was

performed with Bruker D8 Advance technology to obtain
crystallization information. The Raman measurement was performed
on a WITec Alpha 300R Raman spectrometer (532 nm laser). The
scanning electron microscopy (SEM) image was obtained by a
Gemini500 (Zeiss) under a 10 kV electron beam. The transmission
electron microscopy (TEM) images and X-ray energy-dispersive
spectroscopy (EDS) were investigated by using an X-CFEG Spectra
300 (Thermo Fisher). Atomic force microscopy (AFM) and
piezoelectric force microscopy (PFM) measurements of the α-
In2Se3 were performed using a commercial instrument (Cypher ES,
Oxford); α-In2Se3 flakes were transferred on Au (30 nm)/Si substrate
using Ti/Pt (5/20 nm)-coated conductive tips (AC240TM,
Olympus). The out-of-plane and in-plane piezoelectric signals were
investigated at a contact resonance frequency of ∼280 kHz in dual-ac
resonance tracking (DART) PFM mode. Contact potential difference
(CPD) images and signals of the as-prepared device (channel length:

1 μm) were carried out in amplitude-modulated Kelvin probe force
microscopy (AM-KPFM) (Dimension Icon, Bruker) under an
ambient atmosphere, and Pt/Ir-coated Si tips (SCM-PIT-V2, Bruker)
were used. During the measurements, the lift mode was used with a
lift scan height of 40 nm regarding the signal-to-noise ratio. A source
meter (Keysight 2912B) was used to apply an electric field. During
the measurements, CPD is created between a tip and the device
surface, which can be used to quantify the work function (WF) via
equation 1

=V
W W

eCPD
tip sample

(1)

where φtip is the WF of the tip, and φsample is the WF of the sample
surface.
Electrical Characterization. The channel width (W) and length

(L) of the resulting devices for electrical characterization were about 8
μm and 500 nm unless otherwise specified. The electrical properties
were measured by using a semiconductor parameter analyzer
(Keithley 4200 SCS) at room temperature under ambient conditions.

The effect of paired-pulse facilitation (PPF), a specific case of
fundamental synaptic behavior, was demonstrated by applying two
consecutive optical pulses. The PPF index is defined by the ratio of
A2/A1 and can be simulated by equation 2
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where Δt is the optical pulse interval, A1 and A2 represent the peak
amplitudes of current evoked by the first and second optical pulses, C1
and C2 are the initial facilitation magnitudes of the rapid and slow
phases, and τ1 and τ2 are the relaxation time of the rapid and slow
phases, respectively.15
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