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A B S T R A C T   

The rapid development of the artificial intelligence field has increased the demand for retina-inspired neuro
morphic vision sensors with integrated sensing, memory, and processing functions. Here, we present a neuro
morphic vision sensor with an optoelectronic transistor structure consisting of monolayer molybdenum disulfide 
and barium titanate ferroelectric film. Beyond conventional electrical tuning of ferroelectric polarization, the 
optoelectronic transistor can exhibit a light-dosage tunable synaptic behavior with a high switching ratio and 
good non-volatility, enabled by photo-induced ferroelectric polarization reversal. The wavelength-dependent 
optical sensing and multi-level optical memory properties are utilized to achieve the in-sensor neuromorphic 
visual pre-processing. A simulated artificial neural network built from the proposed vision sensors with neuro
morphic pre-processing function demonstrated that the image recognition rate for the Modified National Institute 
of Standards and Technology (MNIST) handwritten dataset could be significantly improved by reducing 
redundant data. The obtained results suggest that 2D semiconductor/ferroelectric optoelectronic transistors can 
provide a promising hardware implementation towards constructing high-performance neuromorphic visual 
systems   

1. Introduction 

With the rapid development of artificial intelligence technology, the 
requirements of smart systems for artificial vision systems have 
increased [1]. An artificial vision system mainly consists of three units 
including the perception unit that receives optical information and 
converts it into digital signals, the storage unit that stores visual infor
mation, and the processing unit that performs image processing tasks 
[2]. However, the data storing and transferring processes performed by 
the three units generate large amount of unstructured and redundant 
data, which significantly reduces processing speed and increases power 
consumption [3]. These problems become even more severe in 

delay-sensitive application scenarios, such as real-time video analysis 
and autonomous vehicle driving [4]. Thus, there is an urgent demand to 
develop artificial vision sensors for integrating sensing, memory, and 
preprocessing functions. Compared to conventional artificial vision 
systems, the human visual system is adept at processing unstructured 
data for classification and recognition. A large amount of visual infor
mation can be acquired by the human retina, and the distinctive feature 
can be extracted to reduce redundant data and accelerate the recogni
tion processing in the human brain [5–7]. Inspired by the human retina, 
neuromorphic vision sensors combining the functions of sensing and 
synaptic features have been proposed to process massive data efficiently. 
These devices allow the data generation, storage, and computation tasks 
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to be performed inside the sensor to reduce or eliminate data movement, 
thus reducing energy consumption, and improving efficiency [1,4]. 

Atomically thin two-dimensional (2D) transition metal dichalcoge
nide materials are regarded as promising candidates for the future 
artificial vision system [8–11]. Recently, 2D materials-based devices 
have been proposed to perform visual data pre-processing, such as 
contrast enhancement, edge enhancement, and others [2,12–14]. In 
addition to the mentioned aspects, there is much room for improvement 
in the switching ratio and non-volatile storage capacity of the artificial 
vision devices [12,13]. Ferroelectric materials have been widely used in 
non-volatile memory due to their intrinsic spontaneous polarization, 
and the ferroelectric field-effect transistors have been considered as 
potential candidates for a new type of semiconductor storage due to 
their low voltage operation, small cell size, and excellent non-volatility 
[15–18]. The heterostructures consisting of 2D direct bandgap materials 
and ferroelectric oxides provide an opportunity for the application of 
ferroelectric field-effect transistors in nonvolatile memories, neuro
morphic device, and visual receptors [19–23]. Recently, Li et al. [24] 
reported an optically induced polarization switching phenomenon in the 
exfoliated multi-layer MoS2/BTO heterostructures. Luo et al. [25] 

reported an optoelectronic synapse in the exfoliated multilayer 
WS2/PbZr0.2Ti0.8O3 heterostructures. However, image recognition with 
neuromorphic preprocessing using 2D/ferroelectric optoelectronic syn
apses has not been explored. 

In this work, a neuromorphic vision sensor based on an optoelec
tronic transistor using a monolayer MoS2 channel atop a ferroelectric 
BTO film is presented. Due to the optical control of ferroelectric 
switching, the device shows light-tunable synaptic functions. We found 
that the optical induced switching ratio in the present device can be 
significantly improved compared with that in the multilayer WS2/ 
PbZr0.2Ti0.8O3 heterostructures. In addition, the optoelectronic tran
sistor exhibits light information extracting and multi-level optical 
memory properties, which are utilized in the in-sensor neuromorphic 
visual pre-processing. By using the optoelectronic transistors as vision 
sensors, a simulated artificial neural network with neuromorphic pre
processing and image recognition function is constructed. The image 
recognition rate on the Modified National Institute of Standards and 
Technology (MNIST) handwritten dataset can be greatly improved from 
15% to 91% by reducing redundant data via neuromorphic pre
processing. This work shows that neuromorphic vision sensors based on 

Fig. 1. Optical sensing and non-volatile multi-level memory in MoS2/BTO transistors. (a) Schematic illustration of optoelectronic synapses stimulated by three types 
of light pulses (wavelengths of 450 nm, 532 nm, and 650 nm). (b) Optical-controlled conductance response of the optoelectronic transistor under optical stimuli 
(wavelength of 450 nm, intensity of 10 mW/cm2) with different pulse widths. (c) The conductance variation as a function of time under different light wavelengths 
(light intensity of 10 mW/cm2, pulse number of 100). (d) Electrical-triggered conductance change of the optoelectronic transistor. The voltage pulse of 5 V was 
applied to the BTO layer. (e) The non-volatile multi-level conductance switching under optical excitation (pulse widths of 50 ms, 100 ms, 500 ms, 1000 ms and 
5000 ms, light intensity of 10 mW/cm2) and electrical excitation (pulse widths of 1 μs, 1.3 μs, 1.6 μs, 1.9 μs and 2.2 μs). The applied voltage was fixed at 5 V. (f) 
Summary of the ON/OFF ratio and retention time for various optoelectronic synapses reported previously and the device in this work. (g) The PFM phase diagrams of 
the MoS2/BTO heterostructure as a function of the light exposure time (wavelengths of 450 nm, intensity of approximately 5 mW/cm2). (h) Schematic diagram of the 
photo-induced polarization switching in the BTO film underneath the monolayer MoS2. 

J. Du et al.                                                                                                                                                                                                                                       



Nano Energy 89 (2021) 106439

3

2D semiconductor/ferroelectric optoelectronic transistors can provide 
new opportunities for the development of high-performance neuro
morphic visual systems. 

2. Results and discussion 

The configuration of a hybrid optoelectronic synapse that consists of 
a monolayer MoS2 film as a light-sensitive channel, a BTO film as a 
ferroelectric gate, and a La0.8Sr0.2MnO3 (LSMO) film as a back electrode 
is presented in Fig. 1a. In this work, a large-area monolayer MoS2 film 
with a direct-gap feature grown by the chemical vapor deposition (CVD) 
technique is used to demonstrate the potential of array preparation. The 
BTO and LSMO films were fabricated on SrTiO3 (STO) substrate using 
the pulsed laser deposition (PLD) technique [26]. X-ray diffraction 
(XRD) and scanning transmission electron microscopy (STEM) results 
have demonstrated a high crystalline quality of the BTO/LSMO epitaxial 
heterostructure (Fig. S1a and c). The polarization-electric field (P-E) 
hysteresis loop in Fig. S1b shows good ferroelectric properties of BTO 
film. The transfer procedure of monolayer MoS2 on the BTO films was 
confirmed by the atomic force microscope (AFM), Raman, and photo
luminescence (PL) characterizations (Fig. S2). The successful transfer of 
large-area monolayer MoS2 could be of great value for the practical 
application. Then, Au drain and source electrodes with a 20 µm wide and 
3 µm long channel were patterned on the MoS2/BTO heterostructures, 
and an Al2O3 insulating layer with a thickness of 60 nm was grown to 
reduce the leakage current. Details of the film grown and the fabrication 
process of the optoelectronic transistors are given in the Experimental 
Section and Fig. S3. The cross section image of the final transistor was 
shown in Fig. S4. 

Next, the optoelectronic synapse behavior of the device, which could 
be programmed by optical pulses, was read out by the electrical oper
ations and then investigated. The optical sensing and multi-level 
conductance states of the device under optical stimuli (wavelength of 
450 nm, intensity of 10 mW/cm2) at different pulse widths are pre
sented in Fig. 1b. It should be noted that the optical-induced channel 
states showed good non-volatility. When the pulse width changed from 
20 ms to 5000 ms, the programmed channel states gradually switched 
from the insulating state with the conductance of approximately 
7 × 10− 4 μS to the more conductive state with the conductance of 
approximately 3 μS. Subsequently, the dependence of the optical- 
induced conductance state on the light intensity was investigated 
under different wavelengths. The conductance response was plotted as a 
function of time for various light intensities, and the peak value of the 
conductance response curve after light stimulating was summarized as a 
function of light intensity (Fig. S5). The conductance dependence on the 
light intensity exhibited a good linear relation, which is a necessary 
prerequisite for conductance encoding of the light information. The 
programmed states of the device highly depended on the light-dosage 
and light-history, which allowed us emulating the essential features of 
synaptic plasticity. 

The dependence of the light-induced conductance states was further 
examined on the light wavelengths (Fig. 1c). Light pulses with different 
wavelengths of 450 nm (blue), 532 nm (green), and 650 nm (red) were 
used to simulate the device. The light intensity of 10 mW/cm2 and the 
pulse number of 100 were fixed to investigate the effect of the light 
wavelength. When the wavelength changed to 450 nm, 532 nm, and 
650 nm, the channel conductance after 100 pulses increased up to 
approximately 8 µS, 5 × 10− 2 µS, and 9 × 10− 3 µS and was stable on 
approximately 5 µS, 1 × 10− 2 µS, and 8 × 10− 4 µS after 80 s, respec
tively. The relaxation of the conductance can be accounted on the 
persistent photoconductivity (PPC) in MoS2, which is a widely observed 
phenomenon in 2D transition metal dichalcogenide [25]. When the light 
wavelength changed from 650 nm to 450 nm, an enhancement of almost 
four orders of magnitude in the channel conductance was observed after 
light illumination, suggesting high sensitivity of the proposed opto
electronic transistor to blue light. The difference in photoresponse could 

be attributed to the difference in optical absorption coefficient with 
photon energy [27]. To investigate the memory retention dependence 
on the wavelengths, the memory retention (MR) was calculated as fol
lows [7,25]: 

MR =
(
Gt − Goff

)/(
Gmax − Goff

)
(1)  

where Gt denotes the conductance change with time, Goff is the initial 
conductance value, and Gmax is the maximum conductance value. The 
Kohlrausch stretched-exponential function was used to fit the decay 
behavior of the light-induced conductance response as follows [28]: 

MR ∼ exp
[
− (t/τ)β

]
(2)  

where τ denotes the characteristic relaxation time, which represents the 
non-volatile characteristic, and β is the stretch index. 

The MR characteristic of the optical-induced conductance response 
was analyzed. The MR values obtained from Fig. 1c were plotted as a 
function of time and fitted by Eq. (2), as shown in Fig. S6. When the 
wavelength varied from 650 nm to 450 nm, the relaxation time τ 
increased from 3 s to 416 s, indicating good non-volatile behavior for 
the proposed optoelectronic transistor under blue light. This result im
plies that the proposed optoelectronic transistors can be applied to 
neuromorphic vision sensors to extract and store blue light information. 

Not only the long-term potentiation (LTP) behavior of biological 
synapses could be modeled by applying optical pulses on the device, but 
also the long-term depression (LTD) behavior could be emulated by 
using electrical pulses. When a voltage pulse (5 V) exceeding the coer
cive voltage of the ferroelectric film was applied to the BTO layer, the 
channel conductance decreased with the increase in the electrical pulse 
width and recovered to the initial state at the electrical pulse width of 
4.5 μs (Fig. 1d). To verify the performance of the proposed optoelec
tronic transistors applied to neuromorphic computing, the multi-level 
conductance states, which were triggered by both optical and elec
trical pulses, were further demonstrated (Fig. 1e). In the process of the 
blue-light-triggered potentiation, the optical pulses with different du
rations (50 ms, 100 ms, 500 ms, 1000 ms, and 5000 ms) were applied to 
the device. The channel conductance measured after removing the light 
exhibited long retention of 300 s. During the electrical-triggered 
depression, the voltage pulses with different widths (1 μs, 1.3 μs, 
1.6 μs, 1.9 μs, and 2.2 μs) were applied to the BTO film. The applied 
voltage was fixed at 5 V, which exceeded the coercive voltage of the BTO 
film. The retention properties of the device was investigated by using 
optical potentiation (wavelength of 450 nm, width of 10 s) and elec
trical depression (voltage of 5 V, width of 100 ms), as shown in Fig. S7. 
The distinct states retain a ratio of 2 × 107 within 3600 s, and a ratio of 
6 × 103 after 86,400 s. The reliability of the device was investigated by 
using optical potentiation (wavelength of 450 nm, width of 10 s) and 
electrical depression (voltage of 5 V, width of 100 ms) to switch the 
device between high- and low-conductance states (Fig. S8). No endur
ance degradation occurred after 100 switching cycles. Compared with 
those of the previous works [2,14,25,29–40], the present MoS2/BTO 
optoelectronic synapse exhibits an excellent memory performance with 
a high ON/OFF ratio and a long retention time (Fig. 1f). The superior 
performance of the MoS2/BTO/LSMO heterostructures mainly origi
nates from the monolayer MoS2 with atomic-thickness, the high quality 
BTO film with suitable thickness, and a clean interface between the BTO 
and MoS2. 

To explore the underlying mechanism behind the optical-induced 
synaptic functions in the MoS2/BTO optoelectronic transistors, the 
PFM measurements were performed after illumination at different times 
(Fig. 1g). By applying ±5 V bias to the tip, the MoS2-covered BTO was 
set into downward polarization state (left) and upward polarization 
state (right), respectively. Then, the whole region was illuminated by 
three light pulses (wavelength of 450 nm, intensity of 5 mW/cm2, width 
of 10 s). After each stimulation, the same region of the device was 
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scanned in the dark. With the increase in the exposure time, the polar
ization of MoS2-covered BTO gradually switched into a downward state, 
while the region with the initial downward polarization state did not 
change after the light illumination (Fig. 1h). To exclude the possibility 
that the region of upward polarization could spontaneously tend to be 
polarized downward in MoS2/BTO heterostructures, a control experi
ment was performed without illumination processes (Fig. S9). The result 
indicated that the original upward polarization state remained stable for 
at least an hour without illumination. To exclude the influence of 
persistent photoconductivity (PPC) effect induced by the trapping 
charges, the monolayer MoS2 based transistor was fabricated on the 
substrate of doped Si covered by 300-nm thick thermal SiO2 [25,41]. 
Although the MoS2/SiO2/Si-based transistor exhibited finite 
non-volatile memory behavior, the switching ratio of approximately two 
was much lower than that of the BTO-based transistor, which was more 
than 107, as shown in Fig. S10. The measurement results confirmed the 
dominant role of optical-controlled ferroelectric switching in the pro
posed optoelectronic synaptic device, which is consistent with the recent 
works using exfoliated 2D flakes/ferroelectric structures [25]. The 
light-controlled ferroelectric polarization switching can be explained in 
terms of the interaction between the photogenerated charges in MoS2 
and ferroelectric polarization charges in BTO, according to the recently 
proposed theory [24]. Due to the MoS2/BTO/SRO heterojunction are 
essentially asymmetric, Pdown is the preferred polarization state over the 
opposite one, which is equivalent to the presence of the built-in field Ebi 
oriented toward the bottom electrode. The photogenerated positive 
charge accumulation at the MoS2/BTO interface screens the upward 
polarization, which leads to the polarization reversal by the built-in 
electric field Ebi [24]. The ferroelectric polarization switching process 
strongly depends on the light-dosage, and the multi-level conductance 
states under different light-dosage can be ascribed to the mixed ferro
electric domain states with various ratios of upward and downward 
ferroelectric domains. By electrically tuning the mixed ferroelectric 

domain states, the conductance state can gradually recover to the initial 
state. The experimental results clearly indicate that the proposed device 
has the integrated optical-sensing capability and synaptic functions, 
which are essential features of neuromorphic vision sensors. 

It’s worth noting that the device states cannot transform from the 
low conductance state to the high conductance state through applying 
the negative voltage. This is mainly attributed to its highly insulating 
state of the MoS2 channel when BTO is in the upward polarization. 
Previous study showed that the spreading of ferroelectric layer polari
zation is not directly by the fringing field from the top electrode, but by 
the 2D TMD layer that functions as a conductive pad to enhance the 
fringing field to pole the ferroelectric layer underneath [21]. Therefore, 
after the BTO film was set into upward polarization and the MoS2 
channel turned into the OFF state, the domain switching would be 
difficult to spread out. 

The integrated image detection and memorization of the proposed 
device were demonstrated on a 5 × 5 array (Fig. 2). Before the write 
operation, each unit in the array was pre-reset to the low conductance 
state by applying a voltage pulse (5 V, width of 100 ms) to the BTO layer 
(Fig. 2a). Two types of stimuli were applied to the array for imple
menting the photoelectrical information storage. One was a series of 
light pulses, including the blue light stimuli (wavelength of 450 nm, 
intensity of 10 mW/cm2, width of 100 ms, 30 pulses) and red light 
stimuli (wavelength of 650 nm, intensity of 10 mW/cm2, width of 
100 ms, 30 pulses); the other one is a voltage pulse (5 V, width of 
100 ms). As shown in Fig. 2b, the image of “X” was written to the vision 
sensor array by applying the blue light stimuli to the MoS2 channel. After 
the light stimuli, the conductance of the vision sensor greatly increased. 
In this work, there are two erase/write operations for the vision sensor 
array, namely “electrical erasing - optical writing” and “optical erasing - 
electrical writing”. The “electrical erasing - optical writing” mode is 
presented in Fig. 2c. The image of “X” was electrically erased by indi
vidually switching the ferroelectric polarization upward to reset the 

Fig. 2. Image detection and memorization in a vision sensor array. A 5 × 5 MoS2/BTO optoelectronic synapse array constructed as a neuromorphic vision sensor to 
implement the image sensing and memorization functions. A series of the optical pulses and the electrical pulse (5 V for 100 ms) applied to the array to mimic the 
writing and erasing operations. The conductance was read at 10 s after the light pulse stimuli. (a) Before optical stimuli, all devices are in the low-conductance state. 
(b) The initial image of “X” was written to the vision sensor array using the optical pulse train (wavelength of 450 nm, number of 30, intensity of 10 mW/cm2, width 
of 100 ms duration and interval of 100 ms). (c) The process of “electrical erasing - optical writing” mode. (d) The process of “optical erasing - electrical writing” 
mode. (e) The image of “Y” was written by applying a series of the optical pulse (wavelength of 532 nm, number of 30, intensity of 10 mW/cm2, width of 100 ms, and 
interval of 100 ms) and the retention characteristic was also investigated after 5 min (f) The image of “Y” was written by applying a series of the optical pulse 
(wavelength of 650 nm, number of 30, intensity of 10 mW/cm2, width of 100 ms and interval of 100 ms). The retention characteristic was measured after 300 s. 
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conductance of device units. Then, the image of “Y” was written opti
cally by the blue light stimulus train, and the image of “Y” was visible 
even after 300 s, indicating an excellent memorization feature. The 
“optical erasing - electrical writing” mode is presented in Fig. 2d. The 
image of “X” was electrically erased by blue light stimulus train and the 
image of “Y” was written electrically by the electrical pulse. Compared 
to the “electrical erasing - optical writing” mode, the “optical erasing - 
electrical writing” mode could simultaneously erase the original infor
mation by setting all devices to the high-conductance state by light 
illumination instead of individually switching the ferroelectric polari
zation upward. This mode is suitable for handling large-scale data 
erasure tasks, and the same task can take several times longer if every 
memory unit is reset individually. By applying the green and red light 
stimulus train, the image of “X” can also be written to the array as shown 
in Fig. 2e and f, but the photoelectric response decayed significantly, 
especially for the writing with red light stimulus train. The experimental 
results further prove that the proposed device has high sensitivity and 
good non-volatile behavior for blue light. For exploring the minimum of 

the power consumption, we tested the device using the power density 
30 µW/cm2 and the illumination time 100 ms (Fig. S11). The energy 
consumption per synaptic event of optically stimulated synaptic devices 
can be calculated by using dE=S×P×dt [42], where S is the area of the 
channel, P is the power density of the light illumination, t is the duration 
time of light. The energy consumption per synaptic event of the device is 
1.8 pJ. Even so, further works definitely need to be done to improve the 
light response efficiency. 

In image recognition, the extraction of useful light information can 
significantly reduce the interference of redundant information and 
improve the speed of subsequent signal processing effectively [43]. 
Therefore, the extracting the efficacious information from the original 
optical information is one of the most important functions for object 
identification in an intelligent vision system, which is essential in the 
application of visual information preprocessing [44–46]. 

Based on the integrated optical-sensing capability and high sensi
tivity of the proposed device to blue light, a neuromorphic vision sensor 
array was simulated to realize image preprocessing. The extraction of 

Fig. 3. Implementation of color information extraction using the neuromorphic vision sensor array. (a) A schematic image of encoding the color information into the 
corresponding photocurrent intensity. (b) Statistics of the channel conductance as a function of pulse number in the neuromorphic vision sensor device under 
different light pulses, namely red (red columns), green (green columns), and blue (blue columns) light pulses. The light intensity and the number of pulse were fixed 
at 10 mW/cm2 and 100, respectively. The duration and interval were both 100 ms. The encoding result of conductance was normalized and mapped. (c) The dif
ference between the blue and other features with the increase in the pulse number. 
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blue signals was conducted by using the proposed sensor array (Fig. 3a). 
Before the color image was fed to the array, the red (R), green (G), and 
blue (B) components were sampled (Fig. S12a-c). From the sampled 
images, the features of flower, leaves, and butterfly were most obvious 
in R, G, and B images, respectively. In order to send these three sampled 
images to the sensor array, the values of R, G, and B were mapped to the 
intensity of the light pulses having the wavelengths of 650 nm, 532 nm, 
and 450 nm, respectively (Fig. S12d-f). The dependence of the light- 
induced conductance state on the pulse numbers under different 
wavelengths is presented in Fig. 3b. The fixed light intensity of 10 mW/ 
cm2 was used to investigate the effect of the pulse number, and the 
output image was represented by the device conductance. As the pulse 
number increased, the feature of a butterfly whose characteristic color is 
blue was highlighted, and the most obvious butterfly was observed after 
100 pulses (Figs. 3c and S12g-l). This result indicates that the contrast 
between the blue features and the other features can be enhanced by 
increasing the pulse number, and the proposed sensor array could effi
ciently recognize the blue targets. The detailed process of the color 
image preprocessing is described in Supplementary Note 1. 

To examine the bio-vision inspired neuromorphic computation, a 
simulated visual system, including the proposed neuromorphic vision 
sensor array and an artificial neural network (ANN), was designed. In 
this system, the sensor array acted as a preprocessing part to extract and 
store the blue information, while the ANN acted as an image recognition 
part to recognize the blue information offered by the former (Fig. S13). It 
is worth mentioning that the image recognition part was also con
structed based on the extracted device parameters, that is, each synaptic 
weight (w) and bias (b) in the ANN were determined by a pair of 
normalized conductance values [47] (Figs. S14 and S15, and Table S1). 
The schematic of the human visual system is displayed in Fig. 4a. The 
visual information was first accepted by the human eyes and then pre
processed by a variety of cells in the retina. The visual information with 
obvious characteristics was transmitted to the visual cortex of the brain 
for final image recognition. In the neuromorphic visual system, the real 
image was sampled into three components of R, G, and B. After the RGB 
images were sent to the sensor array, the output image with less 
redundant information and obvious characteristics was sent to the 
three-layer ANN for subsequent image recognition (Fig. 4b and c). 

Fig. 4. Image recognition in the MoS2/BTO 
optoelectronic synapse-based neuromorphic vi
sual system. (a) Schematics of the human visual 
recognition system. (b) The preprocess of the 
image noise reduction utilizing the sensor 
array. (c) Illustration of the image recognition 
using artificial neural network. (d) Three types 
of pre-prepared images including the original 
MNIST test images (left columns), the specially 
processed images with R&G Gaussian noise 
(middle columns), and the images after noise 
reduction by the sensor array (right columns). 
(e) Comparisons of the recognition accuracy of 
the pre-prepared images.   
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Specially processed data were used as the input to verify the reli
ability of the proposed device in preprocessing. These data were the 
MNIST test dataset [48] consisting of 10,000 images with a size of 
28 × 28 pixels each, which were added with red and green (R&G) 
Gaussian noise signals. In Fig. 4b, one of the real images is presented. 
Afterward, the real image was sampled into three images, which were 
RGB images. As the sampled RGB images were sent to the sensor array 
(one real image pixel corresponded to one device), the optical signals 
were converted into device conductance, as explained above. Then, the 
output image could be read out by the voltage. The image information 
contained in the output image was subsequently normalized and sent to 
the ANN having an input layer (784), a hidden layer (300), and an 
output layer (10) for image recognition (Fig. 4c). The detailed operation 
mechanism of the ANN is described in Supplementary Note 2. The 
network was trained by the back-propagation algorithm [49] using 60, 
000 images from the MNIST train dataset, and the recognition accuracy 
of 10 digits was achieved by using three types of pre-prepared images: 
the original MNIST test images, the specially processed images with 
R&G Gaussian noise, and the images after noise reduction of the sensor 
array. These pre-prepared images are shown in Fig. 4d. The dependence 
of the recognition accuracy on the training epoch number for different 
types of images is shown in Fig. 4e. The recognition accuracy of the 
dataset before noise reduction could reach only about 15% after 100 
epochs, which was marginally higher than the initial accuracy, sug
gesting that the ANN can hardly recognize this type of dataset. In 
contrast, the recognition accuracies of the other types of the datasets 
were perfectly consistent, reaching about 90% after 45 epochs, and 
about 91% after 100 epochs, which were significantly higher than that 
of the dataset before noise reduction. This result indicates that the 
preprocessing of the proposed sensor array can effectively extract 
feature information and reduce redundant data, thus the subsequent 
image recognition unit can accurately recognize the visual information 
that was originally unrecognizable. The performance of the proposed 
neuromorphic visual system and previously reported systems are sum
marized in Table S2, showing the excellent capability of the proposed 
system in the neuromorphic preprocessing for specific tasks. The suc
cessful demonstrations of neuromorphic preprocessing and image 
recognition suggest that the proposed neuromorphic visual system can 
be brilliantly applied in the complex color image recognition, and the 
neuromorphic vision sensors based on 2D semiconductor/ferroelectric 
optoelectronic transistors can provide new opportunities for the devel
opment of high-performance neuromorphic visual systems. 

3. Conclusions 

In summary, we successfully fabricated the MoS2/BaTiO3 optoelec
tronic synapse with monolayer MoS2 as the light-sensitive channel and 
BTO film as the ferroelectric gate, and demonstrated its integrated op
tical sensing and multi-level optical memory functions, which are 
promising for neuromorphic vision sensors. Beyond conventional elec
trical tuning of the ferroelectric domain, the optoelectronic transistor 
with a high optical memory switching ratio and a long retention time 
can exhibit light-dosage tunable synaptic behaviors. Moreover, we show 
that this type of device has the potential to be fabricated into an array. 
The non-volatile multi-level conductance states can be ascribed to the 
optical controlled mixed states with various ratios of upward and 
downward ferroelectric domains. It has been found that the synaptic 
properties can also be significantly manipulated by electrical gating. An 
artificial neural network is built from the proposed vision sensors, and 
results demonstrate that the image recognition rate on the MNIST 
handwritten dataset has been increased from 15% to 91% by reducing 
redundant data using the neuromorphic pre-processing process. It 
should be noted that the material composition in the proposed device 
can be generalized to a broad range of 2D semiconductors and ferro
electrics. This work provides the potential to fabricate the large-scale 
array consisting of ferroelectric optoelectronic synapses that could be 

promising for creating advanced neuromorphic vision systems. 

4. Methods 

4.1. Material preparation 

Pulsed laser deposition (PLD) using a XeCl excimer laser with a 
wavelength of 308 nm and a repetition rate of 2 Hz was employed to 
fabricate BTO (~40 nm) and LSMO (~10 nm) heterostructures on (001) 
SrTiO3 substrates. The BTO and LSMO films were deposited at 750 ◦C 
and cooled down to room temperature of 20 ◦C min− 1 in a flowing ox
ygen atmosphere of 20 Pa. The deposition rate of the oxide films was 
calibrated by X-ray Reflection (XRR) technique. The large-scale 
(1 cm × 1 cm) MoS2 monolayer was synthesized by chemical vapor 
deposition (CVD) on the SiO2/Si substrate and then transferred to the 
top of the BTO layer. 

4.2. Device fabrication 

The transferred MoS2 was patterned into channels using standard 
photolithography and reaction ion-beam etching (RIBE). A 20 µm wide 
and 3 µm long channel was delimited by Au drain (~100 nm) and the 
source electrode. Before depositing the electrodes, a 60 nm Al2O3 
insulation layer, which was sandwiched between the BTO layer and Au 
electrodes, was prepared through magnetron sputtering for reducing the 
leakage current. 

4.3. Sample characterization 

X-ray diffraction measurements were performed using a Rigaku 
SmartLab instrument. A commercial scanning probe microscope 
(Asylum Research MFP3D) with a contact PtIr-coated silicon tip was 
used to measure the PFM amplitude and phase image. A ferroelectric 
tester (Radiant Technologies, Premier II) was used to acquire the 
ferroelectric hysteresis loop in the Pt/BTO/LSMO structure at 10 kHz. 
The cross-sectional images were recorded by an ARM-200F (JEOL, 
Tokyo, Japan) scanning transmission electron microscope. Raman and 
photoluminescence (PL) spectrum of the transferred MoS2 on BTO film 
was analyzed using the alpha300 R microscope under 532 nm laser 
excitation. 

4.4. Electrical measurement 

The electronic and optoelectronic measurements were conducted 
using a Lake Shore TTPX cryogenic probe station connected with a 
Keithley 4200 semiconductor parameter analyzer in vacuum at room 
temperature. The source-drain voltage was fixed at − 0.1 V during all the 
measurements. The optoelectronic measurements were performed by 
using semiconductor lasers with various wavelengths of 450 nm, 
532 nm and 650 nm. A computer-controlled shutter was utilized to 
manipulate the light pulse widths and intervals. The illumination power 
was measured and calibrated by GCI-08 photodetector (Daheng Optics). 
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