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17 
ABSTRACT 18 

Increasing demand for object motion detection (OMD) requires shifts of reducing redundancy, 19 
heightened power efficiency, and precise programming capabilities to ensure consistency and 20 
accuracy. Drawing inspiration from object motion sensitive ganglion cells, we propose OMD vision 21 
sensor with simple device structure of WSe2 homojunction modulated by ferroelectric copolymer. 22 
Under optically mode and intermediate ferroelectric modulation, vision sensor can generate 23 
progressive and bidirectional photocurrents with discrete multi-states under zero power 24 
consumption. This design enables reconfigurable devices to emulate long-term potentiation and 25 
depression for synaptic weights updating, which exhibit 82 states (more than 6 bits) with uniform 26 
step of 6 pA. Such OMD devices also demonstrate non-volatility, reversibility, symmetry, and ultra-27 
high linearity achieving a fitted R2 of 0.999 and nonlinearity values of 0.01/-0.01. Thus, vision 28 
sensor could implement motion detection by sensing only dynamic information based on brightness 29 
difference between frames while eliminating redundant data from static scene. Additionally, neural 30 
network utilizing linear result can recognize the essential moving information with high recognition 31 
accuracy of 96.8%. We also present the scalable potential via a uniform 3×3 neuromorphic vision 32 
sensor array. Our work offers a platform to achieve motion detection based on controllable and 33 
energy-efficient ferroelectric programmability.  34 
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38 
INTRODUCTION 39 

Static image pre-processing, encompassing noise reduction, brightness enhancement, and 40 
recognition, has been extensively demonstrated in diverse vision architectures.1-5 In contrast, object 41 
motion detection (OMD) has emerged as a critical and burgeoning necessity across various 42 
applications, such as health monitoring, virtual reality, and intelligent transportation systems.6, 7 43 
Conventional motion detection architectures based on dynamic vision system separate the sensor, 44 
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memory, and computational units, resulting in substantial volumes of redundant data and high power 45 
consumption.8, 9 The human retina possesses an inherent ability to efficiently perceive and process 46 
dynamic information at sensory stage.10 This characteristic enables the reduction of data volume 47 
and minimizes power consumption, thereby boosting the efficiency of information processing.11, 12  48 

Neuromorphic vision sensors, drawing inspiration from the biological nervous system, have been 49 
developed to replicate human visual perception.13, 14 In the context of interference and learning 50 
applications, neural networks with high accuracy and energy efficiency play a pivotal role.15, 16 The 51 
highly linear synaptic weights with multiple distinguishable levels and excellent symmetry greatly 52 
impact the uniformity and accuracy performance of the vision sensor system. Above features have 53 
become fundamental requirements for specialized tasks such as image recognition, autonomous 54 
driving, and virtual reality motion learning.17 Simultaneously, enhancing overall energy efficiency 55 
and establishing self-powered systems are essential for visual sensors.18 By reducing power 56 
requirements, devices can operate seamlessly and continuously, which is particularly valuable for 57 
long-term monitoring. Additionally, neuromorphic vision sensor exhibits potential in various 58 
portable hardware applications, in which minimizing power consumption effectively mitigates heat 59 
dissipation concerns. However, it remains a challenge to develop a vision sensor for motion 60 
detection that encompasses above advantages, including eliminating data redundancy, possessing 61 
discrete and stable multi-synaptic weights levels, and reducing power consumption. In this regard, 62 
the integration of two-dimensional (2D) materials with ferroelectrics holds promise.19 The 63 
characteristic of ferroelectric gates, stemming from the presence of multiple intermediate levels 64 
between the fully "up" and "down" states, enables versatile regulation. This attribute facilitates 65 
precise control over doping degree and reversible electronic behaviors of atomically thin 2D 66 
materials.20 Such approach enhances the flexibility and tunability in accurately programming 67 
neuromorphic devices to achieve ultra-linear and discrete multiple weights, offsetting the less-68 
controllable methods and unpredictable fluctuation limitations associated with vacancy migration 69 
and ion transport mechanisms.21-23 Especially, in the reconfigurable architecture, the diverse local 70 
switching introduces additional dimensions for optoelectronic applications. Furthermore, utilization 71 
of ferroelectric modulation provides a promising alternative for low power consumption, 72 
eliminating the need of continuous voltage stimuli, and ensuring nonvolatile property without flash 73 
storage devices.24, 25  74 

Therefore, we demonstrate a reconfigurable neuromorphic device based on ambipolar tungsten 75 
di-selenide (WSe2)26 and a ferroelectric copolymer of poly (vinylidene fluoride-trifluoroethylene) 76 
(P(VDF-TrFE)). Opposite ferroelectric polarization from separated switching area enables the 77 
precise and nonvolatile control of the PN and NP junctions in WSe2, bringing with opposite signs 78 
of self-powered photocurrents. After progressively programming intermediate ferroelectric states, 79 
multiple bidirectional photocurrents of more than 6 bits resolution can be used for synaptic weights 80 
updating. Notably, such synaptic update behaviors exhibit symmetricity, reversibility, high linearity 81 
(R2≈0.999), and uniform step (≈6 pA) between each state, all of which provide stable foundation 82 
for accurate motion detection and computation.27 By counteracting the symmetric bidirectional 83 
photocurrents, we can simulate the object motion sensitive function of ganglion cells in the retina.28 84 
Furthermore, we have fabricated a uniform motion sensor array to demonstrate scalability for future 85 
large-scale integration. Subsequently, the detected motion information is accurately recognized 86 
through an artificial neural network (ANN), achieving accuracy of 96.8%. Consequently, the 87 
neuromorphic vision sensor seamlessly integrates optical sensing, energy-efficient architecture, 88 
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ultra-linear weights, and motion detection computation. Our work provides a promising solution for 89 
the advanced motion detection system. 90 

 91 
RESULTS AND DISCUSSION 92 

The human visual system possesses the ability to accurately perceive motion and action, enabling 93 
high-speed responses in complex and uncertain surroundings.29 In Fig. 1(a), we illustrate the 94 
implementation of local motion detection, which relies on the intricate cellular structure of the 95 
human retina. Within the retina, bipolar cells act as integrative centers, receiving input from both 96 
upstream photoreceptor cells (rods and cones) as well as lateral amacrine cells. The amacrine cells 97 
contribute to the creation of center-surround antagonism, a contextual effect that modulates the 98 
activity of ganglion cells.30 Notably, these ganglion cells exhibit selective response to different 99 
motion, conveying information to the visual cortex through the optic nerve. Specifically, these cells 100 
remain inactive in response to self-induced motion, such as eye movements, but display robust firing 101 
when there is motion relative to the global background (Fig. 1(b)).31 These properties enable us to 102 
discern authentic motion from static scene, thereby increasing information analysis and computation 103 
efficiency. 104 

Drawing inspiration from the human retina, we propose a OMD with bipolar photocurrent 105 
characteristics. Fig. 1(c) illustrates the integration of ferroelectrics and 2D materials within a 106 
neuromorphic vision sensor. By polarizing the ferroelectric gate dielectric in opposite directions 107 
through distinct pulses, the formation of PN and NP junctions is achieved under zero bias voltage 108 
with high energy efficiency. When subjected to optical illumination, self-powered positive and 109 
negative photocurrents are generated. These versatile intermediate photocurrent states enable the 110 
realization of long-term potentiation (LTP) and long-term depression (LTD) processes, exhibiting 111 
nonvolatile characteristics. Furthermore, the neuromorphic vision sensor can be fabricated into 112 
sensor arrays to facilitate large-scale integration. By leveraging inter-frame difference 113 
computations,32 moving subjects can be detected from sequential frames based on brightness 114 
differences while eliminating the static or global part with fixed brightness (Fig. 1(d)). Thus, a single 115 
neuromorphic vision sensor transistor can perform multiple functions, including sensing optical 116 
stimuli, converting them into multi-levels electrical signals, and ultimately executing OMD 117 
processing analogous to the specialized ganglion cells.  118 
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 119 
Figure 1 Neuromorphic vision sensor for OMD. (a) A schematic representation of a partial human retina, 120 
emphasizing the bipolar, amacrine, and ganglion cells while illustrating distinct responses to local and global 121 
information for motion detection (b). (c) Neuromorphic vision sensor with PN and NP configurations, facilitating 122 
the generation of nonvolatile and intermediate negative and positive photocurrents. (d) Illustration of OMD 123 
functionality, emphasizing moving object while eliminating the static information.  124 
 125 
Reconfigurable WSe2/P(VDF-TrFE) transistors under ferroelectric modulation 126 
  Fig. 2(a) displays a three-dimensional image of ferroelectric-modulated WSe2 reconfigurable 127 
transistor. WSe2 is selected as the channel due to the intrinsic ambipolar property, efficient carrier 128 
tunability, robust light-matter coupling, and effective absorption with approximate bandgap range 129 
of 1.35-1.64 eV.33-36 These inherent characteristics contribute to the modulation of carriers within 130 
the WSe2 channel through ferroelectric polarization. Supplementary Fig. S2 and Supplementary Fig. 131 
S3 provide the Raman spectrum and thickness of WSe2, respectively. Moreover, the utilization of a 132 
stable organic ferroelectric material, namely P(VDF-TrFE), as the gate dielectric ensures low-133 
temperature annealing and facilitates compatibility with the back-end-of-line regime.37-39 The 134 
ferroelectric nature of P(VDF-TrFE) is verified through piezo-response force microscopy (PFM) 135 
methods, as depicted in Supplementary Fig. S4. The X-ray diffraction (XRD) analysis in 136 
Supplementary Fig. S5 confirms the β phase of P(VDF-TrFE), which exhibits the highest degree of 137 
ferroelectricity compared with the other phases.40 A comprehensive understanding of the device 138 
fabrication process can be found in Method section and Supplementary Fig. S1, which provide 139 
detailed information and a flow diagram of the fabrication steps. 140 

By employing two separated gates of Gate 1 and Gate 2, positioned beneath the P(VDF-TrFE) 141 
layer, independent ferroelectric polarization domains are formed. Fig. 2(b) illustrates the application 142 
of equal local gate voltages to induce fully polarization in the two distinct regions. In this regard, 143 
the WSe2/P(VDF-TrFE) device serves as a typical ferroelectric field-effect transistor, exhibiting 144 
symmetric ferroelectric hysteresis. Under the polarization up (Pup) or down (Pdown) states, electrons 145 
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and holes can be accumulated within the WSe2 channel. The optical image of the device is provided 146 
in the inset of Fig. 2(b). This configuration effectively exhibits the ambipolar nature of WSe2, as 147 
evidenced by distinct anticlockwise and clockwise hysteresis loops for the n-type and p-type 148 
branches, respectively.41 Furthermore, the positive and negative ferroelectric switching currents (Ig) 149 
with near-equal magnitude and similar characteristics (Fig. 2(c)) serve as indicator of a small imprint 150 
field.42 We also demonstrate the transfer characteristics and gate currents within one diagram, as 151 
shown in Supplementary Fig. S6. These findings validate the high quality of the P(VDF-TrFE) 152 
copolymers and the favorable interface between the P(VDF-TrFE) and WSe2, thereby contributing 153 
to the enhanced photovoltaic performance.43 In the asymmetric or unipolar mode, as illustrated in 154 
Fig. 2(d) and (e), the ferroelectric device exhibits p-type or n-type transfer curve. By fixing one gate 155 
and sweeping the other terminal, a clockwise or anticlockwise hysteresis is observed under fully 156 
Pdown or Pup state, respectively. These transfer curves, obtained under different gate setting modes, 157 
provide evidence of a high on-off ratio surpassing 107 and a large memory window exceeding 10 V. 158 
The obtained transfer characteristics emphasize the advanced capabilities of ferroelectric-modulated 159 
WSe2 transistor for various electronic applications such as logic circuits.44, 45  160 

Furthermore, the WSe2/P(VDF-TrFE) transistors possess four distinct output curves by defining 161 
the two gates independently, as depicted in Fig. 2(f). Specifically, when opposite gate pulses (±20 162 
V, 1 ms) are applied to the two gates, the device exhibits characteristics of NP and PN junctions. 163 
During the reading process without external pulses, the bias voltage sweeps from -1.5 V to 1.5 V. 164 
The characteristics of output curves include rectification ratio exceeding 103 and an insignificant 165 
reverse current (Vds=±1.5 V), which are in line with prior finding.46, 47 Moreover, the gated regions 166 
within the WSe2 channel can be precisely tuned to exhibit either NN or PP state with quasi-linear 167 
characteristic when both gates are set to be equal. Supplementary Fig. S7 depicts a detailed 168 
understanding of the working mechanism underlying these four configurations. 169 

 170 
Figure 2 Reconfigurable WSe2 devices under ferroelectric modulation. (a) A three-dimensional image of the 171 
WSe2/P(VDF-TrFE) transistor. (b) The transfer curve under equivalent voltages of the two gates. The inset displays 172 
a real optical image of the WSe2/P(VDF-TrFE) device, and the scale bar is 10 μm. (c) The Ig-Vg curve exhibits two 173 
separated ferroelectric switching peaks located around ±14 V with clockwise measurement direction. The 174 
ferroelectric hysteresis loops of the WSe2/P(VDF-TrFE) device in p-type (d) and n-type (e) modes. (f) The output 175 
curves correspond to the four configurations and P(VDF-TrFE) is polarized with ±20 V gate voltage pulses.  176 
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 177 
Programmable WSe2/P(VDF-TrFE) homojunction 178 

Through the phase images under versatile polarization conditions, we can obtain an investigation 179 
of intermediate ferroelectric polarization states. Fig. 3(a) illustrates such process, highlighting the 180 
possibility of ferroelectric-modulated multi-states during the transition processes. P(VDF-TrFE) are 181 
fully polarized, resulting in the formation of NP state characterized by a -180° phase difference, as 182 
depicted in the PFM phase image (1) of Fig. 3(a). The P(VDF-TrFE) domains can also be 183 
manipulated to a mixed configuration with a neutral phase difference in the absence of applied 184 
voltages, depicted as (2) in Fig. 3(a). Through the gradual application of opposite voltage with NP 185 
state, ferroelectric domain undergoes a reversed switching process, as illustrated in (3)-(5) of Fig. 186 
3(a). Eventually, a fully polarized PN junction is achieved, and phase difference becomes 180°, as 187 
exemplified in (6) of Fig. 3(a). More detailed understanding of the voltage operations and phase 188 
degree differences are shown in Supplementary Fig. S8. The results obtained from PFM analysis 189 
demonstrate that by applying opposite gate voltage pulses with the same absolute amplitudes to the 190 
two gates, the ferroelectric polarization areas can be effectively switched to reduce the original built-191 
in electric field and reform an opposite built-in electric field. This allows for the subtle tuning of PN 192 
and NP junctions.   193 

From an electronic standpoint, the gradual accumulation of electrons and holes occurs during the 194 
built-in field formation. The dynamic process of such phenomenon is visually represented in Fig. 195 
3(b) and (d). During the progressive polarization process induced by the enhanced pulse amplitudes, 196 
the absolute channel current from both the PN and NP junctions exhibits a gradual increase. This 197 
behavior is clearly observed in the continuous rise of the source-drain currents extracted at Vds=1.5 198 
V (Fig. 3(c) and (e)). Remarkably, this analog current modulation behavior highlights the ability to 199 
finely manipulate the device performance. Importantly, during the read process, the gate pulses are 200 
removed due to the nonvolatile property. This nonvolatility ensures that the stored charges and the 201 
resulting current remain stable and persistent. Under the illumination of 450 nm with increasing 202 
power intensity, the PN and NP photodiodes exhibit short-circuit photocurrents (Isc) (Fig. 3(f)). This 203 
photocurrent generation originates from the p-n junction and can be attributed to the photovoltaic 204 
effect.48-50 Specifically, when the device is illuminated, the light-sensitive WSe2 layer generates 205 
photogenerated electron-hole pairs, and these pairs are efficiently separated by the built-in electric 206 
field of the homojunctions. As a result, a self-driven Isc is induced under zero bias voltage, 207 
demonstrating high power efficiency. It is noteworthy that the magnitudes of the photocurrents in 208 
the PN and NP junctions are nearly equal. Such balanced response is crucial for the functionality of 209 
OMD, and detailed discussion will be provided later. Furthermore, Fig. 3(g) suggests a linear 210 
relationship between the Isc and the input power intensity for both the PN and NP photodiodes. This 211 
linear response signifies a consistent and stable photodetection performance across the examined 212 
range of light intensity. The linearity response from photodiodes makes them particularly suitable 213 
for implementation in in-sensor computing applications, as compared to phototransistors.51 214 
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 215 
Figure 3 Programmable WSe2/P(VDF-TrFE) homojunction. (a) PFM phase images depict the gradual 216 
transformation of homojunctions through ferroelectric polarization modulation. The output curves for PN (b) and 217 
NP (d) junctions, demonstrating the response of the devices under increased pulses magnitude. Inset: illustration of 218 
band diagram under PN and NP homojunctions. The continuous changes in source-drain currents as a function of 219 
pulses number at Vds=±1.5 are illustrated for PN (c) and NP (e). The specific gate voltage conditions are initiated at 220 
10 V and -10 V with a step of 0.25 V and then defined as zero during the read process. (f) The Ids-Vds curves under 221 
different input intensity for PN and NP configurations. These curves demonstrate the generation of Isc under zero 222 
bias voltage. (g) The linear relationship between Isc and the light intensity for PN and NP configurations.  223 
 224 
Multiple photocurrent states of the non-volatile WSe2/P(VDF-TrFE) transistors  225 
  The programmable and non-volatile nature of WSe2/P(VDF-TrFE) transistors allow for the 226 
realization of intermediate photocurrent states in PN and NP junctions. Through the application of 227 
a sequence of gate voltage pulses and monitoring at a consistent light intensity, diverse positive and 228 
negative photocurrents can be attained. Taking Fig. 4(a) setting as example, a 20 V (-20 V) gate 229 
voltage pulse with 1 ms duration is initially applied to Gate1 (Gate 2), resulting in -180° phase 230 
difference and the formation of NP junction. This configuration induces positive photocurrent under 231 
illumination. Subsequently, a -10 V (10 V) gate voltage pulse with the same duration is applied to 232 
Gate1 (Gate 2) followed by gate pulses with uniform step of 0.125 V. The detailed gate voltage pulse 233 
configurations are presented in Supplementary Fig. S9. The sequence of gate voltage pulses is 234 
applied to gradually reduce the positive photocurrent, leading to a decrease in the built-in electric 235 
field of the NP junction. A similar phenomenon is observed in Fig. 4(b) when starting from the PN 236 
junction with negative photocurrent. Such reconfigurable architecture based on two separated gates 237 
provide a free and convenient platform to achieve reversible photocurrent tunability with opposite 238 
signs. The writing process involves setting the opposite voltage to Gate1 and Gate 2 without any 239 
additional bias voltage. During the reading process, only optical pulses are applied while gate and 240 
bias voltages are defined as zero due to the nonvolatility property. Fig. 4(c) and (d) offer magnified 241 
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views of the circular regions corresponding to Fig. 4(a) and (b), respectively. Notably, the positive 242 
and negative photocurrent variations demonstrate a step-like behavior, characterized by a 243 
consistently incremental or decremental change of 6 pA after each optical pulse. This uniform step 244 
pattern facilitated by precise ferroelectric programmability signifies a symmetrical and non-volatile 245 
modulation of the photocurrent, carrying potential for subsequent high-precision motion recognition 246 
tasks.52, 53 247 

Through a gradual increase in the pulse number, the photocurrent undergoes a progressive 248 
transition from negative to positive values, as indicated by the blue dotted lines of Fig. 4(e). 249 
Corresponding photoresponsivity of the WSe2 photodiode can be modulated in the same manner 250 
with dual signal values based on the relationship between photocurrent and effective light intensity 251 
(Supplementary Fig. S10). Such transition corresponds to a transformation from the initial PN to 252 
the final NP configuration, resulting in the realization of approximately 82 discrete states resolution 253 
of more than 6 bits and exceeding the capabilities of certain previous works (Supplementary Table 254 
1). 54, 55 Conversely, by applying negative pulses onto Gate1 in conjunction with positive pulses for 255 
Gate 2, a transition from the NP to PN configuration is induced, resulting in the photocurrent 256 
returning to negative values, as depicted by the orange dotted lines. This behavior also yields 82 257 
distinct states, indicating a highly symmetrical property. The number of states can be further 258 
enlarged by expanding the pulse range and reducing the pulse steps for higher programming 259 
capability. Importantly, both multi-level positive and negative photocurrents can be repeatedly 260 
observed, as demonstrated in cycle-2 of Fig. 4(e). This reoccurrence is made possible by the P(VDF-261 
TrFE) ferroelectric material, which provides repeatable writing and erasing processes. The gradual 262 
ferroelectric polarization processes and corresponding band diagrams of WSe2 are illustrated in 263 
Supplementary Fig. S11.  264 

These multi-level of photocurrent states, characterized by bidirectional transitions, can be 265 
interpreted as LTP and LTD processes, analogous to synaptic weights in ANNs. All the progressive 266 
photocurrents exhibit linearity with R2 coefficients of approximate 0.999 for each individual LTP 267 
and LTD processes. The nonlinearity values of 0.01/-0.01 further highlight potential for high-268 
performance neural network computation compared to previous studies (Supplementary Table 1).56, 269 
57 The analysis of the nonlinearity results is presented in Supplementary Fig. S12. To provide 270 
evidence of the linearity and uniformity of the versatile LTP and LTD states in response to optical 271 
pulses, we have examined the specific synaptic processes of partial LTP and LTD within a single 272 
cycle. These detailed demonstrations are depicted in Fig. 4(f) and (g), which correspondingly 273 
illustrate the magnified views of the LTP and LTD processes in Fig. 4(e). Therefore, gradual 274 
switching of ferroelectric polarization facilitates the emulation of synaptic function and gives rise 275 
to the observed linearity for the synaptic weights updating. Above ferroelectric controlled multiple 276 
states provide stable and predictable manner for the accurate performance during the neural network 277 
training compared with other ionic migration and vacancy generation mechanism. Moreover, Fig. 278 
4(h) demonstrates the long-term stability of 21 distinct photocurrent states encompassing positive, 279 
negative, and near-zero states, which can be extended to more states by finely tuning ferroelectric 280 
polarization through the two separated gates. These states exhibit stability over 150-second period, 281 
comparable with previous works.58, 59 The reconfigurable WSe2/P(VDF-TrFE) devices result in the 282 
convergence of optical signal sensing, computation, and memory storage functionalities within a 283 
single device. Such comprehensive combination enables the generation of linear, uniform, 284 
bidirectional, and multiple photocurrent responses, thereby facilitating object motion sensitive 285 
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operations that closely resemble the functioning of ganglion cells in the retina.  286 

 287 
Figure 4 Multiple photocurrent states of the non-volatile WSe2/P(VDF-TrFE) transistors. Positive (a) and 288 
negative (b) photocurrents generation when starting from NP and PN configurations, respectively. An enlarged view 289 
reveals the stable steps of multiple positive (c) and negative (d) photocurrents. These steps exhibit a uniform change 290 
of 6 pA for each optical pulse. (e) Two cycles of bidirectional LTP and LTD processes with high linearity and 291 
symmetry. Magnified view of partial LTP (f) and LTD (g) processes in cycle-1. (h) The nonvolatile property of the 292 
multiple photocurrents levels.  293 
 294 
OMD operation based on reconfigurable WSe2/P(VDF-TrFE) neuromorphic vision sensor 295 
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Neuromorphic vision sensor can replicate the functionality of retina in one hardware by 296 
harnessing the symmetrical and linear multi-states of bidirectional photocurrents. These devices can 297 
effectively identify and collect moving targets information from the surrounding background, 298 
mimicking the function of motion sensitive ganglion cells. Working mechanism and operation 299 
process of OMD are illustrated in Fig. 5(a). The dynamic video can be segmented into many 300 
individual frames based on the time sequence from the beginning moment ta to the end moment tend. 301 
Along with the timeline (orange dotted line), the living room is unoccupied at the initial moment ta, 302 
providing a static global background for subsequent comparison. Within a defined interval such as 303 
from tb to tj, an individual enters the living room, exhibits distinct hand gestures at various moments 304 
and then leaves the room. The individual serves as a contrasting element to the original static 305 
environment. To demonstrate the moving detection results, frames at ta and td are taken as examples. 306 
Each frame image is assumed to comprise M×N brightness pixels and the original brightness 307 
distribution of ta is depicted in Fig. 5(b), with brightness values normalized between 0 and 1. On the 308 
other hand, the photocurrent states of the 2D WSe2/P(VDF-TrFE) neuromorphic vision sensor can 309 
be assembled into positive and negative M×N photocurrent matrices, which exhibit approximately 310 
equal absolute values due to their symmetry and linearity. To perform frame difference calculations, 311 
the M×N positive and M×N negative conductance matrices are multiplied with the image brightness 312 
pixels at different moments of ta and td, respectively, as indicated by the blue arrows in Fig. 5(a). 313 
The two multiplied components are then summed together to map the brightness result of the output 314 
pixels, which allows for detecting the moving person in the living room, as depicted by the pink 315 
arrows in Fig. 5(a). Such results are stored within the pixels at the corresponding moment, thanks 316 
to the nonvolatility property of the neuromorphic vision sensor. We also conduct demonstration of 317 
different hand gestures, such as waving and thumbs-up at moments td and te, respectively. The 318 
processed brightness output can effectively capture such little difference as shown in the yellow box. 319 
Within a specific period, when the background remains static and no moving objects are present, 320 
the brightness of the output pixels approaches to zero, as illustrated in Fig. 5(c). This behavior arises 321 
from the equality of absolute values between the positive and negative M×N photocurrent matrices 322 
for counteraction. By contrast, when an individual appears within a specific timeframe, the 323 
brightness pixels associated with the moving person show values above zero (Fig. 5(d) and (e)), 324 
following a normal distribution, whereas the brightness of the stationary background pixels remains 325 
zero. In Supplementary Fig. S13, we present a comprehensive analysis of the other frames (tb, tc, tf, 326 
tj) along with their processed output pixels and brightness distributions.  327 

Moreover, we provide experimental validation of a 3×3 reconfigurable neuromorphic vision 328 
sensor array, as illustrated in Supplementary Fig. S14. Each of the nine WSe2/P(VDF-TrFE) 329 
neuromorphic vision sensors exhibits uniformity and demonstrates bipolar electrical behaviors, as 330 
illustrated in Supplementary Fig. S15 and Supplementary S16. These findings establish a robust 331 
foundation for the advancement of scalable optical sensing and in-sensor computing applications. 332 
Furthermore, the vital information pertaining to the moving object is inputted into an ANN, as 333 
depicted in Fig. 5(f), leveraging the high-linear LTP and LTD behaviors of WSe2/P(VDF-TrFE). For 334 
simulation purposes, we utilize the Modified National Institute of Standards and Technology 335 
(MNIST) handwritten digits dataset and a three-layer network.60 The accuracy over 40 epochs is 336 
depicted in Fig. 5(g). During the initial epochs, the recognition accuracy experiences significant 337 
improvement and reaches a peak value of 96.8%. The high accuracy rate stems from the linear, 338 
symmetric, and distinguishable weight updating based on controllable ferroelectric polarization. 339 
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Consequently, the WSe2/P(VDF-TrFE) neuromorphic vision sensor demonstrates the OMD process, 340 
akin to certain ganglion cells and this bionic approach reduces the generation and transmission of 341 
redundant data by emphasizing moving objects through an energy-efficient pre-processing platform. 342 

 343 
Figure 5: OMD operation based on reconfigurable WSe2/P(VDF-TrFE) neuromorphic vision sensor. (a) The 344 
brightness pixels at different frame moments (e.g., ta and td) are multiplied by the corresponding positive and negative 345 
photocurrent matrices. The resulting products are then summed to detect dynamic objects. (b) The brightness 346 
distribution in the original image, consisting of 921,600 pixels. After motion detection, output brightness distribution 347 
of static image (c), dynamic image at td (d), and dynamic image at te (e). (f) Recognition of dynamic target through 348 
neural network. (g) Accuracy results of the recognition over 40 epochs, demonstrating the high accuracy of 96.8% 349 
during training. 350 
 351 
CONCLUSION 352 

We have employed a reconfigurable 2D WSe2/P(VDF-TrFE) neuromorphic vision sensor with a 353 
straightforward device structure and convenient construction strategy for motion detection. High-354 
precision programming ability is important for moving information processing. Previous 355 
fluctuations in each state without distinguishable and uniform step have hindered various 356 
neuromorphic applications. Our neuromorphic vision sensor demonstrates programmable tunability 357 
through progressive ferroelectric polarization, enabling the generation of self-powered bidirectional 358 
photocurrents with more than 6 bits and uniform step of 6 pA. These photocurrents possess desirable 359 
properties such as nonvolatility, symmetricity, reversibility, and high linearity (R2=0.999). We have 360 
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achieved efficient motion detection by collecting information solely from the moving object while 361 
minimizing redundant data through the bidirectional photocurrent states, like the ganglion cells in 362 
the human retina. Additionally, the constructed ANN recognize the essential moving information 363 
with accuracy 96.8%. The integration of optical signal sensing, multi-states memorization, and 364 
power-efficient modulation capabilities in the neuromorphic vision sensor holds significant promise 365 
for other artificial vision hardware. We also demonstrate a 3×3 neuromorphic vision sensor array 366 
for scalable application. It is a well-established fact that the proposed bionic vision sensor is still in 367 
its nascent stage concerning hyper-vision and practical applications such as autonomous driving, 368 
primarily due to the limitations of larger scale integration. Moreover, as representative ferroelectric 369 
copolymer with features of soft, light, and simple fabrication process, the P(VDF-TrFE) can be used 370 
for high-performance flexible electronics devices. The ferroelectric/semiconductor heterostructures 371 
with flexible property can be integrally transferred onto arbitrary substrates for advanced wearable 372 
electronics.61 Exploring the self-powered and reconfigurable vision sensor chips along with 373 
integrated and flexible hardware holds significant potential for development of intelligent vision 374 
systems. 375 
 376 
METHODS 377 

Device fabrication: Initially, SiO2/Si substrates covered by photoresist undergo the ultraviolet 378 
photolithography process to pre-pattern two split gates of 2 μm gap. Subsequently, 10 nm Cr/50 nm 379 
Au electrodes are deposited onto the substrates using thermal evaporation, followed by a lift-off 380 
process in acetone solution. The dielectric layers of P(VDF-TrFE) (70:30 in mol %) thin films are 381 
formed through spin-coating with thickness of 300 nm. These layers are then annealed at 135 ℃ for 382 
four hours. Few-layered WSe2 flakes are obtained by mechanically exfoliating from a bulk single 383 
crystal (purchased from HQ Graphene). Desired WSe2 flakes are identified on a PDMS substrate 384 
and transferred onto the surface of the P(VDF-TrFE) layers using a 2D Transfer system. Finally, a 385 
pair electrodes of 50 nm Au with 6 μm gap, serving as the source and drain electrodes, are transferred 386 
and aligned onto the WSe2 channel. For a detailed illustration of the device fabrication process, 387 
please refer to Supplementary Fig. S1. 388 

Characterization methods: The thicknesses of few-layer WSe2 films are examined using a 389 
commercial atomic force microscope (Cypher S/Oxford Instruments Asylum Research). PFM 390 
measurements are conducted in DART PFM mode. Raman investigations of WSe2 flakes are carried 391 
out using high-resolution confocal µ-Raman microscopes (WITEC alpha300 R) equipped with 532 392 
nm laser sources. The WSe2/P(VDF-TrFE) samples are tested using a semiconductor analyzer 393 
(Keysight B1500A) in a probe station (Lake Shore CRX-6.5K) under vacuum and room-temperature 394 
conditions. Gate pulses are applied using a high voltage semiconductor pulse generator unit (SPGU). 395 
For optical mode measurements, 450 nm monochromatic LED lights are used as the light source. 396 
The light intensity is calibrated using a power meter (SANWA, LP1). To perform time-dependent 397 
optical response measurements, the LED frequency is modulated using a signal function generator. 398 

Simulation operation: Six steps are employed to perform motion detection by utilizing inter-399 
frame differential computation and image recognition of moving objects based on the motion 400 
detection results. (1) Neuromorphic vision sensor is developed to experimentally capture positive 401 
and negative response parameters using non-volatile photocurrents; (2) Multiple frames consisting 402 
of M×N pixels are acquired from a motion process, treating it as a continuous stream of images; (3) 403 
M×N positive (𝑊𝑊+ ) and negative (𝑊𝑊− ) weight matrices are constructed based on the response 404 
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parameters obtained in Step 1. These weight matrices are then applied to multiply the pixel values 405 
of different frames. For instance, the M×N pixels of frame 𝑡𝑡0(𝑃𝑃𝑡𝑡0) and 𝑡𝑡1(𝑃𝑃𝑡𝑡1) are multiplied by the 406 
positive and negative weight matrices 𝑊𝑊+𝑃𝑃𝑡𝑡0 at 𝑡𝑡0 and 𝑊𝑊−𝑃𝑃𝑡𝑡1 at 𝑡𝑡1, respectively; (4) The results 407 
obtained in Step 3 are summed to obtain the transformed pixel outcome, such as 𝑊𝑊+𝑃𝑃𝑡𝑡0 + 𝑊𝑊−𝑃𝑃𝑡𝑡1. 408 
A step function is subsequently utilized to enhance the differentiation of the accumulated data. (5) 409 
The processed data is transformed into a fresh image stream utilizing OpenCV, a widely used open-410 
source computer vision library renowned for its capabilities in image and video processing tasks; 411 
(6) Finally, an ANN is employed in conjunction with a corresponding training database to recognize 412 
the moving objects detected in Step 5. For instance, in this study, number recognition is performed 413 
by employing the PyTorch platform based on the MNIST database. Detailed flow chart of above 414 
operation is illustrated in Supplementary Fig. S17. 415 
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