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ABSTRACT: Conventional vision systems encounter data
bottlenecks and high-power consumption in emerging
applications due to the separation of sensing and computation.
In-sensor computing architectures address this limitation by
integrating reconfigurable, self-powered photodiodes at the pixel
level to enable in-situ visual preprocessing. However, existing
devices are constrained by high programming energy, poor
weight retention, or complementary metal-oxide-semiconductor
(CMOS) incompatibility, hindering simultaneous optimization of
power efficiency, speed, stability, and integrability. Here, we
demonstrate a self-powered reconfigurable photodiode based
on a bipolar WSe, channel and a sub-20-nm ferroelectric
HfZr,_,O, (HZO) layer. The device employs a split-gate

architecture to generate polarity-switchable short-circuit photocurrent under photovoltaic mode, achieving ultralow
programming energy (< 1 fJ), a switching speed of 50 s, and weight retention exceeding 100 s. When deployed as a

physical convolution kernel, the device performs in-sensor matri
detection tasks, it achieves a remarkably low normalized mean

ix-vector multiplication on incident light. In simulated edge-
squared error (~ 3.2 x 10™), producing edge maps nearly

indistinguishable from ideal software results. This work establishes an energy-efficient and self-driven hardware platform

that unifies sensing, memory, and computation, realizing a practi

cal framework for in-sensor computing.

KEYWORDS: ferroelectricity, reconfigurable photodiode, in-sensor computing, Hf Zr,_ O, (HZO), WSe,

1 Introduction

Conventional vision systems, in which CMOS image sensors are
separated from digital processing units, struggle to simultaneously
achieve real-time performance and energy efficiency in emerging
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applications such as high-frame-rate imaging,
processing, and adaptive perception [1-5].

Recently, in-sensor computing architectures have provided a
transformative paradigm to mitigate these bottlenecks by
embedding neural network processing units within the pixel array
[6-9]. This device-level integration of sensing and computation
reduces hardware complexity, lowers energy consumption, and
enables ultra-low-latency responses [4, 10-13]. Realizing this
paradigm requires co-design of hardware and neural network
algorithms, allowing each pixel to dynamically reconfigure its
photoresponse according to the computational tasks [14-16]. At
the device level, such programmability facilitates the direct

low-latency
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implementation of neuron- or
operations, including weighted
responses [17-20].

However, most existing optoelectronic devices are limited to
unidirectional photocurrent generation (typically positive) and
require external power supplies, making it challenging to
simultaneously  achieve low power consumption and
reconfigurability [11, 21-23]. Reconfigurable photodiodes offer a
promising route to overcome this limitation by enabling dynamic
control of photoresponse polarity in photovoltaic mode, thereby
supporting inherent self-powered operation and neuromorphic
functionalities [20, 24-26]. Such photovoltaic reconfigurability has
been demonstrated using diverse physical mechanisms. For
instance, reconfigurable Schottky barriers enable photocurrent
polarity switching by modulating the metal-semiconductor
interfacial barrier height with an applied programming voltage
[24, 26]. In ferroelectric systems, polarity-switchable photoresponse
arises from bulk photovoltaic effects driven by reversible
polarization [25, 27, 28]. Non-volatile control of rectification
polarity has also been achieved in reconfigurable p-n junctions
based on ambipolar two-dimensional (2D) semiconductors (e.g.,
WSe, and MoTe,) through integration of split-gate electrodes with
ferroelectric dielectrics [20, 29].

Despite their promise, the first two strategies are generally
hampered by high programming voltages, slow write speeds, and
insufficient non-volatility, collectively resulting in excessive
programming energy consumption and poor weight retention
[24, 25, 30]. In contrast, the third approach offers both excellent
non-volatility and low programming energy; however, it relies on
ferroelectric gate dielectrics such as CulnP,S;, (CIPS) or
poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) [20, 29,
31]. These materials suffer from weak remnant polarization and low
dielectric permittivity, which limit thickness scalability and
compromise device reliability. Moreover, their poor compatibility
with standard CMOS technology further impedes their applicability
in scalable integration into machine vision systems.

Notably, hafnium zirconium oxide (HfZr, O, (HZO)), a
ferroelectric material rooted in advanced CMOS technology nodes,
has demonstrated exceptional performance in recent years [32-34].
It exhibits not only a high dielectric constant (x > 20) [35, 36] and
robust ferroelectric polarization (2P: > 50 uC/cm?) [37-39], but also
stable ferroelectricity down to ~ 1 nm thickness [33]. Moreover,
recent advances in low-temperature HZO growth have enabled
compatibility with standard back-end-of-line (BEOL) CMOS
integration processes [40-42]. Despite these advantages,
reconfigurable photodiodes based on HZO have rarely been
reported, and their potential for in-sensor computing remains
largely unexplored.

In this work, we report a reconfigurable photodiode based on a
bipolar WSe, channel, in which a sub-20-nm ferroelectric HZO
layer defines a reconfigurable in-plane p-n junction. Integration of
this HZO film with a split-gate architecture enables polarity-
switchable photocurrent generation under zero external bias,
achieving low programming energy below 1 fJ, a switching speed of
50 ps, and weight retention exceeding 100 s. This self-powered
device intrinsically supports visual information preprocessing, such
as matrix-vector multiplication (MVM) of incident optical signals,
without requiring external power or analog-to-digital conversion.
Furthermore, when employed as a convolutional kernel in
simulated edge-detection tasks, the device achieves a low
normalized mean squared error (NMSE) of approximately 3.2 x
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10" at its optimal weight state, yielding edge maps nearly
indistinguishable from ideal software predictions. This work
establishes a CMOS-compatible device paradigm toward next-
generation energy-efficient, reconfigurable intelligent vision
systems.

2 Experimental

2.1 Device fabrication

The fabrication of the device began with the sputtering and
patterning of a 30 nm TiN bottom electrode on a Si/SiO, substrate.
Next, a ~ 19 nm HZO film was deposited by atomic layer
deposition (ALD) at 250 °C. A second TiN layer, also 30 nm thick,
was sputtered and patterned, followed by rapid thermal annealing
at 550 °C for 60 s to crystallize the underlying HZO film.
Subsequently, a 10 nm ALO, insulating layer was deposited via
ALD at 150 °C. Photolithography and inductively coupled plasma
(ICP) etching were applied to selectively etch through the ALO, and
HZO layers, exposing the underlying TiN electrodes. Few-layer
WSe, flakes, exfoliated from bulk crystals, were transferred onto the
patterned substrate. Finally, source and drain electrodes were
defined using electron-beam lithography (EBL), deposition of a
100 nm Ti/Au bilayer, and a standard lift-off process.

2.2 Device characterization

All electrical and optoelectronic characterizations were carried out
on a Signatone probe station integrated with an Agilent B1500A
semiconductor parameter analyzer, under monochromatic laser
illumination at 650 nm to evaluate the device’s photoresponse.

2.3 Material characterization

Raman spectra of mechanically exfoliated WSe, flakes were
acquired using a Horiba Jobin Yvon LabRAM HR800 system with
a 532 nm laser as the excitation source. Optical absorption spectra
were measured with an Excipolar Trion spectrometer illuminated
by a white light source. For structural and compositional analysis,
cross-sectional transmission electron microscopy (TEM) samples of
WSe, devices were prepared by focused ion beam (FIB) etching
using a dual-beam FEI Helios NanoLab 600i system. High-
resolution TEM (HRTEM) imaging was subsequently performed
on an ex situ Talos F200e microscope (Thermo Fisher Scientific)
operated at 200 kV, while energy-dispersive X-ray spectroscopy
(EDS) elemental mapping was acquired using an integrated Oxford
X-MaxN 80 detector. Surface morphology was characterized by
atomic force microscopy (AFM) on a Bruker Dimension Icon
platform, operating in PeakForce Tapping mode with a ScanAsyst-
Air probe.

24 Edge detection

The simulation employed a neural network based on the Tiny and
Efficient Edge Detector (TEED) architecture [43], whose backbone
consists of three blocks. The output of each block was processed by
a dedicated USNet branch to generate a multi-scale edge prediction,
and these results were fused by the dual-fusion (Dfuse) module to
produce the final edge map.

For hardware mapping, the pre-trained weights of the early
convolutional layers in the backbone were directly programmed
into a reconfigurable photodiode array. The photoresponse of each
pixel was modeled by Eq. (1)
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L=YP, R, (1)
i=1

where P, is the illumination power incident on the m" pixel, R, is
the corresponding pre-trained convolutional weight of the mn"
device. This analog-domain operation performs convolution in situ,
eliminating the need for analog-to-digital conversion or off-sensor
data transfer.

Simulations were conducted using natural scene images sourced
from the Peking University Photo Gallery, resized to a resolution of
900 x 550 pixels, under six distinct device weight state (states I-VI).
All outputs were spatially aligned with the ideal software inference
results and quantitatively evaluated using the NMSE, as given
inEq. (2)

Y TG = Loa (i)
NMSE = (2)
Z(Igold (17]) )2

iy

where I denotes the edge map generated by the simulated
photodiode array, I, is the corresponding ground-truth output
from ideal software inference. Difference maps (|I—I|) were
further provided to assess structural fidelity visually.

3 Results and discussion

3.1 In-sensor computing architecture based on a

reconfigurable photodiode
In the pursuit of enhanced computational efficiency and reduced
energy consumption, in-sensor computing architectures represent a

significant advancement by integrating optical sensing, weight
storage, and analog computation within a single integrated

platform, as shown in Fig. 1(a). When a trained array of such
devices is illuminated by incident light, the resulting photocurrents
can be directly read out to perform MVM operations in the analog
domain. This approach not only simplifies circuit design but also
enables on-chip preprocessing of optical signals, thereby supporting
low-power operation and significantly accelerating vision tasks such
as edge detection.

Central to this framework is the reconfigurable photodiode. As
shown in Fig. 1(b), the device features a split-gate architecture, with
each gate integrating an independent HZO ferroelectric capacitor.
These capacitors enable non-volatile electrostatic doping, which
locally modulates the carrier polarity in different regions of the
ambipolar semiconductor WSe,, thereby forming reconfigurable in-
plane homojunctions. Depending on the ferroelectric polarization
states of the two HZO capacitors, the junction can be dynamically
programmed into p-i-p, p-i-n, n-i-p, or n-i-n configuration.
Notably, when a p-i-n or n-i-p junctions is established, the
photovoltaic effect generates a short-circuit current (I;) and an
open-circuit voltage (V,c) with opposite polarities. The short-
circuit current follows the relationship I = P- R, where P denotes
the incident optical power and R is the photoresponsivity, a tunable
parameter determined by the non-volatile ferroelectric polarization
state. This programmable photoresponsivity effectively emulates
synaptic weights in artificial neural networks, enabling highly
energy-efficient and accelerated in-sensor computing.

3.2 Structural and material characterization of the
reconfigurable photodiode

We systematically characterized the key components of the
reconfigurable photodiode to elucidate its underlying structural and
material properties. Figure 2(a) illustrates the AFM characterization
of the device channel, which is divided into three sections by two
split gates and reveals a continuous and uniform surface. Regions I

Figure1 Demonstration of in-sensor computing using a reconfigurable photodiode. (a) Schematic illustration of the in-sensor computing architecture. (b) Device
structure of the reconfigurable photodiode in a split-gate configuration with integrated HZO ferroelectric capacitors. Ferroelectric polarization enables non-volatile
modulation of carrier polarity in the WSe, channel, thereby dynamically forming reconfigurable in-plane homojunctions.
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Figure2 Structural and material characterization of the WSe, channel and HZO ferroelectric layer. (a) Surface morphology of WSe, channel. Scale bar, 2 um. (b) Cross-
sectional TEM image and corresponding EDS mapping of the device. Scale bar, 10 nm. (c) HRTEM image of the polycrystalline HZO layer. (d) P-V hysteresis loop of the
HZO film, exhibiting low leakage and strong remanent polarization. (¢) Raman spectrum of WSe,. (f) Optical absorption spectrum of WSe,.

and II are utilized for electrostatic doping to form reconfigurable in-
plane homojunctions, with a gap of approximately 2 pm between
them. A magnified view of the channel edge shows that the
thickness of the WSe, flake is approximately 4.8 nm (Fig. S1 in the
Electronic Supplementary Material (ESM)). Subsequently, a TEM
sample was prepared using FIB, and EDS mapping of the
source/drain regions confirmed a well-defined layered structure
with homogeneous elemental distribution, as shown in Fig. 2(b).
Furthermore, HRTEM imaging revealed the polycrystalline nature
of the HZO ferroelectric layer, indicating its excellent crystalline
quality, as displayed in Fig. 2(c).

The ferroelectric properties of HZO are crucial for the device’s
functionality. Figure 2(d) presents the polarization-voltage (P-V)
loop of the HZO film (with a thickness of ~ 19.1 nm), measured by
a ferroelectric analyzer. The film maintains a low leakage current at
a voltage of 6 V, with a coercive voltage (V,) of about 2 V and a
remanent polarization (P) as high as 17.1 uClem’, fully
demonstrating its excellent ferroelectric characteristics. Notably, in
contrast to recently explored ferroelectric systems such as CIPS and
P(VDF-TrFE), HZO achieves sub-20-nm thickness while
maintaining high remanent polarization, low leakage current, and
compatibility with standard CMOS fabrication processes.

Meanwhile, the crystal quality and optical properties of the WSe,
channel itself are equally critical. In Fig. 2(e), the Raman spectrum
exhibits sharp, well-defined characteristic peaks, indicating a high-
quality single-crystalline structure consistent with the layered
features observed by HRTEM (Fig. S2 in the ESM)). Moreover, the
absorption spectrum reveals strong optical absorption across a
broad wavelength range from 400 to 1000 nm, spanning the visible
to near-infrared regions (Fig. 2(f)). Combined with the
programmable optoelectronic behavior and the integrated sensing-
storage-computing architecture, this broad spectral response

Nano Research, 2026, 19, 94908610
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endows the device with significant potential for machine vision
applications.

3.3 Operating mechanism and programming behavior of
ambipolar ferroelectric field-effect transistors (FeFET)

The reconfigurable photodiode can be electrically modeled as two
ambipolar FeFETs connected in series. Consequently, its
fundamental device characteristics can be effectively interpreted
through the behavior of a single-gate FeFET. As shown in Fig. 3(a),
the device adopts a  metal-ferroelectric-metal-insulator-
semiconductor (MFMIS) configuration comprising TiN, HZO,
ALO,, and WSe,. The bottom TiN layer functions as the control
gate and, in conjunction with the HZO layer and an intermediate
TiN floating gate, forms a ferroelectric capacitor. The ALO; layer
acts as an insulating buffer, providing a high-quality
insulator/semiconductor interface that enables stable modulation of
channel conductance.

A key advantage of this architecture is its capability to enable
tunable voltage distribution between the ferroelectric and insulating
layers. The bottom metal-ferroelectric-metal (MFM) stack and the
top metal-insulator-semiconductor (MIS) stack function as two
series-connected capacitors. By adjusting the area ratio between the
MEM and MIS regions (Ap/Ap.), the voltage drop across the
ferroelectric layer can be precisely controlled. As shown in Fig. 3(b),
devices with a smaller Ag/Ay, display wider memory windows in
their transfer characteristics, indicating enhanced memory
performance. Specifically, when the Ap/Ap, is decreased from 1.5 to
0.2, the memory window broadens significantly (Fig. S3 in the
ESM), attributed to the amplified voltage across the ferroelectric
layer that promotes efficient polarization switching (Note S1 in the
ESM). Moreover, the device demonstrates excellent cycle-to-cycle
(C2C) stability, with a coefficient of variation (C,) as low as 1.8%
over 22 cycles, as shown in Fig. 3(c) and Fig. S4 in the ESM.
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Figure3 Electrical characterization of the ambipolar FeFET. (a) Schematic of the ambipolar FeFET with an MEMIS structure. (b) Transfer curves of the FeFET with
varying Ag/Ap, ratios. (c) C2C variability of transfer curves over multiple programming cycles. (d) Stable stepwise increase in channel current under positive voltage pulse
programming. (e) Linear conductance tuning achieved using amplitude-increasing positive voltage pulses. (f) Non-volatile retention of programmed conductance states
for over 100 s following positive-pulse weight updates. (g) Stable stepwise increase in channel current under negative voltage pulse programming. (h) Linear conductance
tuning achieved using amplitude-increasing negative voltage pulses. (i) Non-volatile retention of programmed conductance states for over 100 s following negative-pulse
weight updates. (j) and (k) Energy band diagrams illustrating band bending in WSe, under opposite polarization states.

The tunable conductance states of the FeFET enable
programmable photoresponsivity in the reconfigurable photodiode,
forming the basis for its application in MVM. As depicted in
Fig. 3(d), the channel current exhibits stable, stepwise increments
when subjected to positive voltage pulses with a 50 ps pulse width.
To address the inherently non-uniform switching dynamics of
ferroelectric  polarization under fixed-amplitude pulses, an
amplitude-incremental pulse scheme was implemented to achieve a
more linear conductance update, as illustrated in Fig. 3(e). Owing
to the robust non-volatility of ferroelectric polarization, the
programmed conductance states are maintained for over 100 s with
high distinguishability (Fig. 3(f)).

Benefiting from the ambipolar transport characteristics of WSe,,
the conductance continued to increase steadily under negative
voltage pulses (Figs. 3(g)-3(i)), exhibiting bidirectional
programming symmetry with respect to positive voltage pulses.
Notably, both long-term potentiation (LTP) and long-term
depression (LTD) could be achieved using either polarity of voltage
pulse. For instance, after LTP was programmed with positive
voltage pulses, the device could be reset to its initial conductance
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state by applying negative voltage pulses. Subsequently, LTP could
be re-established using pulses of either polarity (Fig. S5 in the ESM).
This flexibility in implementing LTP and LTD with both positive
and negative voltages provides the physical foundation for
reconfigurable device operation.

The operational mechanism of the FeFET is elucidated through
its energy band diagram in Figs. 3(j) and 3(k). As WSe, acts as a
non-degenerate  semiconductor, the field-induced carrier
modulation is primarily localized within the band-bending region
near the dielectric interface. Under a positive gate bias, the
ferroelectric polarization in the HZO layer aligns toward the
semiconductor channel. The resulting bound polarization charges
are capacitively coupled through the TiN floating gate, modulating
the ALO,/WSe, interface and inducing electron accumulation. This
leads to downward band bending of the WSe, conduction band,
bringing the conduction band edge closer to the Fermi level and
thereby enhancing the electron concentration, which drives the
device into a high-conductance state. Conversely, under a negative
gate bias, the ferroelectric polarization reverses direction toward the
gate electrode. This induces upward band bending in WSe,, shifting

Nano Research, 2026, 19, 94908610
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the conduction band edge away from the Fermi level and depleting
electrons in the channel. Owing to the ambipolar nature of WSe,,
hole accumulation concurrently increases, eventually enabling a
high-conductance state dominated by p-type carriers. Critically, the
non-volatility of ferroelectric polarization ensures that both the
polarization orientation and the corresponding conductance state
are retained after removal of the gate voltage, thereby enabling data
memory.

34 Photovoltaic response and weight updating of
reconfigurable photodiode

Leveraging the unique characteristics of the ambipolar FeFET, we
further investigate its optoelectronic response in the configuration
of a reconfigurable photodiode. Figure 4(a) presents an optical
micrograph of the device, in which the channel dimensions are
significantly larger than the central gap (~ 2 pm). This geometry

ensures that the local carrier polarity in regions I and II
predominantly governs the overall electrical behavior, while the
electrically neutral central gap exerts negligible influence on charge
transport.

This operational mode is enabled by the non-volatile remanent
polarization of the HZO layer, which sustains carrier modulation
without a continuous external gate voltage. As illustrated in
Fig. 4(b), by applying programming pulses with a width of 50 ys to
the split gates (Vi and V), the channel can be reversibly
configured into four distinct in-plane homojunction states: p-i-n, n-
i-p, p-i-p, and n-i-n. Specifically, the p-i-n state is configured by
setting Vi, = 3.5 V and V, = 3.5 V, while the n-i-p state is
established by using Vi, = 35 V and Vg = -3.5 V. For the
homopolar configurations, the p-i-p and n-i-n states are achieved
by applying Vi, = Vg, =-3.5 Vand V, = Vi, = 3.5 V, respectively.

When configured as a p-i-n or n-i-p junction, the device

Figure4 Tunable photovoltaic response and in-sensor weight updating in a reconfigurable photodiode. (a) Optical image of the reconfigurable photodiode. (b) Four
programmable in-plane homojunction (p-i-p, p-i-n, n-i-n, and n-i-p) achieved by tuning the ferroelectric polarization state. (c) Photovoltaic effect under 650 nm
illumination at a power density of 1000 uW/mmy’, generating both photocurrent and photovoltage at p-i-n or n-i-p junctions. (d) and (e) Bidirectional photoresponse:
positive short-circuit photocurrent states (I-III) from an n-i-p junction and negative states (IV-VI) from a p-i-n junction under varying optical power densities
(30-1000 pW/mm?). (f) Short-circuit photocurrent versus power density across multiple programmed photoresponsivity states. (g) Stable stepwise short-circuit
photocurrent tuning via positive or negative programming pulses (V). (h) Retention of programmed photoresponsivity states over time in the reconfigurable photodiode.
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exhibited diode-like rectifying behavior, with a lateral built-in
electric field established across the junction. Under 650 nm
illumination, this field created an energy barrier that efficiently
separated photogenerated electron-hole pairs, thereby generating
both photocurrent and photovoltage (ie., the photovoltaic effect,
PV), as shown in Fig. 4(c). Furthermore, owing to the intrinsic
broadband absorption of WSe,, the device achieves reconfigurable
positive and negative photocurrents across both the visible and near-
infrared (NIR) regions (Fig. S6 in the ESM)), thereby highlighting
its potential for multispectral recognition and processing tasks.

The device enables dynamic non-volatile tuning of its
optoelectronic response through ferroelectric polarization. By
modulating the junction barrier height in the p-i-n or n-i-p
configuration, the photoresponsivity (R) can be programmed,
allowing tunable photovoltaic behavior (Fig. S7 in the ESM). For
instance, in Fig. 4(d), adjusting the barrier height of the n-i-p
junction produced multiple positive photoresponse states (states
I-1II), enabling the generation of a positive short-circuit
photocurrent (Ic) under increasing optical power density (P,,)
from 30 to 1000 pW/mm’. Conversely, tuning the barrier height of
the p-i-n junction produces multiple negative photoresponse states
(states IV-VI), resulting in negative I, under the same
illumination range, as shown in Fig. 4(e). This bidirectional
switching of photocurrent polarity, between positive and negative,
is uncommon in conventional optoelectronic devices. Moreover,
the short-circuit current exhibited a nearly linear dependence on
incident optical power density, following the relationship Iy o< P,.*.
In this model, the exponent « serves as the linear factor, where a
value closer to 1 signifies a more ideal linear response. As illustrated
in Fig. 4(f), the extracted o values for states I to VI are 1.08, 0.94,
0.96, 0.98, 1.14, and 1.13, respectively. These results, with the «
value consistently remaining near 1, confirm the excellent linearity
of the device across all programmed states, which is essential for
ensuring high-precision analog MVM operations.

Additionally, owing to the intrinsic characteristics of ferroelectric
polarization switching, the optical responsivity was updated using
an amplitude-incremental programming scheme. As shown in
Fig. 4(g), the device exhibits stable stepwise photocurrents under
optimized programming parameters, where the programming
voltage V; is defined as the gate pulse amplitude with a 50 ps width,
with the specific configuration set as V, = Vi, = —Vg,. The low
programming voltage and rapid switching speed achieved in this
work not only facilitate ultra-low power consumption but also
significantly enhance device reliability, demonstrating competitive
performance relative to reported reconfigurable optoelectronic
devices (Table S1 in the ESM).

This synergy enables highly flexible and reliable tuning of the
photoresponsivity, along with excellent retention of the
programmed states for over 100 s (Fig. 4(h)). Due to the self-
powered nature of the photovoltaic effect, the device consumed
negligible energy during optical sensing and inference computation.
Moreover, HZO, which combines a high dielectric constant with
robust ferroelectricity, enables an ultra-low leakage current below
10 pA (Fig. S8 in the ESM). This resulted in a programming energy
as low as 7.5 x 10 J, among the lowest reported to date for
reconfigurable optoelectronic devices (Table S1 in the ESM). These
results underscore the device’s potential to serve to as an in-sensor
convolution kernel for optoelectronic preprocessing in neural
networks, enabling ultra-low energy consumption while
performing computation directly at the sensor edge.
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To further evaluate the scalability of the proposed architecture, a
preliminary assessment of array-level integration is conducted by
fabrication dozens of devices on a ~ 1 cm x 1 cm HZO substrate
(Fig. S9 in the ESM). Although these scaling efforts are constrained
by interfacial impediments and the stochastic variability inherent in
commercial polycrystalline WSe, films, the mature CMOS
compatibility of the HZO gate stack establishes a robust framework
for future integration. We anticipate that as high-quality 2D
material synthesis and damage-free integration protocols continue
to evolve, this architecture will effectively facilitate the realization of
high-density optoelectronic systems.

35 Reconfigurable photodiodes for in-sensor edge

detection

To investigate the suitability of reconfigurable photodiodes within
an in-sensor computing framework, we assessed their performance
on an edge detection task through simulation. As illustrated in
Fig. 5(a), an input image was processed using the TEED
architecture [43], which consists of three cascaded backbone blocks.
Each block implements two basic processing units of the form:
{ = [convl+ Smish + conv2 + Smish]|, where convl/conv2 are
convolutional layers and Smish denotes a smooth, differentiable
activation function used in the TEED architecture to improve edge
sensitivity. Following each backbone block, a dedicated USNet
module produces a coarse edge prediction, and multi-scale feature
representations are fused via skip connections across hierarchical
levels. These intermediate outputs are subsequently aggregated by
the Dfuse module, which adaptively combines cross-scale edge cues
to yield a high-fidelity edge map.

In this work, the reconfigurable photodiodes were integrated into
the early convolutional layers of the first backbone block, where
they functioned as physical convolution kernels. Leveraging their
intrinsic photocurrent response: Ic = P- R, the photodiode array
performed optical convolution optical directly on the incoming
light, enabling real-time edge feature extraction at the sensing front-
end.

Six distinct weight states (states I-VI), extracted from the
experimentally measured photoresponsivity levels in Fig. 4(f), were
used to program the reconfigurable photodiodes as convolutional
kernels. The resulting edge maps were compared against those from
an ideal software prediction (Figs. 5(b)-5(d)), and the quantitative
evaluation was performed using the NMSE (see Experimental
section). Among the tested states, state IV yielded the poorest
performance, exhibiting the highest NMSE and the residual
difference is relatively noticeable (Fig. 5(c)). In contrast, state II
achieves the best agreement, with the lowest NMSE and an edge
map nearly indistinguishable from the ideal software predictions,
the residual difference is almost imperceptible (Fig. 5(d)).

Unlike conventional digital systems that separate sensing and
computation, the proposed array performs analog MVM to
emulate convolution kernels at the sensor edge, enabling efficient
extraction of salient edge features. With appropriate weight
programming, its performance approaches that of an ideal digital
implementation, while its self-powered operation supports low-
power, high-efficiency in-sensor computing.

4 Conclusions

In summary, we have demonstrated a reconfigurable, self-powered
photodiode based on a bipolar WSe, channel and a sub-20-nm
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Figure5 Simulation of edge detection using reconfigurable photodiodes as physical convolution kernels. (a) TEED architecture with photodiodes integrated into the first
backbone block. (b) Reference edge map generated by the ideal software implementation. (c) Simulated output using a suboptimal weight state (state IV), the difference
map is relatively noticeable. (d) Simulated output using the optimal weight state (state II), the difference map is almost imperceptible.

ferroelectric HZO layer. The device utilizes a split-gate architecture
that enables polarity-switchable short-circuit photocurrent in
photovoltaic mode, achieving ultralow programming energy
(< 11]), fast switching (50 ps), and stable weight retention (> 100 s).
When operated as a physical convolution kernel for in-sensor visual
preprocessing, the device directly performs analog MVM on
incident light. In simulated edge-detection tasks, it yielded an
NMSE of ~ 32 x 10% producing edge maps nearly
indistinguishable from ideal software predictions. Although
currently limited to single-pixel devices fabricated from exfoliated
WSe,, this work lays the foundation for future programmable, large-
scale optoelectronic arrays capable of online learning and real-time
edge vision.

Electronic Supplementary Material: Supplementary material
(further details on AFM/TEM characterization of the
reconfigurable photodiode, electrical and programming tests of the
ambipolar FeFET, photovoltaic test of the reconfigurable
photodiode, comparison and discussion of representative
reconfigurable photodiodes) is available in the online version of this
article at https://doi.org/10.26599/NR.2026.94908610.
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Material. Additional data related to this paper may be requested
from the corresponding author upon request.

Acknowledgements

This work has been supported by the National Key R&D Program
of China (Nos. 2023YFA1407200 and 2023YFB4502200),
Guangdong Provincial Key Laboratory of In-Memory Computing
Chips (No. 2024B1212020002), Shenzhen Science and Technology
Program (No. JCYJ20241202125907011), Beijing Natural Science
Foundation (Nos. 1234026 and 1257010), the National Natural
Science Foundation of China (Nos. 62374014 and 92164302), and
Financial Support for Outstanding scientific and technological
innovation Talents Training Fund in Shenzhen. This work has been
supported by the New Cornerstone Science Foundation.

Declaration of competing interest

All the contributing authors report no conflict of interests in this
work.

Author contribution statement

J. R. W.: Experimental design, data curation, project administration,

(B 7% 2 | Sci@pen


https://doi.org/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610

Nano Research | Vol. 19, No. 6

Wang et al.

writing manuscript. K. Q. L: Experimental design, formal analysis. J.
W. Z. Investigation, data curation. Y. L. Z.: Investigation, data
curation. P. J. T.: Neural network simulation. C. Z. Z.: Experimental
design, data curation. W. W. W.: Experimental design, data
curation. X. S: Experimental design, data curation. D. W. H.:
Project administration, formal analysis. Y. S. W. Project
administration, funding acquisition. Y. Y. T.. Neural network
simulation, review manuscript. Y. C. Y.: Supervision, funding
acquisition, review manuscript. X. X. Z.: Supervision, funding
acquisition, review manuscript. All the authors have approved the
final manuscript.

Use of Al statement

None.

References

[1] Gu, L. L.; Poddar, S.; Lin, Y. J.; Long, Z. H.; Zhang, D. Q.; Zhang, Q.
P.; Shu, L.; Qiu, X.; Kam, M.; Javey, A. et al. A biomimetic eye with
a hemispherical perovskite nanowire array retina. Nature 2020, 581,
278-282.

[2] Wu, J. M.; Guo, Y. D.; Deng, C.; Zhang, A. K.; Qiao, H.; Lu, Z.; Xie,
J. C.; Fang, L.; Dai, Q. H. An integrated imaging sensor for aberration-
corrected 3D photography. Nature 2022, 612, 62-71.

[3] Long, Z. H.; Qiu, X.; Chan, C. L. J.; Sun, Z. B.; Yuan, Z. N.; Poddar,
S.; Zhang, Y. T.; Ding, Y. C.; Gu, L. L.; Zhou, Y. et al. A
neuromorphic bionic eye with filter-free color vision using
hemispherical perovskite nanowire array retina. Nat. Commun. 2023,
14,1972.

[4] Zhou, F. C.; Chai, Y. Near-sensor and in-sensor computing. Nat.
Electron. 2020, 3, 664-671.

[5] Zhou, F. C.; Zhou, Z.; Chen, J. W.; Choy, T. H.; Wang, J. L.; Zhang,
N;; Lin, Z. Y.; Yu, S. M.; Kang, J. F.; Wong, H. S. P. et al.
Optoelectronic resistive random access memory for neuromorphic
vision sensors. Nat. Nanotechnol. 2019, 14, 776-782.

[6] Mennel, L.; Symonowicz, J.; Wachter, S.; Polyushkin, D. K.; Molina-
Mendoza, A. J.; Mueller, T. Ultrafast machine vision with 2D material
neural network image sensors. Nature 2020, 579, 62—66.

[7] Dang, B. J.; Zhang, T.; Wu, X. L.; Liu, K. Q.; Huang, R.; Yang, Y. C.
Reconfigurable in-sensor processing based on a multi-phototransistor-
one-memristor array. Nat. Electron. 2024, 7, 991-1003.

[8] Huang, H. Y.; Liang, X. P.; Wang, Y. Y.; Tang, J. S.; Li, Y. K.; Du,
Y. W.; Sun, W.; Zhang, J. N.; Yao, P.; Mou, X. et al. Fully integrated
multi-mode optoelectronic memristor array for diversified in-sensor
computing. Nat. Nanotechnol. 2025, 20, 93—103.

[91 Wang, Y.; Sun, H. R.; Sheng, Z.; Dong, J. G.; Hu, W. N.; Tang, D. S.;
Zhang, Z. X. Van der Waals contacted WSe, ambipolar transistor for
in-sensor computing. Nano Res. 2023, 16, 12713-12719.

[10] Lee, D.; Park, M.; Baek, Y.; Bae, B.; Heo, J.; Lee, K. In-sensor image
memorization and encoding via optical neurons for bio-stimulus
domain reduction toward visual cognitive processing. Nat. Commun.
2022, /3, 5223.

[11] Zhu, Y. Y.; Wang, Y.; Pang, X. C.; Jiang, Y. B.; Liu, X. X.; Li, Q;
Wang, Z.; Liu, C. S.; Hu, W. D.; Zhou, P. Non-volatile 2D
MoS,/black phosphorus heterojunction photodiodes in the near- to
mid-infrared region. Nat. Commun. 2024, 15, 6015.

[12] Dang, B. J.; Liu, K. Q.; Wu, X. L.; Yang, Z.; Xu, L. Y.; Yang, Y. C;
Huang, R. One-phototransistor-one-memristor array with high-
linearity light-tunable weight for optic neuromorphic computing. Adv.
Mater. 2023, 35, 2204844.

[13] Yu, T. Q.; Li, J.; Lei, W.; Shafe, S.; Mohtar, M. N.; Jindapetch, N.;
van Dommelen, P.; Zhao, Z. W. Integrated in-memory sensor and
computing of artificial vision system based on reversible bonding

(@ w7 mme | Sci@pen

94908610 (9 of 10)

transition-induced nitrogen-doped carbon quantum dots (N-CQDs).
Nano Res. 2024, 17, 10049-10057.

[14] Syed, G. S.; Zhou, Y. Q.; Warner, J.; Bhaskaran, H. Atomically thin
optomemristive feedback neurons. Nat. Nanotechnol. 2023, 18,
1036-1043.

[15] Ouyang, B. S.; Wang, J. L.; Zeng, G.; Yan, J. M.; Zhou, Y.; Jiang, X.
X.; Shao, B. J.; Chai, Y. Bioinspired in-sensor spectral adaptation for
perceiving spectrally distinctive features. Nat. Electron. 2024, 7,
705-713.

[16] Yang, Y. K.; Pan, C.; Li, Y. X.; Yangdong, X. J.; Wang, P. F.; Li, Z.
A.; Wang, S.; Yu, W. T.; Liu, G. Y.; Cheng, B. et al. In-sensor
dynamic computing for intelligent machine vision. Nat. Electron.
2024, 7,225-233.

[17] Chen, J. W.; Zhou, Z.; Kim, B. J.; Zhou, Y.; Wang, Z. Q.; Wan, T. Q.;
Yan, J. M.; Kang, J. F.; Ahn, J. H.; Chai, Y. Optoelectronic graded
neurons for Dbioinspired in-sensor motion perception. Nat.
Nanotechnol. 2023, 18, 882—-888.

[18] Liu, K. Q.; Bao, L.; Wang, J. R.; Yang, Y.; Wang, Y. Z.; Tiw, P. J;
Wu, X. L.; Zhang, T.; Cai, L.; Shan, X. et al. A dual-ferroelectric gate-
tunable memristor for physically-implemented nonlinear computing.
InfoMat 2026, 8, ¢70083.

[19] Liu, K. Q.; Zhang, T.; Dang, B. J.; Bao, L.; Xu, L. Y.; Cheng, C. D;
Yang, Z.; Huang, R.; Yang, Y. C. An optoelectronic synapse based on
a-In,Se; with controllable temporal dynamics for multimode and
multiscale reservoir computing. Nat. Electron. 2022, 5, 761-773.

[20] Wu, G. J.; Zhang, X. M.; Feng, G. D.; Wang, J. L.; Zhou, K. J.; Zeng,
J. H.; Dong, D. N.; Zhu, F. D.; Yang, C. K.; Zhao, X. M. et al.
Ferroelectric-defined reconfigurable homojunctions for in-memory
sensing and computing. Nat. Mater. 2023, 22, 1499-1506.

[21] Peng, Z. R.; Tong, L.; Shi, W. H.; Xu, L. L.; Huang, X. Y.; Li, Z.; Yu,
X. X.; Meng, X. H.; He, X.; Lv, S. J. et al. Multifunctional human
visual pathway-replicated hardware based on 2D materials. Nat.
Commun. 2024, 15, 8650.

[22] Huang, P. Y.; Jiang, B. Y.; Chen, H. J.; Xu, J. Y.; Wang, K.; Zhu, C.
Y.; Hu, X. Y.; Li, D.; Zhen, L.; Zhou, F. C. et al. Neuro-inspired
optical sensor array for high-accuracy static image recognition and
dynamic trace extraction. Nat. Commun. 2023, 14, 6736.

[23] Seo, S.; Jo, S. H.; Kim, S.; Shim, J.; Oh, S.; Kim, J. H.; Heo, K.; Choi,
J. W.; Choi, C.; Oh, S. et al. Artificial optic-neural synapse for colored
and color-mixed pattern recognition. Nat. Commun. 2018, 9, 5106.

[24] Li, T. X.; Miao, J. S.; Fu, X.; Song, B.; Cai, B.; Ge, X.; Zhou, X. H,;
Zhou, P.; Wang, X. R.; Jariwala, D. et al. Reconfigurable, non-volatile
neuromorphic photovoltaics. Nat. Nanotechnol. 2023, 18, 1303-1310.

[25] Gong, Y.; Duan, R. H.; Hu, Y.; Wu, Y.; Zhu, S.; Wang, X. L.; Wang,
Q. J; Lau, S. P.; Liu, Z.; Tay, B. K. Reconfigurable and nonvolatile
ferroelectric bulk photovoltaics based on 3R-WS, for machine vision.
Nat. Commun. 2025, 16, 230.

[26] Zhou, C. J.; Liu, Q. L.; Fu, X.; Niu, W. C.; Wang, J. L.; Liu, X. Q;
Zou, X. M.; Miao, J. S.; Shan, F. K.; Yang, Z. Y. Self-powered and
reconfigurable double-terminal MoS, photodetector for image
recognition. Nano Lett. 2025, 25, 3515-3523.

[27] Feng, P.; Gong, Z. H.; Wang, B. Y.; Wang, Z. Y.; Xu, H. R.; Zou, L.
R.; Liu, C.; Han, X.; Cheng, Y. C.; Yu, B. et al. High-efficiency bulk
photovoltaic effect with ferroelectric-increased shift current. Nat.
Commun. 2025, 16, 9839.

[28] Aftab, S.; Shehzad, M. A.; Salman Ajmal, H. M.; Kabir, F.; Igbal, M.
Z.; Al-Kahtani, A. A. Bulk photovoltaic effect in two-dimensional
distorted MoTe,. ACS Nano 2023, 17, 17884—17896.

[29] Dang, Z. Y.; Guo, F.; Wang, Z. Q.; Jie, W. J.; Jin, K.; Chai, Y.; Hao,
J. H. Object motion detection enabled by reconfigurable neuromorphic
vision sensor under ferroelectric modulation. ACS Nano 2024, 18,
27727-277317.

[30] Han, Z. C.; Tian, S. J.; Wang, H.; Sang, W. H.; Gan, Y.; Cao, Y.; Tan,
F. X.; Li, H. H; Wang, T. H.; Yu, Y. et al. Low-thermal budget
fabrication of two-dimensional Schottky diodes for broadband
convolutional processing. Nano Res. 2025, 18, 94907049.

Nano Research, 2026, 19, 94908610


https://doi.org/10.1038/s41586-020-2285-x
https://doi.org/10.1038/s41586-022-05306-8
https://doi.org/10.1038/s41467-023-37581-y
https://doi.org/10.1038/s41928-020-00501-9
https://doi.org/10.1038/s41928-020-00501-9
https://doi.org/10.1038/s41565-019-0501-3
https://doi.org/10.1038/s41586-020-2038-x
https://doi.org/10.1038/s41928-024-01280-3
https://doi.org/10.1038/s41565-024-01794-z
https://doi.org/10.1007/s12274-023-6128-6
https://doi.org/10.1038/s41467-022-32790-3
https://doi.org/10.1038/s41467-024-50353-6
https://doi.org/10.1002/adma.202204844
https://doi.org/10.1002/adma.202204844
https://doi.org/10.1007/s12274-024-6966-x
https://doi.org/10.1038/s41565-023-01391-6
https://doi.org/10.1038/s41928-024-01208-x
https://doi.org/10.1038/s41928-024-01124-0
https://doi.org/10.1038/s41565-023-01379-2
https://doi.org/10.1038/s41565-023-01379-2
https://doi.org/10.1002/inf2.70083
https://doi.org/10.1038/s41928-022-00847-2
https://doi.org/10.1038/s41563-023-01676-0
https://doi.org/10.1038/s41467-024-52982-3
https://doi.org/10.1038/s41467-024-52982-3
https://doi.org/10.1038/s41467-023-42488-9
https://doi.org/10.1038/s41467-018-07572-5
https://doi.org/10.1038/s41565-023-01446-8
https://doi.org/10.1038/s41467-024-55562-7
https://doi.org/10.1021/acs.nanolett.4c06084
https://doi.org/10.1038/s41467-025-64807-y
https://doi.org/10.1038/s41467-025-64807-y
https://doi.org/10.1021/acsnano.3c03593
https://doi.org/10.1021/acsnano.4c10231
https://doi.org/10.26599/NR.2025.94907049
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610

Wang et al.

Nano Research | Vol. 19, No. 6

[31] Ram, A.; Maity, K.; Marchand, C.; Mahmoudi, A.; Kshirsagar, A. R.;
Soliman, M.; Taniguchi, T.; Watanabe, K.; Doudin, B.; Ouerghi, A. et
al. Reconfigurable multifunctional van der Waals ferroelectric devices
and logic circuits. ACS Nano 2023, 17, 21865-21877.

[32] Cheema, S. S.; Kwon, D.; Shanker, N.; dos Reis, R.; Hsu, S. L.; Xiao,
J.; Zhang, H. G.; Wagner, R.; Datar, A.; McCarter, M. R. et al.
Enhanced ferroelectricity in ultrathin films grown directly on silicon.
Nature 2020, 580, 478-482.

[33] Cheema, S. S.; Shanker, N.; Hsu, S. L.; Rho, Y.; Hsu, C. H.; Stoica,
V. A.; Zhang, Z.; Freeland, J. W.; Shafer, P.; Grigoropoulos, C. P. et
al. Emergent ferroelectricity in subnanometer binary oxide films on
silicon. Science 2022, 376, 648—652.

[34] Miiller, J.; Boscke, T. S.; Schroder, U.; Mueller, S.; Brauhaus, D.;
Bottger, U.; Frey, L.; Mikolajick, T. Ferroelectricity in simple binary
Zr0, and HfO,. Nano Lett. 2012, 12, 4318-4323.

[35] Lin, C. Y.; Chen, B. C; Liu, Y. C.; Kuo, S. F.; Tsai, H. C.; Chang, Y.
M.; Kuo, C. Y.; Chang, C. F.; Chen, J. H; Chu, Y. H. et al.
Integration of freestanding hafnium zirconium oxide membranes into
two-dimensional transistors as a high-x ferroelectric dielectric. Nat.
Electron. 2025, 8, 560-570.

[36] Kashir, A.; Ghiasabadi Farahani, M.; Kamba, S.; Yadav, M.; Hwang,
H. Hf_ZrxO,/ZrO, nanolaminate thin films as a high-k dielectric.
ACS Appl. Electron. Mater. 2021, 3, 5632-5640.

[37] Mo, C. L.; Lin, H. C.; Chen, M. J. Ultra-high remnant polarization in
wake-up-free ferroelectric thin films realized by atomic layer
annealing. Acta Mater. 2025, 288, 120855.

[38] Hwang, S.; Jang, H.; Lee, K.; Jung, L.; Yoon, J.; Kwon, J. D.; Song,
K.; Kim, Y.; Hwang, H. Record endurance (> 1012 cycles), high

polarization (2Pr > 50 pC/cm?), and 10-year data retention (85°C) in
HZO capacitors with well-ordered ferroelectric domain structures via
2D-WS, interface. In Proceedings of 2024 IEEE International
Electron Devices Meeting (IEDM), San Francisco, CA, USA, 2024,
pp 1-4.

[39] Liu, L.; Jiang, C. F.; Yuan, X.; Zhang, Y.; Chen, H. Y.; Zhang, D.
Large ferroelectric polarization and high dielectric constant in HfO,-
based thin films via Hf,;Zr,;0,/ZrO, nanobilayer engineering. J.
Materiom. 2025, 11, 100922.

[40] Jung, Y. C.; Kim, J. H.; Hernandez-Arriaga, H.; Mohan, J.; Hwang, S.
M.; Le, D. N.; Sahota, A.; Kim, H. S.; Kim, K.; Choi, R. et al. Robust
low-temperature (350 °C) ferroelectric Hf;;Zr,;O, fabricated using
anhydrous H,0, as the ALD oxidant. Appl. Phys. Lett. 2022, 121,
222901.

[41] Kang, J.; Park, S.; Park, H. R.; Lee, S.; Kim, J. H.; Lee, M.; Narayan,
D. M; Yoo, J. G.; Park, G.; Kim, H. S. et al. Thermal budget study to
simultaneously achieve low-temperature (< 400 °C) process and high
endurance of ferroelectric Hf,sZr,;O, thin films. Appl. Phys. Lett.
2025, 126, 102903.

[42] Shang, Z. W.; Li, X. M.; Ye, C. Q.; Li, H.; Cai, P. Y.; Wu, X.; Wang,
R. S.; Li, M.; Huang, R. Ultrafast switching speed demonstrated in
wafer-scale integration of crystalline undoped HfO,-based
ferroelectrics. Nano Lett. 2025, 25, 3826-3833.

[43] Soria, X.; Li, Y. C.; Rouhani, M.; Sappa, A. D. Tiny and efficient
model for the edge detection generalization. In Proceedings of 2023
IEEE/CVF International Conference on Computer Vision Workshops
(ICCVW), Paris, France, 2023, pp 1356-1365.

This is an open access article under the terms of the Creative Commons Attribution 4.0 Intemational License (CC BY 4.0, https://creativecommons.org/
BY

licenses/by/4.0/).

© The Author(s) 2026. Published by Tsinghua University Press.

Nano Research, 2026, 19, 94908610

94908610 (10 of 10)

(B 7% 2 | Sci@pen

Tsinghua Universi ty


https://doi.org/10.1021/acsnano.3c07952
https://doi.org/10.1038/s41586-020-2208-x
https://doi.org/10.1126/science.abm8642
https://doi.org/10.1021/nl302049k
https://doi.org/10.1038/s41928-025-01398-y
https://doi.org/10.1038/s41928-025-01398-y
https://doi.org/10.1021/acsaelm.1c01105
https://doi.org/10.1016/j.actamat.2025.120855
https://doi.org/10.1016/j.jmat.2024.07.007
https://doi.org/10.1016/j.jmat.2024.07.007
https://doi.org/10.1063/5.0126695
https://doi.org/10.1063/5.0256712
https://doi.org/10.1021/acs.nanolett.4c05765
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610
https://www.sciopen.com/article/10.26599/NR.2026.94908610

	1 Introduction
	2 Experimental
	2.1 Device fabrication
	2.2 Device characterization
	2.3 Material characterization
	2.4 Edge detection

	3 Results and discussion
	3.1 In-sensor computing architecture based on a reconfigurable photodiode
	3.2 Structural and material characterization of the reconfigurable photodiode
	3.3 Operating mechanism and programming behavior of ambipolar ferroelectric field-effect transistors (FeFET)
	3.4 Photovoltaic response and weight updating of reconfigurable photodiode
	3.5 Reconfigurable photodiodes for in-sensor edge detection

	4 Conclusions
	Electronic Supplementary Material
	Data availability
	Acknowledgements
	Declaration of competing interest
	Author contribution statement
	Use of AI statement
	References

