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Optoelectronic Devices for In-Sensor Computing

Qinqi Ren, Chaoyi Zhu, Sijie Ma, Zhaoqing Wang, Jianmin Yan, Tianqing Wan,
Weicheng Yan, and Yang Chai*

The demand for accurate perception of the physical world leads to
a dramatic increase in sensory nodes. However, the transmission of massive
and unstructured sensory data from sensors to computing units poses great
challenges in terms of power-efficiency, transmission bandwidth, data storage,
time latency, and security. To efficiently process massive sensory data, it is
crucial to achieve data compression and structuring at the sensory terminals.
In-sensor computing integrates perception, memory, and processing functions
within sensors, enabling sensory terminals to perform data compression
and data structuring. Here, vision sensors are adopted as an example and
discuss the functions of electronic, optical, and optoelectronic hardware for
visual processing. Particularly, hardware implementations of optoelectronic
devices for in-sensor visual processing that can compress and structure
multidimensional vision information are examined. The underlying resistive
switching mechanisms of volatile/nonvolatile optoelectronic devices and
their processing operations are explored. Finally, a perspective on the future
development of optoelectronic devices for in-sensor computing is provided.

1. Introduction

The accurate and reliable understanding of the physical world re-
lies heavily on the deployment of abundant sensors. The demand
for precise perception has driven the dramatic increase in sen-
sory nodes, which are estimated to be increase from 40 billion in
2022 to 450 trillion by 2032.[1,2] By 2032, it is projected that the vol-
ume of data generated from sensors will escalate to ≈1027 bytes
per year, which is equivalent to processing data at a rate surpass-
ing 1020 bits per second.[3] At sensory terminals, abundant data
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are crucial to achieve accuracy, precision,
and reliability; at computation terminals,
large volumes of data delays in computing
speed. This dilemma arises from the inher-
ent tension between data richness and com-
putational efficiency.
In addition, the raw data obtained directly

frommultiple sensors in the noisy analogue
domain is often unstructured, which lacks
a predefined format or organization and
does not conform to a specific data model.
To process these massive and unstructured
sensory data, conventional sensory comput-
ing systems have to transfer the data from
sensory terminals to local computation
units or cloud-based systems (Figure 1a),
which inevitably poses great challenges
in terms of power-efficiency, transmis-
sion bandwidth, data storage, time latency,
and security.[4–8] Therefore, it has become
quite necessary to perform data compres-
sion and structuring at sensory terminals.

Data compression serves the purpose of minimizing data stor-
age space or transmission bandwidth by using short representa-
tions to retain the essential information. The data compression
ratio (C) represents the reduction from “data bits” to “informa-
tion bits,” as described in Equation (1)

C = Data Bits
Information Bits

(1)

Under this definition, data are the medium to convey infor-
mation. To tackle the escalating sensory data growth, it is crucial
to realize elevated C values within sensors, thus demanding the
computational sensors to compress the sensory data. In classi-
cal information theory, information entropy quantifies the inher-
ent randomness in a dataset, establishing a minimum number
of bits needed to encode sensory information.[9] The informa-
tion entropy H(X) of event X represents the sum of the informa-
tion content (-log2P(Xi)) of each possible value Xi multiplied by
its probability P(Xi), as specified in Equation (2)

H (X ) = −
n∑
i=1

P
(
xi
)
log2P

(
xi
)

(2)

The definition of information content reflects the expectation
that events with high probabilities convey less information.H(X)
reflects the level of information compression achieved, denotes
the minimum data necessary to fully describe information with-
out distortion. Hence, encoding information with less thanH(X)
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Figure 1. In-sensor computing for data compression and structuring. a) The architecture of the conventional sensory system. External stimuli are
detected by multiple sensors, then converted into digital signals through analog-to-digital conversion, stored in memory, and finally processed by pro-
cessors. b) Vision sensors can perform in-situ compression of sensory data, such as i) dimensionality reduction, denoising, and event-based sampling,
as well as transforming visual data into structured features including ii) edges, motion, color, and depth.

bits of entropy is impossible. Furthermore, H(X) directly im-
pacts detection accuracy and certainty. The higherH(X) indicates
greater uncertainty in the detected information due to data re-
dundancy. In-sensor computing can efficiently compress data at
sensory terminals by eliminating randomness and unnecessary
details, resulting in decreased information entropy and improved
data robustness.[10] For example, vision compression involves di-
mensionality reduction, denoising, and event-driven sampling
(Figure 1b,i). Notably, biological sensory system is quite efficient
for data compression. They receive data at≈10M bits s−1, but can
consciously process information less than 50 bits s−1, achieving
the C of ≈200 000:1.[11,12]

Data structuring involves organizing raw data into a more
systematic and manageable form, extracting key features. Data
structuring often involves a degree of data compression, in which
redundant information is discarded during the extraction of key
features, facilitating more direct data analysis. The Hadamard
product refers to the element-wise product operation of two ma-
trices with the same dimensions and produces a matrix.[13] The
interaction between sensors and physical scenarios can be rep-
resented mathematically as the Hadamard product operation be-
tween the original input matrix and the operator matrix, as de-
fined in Equation (3)

Ymn = Xmn ⊙ fmn (3)

The structured output matrix Ymn is obtained by mapping the
original input matrix Xmn through the operator matrix fmn within
sensors. By adjusting operator characteristics through the coor-

dinated design of materials and devices, sensors can transform
unstructured information into diverse features. Light serves as a
high dimensional information carrier. In vision structuring, the
input matrix that accurately represents the light field contains
multidimensional light information, denoted as X(x, y, z, p, t,
𝜆, 𝜓 , 𝜑, 𝜃, Φ),[14] where (x, y, z) defines position, (p, t) repre-
sents spatiotemporal information including intensity and time,
(𝜆, 𝜓 , 𝜑) denotes the spectrum, polarization, and phase, respec-
tively, and (𝜃, 𝜑) signifies the angule of light light propagation.
The operators within vision sensors describe the responsivity to
various light dimensions. Thus, by utilizing Hadamard product
operation, vison sensors enable transforming raw visual data into
multidimensional structured vision (Figure 1b,ii) such as edge,
motion, color, depth, etc.
In-sensor computing integrates perception, memory, and pro-

cessing functions within sensors, which enables sensory termi-
nals to extract essential information and achieve data compres-
sion and structuring. Processing information directly in sen-
sory terminals reduces the data volume transferred to subse-
quent processing units, thus reducing time latency and power
consumption. In this review, we adopt the most data-intensive
application—vision sensors—as an example for the demonstra-
tion of the in-sensor computing. We systematically discuss the
visual processing functionalities with electronic, optical, and op-
toelectronic devices. Particularly, we explore the hardware im-
plementation of optoelectronic devices for in-sensor visual pro-
cessing, which can compress and structure multidimensional vi-
sion without extra optoelectronic conversion. More specifically,
we explore the resistive switching mechanisms of optoelectronic
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devices, classifying them into nonvolatile and volatile devices. Fi-
nally, we provide a perspective on optoelectronic devices for in-
sensor computing including potential challenges and application
scenarios.

2. Computational Hardware for Vision
Compression and Structuring

The visual processing is primarily affected by three types of data
redundancy: a) Encoding redundancy: using longer bit codes to
represent grayscale values. b) Spatial and temporal redundancy:
unnecessary repetition of spatial and temporal information in ad-
jacent pixels. c) Irrelevant information: information unrelated to
the intended use. Conventional CMOS image sensors can only
collect the information from physical stimuli, requiring compu-
tation units and complex algorithms for visual processing (com-
pression and structuring). Specifically, the encoder is required to
create compressed representation of images, while the decoder
can produce reconstructed output images. For vision structur-
ing, analog signal processors (ASPs) and digital signal processors
(DSPs) can implement diverse machine-learning algorithms to
extract features across multiple dimensions. However, the data
traffic between sensors and computation units leads to power
consumption and time latency, thus requiring the information
processing functions in/near sensory terminals. In this section,
we discuss the hardware implementation with electronic, optical,
and optoelectronic devices for visual information compression
and structuring near or within sensors.

2.1. Electronic Computing

Electronic computing refers to the manipulation and processing
of information using electronic components, spanning from ba-
sic electronic building blocks to advanced architectures. It em-
ploys established silicon-based technologies and emerging elec-
tronic devices to perform computational tasks. For CMOS tech-
nology, the electronic computing hardware for visual processing
mainly relies on the integration of ASP, analog-to-digital con-
verters (ADCs) and DSP. ASPs are commonly custom-integrated
circuits (ASICs) with function-specific circuits designed for spe-
cific image processing tasks, such as amplification, filtering,
etc. Through circuit and function optimization, combined with
efficient power management, ASP hardware can achieve low-
power image processing.[15] DSP consists of memories, arith-
metic logic units (ALUs), and control units. The ALU can per-
form both Boolean and arithmetic operations to build process-
ing cores. The multiply-accumulate (MAC) operation is the most
critical for feature extraction and effective compression encod-
ing. However, computation with logic gates are inefficient and
consume lots of resources despite their universality and robust-
ness. Improving computational parallelism through the inte-
gration of multiple cores (e.g., GPU) at the hardware level re-
quires substantial computational resources. With advancements
in data-centric computing, data transmission between elec-
tronic hardware units have dominant overall latency and energy
consumption.
Computing in memory (CIM) refers to a computing architec-

ture that can perform in situ data computations within mem-

ories. By interfacing directly with analog signals from photo-
sensors, the memories enable the in-memory computing for
visual processing, thus eliminating bandwidth limitations and
reducing data movement. The memory array is organized as
a random access architecture. The storage units are placed at
each intersection location of word lines and bit lines for data
storage (Figure 2a). Figure 2b shows the electronic memories
for CIM, classified as volatile memories (VMs) and nonvolatile
memories (NVMs).[16] Volatile dynamic random access memory
(DRAM) uses charges in the capacitor for information storage
and requires periodic refreshing to retain information.[17] Volatile
static RAM (SRAM) stores data based on bistable circuits.[18]

NVMs, such as Flash, FeFET, and resistive memories, em-
ploy different mechanisms—floating gate modulation, ferroelec-
tric switching, resistance changes—for data storage. Electronic
memories are based on physical principles like Kirchhoff’s law
and charge distribution for analog computing, thereby realiz-
ing computation such as logic gates and MAC operations for
visual processing. However, electronic memories still require
coupling with other sensory systems for near-sensor comput-
ing. Consequently, the data transmission between sensors and
processing units leads to extra time delay and power consump-
tion. Direct integration of visual processing into each pixel
of vision sensor offers a potential strategy to overcome these
challenges.

2.2. Optical Computing

Optical computing, taking advantages of the tunable transmis-
sion characteristics of waveguide-integrated optical devices in-
duced by the variable refractive index, performs computing in the
optical domain.[19] Photonic integrated circuits compactly inte-
grate optical waveguides, modulators, filters, and detectors,[20,21]

on a single chip. Image sensing, image processing, and recog-
nition can be realized by computational tasks with the assist of
the on-chip optical matrix arrays and optical sensor arrays.[22–24]

Figure 2 shows three typical reconfigurable integrated photonic
elements, including Mach–Zehnder interferometer (MZI), mi-
croring resonator, and tunable splitter. The strategies for tunable
optical transmission in on-chip optical devices primarily include
electro-optic effect, thermo-optic effect, and all-optic effect.[25]

The Pockels effect and the plasma dispersion effect are two typi-
cal electro-optic response, allowing tomodulate optical phase and
intensity via refractive index changes under an external electric
field. Simultaneously, refractive index is sensitive to temperature
variation. Therefore, microheaters are typically utilized to con-
trol optical phase in on-chip devices due to the thermo-optic ef-
fect.However, the dynamic response is generally lager thanMHz,
limited by slow thermal diffusion. Moreover, optical transmis-
sion in dielectric waveguides can be controlled by another op-
tical beam, mainly resulting from saturable absorption and op-
tical Kerr effect. Recently, optical phase change materials have
drawnmuch attention for tuning optical phase and intensity with
nonvolatile performance, thereby bringing about the near-zero-
power-consumption computing.[26] Nowadays, nonvolatile opti-
cal devices with large scale for optical matrix are usually achieved
by integrating phase change material with microheaters, such as
TiNx and Si p-i-n junction onto optical waveguide.

[27–29]
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Figure 2. Computational hardware for visual processing. a) Electronic computing based on electronic device array. b) Electronic devices for CIM, in-
cluding VMs (DRAM, SRAM), and NVMs (Flash, FeFET, and resistive memories). c) Optical computing based on optical devices. d) Structure of typical
reconfigurable integrated photonic elements: MZI, microring resonators and tunable splitter. Optical signals are then converted through on-chip/off-
chip optoelectronic interconnection. e) Optoelectronic computing based on multidimensional optoelectronic devices. f) Optoelectronic devices with
volatile/nonvolatile characteristics for optoelectronic computing.

Comparing with electronic computing, optical computing of-
fers higher bandwidth, parallelism, lower energy consumption
(Figure 2c), benefitting from fast dynamic response of optical
devices, wavelength division multiplexing in photonic system,
and small optical loss in dielectric waveguide. Optical multiplex-
ing technologies, including wavelength division multiplexing
(WDM), mode division multiplexing (MDM), and polarization
divisionmultiplexing (PDM), significantly enhance the transmis-
sion efficiency. WDM operates by transmitting signals at differ-
ent wavelengths,[30] MDM utilizes various transmission modes
within optical waveguide,[31] and PDM employs two orthogonal
polarization states for information transmission.[32] These mul-
tiplexing methods can be used independently or in combination
to optimize data transmission density and reduce signal interfer-
ence. However, optical devices typically range in size from mi-
crometers to millimeters. Thus, they demonstrate lower integra-
tion levels compared to electronic counterparts, as electronic de-
vices can be extremely small (<2 nm).[33] Additionally, the bene-
fits of optical computing are compromised by optoelectronic con-
version, resulting in extra transmission losses, delays, and energy
consumption.

2.3. Optoelectronic Computing

Optoelectronic computing integrates perception, memory, and
computation to directly compress and structure multidimen-

sional optical information. By designing the light–matter interac-
tion, the photoresponsivity can be modulated within both optical
and electronic domains (Figure 2e). Visual information mapped
onto the optoelectronic array can be directly converted into com-
pressed or structured features.
Multidimensional visual processing requires the coordinated

design of the materials and structures within the optoelec-
tronic devices. Optoelectronic devices with volatile and non-
volatile characteristics realize temporary data storage via photo-
induced resistive switching materials (Figure 2f). By using space
and time dependent plasticity, optoelectronic devices enable di-
rect processing of raw vision across both temporal and spa-
tial dimensions. In space dimension, heterojunctions can pro-
duce reconfigurable positive/negative photoresponsivity through
band structure engineering[34] and electrical modulation.[35,36]

The reconfigurable response can construct convolution kernels
with different functions to implement convolutional operations,
such as edge extraction, sharpening, blurring, etc. Moreover,
light-induced electrochemical reactions[37] can establish a su-
perlinear relationship between input intensity and output am-
plitude, enabling feature enhancement.[38] In time dimension,
volatile devices exhibit temporal evolution and summation of
conductance.[39,40] They can integrate information from both
current and previous visual inputs, enabling the effective pro-
cessing of dynamic visual scenes. The dynamics of photogen-
erated carriers and charge trap centers manifest as photocur-
rent relaxation in phototransistors, regarding as a short-term
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Table 1. The characteristics of optoelectronic devices for visual processing in different dimensions.

Dimensions Processing function Characteristics of optoelectronic devices Refs.

Intensity Convolutional operations Reconfigurable positive/negative photoresponsivity [34–36]

Feature enhancement Superlinear relationship between input intensity and output
amplitude

[37, 38]

Temporality Motion extraction Temporal evolution and summation [39, 40]

Reconfigurable photoresponsivity for difference operations [36]

Event-based sampling Integration of photodetectors with capacitors and resistors [41, 42]

Wavelength Color extraction Narrowband materials for wavelength-selective bandpass filters [50–54]

Broadband materials for multispectral perception [34, 55, 56]

Polarization Information extraction in
extreme environments

Metalenses with chiral plasmonic nanoparticles [58–60]

Integration of low-symmetry materials [61–63]

Phase Planar phase holography Metalenses with predefined phase profiles as phase modulators [64, 65]

memory characteristic that can be leveraged for processing
temporal information. Nonvolatile devices with tunable and re-
configurable response also enable motion perception by inter-
frame difference calculations.[36] Additionally, integrating pho-
todetectors with capacitors and resistors can create event-driven
motion sampling[41,42] with embedded dynamic vision sensor
capabilities.[43–46] In spectral dimension, materials with vary-
ing transmission coefficients can serve as wavelength-selective
bandpass filters extract color features.[47–49] Utilizing the nar-
rowband response characteristics of emerging materials, such
as quantum dots[50–54] enables the feature extraction at specific
wavelengths. The broadband response can enhance the recog-
nition accuracy for multispectral imaging.[34,55,56] Van der Waals
MoS2/WSe2 heterojunctions with gate-tunable optical response
can also realize compact and high-performance computational
spectrometers. In polarization dimension, polarization informa-
tion can be structured in extreme environments (e.g., fog, under-
water) through the interaction of visual input with polarization-
sensitive photosensors.[57] The highly anisotropic materials and
metasurfaces have advanced in polarization-sensitive photo-
sensors for detection of linear/circular polarization and re-
construction of full Stokes parameters. The anisotropic ma-
terials can induce a polarization-selective photoresponse ow-
ing to their intrinsic dichroism effect.[58–60] Metasurfaces de-
signed with chiral plasmonic nanoparticles exhibit selective
sensitivity to different polarization states.[61–63] In phase di-
mension, metasurfaces can locally modify the phase in re-
flection or transmission by geometric design. Metasurfaces
with a predefined phase profile can serve as a phase modu-
lator to extract specific phase information, which is particu-
larly suitable for implementing planar phase holography.[64,65]

The characteristics of optoelectronic devices for visual pro-
cessing across different light dimensions are summarized in
Table 1.
Compared to electronic and optical computing hardware, op-

toelectronic devices perform optoelectronic conversion and pro-
cessing simultaneously, eliminating the need for data transmis-
sion between optical and electronic components. The operation
speed is only limited by the optoelectronic conversion of indi-
vidual devices. Therefore, with the proper design of materials
and device structure, ultrafast vision compression and structur-
ing can be achieved.

3. Optoelectronic Nonvolatile Switching Devices

Optoelectronic nonvolatile devices can exhibit conductance
changes under external light stimulation. In the context of in-
sensor computing, the nonvolatile response of these optoelec-
tronic devices can be modeled as operators for in situ process-
ing of the raw data. The light-dosage-dependent nonvolatile char-
acteristics of optoelectronic devices can also be utilized to lo-
cally store the main features of sensory information. The in
situ processing/storage capability of optoelectronic nonvolatile
devices greatly mitigates communication bottlenecks between
components in intelligent vision systems. In this section, we
will overview the nonvolatile switching mechanisms of optoelec-
tronic devices, including charge-assisted direct photon-carrier
conversion, photomodulated metallization/vacancy migration,
photochemical reaction, photo-phase transition, photoferroelec-
tric switching, and photomagnetization.

3.1. Charge-Assisted Direct Photon-Carrier Conversion

Direct photon-carrier conversion refers to the process, in which
photons are directly converted into charge carriers (Figure 3a).
PN junctions or heterojunctions can effectively generate pho-
tovoltage and photocurrent without external bias through the
photovoltaic effect. In monolayer WSe2, a programmable pho-
todiode can be created using split-gate electrodes through elec-
tronic modulation with different polarities.[66] Image sensors can
form artificial neural networks (ANN) through physical parallel
connections of subpixels, with continuously tunable weights by
electronic modulation. ANN vision sensors can adapt both su-
pervised and unsupervised learning algorithms for ultrafast im-
age recognition and encoding.[67] However, constant gate volt-
ages need to be applied to maintain the photoresponsivity, which
inevitably leads to additional energy consumption. Thus, the
floating gate (FG) can be adopted to modulating conductance
switching with nonvolatile states and long-term retention. Elec-
tronic stimuli serve as the programming source for conduc-
tance switching in computing tasks. The WSe2 photodiode with
Al2O3/HfO2/Al2O3 floating gate achieves nonvolatile electrical
programming, allowing operation under zero bias without con-
tinuous electronic modulation. The 2D2R1C pixel with WSe2
photodiodes can form event-driven vision sensors,[42,43] which
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Figure 3. The switching mechanisms of optoelectronic nonvolatile devices. a) Charge-assisted direct photon-carrier conversion. Photons are directly
converted into electron-hole pairs. b) Photomodulated metallization/vacancy migration. Light modulates metal ions/vacancy redistribution between
electrodes. c) Photochemical reaction. Light induces a chemical reaction in the functional layer to regulate the conductive level of the devices. d)
Photo-phase transition. The external light induces structural phase transitions. e) Photo-ferroelectric switching. Light induces ferroelectric polarization.
f) Photomagnetization. Light induces spin polarization in a magnetic free layer.

only react to light intensity changes in the visual scene and greatly
reduce the redundant data. The temporal differentiation of light
intensity allows sensors to capture changes in intensity based on
events. Event-driven vision sensors encode motion into sparse
spikes with tunable amplitudes and polarities, enabling con-
struction of spiking neural networks (SNNs) for motion recog-
nition tasks. The FG layer can also utilize photosensitive mate-
rials to achieve conductance switching. The BP/Al2O3/WSe2/h-
BN heterostructure employs electronic programming to mod-
ulate the tunneling and thermal excitation process of photo-
generated carriers from WSe2 to h-BN.[36] The heterostructure
exhibits both nonvolatile positive and negative photoconductive
properties. Thus, reconfigurable photoconductive states enable
the establishment of convolutional kernels for edge detection.
Motion perception and recognition can also be achieved through
inter-frame difference calculation. Moreover, the charge carriers
stored at the interface can be precisely modulated by electronic
and light stimuli. In WSe2/h-BN heterostructure, photoexcited
holes in WSe2 are transmitted through h-BN and captured at the
interface between h-BN and Al2O3 with back gate modulation.
The captured holes serve as effective local gates for nonvolatile
programming. With continuous light stimuli, the charge on the
interface gradually recombines to achieving photo-erasure. The
WSe2/h-BN heterostructure can encode the spatiotemporal in-
formation, thereby perceivingmultiple information related to tar-
geted motion modes.[68]

3.2. Photomodulated Metallization/Vacancy Migration

Resistive switching materials are promising for future high-
density, low-power, low-latency memory systems.[69,70] In con-
ventional electronics, an external electric field can induce the

formation of metal conducting filaments[71] or the migration of
oxygen vacancies,[72] enabling nonvolatile resistive switching be-
havior. The optoelectronic nonvolatile memory can be realized
by photomodulatedmetal filament dynamics/vacancy redistribu-
tion (Figure 3b).
Redox reactions and ion migration are essential steps in the

metal filament formation/rupture process. The external light
field induces photogenerated carriers in switching medium,
which in turn modulates the key steps described above. Light
stimulus can be used to modulate the oxidation process of metal
filaments. A resistive random access memory (RRAM) with
sandwich-like Ag/switching medium (MoSe2/Bi2Se3 nanosheets
in PMMA)/ITO structure featured a near-infrared (NIR) light-
assisted reset behavior.[73] The resistive switching behavior of
the device originated from the Ag conducting filaments. The
MoSe2/Bi2Se3 heterostructure facilitated the separation of pho-
togenerated electrons–hole pairs, inducing an internal electric
field. Under this internal electric field, the holes struck the Ag
filaments and promoted the oxidation reaction of Ag. As a result,
the NIR light induced the rupture of the conducting filaments.
Photogenerated carriers can also affect the speed of ion migra-
tion. For example, optoelectronic RRAM with an ITO/ZnO/Ag
structure can exhibit nonvolatile resistive switching behavior in
response to optical and electrical stimuli.[74] Under illumina-
tion, the photogenerated electrons can draw the Ag+ toward the
switching medium, leading to the formation of a conductive fil-
ament. This process facilitated the transition of resistance state
from a high resistance state (HRS) to a low resistance state (LRS).
Therefore, the external light field can accelerate the speed of ion
migration in the switching medium. In summary, the photogen-
erated carriers give the two-terminal RRAM devices a nonvolatile
photoresponse by affecting the redox reaction rate and the ionmi-
gration speed. This photoresponse can be used to store the light
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field intensity. Moreover, photomodulated artificial synapses can
be realized by utilizing the above photoresponse.
Localized light–matter interactions can be used to induce va-

cancy redistribution. When irradiated with light, the photogen-
erated carriers create an inhomogeneous distribution within the
bulk material. At the surface of the material, the enriched pho-
togenerated electrons are easily trapped by the defects, creating
an internal electric field. This light-induced internal electric field
affects the ion migration inside the material, leading to the re-
distribution of vacancies.[75] For example, an external light stim-
ulus can induce the annihilation of vacancies in CH3NH3PbI3
(MAPbI3). As a typical perovskite material, MAPbI3 has a high
optical absorption coefficient.[76] The resistive switching behav-
ior of MAPbI3-based memory mainly depends on the forma-
tion and annihilation of iodine vacancies.[77] Under illumination,
the iodine vacancies in MAPbI3 are unstable, and they sponta-
neously spread and combine with iodine interstitial ions. There-
fore, light will promote the annihilation of iodine vacancies. Light
can also facilitate the migration of vacancies. In optoelectronic
RRAMwith a device structure of ITO/PMMA/CsPbBr3 quantum
dots (QDs)/PMMA/Ag, both Agmetal filaments and bromide va-
cancy filaments induced the resistive switching.[78] Under light,
photogenerated electron/hole pairs were separated and trapped.
The trapped carriers created an additional internal electric field
that enhanced the migration of bromide ions toward the anode.
Therefore, the inhomogeneous photogenerated carriers and trap-
induced space charge separation both contribute to the genera-
tion of an internal electric field, leading to the redistribution of
bromide vacancies.
For RRAM that relies on metal filament/vacancy migration,

redox reaction, and ion/vacancy migration are closely related
to the distribution of electric potential and chemical poten-
tial. The external light field induces inhomogeneous genera-
tion/distribution of carriers in the switching medium, which sig-
nificantly affects the electric field and energy distribution. As a
result, the electric and chemical potentials in the device change
in response to light stimulus, endowing the RRAM with a non-
volatile photoresponse.

3.3. Photochemical Reaction

The photochemical reaction usually refers to the chemical reac-
tion of substances due to light irradiation (Figure 3c). In the con-
text of highly scaled modern electronics, solid-state photochemi-
cal reactions (e.g., diarylethene undergoing a transition between
an open-ring state and a closed-ring state under the light of dif-
ferent wavelengths[79]) are preferred to avoid the complex fabrica-
tion process of building a miniaturized environment for liquid-
state reactions. The photochemical reactions enable the modu-
lation of device conductance mainly by the formation of highly
conductive material and the interaction between photochromic
molecules with adjacent material, respectively.
Highly conductive materials can be formed by photochemi-

cal reactions. A two-terminal optoelectronic resistive random ac-
cess memory (ORRAM) with a structure of Pd/MoOx/ITO ex-
hibits nonvolatile resistive switching and light-tunable synaptic
behaviors.[37] When the ORRAM is exposed to ultraviolet (UV)
light, the photogenerated electrons induce the transformation of

Mo6+ into Mo5+. The photogenerated holes react with the wa-
ter molecules absorbed in MoOx film to generate protons (H+),
which in turn form highly conductive HyMoOx. The device con-
ductance increases because of the formation ofmetallicHyMoOx.
The exhibited light-dosage-dependent memory effect of ORRAM
devices enables the visual pre-processing function to enhance the
image contrast.
Photochromism describes the phenomenon of photo-induced

transitions of a molecule between isomers with different ab-
sorption spectra.[80] The properties of photochromic molecules
change during photoisomerization, affecting the interaction with
adjacent materials. For example, photochromic molecules at
the interface can modify the interfacial barrier under light
stimulus.[81] The light stimulus induces a transition between
trans- and cis-isomer of photochromic azobenzene (Azo) at the
MoS2/Azo/Au interface, modulating the tunneling thickness at
the interface. In addition, the photoisomerization of Azo af-
fects the level of Fermi energy levels in MoS2. The isomer-
ization of Azo affects the carrier transport, realizing a multi-
bit nonvolatile memory. Differences in the electronic struc-
ture of the isomers can be used to design photo-controlled
carrier trapping behavior. For example, a blend of a pho-
tochromic diarylethenemoiety (DAE-Me) with a semiconducting
polymer (poly(3-hexylthiophene), P3HT) provided a nonvolatile
photoresponse.[82] The open and closed isomers of DAE-Me have
different energy level matching sceneries with P3HT. Therefore,
different trapping behaviors can be achieved in the blend by light-
induced isomer transition.
In optoelectronic devices, carriers transport through the ac-

tive region (switching medium in a two-terminal device as well
as the channel in a three-terminal device) and the active re-
gion/electrode interface. For a two-terminal device, the photo-
chemical reaction forms highly conductive material in the ac-
tive region. This highly conductive material forms a percolat-
ing conductive network between the electrodes, which changes
the conductance of devices. For a three-terminal device, incor-
porating photochromic molecules into the channel material en-
ables a photomodulated carrier trapping process. In addition,
the active region/electrode interface can be modified with pho-
tochromic molecules. Such interfacial modifications can induce
light-controlled interfacial barrier shape which affects the cur-
rent through the interface. Based on the abovemechanisms,[83,84]

optoelectronic devices demonstrate light-dose or wavelength-
dependent nonvolatile response, which realizes optically con-
trolled multilevel memory and optoelectronic neuromorphic
device.

3.4. Photo-phase Transition

The variations in external temperature, electric field, optical
field, and doping can induce insulator-to-metal transition,[85,86]

semiconducting-to-metallic phase transition,[87,88] and transition
between crystalline/amorphous phases.[89] The injection of exter-
nal charge induced changes in electronic structure, destabilizing
the phase of the material.[88] Light stimulation with high-energy
photons can also induce strain in the lattice. These mechanisms
facilitate the light-induced phase transition. The phase transi-
tions induced by an external light field (Figure 3d) have paved
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the way for advancements in optoelectronic nonvolatile memory
and neuromorphic device technologies.
Light irradiation with high photon energy induced defects in

the lattice, leading to the generation of strain. The strain de-
creased the lattice stability, promoting the occurrence of struc-
tural phase transition. Vanadium dioxide (VO2) exhibited ultra-
violet (UV)-induced nonvolatile phase transition.[90] This pho-
totriggered phase transition can be reversibly modulated by elec-
trolyte gating. The photon energy of UV light is larger than the
energy which is required to remove one oxygen atom at the sur-
face of VO2 film. Therefore, UV light irradiation can induce oxy-
gen vacancies. The oxygen vacancies can further promote elec-
tronic phase transition, inducing strain in VO2.

[91] This strain fa-
cilitated the phase transition of VO2 from a low-symmetry mono-
clinic phase to a metallic phase. The realized VO2 optoelectronic
memory has a good multilevel retention characteristic (>4000 s).
The resistance of VO2 devices can serve as the synaptic weights
to build an artificial neural network, or the convolution kernels
to perform the edge enhancement. By utilizing the nonvolatile
memory of the device, motion detection can also be achieved by
using different device arrays to sense images at different frames.
Photo-induced carrier leaps to high energy levels reduced

phase stability, facilitating the structural phase transition. For ex-
ample, the oxygen-dopedMoS2 (O-dopedMoS2) exhibited a light-
induced phase transition.[92] Upon electrical stimulation, oxygen
vacancies were induced in O-doped MoS2, injecting electrons
into the MoS2. The injected electrons destabilized the lattice of
2H-MoS2, transforming the 2H phase into the 1T phase. When
exposed to light, the electrons in MoS2 leaped to higher energy
levels, decreasing the stability of the 1T-MoS2 lattice. Therefore,
the O-doped MoS2 changed to the 2H phase. With the assistance
of light-induced unidirectional and reversible (under electrical
stimuli) resistive switching behavior, the O-doped MoS2-based
device demonstrated reproducible switching performance up to
200 cycles of alternating electrical and optical pulses. Taking ad-
vantage of light-intensity-dependent retention properties, the de-
vice can be used for image pre-processing, reducing the noise of
the image.
Furthermore, an external light field can introduce variations in

temperature within materials to induce a nonvolatile phase tran-
sition. Specifically, by changing the temperature of theGe2Sb2Te5
(GST), the GST can undergo a transition between an amorphous
phase and a crystalline phase. The light stimuli drive the tem-
perature change in the GST, which in turn induces a phase
transition.[89] The external light field can be applied through
a waveguide[93] or free space[94] to modulate GST-based opto-
electronic devices. Furthermore, by introducing a waveguide-
integrated plasmonic nanogap in the device, the light–matter in-
teraction can be enhanced, and optical nonvolatile switching can
be realized at lower switching energy.[93]

In optoelectronic nonvolatile devices, phase-change materials
are often used as channels for carrier transport. In this way, the
carrier transport behavior is modulated by changing the phase of
the material. The phase transition involves a change in energy.
Sufficient energy from the environment is required to overcome
the phase transition energy barrier. An external light field can
be used as a source of energy to induce the phase transition in
the material. After the disappearance of the external light stimu-
lus, maintaining the stability of the new phase is essential for op-

toelectronic nonvolatile devices. Light sources with high photon
energy can induce microscopic lattice structure variations, pro-
moting stable phase transition by the creation of strain in the lat-
tice. Alternatively, doping can induce the phase which is normally
unstable under ambient condition. Afterward, the light stimulus
can drive the crystal to transform into a thermodynamically stable
phase, achieving a nonvolatile photoresponse.

3.5. Photoferroelectric Switching

Ferroelectric materials with spontaneous polarization are
promising candidates for nonvolatile devices. The polarization
can be switched by the electric field and maintained stable. The
light stimuli can also change the energy landscape of ferroelec-
tric materials and induce polarization switching, which makes
ferroelectric devices potential for visual processing (Figure 3e).
There are two types of photoferroelectric switching, which are

based on the photovoltaic effect and imprint field, respectively.
The photovoltaic effect is based on the noncentrosymmetric crys-
tal structure of ferroelectric materials.[95–99] The light stimuli will
generate nonequilibrium carriers, which spontaneously move to-
ward one direction and produce a constant current. The current
direction is determined by the relationship between the light po-
larization direction and crystal structure. This photovoltaic cur-
rent can create an electric field across the ferroelectric materials.
To create an electric field larger than the coercive field of ferro-
electric materials, the illuminated area should be separated from
the switching area.[99] In addition, the contact area should be re-
duced to enhance the current density. The magnitude of the elec-
tric field can be modulated by the light intensity, light polariza-
tion direction, and contact area. Based on this mechanism, the
ferroelectric polarization can be reversibly switched by light stim-
uli. Under different polarization states, the ferroelectric devices
exhibit different electronic properties, such as resistance. There-
fore, the visual information (intensity and polarization) can be
stored in the ferroelectric devices.
The imprint field of ferroelectric materials is induced by the

asymmetric interface conditions, which can be imposed by the
growth process or different contacting electrodes.[100–104] The im-
print field functions as the built-in electric field to switch the po-
larization.Without an external electric field, the energy landscape
of ferroelectric materials is asymmetric, making one polarization
state more energy-favorable. When the ferroelectric material is
switched to the unfavored polarization state by an electric field,
the energy barrier to switch back to the favored polarization state
is lower, due to the facilitation of the imprint field. The light stim-
uli can provide the energy to overcome the energy barrier. Fer-
roelectric semiconductors like 𝛼-In2Se3 with small bandgap can
directly respond to light stimuli in entire visible spectrum, which
is appropriate for visual information processing.[105,106] The pho-
togenerated carriers can compensate for the screening charges
induced by ferroelectric polarization charges, which reduce the
screening electric field. Therefore, the imprint field exceeds the
screening electric field and cause polarization relaxation. For fer-
roelectric materials with large bandgap, the optically controlled
ferroelectric devices are consisted of ferroelectric/semiconductor
heterostructures, in which the semiconductor is photoactive. The
photogenerated carriers in semiconductor compensate for the
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screening charges near the ferroelectric interface and induce fer-
roelectric switching.
Based on the above mechanism, various optoelectronic de-

vices have exhibited optical control of device conductance and
nonvolatile memory. The device conductance shows a strong de-
pendence on the light intensity and exposure time, which al-
lows multilevel memory suitable for dense storage and neuro-
morphic computing. In addition, some optoelectronic devices
exhibit short-term memory under low-dosage light illumination
and long-term memory under high-dosage light illumination,
which allows the emulation of forgetting and memory process.

3.6. Photomagnetization

Photomagnetization involves using light to induce changes in
the magnetic properties of materials, which includes changes in
the ordering temperature, magnetization, remanent magnetiza-
tion, and coercive field after the light illumination (Figure 3f).
The optical control of magnetism mechanisms typically relies
on magneto-optical (MO) effects and photogenerated carriers,
light-induced magnetic phase transitions, light-induced heating,
spin photovoltaic effects (SPVE), and bulk photovoltaic effects
(BPVE).[107,108] Photomagnetization provides great potential in
advancing rapid magnetic storage and spintronics, owing to its
high speed, noncontact, and flexibility. A major focus of current
research is in all-optical switching (AOS) ofmagnetism to achieve
faster and more energy-efficient memory device.[108]

All-optical switching (AOS) with laser pulses has been
achieved in a wider spectrum of materials. These include var-
ious alloys,[109] multilayers,[110] and even RE-free Co-Ir-based
synthetic ferrimagnets (SFIs).[111] Laser-induced heating near
the Curie temperature is intricately linked to the switching
mechanisms.[107] The incident laser can facilitate the transfer
of heat, allowing the temperature to reach a level where the re-
quired exchange of angular momentum becomes minimal. Sub-
sequently, the transfer of angular momentum from the light
to the sample becomes adequate to induce the desired mag-
netization switching. Through integrating this kind of optically
switchable Gd (Fe,Co) film into an MTJ device, an all-optical
switching of a magnetic tunnel junctions (MTJ) is achieved. The
switching is read out electrically through measuring the tunnel-
ing magneto[105,106]resistance (TMR).[112] All-optical magnetiza-
tion switching has also been achieved in the atomically 2D ferro-
magnetic semiconductor, CrI3. Spin angular momentum trans-
fer from photoexcited carriers to local magnetic moments under-
lies the switching process.[113]

The optical manipulation of magnetism typically relies on fer-
romagnetic or antiferromagnetic materials. However, there is
a potential for photo-induced magnetism in nonmagnetic ma-
terials, such as semiconductors and nanoparticles. This opens
up new avenues for controlling magnetism using light, which
could lead to more efficient and tunable magnetic devices. Light-
induced ferromagnetism has been observed inWS2/WSe2 moiré
superlattices, attributed to the enhanced spin–spin exchange in-
teraction between moiré-trapped carriers and thus triggers the
emergence of ferromagnetic order.[114] The inverse Faraday ef-
fect has led to the discovery of optically induced magnetization
in plasmonic gold nanoparticles.[115]

4. Optoelectronic Volatile Switching Devices

Optoelectronic volatile devices can produce time-dependent con-
ductance changes under optoelectronic stimuli. The volatile
states contain spatiotemporal information, enabling time-
sensitive visual processing. In the human retina, neurons with
diverse functionalities are intricately connected, playing essen-
tial roles in sensing, fusion, and processing external stimuli.
Optogenetics enables precise optical control over neuronal ac-
tivity, contributing to the modulation of signal transmission in
neurons. Volatile optoelectronic devices simulate the changes in
membrane potential of biological neurons over time, contribut-
ing to the advancement of optoelectronic computing through
optogenetics simulation. In this section, we will overview the
mechanisms of optoelectronic volatile devices and their hardware
implementation in simulating artificial optoelectronic afferent
neurons, including optoelectronic Leaky Integrate-and-Fire (LIF)
neurons, graded neurons, optical nociceptors, and multimodal
neurons.

4.1. Optoelectronic LIF Neuron: Threshold Switching

The fundamental computation of LIF neurons involves the con-
version of input signals into spike patterns (Figure 4a), which is
widely applied in spike neural networks (SNNs). Spike-based pro-
cessing results in sparse and efficient information transmission
and compression. Conventional LIF model incorporates four key
components: threshold-driven firing, “all-or-nothing” property,
refractory period, frequency-dependent tunability (Figure 4b).[116]

For optoelectronic LIF neurons, optical signals can be coupled
into electronic spikes through optogenetic techniques. The firing
frequency of LIF neurons can be modulated in different optical
dimensions, thereby promoting the nervous ability to encode vi-
sual information.
The essential component of artificial optoelectronic LIF neu-

rons is a threshold switching memory (TSM). As shown in
Figure 4c, the TSM switches from HRS to LRS when the volt-
age exceeds the threshold (Vth). The TSM reverts to HRS when
the voltage drops below the holding voltage (Vhold). The tran-
sition of threshold state results in the emission of a discharge
spike. The integration of Ag/Al2O3/Au threshold switch and
photosensitive MoS2 transistors simulates output spike charac-
teristics under light modulation. The light-induced spikes are
demonstrated via a resistance matching mediated by transistors
and threshold switch. In addition, optoelectronic LIF neurons
can be realized by charging and discharging circuits contain-
ing series combinations of capacitors, resistors, and an TSM.
The charging circuit accumulates stimuli, transitioning the TSM
from HRS to LRS. Subsequently, capacitor discharge triggers an
output spike, and the neuron then enters a refractory period.
Light-modulated TSM can emulate various characteristics of LIF
neurons.
The core–shell InP/ZnS quantum dot-based LIF neuron

demonstrates a light-induced transition from a nonvolatile re-
sistive switching to a volatile threshold switching state.[117] Light
modulation impacts intrinsic dynamics of LIF neuron dynam-
ics and their synaptic connections. Light-induced weight mod-
ulation in optoelectronic synaptic devices affects the inputs
of subsequent LIF neurons.[118] Furthermore, VO2-based LIF
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Figure 4. The characteristics and switching mechanisms of optoelectronic volatile devices. a) LIF neurons integrate preceding spikes, firing upon reach-
ing threshold of membrane potential. b) LIF neurons shows four crucial features: i) threshold-driven firing: the neuron fires pulses once reaching a
threshold; ii) “all-or-nothing” property: spike amplitude is independent of stimulus intensity; iii) refractory period: neurons become temporarily insen-
sitive to stimuli after firing; iv) spiking frequency modulation: the firing rate depends on the amplitude and frequency of the stimulus. c) Typical I–V
characteristic of volatile threshold-switching devices. d) The structure of graded neuron and spiking neuron, with graded neurons exhibiting shorter ax-
ons. e) Spiking neurons enter a refractory period under strong stimuli, while graded neurons respond to sequential stimuli through nonlinear temporal
summation. f) The illustration of photogating effect, including phototransduction and charge trapping. g) The structure of the optical nociceptor under
central nervous systemmodulation. h) The optical nociceptors show four crucial features: threshold, allodynia, hyperalgesia, and relaxation. i) The band
diagrams for generation/recombination of electron at oxygen vacancies. j) Multimodal neurons integrate and process multiple sensory information.
h) The schematic of multimodal integration. i) Optoelectronic comodulation of devices can achieve information fusion at the sensory terminals.

neurons, adapting to different resistance levels through mul-
tiple sensors, integrate cross-modal neuromorphic perceptual
components. The artificial neurons enable encoding of illumi-
nation, temperature, pressure, and curvature signals into sparse
sequences of spike.[119,120]

4.2. Graded Neurons: Photogating Effect

Graded neurons exhibit multilevel responses to continuous stim-
uli that mimic natural biological neuron behavior. Differing
from spiking neurons, graded neurons can integrate signals over
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time and space without the constraint of a refractory period
(Figure 4d,e). The unique characteristic allows graded neurons
to efficiently structure temporal information at sensory terminals
through the spatiotemporal fusion.
Phototransistors based on the photogating effect provide a

hardware platform for artificial graded neurons. Photogenerated
carriers trapped in defect states can induce an electric field that
act as gating terminals to increase/decrease the conductance of
the photosensitive layer. The coupling of light stimuli and trap
states results in volatile properties. The generated photocurrent
will decay exponentially due to the release of carriers (Figure 4f).
The current induced by continuous light input will be integrated
in the time domain, as described in Equation (4)

I (t) = Idark +
∑

exp
(
− t
t0

)
Io (4)

where Idark is the dark current, t is the time, t0 is the time con-
stant, Io is the photocurrent. Therefore, the artificial graded neu-
ron achieves temporal integration of different frames. Photogen-
erated holes trapped in the intrinsic shallow trapping states of
MoS2 to result in a relaxation decay in conductance and sub-
linear summation in the time domain. The process of trapping
and release of carriers in trap states is affected by the gate volt-
age. The motion perception can effectively strike a balance be-
tween accuracy and efficiency with the appropriate temporal res-
olution. The processing of dynamic motion with different speeds
can be achieved by modulating gate voltage to get various tem-
poral resolution.[39] Moreover, trap states can be introduced into
the materials or their interfaces through post-treatment.[121] The
trap-state density in MoS2 by post-treatment is comparable to
the carrier concentration. The photosensitivity of the device un-
der different illumination conditions can be dynamically mod-
ulated to realize visual adaptation.[122] Hydrophilic monolayers
of MoS2 can be synthesized by covalently introducing hydroxyl
groups during the growth process. The replacement of some S
atoms by hydroxyl groups in MoS2 demonstrates strong charge
trapping capabilities.[123] Furthermore, trap states can be intro-
duced at the interface of the dielectric layer and MoS2, demon-
strating a voltage-tunable MoS2 optical memory unit.

4.3. Optical Nociceptor: Redox Reaction of Oxygen Vacancies

Nociceptors are specialized peripheral sensory neurons that can
not only function as alarm systems for threat detection but also
process sensory information from various stimuli (Figure 4g).
Optical nociceptors exhibit two crucial characteristics: allodynia
and hyperalgesia.[124] Allodynia refers to a lowered threshold for
heightened sensitivity to typically non-noxious stimuli, while hy-
peralgesia amplifies the response to noxious stimuli. Nociceptors
can process visual stimuli using threshold properties and tun-
able sensitivity. For example, optical nociceptors are capable of
extracting unique visual features, such as high intensity or spe-
cific wavelengths, to identify potential visual damage and filter
out redundant visual information (Figure 4h).
The volatile light-induced threshold switching in optoelec-

tronic devices stands as a pivotal characteristic for artificial op-
tical nociceptors. In metal oxides, the light-induced generation

and recombination of carriers at oxygen vacancies can dynami-
cally modulate the carrier concentration (Figure 4i). Specifically,
in amorphous indium gallium zinc oxide (a-IGZO), the ioniza-
tion of oxygen vacancies induces a volatile positive photoconduc-
tance (PPC) effect.[125–127] Oxygen vacancies of a-IGZO exist in
shallow donor states (VO

+ and VO
2+) as well as deep localized

states (VO) located ≈0.4–1 eV above the valence band edge (EV).
Under light stimuli, as depicted in Equation (5), the ionization of
VO generates excess electrons, thereby enhancing bulk conduc-
tance and simulating allodynia. Upon removal of noxious stim-
uli, optical nociceptors enter a relaxation phase, gradually restor-
ing the threshold to preinjury level. The gradual neutralization of
VO simulates the relaxation process, as described in Equation (6)

Vo → V+
o + e− and Vo → V2+

o + 2e− (5)

V+
o + e− → Vo and V

2+
o + 2e− → Vo (6)

During the relaxation phase, stimuli below the triggering
threshold can reactivate nociceptors with heightened sensitiv-
ity. Cumulative stimuli can lead to increased retention of pho-
togenerated electrons, thereby enhancing the photoresponsiv-
ity and simulating hyperalgesia. Electronic stimuli through the
gate terminal can modulate the PPC effect, thus simulating pain
regulation in the central nervous system by affecting electron
generation/recombination. Furthermore, polarization in ferro-
electric layers can modulate the photoresponsivity of artificial
nociceptors.[128] By employing zirconium-doped hafnium oxide
(HfZrOX) as the ferroelectric layer, tunable optical nociceptors
can be achieved in IGZO-based optoelectronic transistors. The
depletion/accumulation of electrons at the HfZrOX/IGZO inter-
face due to polarization variations may hinder/enhance the re-
combination process, potentially prolonging/reducing relaxation
time.

4.4. Multimodal Neuron: Fusion of Optoelectronic Stimuli

Multimodal neurons enable high-resolution integration of sig-
nals from various modalities, thereby improving decision-
making and interaction with the dynamic world (Figure 4j).
These neurons integrate multiple signals based on spatiotem-
poral principles, inverse principles, etc., to generate the re-
sponses for information compensation and multimodal corre-
lation extraction (Figure 4k). The spatiotemporal principles de-
scribe that the integrated response is enhanced when the con-
stituent unisensory stimuli are spatially congruent and tem-
porally synchronous.[129] For artificial multimodal neurons, the
nonlinear dynamic response depends on the temporal relation-
ship of different modalities, conveying association information
between multimodal stimuli.[130] The optical modulation of mul-
timodal neurons represents a spatiotemporal signal integration
method, allowing for local fusion and compression of visual in-
formation at the sensory terminals. Their volatile nature enables
better adaptation to dynamic changes in multimodal environ-
ments.
Optoelectronic devices programmed through both light and

electrical stimuli ideal for emulating artificial multimodal

Adv. Mater. 2025, 37, 2407476 2407476 (11 of 17) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Table 2. Benchmark of performance metrics for optoelectronic nonvolatile devices.

Nonvolatile mechanism Perception range [dB] Response time [ns] Read voltage [V] State number Linearity Retention [s] Accuracy

Charge-assisted direct photon-carrier conversion <140 ∼103 ∼0 >64 High >103 ≈100%

Photomodulated metallization/vacancy migration / <103 <0.1 >20 Low/ High >104 <94.86%

Photochemical reaction / <101 <0.1 >256 / >107 ≈99%

Photo-phase transition / <103 <0.05 >20 High >103 ≈93%

Photoferroelectric switching <43 <105 / >150 High >103 ≈100%

Photomagnetization / ∼10−3 / 2 / / /

neurons. Optical stimuli convey visual inputs to optoelectronic
devices, while information from other modalities can be inter-
connected and converted to electronic inputs through various
sensors (Figure 4l). The volatile optoelectronic devices enable
multimodal computation for temporal-sensitive tasks. Volatile
phototransistors can incorporate additional modalities into the
gate terminal via a triboelectric nanogenerator or a separate
pressure sensor.[131–135] The dynamic of charge trapping can
be utilized to obtain relative timing information between vi-
sual and haptic stimuli. In2Se3-based optoelectronic devices of-
fer promise as multimodal neurons due to the temporal dynam-
ics from ferroelectric polarization switching.[136] The ferroelec-
tric phototransistor enables reservoir computing for two modali-
ties, with the timescales modulated by the gate voltage. Addition-
ally,MoS2 memtransistors and graphene chemitransistors can be
integrated in a compact hardware platform to enhance efficient
visuo-chemical information processing and decision-making.[137]

The electronic outputs of optoelectronic devices also facilitate
their flexible integration with other sensor components in ba-
sic logic circuits. Multimodal optoelectronic devices effectively

integrate and compress light stimulation with pressure, audio,
temperature stimulation, etc. However, it is crucial to match the
normalized input intensities of the optical and electronic signals
to ensure the correct integration and expected output weighting
across different modalities.

5. Conclusions and Perspectives

Electronic computing, optical computing, and optoelectronic
computing are three approaches to realize vision compression
and vision structuring. Optoelectronic computing offers a highly
integrated, ultrafast, and energy-efficient approach for visual pro-
cessing, particularly beneficial for real-time and data-intensive
applications. Table 2 and Figure 5 summarize the key metrics
of nonvolatile/volatile optoelectronic devices for optoelectronic
computing. For nonvolatile optoelectronic devices, various gate
configurations provide multiple tunable states. PN junctions
based on the photovoltaic effect can operate with zero power
consumption. The abrupt current increase/saturation resulting
from the formation of metal filament leads to lower linearity

Figure 5. Benchmark of performance metrics for optoelectronic volatile devices. Radar charts compare the performance of optoelectronic LIF neurons,
graded neurons, optical nociceptors, and multimodal neurons based on their integration density, retention, response time, state number, and spectrum.
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Figure 6. Codesign of optoelectronic devices. a) The potential applications of optoelectronic devices including image recognition, autonomous driv-
ing, biological analysis, and smart home. b) Codesign of optoelectronic devices from the aspects of material optimization, device design, integration
technologies, and algorithms.

compared to oxygen vacancy migration. Nonvolatile photochem-
ical reactions can achieve relatively stable switching states with
long retention time. Photoferroelectric switching enables com-
prehensive optical control of ferroelectric polarization with low
power consumption. The fundamental understanding of device
physics in photomagnetization is still lacking, requiring further
exploration in the realm of optoelectronic computing. For volatile
optoelectronic devices, graded neurons, optical nociceptors, and
multimodal neurons can be achieved at the single-device level
with high integration density. The spatiotemporal summation
characteristics of optoelectronic devices can obtain more com-
puting states than threshold switching. Additionally, nonvolatile
devices can realize longer relaxation time due to the redox re-
action and trap dynamics, while exhibiting response time up to
milliseconds.
The advancement of optoelectronic devices expands the scope

of potential applications with customized features tailored to spe-
cific fields (Figure 6a). For instance, in image recognition, the
high spatial resolution of optoelectronic devices enables accurate
and detailed image analysis. In autonomous driving, ultrafast re-
sponse, high dynamic range, and event-driven characteristics en-
ables reliable operation under diverse environmental conditions
to ensure safety and efficiency. For biological analysis, optoelec-

tronic devices with high sensitivity facilitate early detection and
precise identification of lesion sites. In smart homes, the focus
on low power consumption and seamless integration with other
smart devices promotes energy efficiency and user convenience.
Furthermore, the evolution of optoelectronic devices is increas-
inglymoving towardmultidimensional vision sensing for sophis-
ticated and intelligent perception across various industries. For
example, integration of spectral and spatial information enables
optoelectronic devices to extract environmental features across a
broad spectrum. 3D sensing and imaging are advancing to pro-
vide precise depth perception, which is crucial for applications
like autonomous driving and virtual reality. Based on the above
potential applications and trends, the development of optoelec-
tronic computing requires codevelopment and co-optimization
of materials, devices, integration technologies and algorithms
(Figure 6b).

5.1. Material Optimization

The prerequisites for large-scale optoelectronic computing in-
cluding high-quality, wafer-scale growth of emerging materi-
als and fabrication compatibility with mature manufacturing

Adv. Mater. 2025, 37, 2407476 2407476 (13 of 17) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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technologies.[138] Optoelectronic devices require materials with
specific intrinsic properties. High absorption coefficients and
quantum efficiency ensure effective optoelectronic conversion at
specific wavelengths. Materials with tunable bandgap allows pre-
cise and flexible control of optoelectronic properties. Low dark
current upholds a high signal-to-noise ratio, minimizing inter-
ference for reliable information storage and processing. Addi-
tionally, the stability of materials maintains the performance and
long-term reliability of optoelectronic devices. So far, precise con-
trol of wafer-scale growth and increasing synthesis yield are cru-
cial challenges that need to be addressed. Additionally, process
compatibility with mature technologies requires consideration
of material physical properties such as, thermal expansion co-
efficient, lattice constant, and thermal conductivity. The integra-
tion of emerging materials requires a trade-off between perfor-
mance metrics and commercial costs. In the future, wafer-scale
candidate materials are required to transition from the lab to the
factory and be integrated into industry-standard pilot lines. Driv-
ing the transition of single device toward large-scale functional
circuits requires meeting the electronic-grade IC manufacturing
requirements in accordance with the international roadmap for
devices and systems (IRDS) standards for advanced technology
nodes.

5.2. Device Design

Optoelectronic devices with high photoresponsivity, perception
range, speed, energy efficiency, integration density, tunable plas-
ticity, and multiple resistance states are ideal components for
executing optoelectronic computing for visual processing. Op-
toelectronic devices can exhibit different figures of merits with
different structures, including two terminals photodiode, three
terminals phototransistors, and four terminals split gate. Two
terminals photodiodes feature simple structure, making them
highly compatible with 3D integration technology. Optoelec-
tronic devices with multiple terminals exhibit high tunable plas-
ticity through the gate modulation. Although various physical
mechanisms of optoelectronic devices have been proposed, insuf-
ficient quantitative analysis and modeling still impede effective
communication between ICmanufacturers and designers. Com-
pact models can forecast the behavior of optoelectronics, which
assists designers in simulating the functionality of the systems
and the process of device optimization. The lack of compactmod-
els that consider device performance in large-scale systems also
hinders the optimization of relevant metrics.

5.3. Integration Technologies

The planar integration of processing units and readout circuits
with optoelectronic devices inevitably limits the fill factor and
affects the signal-to-noise ratio. An ideal strategy is to inte-
grate these components in a monolithic-3D (M3D) configura-
tion, where processing units and readout circuits can be designed
beneath the optoelectronic devices. Compact interconnects con-
tribute greatly to reducing parasitic resistance-capacitance delay
and power consumption, while simultaneously increasing inte-
gration density. Thus, M3D integration holds the potential to

achieve visual processing with high communication bandwidth.
Silicon-basedM3D integrated circuits are limited by the low ther-
mal budget of CMOS backend-of-line integration. However, the
3D integration of emerging devices with a low thermal budget
process presents a possible solution. Recent research has demon-
strated wafer-level 3D integration based on MoS2 and WSe2 with
more than 10 000 transistors per layer.[139] And the thermal bud-
get is kept at a low level (180°C). Moreover, a low-temperature
M3D integration method has been proposed through the dry
lamination of prefabricated circuit layers tier by tier.[140] M3D-
integrated 10 tiers of large-scale 2D transistors have been real-
ized, with thermal budget lower than 120°C. Additionally, the car-
rier polarity in MoS2 can be easily reconfigured from n-type to
p-type via strong vdW interface coupling with antiferromagnetic
insulator chromium oxychloride (CrOCl), thus constructing 3D
complementary logic with a low thermal budget.[141] However,
M3D integration still poses challenges in terms of high cost and
reliability. Device performance degradation can result from fab-
rication conditions, such as high process temperatures during
layer-by-layer integration, or from stacking-induced rough mor-
phology. The enhanced thermal effects caused by compact in-
terconnection in 3D stacked structures can generate noise and
reduce accuracy, thus limiting computing performance. The in-
terlayer dielectric also affects the electrostatic coupling in the
M3D system. Therefore, further optimal strategies for contacts,
interfaces, and gate dielectrics are necessary to achieve high-
performance devices in M3D systems.

5.4. Algorithms

At the algorithm level, based on the combination of optoelec-
tronic devices and neural network algorithms, the in-sensor com-
puting can solve complex problems with simple hardware struc-
tures. One layer of the optoelectronic array is enough to enable
number recognition and motion detection functionalities. More-
over, optoelectronic devices can exhibit nonlinear responsivity,
which can be effectively utilized as a nonlinear operator. Most
neural network architectures are based on linear operations, with
nonlinear operators only as activation functions, which does not
unlock the full potential of the network. Also, the nonlinear calcu-
lation in the conventional digital computing unit must be divided
into several steps. This will consume more computational re-
sources, and thus increase the power consumption and computa-
tion time. By incorporating nonlinear operations, in-sensor com-
puting can achieve enhanced performance and fully exploit the
capabilities of optoelectronics. A notable example is the recently
proposed Kolmogorov-Arnold Networks,[142] which replace each
weight parameter with a learnable 1D function in fully connected
neural networks. With those nonlinear operations, the network
has demonstrated up to 100-fold improvements in accuracy and
efficiency. The nonlinear system requires the re-evaluation and
redesign of neural network architectures from the perspectives
of the device physics and characteristics.
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