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Abstract Two-dimensional (2D) semiconductor-based photodetector s possess unique physical properties and exible device arc hitec-
tures, showing tremendous potential for multidimensional optoelectronic information acquisition and intelligent p erception. Compared
with commercial photodetectors, 2D photodetectors can det ect intensity, wavelength, polarization, and temporal inf ormation owing to
the intrinsic properties of 2D materials. By integrating ad vanced device engineering with intelligent algorithms for processing multidi-
mensional optical signals, 2D photodetectors enable infor mation reconstruction within a single device, thereby adva ncing next-generation
machine vision technologies. This review summarizes recen t progress in machine vision based on 2D photodetectors. It rst discusses
the extension of sensing dimensions enabled by 2D material p roperties. It then examines device-level working mechanis ms, including
steady-state, synaptic, and spiking response modes. Next, it highlights algorithmic integration in applications suc h as spectrometry,
image recognition, and motion detection. The review also di scusses structural innovations for single-device optical eld detection and
outlines future directions in high-dimensional informati on fusion. By merging device engineering with computationa | intelligence, this
work presents a framework for multidimensional perception and intelligent processing, and underscores the transform ative role of 2D
photodetectors in machine vision. Looking ahead, continue d advances in device integration and algorithmic co-design are expected to
enable e cient, real-time visual systems for complex envir onments.
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1 Introduction

With the rapid advancement of information technology and intelligent systems, photodetectors are under increasing
pressure to achieve device miniaturization and functional integraton [1{ 6]. Conventional commercial photodetectors
are typically limited to acquiring single-dimensional optical information, which restricts their applicability in com-
plex environments requiring multidimensional perception. As machinevision systems evolve toward higher auton-
omy and real-time decision-making, the ability to sense and interpretich optical signals, such as intensity, spectrum,
polarization, and temporal dynamics, has become increasingly impaant [ 7{ 15]. Recent studies have demonstrated
that integrating device structural design with intelligent algorithms enables multidimensional photodetectors to
perform diverse functions, including static image recognition, dynanic event detection, and miniaturized spec-
trometry [ 16{20]. For example, two- or three-terminal photodetector arrays integrated with convolutional neural
networks (CNNs) and spiking neural networks (SNNs) enable pedgrian and road sign recognition via regulation of
spectral responses in ITO/TiO,/Sb,Se;/Si/Ag photodetectors [ 21, 22]. Similarly, bipolar frame-di erence technol-
ogy based on BP/h-BN/WSe, photodetectors allows capture and recording of transient dynant vehicles B3, 24],
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while computational reconstruction techniques using InSe/NbTeg photodetectors enable high-resolution spectral
analysis P5,26]. These developments indicate that the integration of multidimensioral optical information acquisi-
tion with intelligent processing is emerging as a key pathway toward ngt-generation photodetection and machine
vision.

Building on these advances, two-dimensional (2D) semiconductor® er signi cant potential for enabling the
miniaturization and multifunctional integration of photodetectors compared with conventional bulk materials. This
potential arises from their atomic-scale thickness and weak van deWaals interlayer coupling. These properties
align well with the diverse requirements of intelligent machine vision, poviding a foundation for ultra-compact,
high-performance photodetectors. Consequently, 2D semiconattors have emerged as a promising platform for mul-
tidimensional optical information detection [27{29]. When used as active light-absorbing layers, 2D semiconductors
enable full utilization of their intrinsic advantages, including material diversity, broad bandgap coverage, varied
atomic structures, and the ability to form mixed-dimensional heterostructures [30{33]. These characteristics o er
extensive opportunities for device performance engineering, spprting functionalities such as broadband spectral re-
sponse and polarization-sensitive detection34{37]. Beyond these intrinsic material advantages, the atomically thin
nature of 2D semiconductors, with surfaces free of dangling borgj a ords excellent compatibility with heterogeneous
integration. These interfacial characteristics enable exible devie design, facilitating the construction of vertical
stacks, lateral junctions, and hybrid architectures without intr oducing signi cant interface defects. For example,
2D heterostructure devices based on -In,Se,/WSe; [38], P;HT/GaAs [ 39, MoS,/CrPS , [40], WSe,/MoTe ; [41],
b-As, 4P s/MoTe ; [42], MXene/GaN [43], ReSe/PtS , [44], GaSe/GaN [45], and Ta,NiSes/GaN [46], exhibit high
responsivity (R) and detectivity ( D*), along with broadband ultraviolet (UV)-visible (VIS)-near-infra red (NIR) de-
tection and high polarization ratios (PR). Such structural exibility broadens the functional scope of photodetectors,
enabling enhanced device capabilities4[7{ 50]. Furthermore, extending device operation into the temporal donain
allows 2D photodetectors to support more complex functionalities,including motion detection and recognition.
Spectrally selective photodetectors can extract target informaion within speci ¢ wavelength bands from complex
backgrounds. For instance, UV-sensitive photodetectors can @ate UV features from color images containing red,
green, and blue noise. Detection and tracking of UV-emitting targés can be further enhanced by calculating inten-
sity di erences at corresponding pixels across consecutive fransgb1]. These demonstrations highlight the potential
of 2D photodetectors for real-time, intelligent machine vision applicdions.

In this review, we provide a systematic overview of recent advancein machine vision based on 2D photodetectors,
with emphasis on the integration of device engineering and computabdnal intelligence (Figure 1). The discussion
covers the expansion of sensing dimensions, underlying working nteenisms and photoresponse characteristics,
integration of devices with intelligent algorithms, and representative functional demonstrations. Based on a com-
prehensive analysis of recent studies, a framework of \multidimensnal perception and intelligent processing” is
proposed to contextualize current progress and guide future earch. This framework highlights that 2D photode-
tectors, through advances in material selection, structural dsign, and response-mode engineering, can capture rich
optical information, including intensity, spectrum, polarization, an d temporal dynamics. It further underscores the
importance of algorithm-device co-design, wherein neural netwdss, event-driven computation, and neuromorphic
architectures enhance the e ciency and interpretability of visual information processing. By bridging device-level
innovations with system-level intelligence, this review identi es emeiging opportunities for real-time, low-power,
and adaptive machine vision in complex environments and provides inslgs into the evolution of 2D photodetectors
toward fully integrated, autonomous visual perception systems.

2 Fundamentals of 2D photodetectors

2.1 Structures of 2D photodetectors for machine vision

To meet the diverse requirements of complex visual scenarios, du@s autonomous driving, remote sensing, and
security monitoring, photodetectors have evolved beyond convaional single-dimensional designs32{55]. Multidi-
mensional photodetectors, capable of detecting light intensity, vavelength, polarization, and temporal information,
provide richer environmental data that underpin machine vision tasks [56{58]. Building on intensity detection,
recent studies have extended device architectures to enable wakength-sensitive (2D), polarization-sensitive (three-
dimensional, 3D), and time-resolved (four-dimensional, 4D) detedbn [23,37,59]. Representative device structures
and their corresponding applications in static and dynamic vision are smmarized below.

2D photodetectors provide a foundation for machine vision by exteding detection beyond intensity measure-
ments to include wavelength sensitivity 39]. By simultaneously measuring light intensity and spectral response
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Figure 1 (Color online) Overview diagram summarizing the core theme s of this review, including multidimensional optical infor mation per-
ception, device design, arti cial intelligence algorithm s and applications.

these devices can be realized as homojunctions or heterojunctisn For example, suspended monolayer MgSex-
hibits a pronounced electromechanical e ect, in which lattice defomation under an applied electric eld reduces
the bandgap and enhances the photoresponsd-igure 2(e)). This e ect enables voltage-tunable homojunctions
capable of distinguishing di erent spectral regions. Consequentlythe incident spectrum can be reconstructed by
combining device outputs with deep neural network algorithms, as Bown in Figure 2(j) [26]. In contrast, hetero-
junctions formed by stacking dissimilar semiconductors enable brodband detection. As illustrated in Figure 2(f),
the MAPDI 4/Bi ,0,Se heterostructure provides a representative example, whereand alignment at the point
facilitates e cient light absorption and rapid charge transfer. This device demonstrates high performance over the
300 to 1500 nm range, with anR of 6 10’ AW 'andaD*of5.2 10' Jat 532 nm. When integrated with CNNs,
the device enables image denoising, as demonstrated kigure 2(k) [54, 60].

In 3D photodetection, polarization-sensitive photodetectors masure not only light intensity and wavelength but
also the polarization state [61]. Such devices can be realized using either homojunction or hetenajction structures.
As shown in Figure 2(a), palladium phosphorus sul de (PdPS), owing to its anisotropic crystal structure, exhibits
excellent polarization-sensitive performance. At 808 nm, the aniswopic photocurrent ratio reaches approximately
3.7, enabling e ective polarization detection. Notably, the Fermi level of PdPS lies close to the conduction band,
allowing electrons to undergo multiple transition pathways upon photoexcitation, thereby enabling broadband
photoresponse, with anR of 1 10° AW ! and a D* of 4 10 J at 532 nm [62]. Similarly, as illustrated in
Figure 2(g), Nb,GeTe, exhibits polarization-dependent Raman responses, re ecting its ifplane anisotropic atomic
structure. Based on this property, Han et al. constructed Nb,GeTe,/M0S, heterojunction photodetectors that
exhibit wavelength-dependent polarization sensitivity. By modulating the polarization angle, these devices enable
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Figure 2 (Color online) Schematic overview of device architectures ((@){(i)) and corresponding functional demonstrations (( )){(n)), arranged
to re ect the advancement of optical sensing dimensions fro m intensity and wavelength to polarization and time. The gu re underscores
the potential of 2D photodetectors in enabling sophisticat ed machine vision applications. (a) Schematic of PdPS-base d photodetectors [ 62]
Copyright 2021 John Wiley and Sons. (b) Schematic of anisotr opic metasurfaces-based full-Stokes polarimeters [ 64] Copyright 2024 Springer
Nature. (c) Schematic of twisted double bilayer graphene ph otodetectors [ 65] Copyright 2022 Springer Nature. (d) Schematic of oating- gate
BP/h-BN/WSe photodetectors [ 23] Copyright 2021 Springer Nature. (e) Schematic of MoS 2 homojunction-based photodetectors [ 26] Copy-
right 2024 Springer Nature. (f) Schematic of MAPDbI 3/Bi ,0,Se heterojunction-based photodetectors [ 54] Copyright 2024 The Author(s).

(g) Schematic of Nb ,GeTe,/MoS , heterojunction-based photodetectors under the MIR light i rradiation [ 63] Copyright 2023 John Wiley
and Sons. (h) Schematic of polarization-sensitive photode tectors based on PEA ,Snl, microline arrays [ 66] Copyright 2025 The Author(s).

(i) Schematic of -In ,Se;/h-BN/CulnP ;S ferroelectric heterojunction-based photodetectors [ 67] Copyright 2024 John Wiley and Sons.
Schematic of static functional demonstrations, including (j) spectrum reconstruction, (k) denoising and (I) contras tenhancement[ 26,60,63] Copy-
right 2024 Springer Nature, 2025 John Wiley and Sons, 2023 Jo hn Wiley and Sons. Schematic of dynamic functional demonstr ations, including
(m) trajectory detection of movement target and (n) event de tection [ 20, 66, 68] Copyright 2025 The Author(s), 2025 The Author(s), 2025
Springer Nature.

contrast enhancement, as demonstrated irFigure 2(l) [63]. In addition, anisotropic metasurfaces Eigure 2(b)),
whose functionality arises from resonance absorption enabled byamrowband structural design, have been employed
to realize on-chip full-Stokes polarimeters capable of detecting andhanipulating polarization states [64]. As shown
in Figure 2(c), twisted bilayer graphene under mid-infrared illumination exhibits a gate-tunable bulk photovoltaic
e ect; when integrated with arti cial neural networks (ANNSs), it enables simultaneous analysis of light intensity,
wavelength, and polarization states g5].

In 4D photodetection, incorporation of the temporal dimension erables devices to capture dynamic features of
visual information [5]. The 2D perovskite PEA,Snl, exhibits polarization sensitivity, and growth along the (001)
crystal plane enhances its optical anisotropy. Based on this progrty, Yang et al. fabricated polarization-sensitive
photodetectors using PEA,Snl, microline arrays (Figure 2(h)), achieving a dichroic ratio of 1.38. By applying four
sets of polarization-related convolution kernels, sequential fraras containing temporal information were processed,
enabling trajectory detection of sh under 0 and 90 polarization states, as illustrated in Figure 2(m) [20,66]. In
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addition, as shown inFigure 2(d), oating-gate BP/h-BN/WSe photodetectors can sense optical stimuli and gener-

ate tunable positive and negative photoresponses. When combinaslith frame-di erence computation, these devices
e ectively isolate moving vehicles without ghosting artifacts [23]. As illustrated in Figure 2(i), ferroelectric het-

erostructures, such as -In,Se;/h-BN/CulnP ,S; eld-e ect transistors, also enable temporal signal processing§7].

By analyzing pulse signals generated at di erent time points, these @vices can detect and classify distinct motion
events, as demonstrated inFigure 2(n) [20, 69].

2.2 2D semiconductors for photodetection

Photodetectors based on bulk materials face signi cant challengesluring continued miniaturization, including
increased leakage current and energy dissipatior6f]. In contrast, the atomic-scale thickness of 2D semiconductors
enables the retention of excellent electrical properties even at fi4nanometer dimensions. Moreover, their weak
out-of-plane van der Waals interactions result in surfaces free oflangling bonds, minimizing lattice-mismatch-
induced strain. This facilitates the high-density integration of heterostructures with minimal interfacial defects,
enabling compact device architectures 32, 70, 71]. In recent years, materials such as graphene, transition metal
dichalcogenides, MXenes, and puckered BP have attracted consdable attention. Their advantages, including
high responsivity, fast response speed, low noise, and compatibilityvith device integration, have been widely
demonstrated [/ 77].

The diverse physical properties of 2D semiconductors enable theedelopment of multifunctional, integrated
devices, reducing reliance on discrete components and additionaptical elements, and thereby simplifying detec-
tion systems. Many 2D semiconductors exhibit layer-dependent badgaps and highly tunable band structures,
allowing multiple functions to be integrated through thickness control, composition tuning, or heterostructure de-
sign [78,79. For example, heterostructures with appropriate band alignmentcan broaden the spectral response
to enable broadband photodetection, while alloying strategies can imoduce polarization-sensitive responses. By
combining spectral and polarization selectivity within a single device, Woadband polarization-sensitive photode-
tectors can process richer multidimensional optical information fa complex static image recognition tasks 80, 81].
Moreover, 2D semiconductors exhibit strong light-matter interactions, leading to pronounced optical absorption.
For example, 2D metal sul des show strong light-matter coupling acoss a broad spectral range, enabling both
static modulation of potential distributions and dynamic tunability un der varying conditions, thereby providing a
physical basis for neuromorphic vision hardware13]. The synergistic e ects of these optoelectronic properties make
2D semiconductors a promising platform for next-generation multiinctional computational vision photodetectors.
They not only advance applications in complex scenarios such as automous driving and landscape remote sensing,
but also support the integration of multidimensional information acquisition with intelligent algorithms [ 61, 82].

2.3 Photoresponse mechanisms in 2D photodetectors

When a photodetector is exposed to incident radiation, photons wih energies exceeding the material bandgap
can be absorbed, exciting electrons from the ground state to higér energy levels. These excited carriers subse-
quently transition to the conduction band and are driven by built-in e lectric elds or an external bias, generating
a measurable photocurrent 83,84]. As shown in Figure 3, photocurrent generation can be categorized into several
representative mechanisms, including the photoconductive e ect photovoltaic e ect, photothermoelectric e ect,
and photogating e ect.

The photoconductive e ect occurs when incident photons with enegies greater than the semiconductor bandgap
generate a large number of electron-hole pairs, thereby increagincarrier concentration. Under an applied electric
eld, these carriers drift directionally, leading to enhanced condudivity and a measurable photocurrent. Devices
based on this mechanism typically employ a metal-semiconductor-metl con guration, in which reliable ohmic
contacts ensure e cient carrier transport. The primary advant age of photoconductive detectors is their highR;
however, an external bias is generally required to sustain carrierransport [85].

The photovoltaic e ect occurs in junction-based devices, such ag-n or Schottky structures, where built-in
electric elds separate photogenerated electron-hole pairs andrize them toward opposite electrodes. This process
generates a photovoltage under zero or reverse bias, enablinglfseowered operation. The current-voltage ( -V)
characteristics of photovoltaic detectors exhibit typical diode recti cation, with low dark current in the absence
of illumination and increased photocurrent under illumination. The intr insic, eld-driven carrier separation makes
this mechanism particularly attractive for low-power, energy-e c ient photodetection [86].

The photothermoelectric e ect is a light-induced thermoelectric conversion process. When one side of a device
is illuminated, localized heating generates a temperature gradient aoss the semiconductor channel. Through
the Seebeck e ect, this gradient produces a voltage di erence tht drives carrier transport without external bias.
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Devices based on this mechanism require high-quality ohmic contact® minimize parasitic resistance and maximize
conversion e ciency. The ability to operate in a self-powered mode nmakes photothermoelectric detectors promising
for energy harvesting and broadband sensing applications3[/].

The photogating e ect is a specialized form of photoconduction in whch photogenerated carriers are trapped
in localized states within the material or at its surface. These trapped charges act as a oating gate, modulating
the channel carrier density and resulting in large photoconductivegain and ultrahigh responsivity. However, such
high responsivity is typically achieved at the expense of slow respoesspeed. From a machine vision perspective,
ultrahigh sensitivity may be more critical than ultrafast response in photon-limited conditions, such as night-time
monitoring or vehicle sentry modes. Recent studies indicate that ths trade-o can be mitigated by engineering trap
states to enhance recombination and shorten carrier lifetimes, oby accelerating carrier transport to reduce response
times. With appropriate device design, the responsivity-speed trde-o can therefore be partially alleviated, making
photogating photodetectors promising for speci ¢ machine vision aplications [88,89].

Collectively, these mechanisms provide the physical basis for diveesphotodetection strategies, enabling multidi-
mensional optical sensing and supporting advanced machine visiorpalications [90, 91].

2.4 Performance metrics of 2D photodetectors

For performance evaluation, this review focuses on the following keparameters: R, D*, external quantum e ciency
(EQE), response time, linear dynamic range (LDR), and PR. Their denitions and corresponding expressions are
summarized in Table 1.

3 Computational intelligence in photodetection

With advances in multidimensional optical sensing, photodetector aitputs extend beyond conventional intensity
responses to include wavelength- and polarization-dependent infmation [91{93]. This enriched optical dataset
provides a strong basis for integrating computational intelligence.As illustrated in Figure 4(a), the photocurrent-
power curve characterizes device response under varying incidelight intensities. As a fundamental optical signal,
accurate intensity perception underpins high-quality imaging. In addition, the photocurrent-wavelength curve is
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Table 1 Performance parameters of 2D photodetectors, with corresp onding expressions and de nitions.
Parameter Formula De nition
R R = Piln"h 5 R is de ned as the ratio of photocurrent to the product of the in cident optical power
q density and the e ective light-absorbing area of the device , expressed in A W

D D =R 454 jark D * is generally used to evaluate the ratio of signals detected under low-light conditions
to its noise level, expressed in J.

EQE EQE = QLR EQE is de ned as the ratio of the number of electrons generate d to the number of inci-
dent photons. The higher the EQE value, the more e cient the p hotoelectric conversion
process of the photodetector.

Response time r: 10% to 90%; ;: 90% to Response time comprises rise time ; and decay time . When light is applied, the time

10% taken for the current to rise from 10% to 90% of its peak value i s described as the rise
time, denoted by r . When light is removed, the time taken for the current to deca y from
90% to 10% of its peak value is described as the decay time, den oted by .

LDR LDR = 20 log % LDR denotes the range of optical signal intensities that a ph otodetector can accurately
distinguish, measured in decibel (dB). A greater LDR enable s the system to accurately
measure and process a broader spectrum of optical signals.

PR PR = M The PR denotes the ability to distinguish between light sign als of dierent polarization

min dark
states.
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Figure 4 (Color online) Conceptual illustration of multidimension al optical sensing integrated with intelligent algorithms for machine vision
applications. (a) Device-level responses to parameters su ch as intensity, wavelength, and polarization are used as in put features for machine
learning models [ 94, 95] Copyright 2023 John Wiley and Sons, 2024 The Authors. (b) Op tical responses based on static images are output in
electrical signals for the classi cation function of topog raphic scenes [ 95] Copyright 2024 The Authors. (c) Optical responses based on dynamic
trajectory are output in electrical signals for the event de tection function of arm-swinging gestures [ 101] Copyright 2023 Springer Nature.

used to analyze spectral characteristics. By capturing variatiors in photoresponse across di erent wavelength
bands, the system can extract color features of the target imag, extending conventional intensity-based perception
into the spectral domain and enhancing the representation and deth of optical information. Furthermore, the
anisotropic properties of 2D materials enable polarization-resolvedletection, allowing high-precision acquisition of
polarization information, which is critical for selective feature enhancement and extraction. By integrating these
multidimensional photoresponse signals with intelligent algorithms, two key functionalities can be realized: static
image recognition and motion detection and recognition $4{ 97].
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For static image recognition tasks, photodetectors must exhibit hgh-resolution intensity response to accurately
capture spatial brightness distributions. In addition, tunable spectral responses enable extraction of wavelength-
dependent features, improving discrimination of complex scenes sashown in Figure4(b) [95]. Intelligent algorithms
further enhance image processing; for example, a transfer leamg neural network integrated with a 2D ferroelec-
tric heterojunction photodetector achieves high recognition acaracy by preserving features in animal images and
updating network weights under 800 nm illumination [9]. Moreover, polarization sensitivity contributes to contrast
enhancement and texture discrimination, which is particularly valuable in applications such as intelligent trans-
portation, remote sensing, and material identi cation. By incorporating these multidimensional optical features
into CNNs and related models, high-precision image recognition can bachieved p8§].

In motion detection and recognition tasks, photodetectors mustbe sensitive to temporal variations in optical
signals, where light intensity at di erent time points corresponds to distinct pulse events. As illustrated in Figure
4(c), when the detector exhibits a positive response at time, its conductivity remains unchanged until variations in
incident laser intensity occur [99]. Owing to the cumulative nature of photocurrent, a subsequent sitive response
at time t + 1 results in an increasing current, whereas a negative responsergduces a decreasing trend. These
dynamic characteristics enable rapid event detection, such as idéifying arm-swinging gestures. Furthermore,
by tuning the polarization angle of photodetectors at di erent wav elengths, distinct convolution kernel weights
can be congured, enabling detection of cell motion trajectories wen combined with bipolar frame-di erence
techniques [LOJ. Incorporation of polarization information further enhances remgnition of motion direction and
shape [L01].

3.1 Miniaturized spectrometers

Spectrometers are instruments used to analyze the spectral enacteristics of matter. By decomposing incident light
into its constituent wavelengths and measuring the resulting speata, information on the composition, structure,
and properties of materials can be obtained102. Conventional spectrometers typically rely on dispersive elements
such as prisms or gratings, resulting in bulky and costly systems thalimit deployment in specialized applications.
Advances in miniaturization and computational capability have led to t he emergence of a new class of computational
spectrometers, o ering more compact and cost-e ective alterratives [103).

The operating principle of computational spectrometers relies on gectral reconstruction, typically involving
three stages: learning, testing, and reconstruction. During thelearning stage, known spectra are projected onto the
hardware encoder, and calibration is performed to determine the @sponse matrix using the following relation:

Z
I

2

Ri(Vi ) F()d; 1)
1
where |; represents the measured photocurrent at a given voltag®/, ; and , de ne the detectable wavelength
range,F ( ) denotes the incident spectrum, andR; (V; ) characterizes the device response as a function of wavelength
and voltage. In the testing stage, the encoder compresses thenknown incident spectrum into measurable signals
Ii. In the reconstruction stage, the original spectrumF ( ) is recovered by solving the inverse problem de ned by
Ii = Ri(V; ) F( ). Ongoing research focuses on optimizing such miniaturized compational spectrometers to
achieve higher spectral resolution 104].

As shown in Figure 5(a), Yang et al. developed a photodetector based on CdSe x nanowires with a contin-
uously graded bandgap. One end of the nanowire is rich in cadmium andulfur, while the other is dominated by
cadmium and selenium. The device, with dimensions on the order of tes1of micrometers, exhibits a continuous
bandgap gradient from 1.74 to 2.42 eV along its length. By measuring Ipotocurrent responses at di erent spatial
positions under varying excitation wavelengths, a linear system wa®stablished to correlate spatial position with
incident wavelength acrossn photodetector units. To minimize the impact of measurement erros on reconstruction
accuracy, conventional non-iterative methods were avoided. Istead, an adaptive Tikhonov regularization approach
was employed, representing the target spectrum as a linear comhbation of Gaussian basis functions. This en-
abled spectral reconstruction over the 510 to 630 nm range with aesolution of approximately 10 nm. Building
on this approach, a series of miniaturized computational spectroraters with higher modulation dimensionality has
subsequently been developedlD5].

Depending on the dimensionality of optical signal modulation used forspectral acquisition and reconstruction,
computational spectrometers can be classi ed into single- and duadimensional modulation strategies. In single-
dimensional modulation, 2D van der Waals heterostructures are widly employed owing to their interlayer coupling,
built-in electric elds arising from work function di erences, and tun able band structures under varying gate or
bias voltages. As shown inFigure 5(b), Sun et al. fabricated a MoS/BP heterojunction device with an area of
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Figure 5 (Color online) Overview of miniaturized spectrometer desi gns based on 1D and 2D response modulation strategies. Panel s (@){(f)
illustrate representative device structures employing 1D modulation. (a) Schematic of a CdS  y Se; x nanowire photodetector [ 110] Copyright 2019
The American Association for the Advancement of Science. (b ) Bias-tunable BP/MoS  ; heterostructure photodetector [  106] Copyright 2024 The
Author(s). (c) Gate-tunable ReS ~ ,/Au/WSe  heterostructure photodetector [ 107] Copyright 2022 The Author(s). (d) Gate-tunable ReSe ,ISnsS,
heterostructure photodetector [  108] Copyright 2024 The Author(s). (e) Gate-tunable MoS 2/WSe , heterostructure photodetector [  109] Copyright
2022 The American Association for the Advancement of Scienc e. (f) Gate-tunable MoS , homostructure photodetector [  26] Copyright 2024
Springer Nature. (g) Left: Schematic of an InSe/NbTe , photodetector. Right: Mapping matrix of photoresponse acr oss 500 to 720 nm, showing
the dependence on wavelength, bias voltage, and gate voltag e [25] Copyright 2025 The American Association for the Advanceme nt of Science.
(h) Comparative plot of spectral resolution versus spectra | range for selected spectrometer designs [ 25, 26, 102, 103, 106{ 111].

30 m 20 m. Tunable photocurrent responses were achieved by applying di eent bias voltages, and the spectra
were reconstructed using constrained least-squares solution®mbined with an adaptive Tikhonov regularization

method. This approach enabled spectral reconstruction with a reolution of 2 nm across the VIS-NIR range
(500 to 1600 nm) [LOG. In addition to single-dimensional modulation via bias voltage, tuning gate voltage can
produce wavelength-dependent photocurrent responses, ebling high-resolution miniaturized spectrometers. For
example, ReS/Au/WSe , heterojunction photodetectors with gate-tunable NIR photoresponse were reported in
2022 (Figure 5(c)) [107. Wu et al. further demonstrated an SnS,/ReSe, heterojunction with an active area of
19 m?, exhibiting gate-tunable spectral response mediated by interfaial trap states (Figure 5(d)). This device

achieved a spectral resolution of 5 nm over the 400 to 800 nm rangd08. Moreover, Yoon et al. (Figure 5(e))

fabricated MoS,/WSe; heterojunction devices. By incorporating a grating-pressure-épendent spectral responsivity
matrix into the learning and reconstruction process, they achieve broadband spectral reconstruction over 405 to
845 nm with a resolution of 3 nm and applied the system to macroscopispectral imaging. Notably, a narrowband
resolution of 0.36 nm was also demonstratedlD9].

In addition to 2D van der Waals heterojunctions, single-component2D materials are also widely used in minia-
turized spectrometers. By exploiting the Stark e ect in BP, Yuan et al. [103] modulated its electronic energy levels
via gate voltage, thereby tuning its wavelength-dependent photoesponse. This in situ electric- eld modulation
enabled the acquisition of a tunable photocurrent response matrixin a 16 m 9 m BP photodetector, with
spectral reconstruction performed using an adaptive Tikhonov egularization algorithm. As a result, broadband
spectral identi cation over the 2 to 9 m range was achieved, with a resolution of approximately 90 nm, inspir
ing further development of spectrometers based on single-compent 2D materials [26]. For example, Du et al.
(Figure 5(f)) developed a semi- oating-gate MoS homojunction spectrometer with dimensions of 20 m 25 m,
capable of measuring both gate-voltage-modulated photocurrénand relaxation time. Pre-calibrated spectra were
used as training targets, while device response signals served as i to train deep neural networks for spectral
reconstruction. Compared with photocurrent-only approaches incorporating relaxation time signi cantly enriches
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the response matrix and improves reconstruction resolution, adleving up to 1.2 nm [26].

Regarding 2D response modulation strategies, Cui et al. developed 5 m 5 m InSe/NbTe, photodetector
featuring dual modulation via bias and gate voltages Figure 5(g)). The InSe layer absorbs incident light in the
500 to 720 nm range, generating photocarriers whose responsen®dulated by the gate voltage. Meanwhile, the
van der Waals Schottky junction between InSe and NbTg acts as a carrier transport interface that is tunable by
the applied bias. Leveraging this dual-modulation mechanism, the deice establishes a photoresponse mapping
matrix incorporating wavelength, R, bias voltage, and gate voltage. Notably, the system was trained sing encoded
spectral signals from various materials and subsequently applied tadentify unknown samples using the same
con guration. Through regression-based reconstruction, diret identi cation of unknown materials was achieved.
This demonstrates the strong potential of such spectrometerdor practical material identi cation, particularly in
distinguishing materials with similar spectral characteristics [25]. Figure 5(h) summarizes the spectral resolution
and operating range of representative spectrometer designg%,26,102 103 106{111]. Within one-dimensional (1D)
modulation strategies, dual-signal modulation consistently achieve higher resolution than single-signal approaches,
reaching up to 1.2 nm. This enables more precise identi cation and disémination of closely spaced spectral
features. The improvement primarily arises from enhanced sensitity and increased information capacity of the
response matrix, which reduces parameter correlation and mitigags information loss during reconstruction L05.

3.2 Fundamental response modes of 2D photodetectors

Machine vision aims to accurately capture object-centric feature by detecting optical signals and acquiring imaging
data (Figure 6(a)), while integrating arti cial intelligence algorithms for e cient dat a processing Figure 6(b)).
This combination enhances analytical capability and recognition accuacy under complex imaging conditions 66,
112(116. Within such systems, photodetectors serve as core componenfor visual perception, converting optical
signals into electrical outputs that provide the basis for subsequet image processing1174 120. During photoelectric
conversion, photodetector responses typically manifest in threéundamental modes: steady-state response, synaptic
response, and spiking response.

Steady-state response is one of the most common operating maslef photodetectors, characterized by continuous
and stable electrical output under constant illumination [121]. It is widely used to extract global features from static
images. Such stable response signals are well suited as inputs to CEINenabling high- delity reconstruction of color
distributions and facilitating accurate object recognition. Depending on electrode con guration, devices operating in
this mode can be classi ed as two-terminal or three-terminal strictures. In two-terminal devices, optical-to-electrical
conversion is typically controlled by the applied bias voltage. Yang et & fabricated a two-terminal device based on
CulnP,Se;, exploiting interactions between Cu" ions and photogenerated electrons. As shown ifrigure 6(c), the
CulnP ,Se; channel acts as the photosensitive layer, while Cr/Au electrodesdllect the electrical signal. Under a high
electric eld, the device exhibits ion-conducting behavior due to eld-driven migration of Cu™ ions. Interactions
between photogenerated electrons and Cu ions modulate the device conductivity, enabling optically controlled
ion conduction. Performance measurements indicate tunable staky-state photoresponse across the VIS range (400
to 700 nm), along with 300 discrete, highly linear conductance state under blue, green, and red illumination,
enabling three-channel color image recognitiond0]. In contrast, three-terminal structures enable dual modulation
through optical excitation and gate voltage, improving the e cienc y of optical information processing. Fu et al.
developed a vertically stacked graphene-germanium bipolar eld-eect transistor (biD-photoFET). By applying a
gate voltage, they achieved precise control over both positive ah negative photocurrents. When the gate voltage
is below the threshold, the graphene-Ge junction is forward-biasg and the gate-drain and source-drain currents
ow in the same direction, resulting in positive photoconductance. When the gate voltage exceeds the threshold,
the junction becomes reverse-biased, enhancing the separatiaf photogenerated carriers in Ge. This increases
the gate-drain current, which competes with the source-drain curent, leading to negative photoconductance, as
shown in Figure 6(d). Leveraging this bidirectional photoresponse, a 3 3 Laplacian operator was constructed,
where negative and positive photoresponses correspond to di ent kernel weights (light blue and red, respectively).
Convolution using this operator enabled recognition of the letter \T", demonstrating the capability of three-terminal
devices for image detection and preprocessing 22,.

In contrast, photodetectors operating in synaptic response mde can store optical information by modulating their
resistance states, thereby exhibiting image memory functionality. Through synaptic weight modulation, responses
to specic optical signals can be enhanced or suppressed, enablinfge extraction of local static image features
such as edges, corners, and texture patterns. This approach igell suited for more complex visual tasks, including
object detection and image classi cation. For example, Liu et al. deeloped a multilayer graphene/CulnP,S;/Au
two-terminal photodetector, whose optoelectronic characteistics are shown inFigure 6(e). Under a bias of 0.5V,
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Figure 6 (Color online) Representative device con gurations in 2D n euromorphic photodetectors, categorized into steady-sta te, synaptic,
and spike-based response modes. (a) Schematic structure of machine vision [ 112] Copyright 2025 The Author(s). (b) ANN architecture [ 66]
Copyright 2025 The Author(s). (c) Left: Schematic and atomi ¢ structure of a CulnP ,Se;-based photodetector. Right: Time-resolved pho-
tocurrent responses under illumination at 405, 520, 638 nm [ 60] Copyright 2025 John Wiley and Sons. (d) Left: Structure of a biD-photoFET
with gate-tunable I-T photoresponses. Right: Integrated a rchitecture for simultaneous sensing and preprocessing [ 122] Copyright 2024 The
American Association for the Advancement of Science. (e) Sc hematic of the ML graphene/CulnP ,Sg/Au optoelectronic device and its I-T pho-
toresponse [ 123] Copyright 2023 John Wiley and Sons. (f) Schematic structur e of the MoS ;/MoTe ,/h-BN/graphene transistor with visual EPSC
responses at varying light frequencies [  124] Copyright 2025 John Wiley and Sons. (g) Cross-sectional sc hematic of a retinomorphic photodiode

(RPD) and its event-driven photoresponse [ 125] Copyright 2025 Springer Nature. (h) WSe 2-based photodetector structure and corresponding
spike-mode photoresponse curve [ 101] Copyright 2023 Springer Nature.

illumination induces a sharp increase in current. After the light is turned o, the current decreases rapidly, followed
by a gradual decay to a steady level without fully returning to its init ial value. This behavior is attributed to
deep trap states that con ne photogenerated carriers at speicc energy levels for extended periods. Consequently,
the conductance change induced by optical pulses persists everithwout continuous power supply. Owing to this
nonvolatile and persistent photoconductive e ect, the device redices energy consumption and improves data re-
tention, making it suitable for emulating long-term synaptic memory [123. Furthermore, Zhao et al. fabricated a
MoS,/MoTe ,/h-BN/graphene three-terminal transistor. In this device, MoT e, behaves as a p-type semiconductor
under negative gate bias, generating a strong built-in electric eld & the MoS,/MoTe , interface. This enables holes
to remain trapped in the MoTe layer after illumination is removed, resulting in a persistent positive photoconduc-
tive e ect. As shown in Figure 6(f), the device exhibits high-performance synaptic behavior at a gt voltage of

5V, achieving an excitatory postsynaptic current (EPSC) gain of Yo to 9.2. Moreover, when the gate voltage is
zero or positive, MoTe, transitions to n-type, weakening the built-in eld and enabling contr ollable modulation of
synaptic weights through optical potentiation and electrical depression. When integrated with an ANN, the tran-
sistor achieves an image recognition accuracy of 95.26%, demoresting its potential for complex visual information
processing 124].

In spiking response mode, photodetectors generate positive oegative current pulses in response to rapid changes
in light intensity. This mode is therefore well suited for extracting dy namic features, o ering ultra-low power
consumption and event-driven operation for high-speed visual taks. As shown inFigure 6(g), the p-type PBDB T
layer forms a Schottky junction with the LiF/Mg electrode. Charge accumulation at the interface creates a Schottky
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Table 2 Materials, device architectures, R, D* response time, and energy consumption of 2D photodetecto rs operating in steady-state,
synaptic, and spiking modes.
Response Material Device R . b O Rise/gecay Energy Ref.
mode model A W ) time consumption

Steady mode -Bi 203 Two-terminal 64.5 1.3 1013 290  s/870 s N.A. [ 121]
Steady mode Ga 203 Two-terminal 8.9 33 1013 0.308 ms/1.7 ms N.A. [ 126 ]
Steady mode Zno Three-terminal 2.0 104 683 1014 3.97 s/5.32 s N.A. [ 127)
Steady mode graphene Three-terminal 10 4, 103 24 1010 115  s/178 s 4.03 w [122]
Steady mode snse Three-terminal 11 103 101 1010 145 ms/8.1 ms NA. [ 128
Synaptic mode CulnP 256 Two-terminal N.A. N.A. 116 ms/1466 ms 332 1) [ 123]
Synaptic mode Ta 2 NiSe 5/Ws 2 Two-terminal 6.58 1.56 1012 46.9 s/48.9 s N.A. [ 129]
Synaptic mode BP/CdS Two-terminal 4.1 108 N.A. N.A. 4.78 11 [ 130]
Synaptic mode PdSe WS, Two-terminal 2.02 1.02 1011 75 sl215 s NA. [ 131]
Synaptic mode ReS 2lh-BN Two-terminal N.A. N.A. N.A. 1.2 1010 g [132]
Synaptic mode h-BN/MoTe 2/MoS Three-terminal 6515 3.92 1014 1524 s/609 s N.A. [ 124]
Synaptic mode CsPbBr Three-terminal N.A. N.A. N.A. 0.4 pJ [ 133 ]
Synaptic mode ReSe 2 /h-BN Three-terminal 1.98 6.39 1012 N.A. N.A. [ 134]
Synaptic mode NbS 2/MoS 2 Three-terminal 1.1 2 1011 N.A. 0.42 pJ [ 99]
Synaptic mode MoTe 2/MoS o Three-terminal 0.3 2.56 1012 188 s/45 s N.A. [ 135]
Synaptic mode BP Three-terminal N.A. N.A. N.A. 9 pd [ 136 ]
Synaptic mode MoS 2 IGraphenel/Al ,045/S0 , Three-terminal 374.81 5.85 1016 NA. NA. [ 137]
Synaptic mode InGaN/GaN Three-terminal 4393 1.56 1014 126 s/464 s N.A. [ 138]
Synaptic mode MoS 2—LiNbO 3/HfO 2 Three-terminal N.A. N.A. 0.11 s/2.64 s N.A. [ 139 ]
Synaptic mode MoS 2 /h-BN/MLG Three-terminal 4.1 103 N.A. N.A. 251 [ 140 ]

Spike mode Ga 50 3/AIN/AIGaN Two-terminal 0.73 2.9 1011 006 /56 s NA. [ 2]

Spike mode ITO/ZnO/N2000/PBDB-T/LiF/Mg Two-terminal N.A. N.A. N.A. 0.28 pJ [ 125]

Spike mode WSe 2/Al 2 (o) 3 IHfO 2 1Al 2 [e] 3 Three-terminal N.A. N.A. 100 sIN.A. N.A. [ 101]

barrier with capacitive characteristics. When a continuous voltageis applied, the interfacial carrier channel is
activated, releasing stored charges and producing a transient ctent. As a new equilibrium is established, the
current rapidly decays, resulting in a spiking response. Accordinglythe measured current-time ( -T) curve exhibits
signals only during changes in light intensity, con rming the event-driven nature of the device and its potential to
improve imaging in dynamic environments [L25. Furthermore, Zhou et al. developed a nonvolatile, programmable
photoresponsive photodetector based on WSe incorporating an Al,O5/Al ,04/HfO ,/Al ,O4 gate-dielectric stack
(Figure 6(h)). The device consists of two parallel photoconductive branchs, each con gured in PN or NP mode
with opposite photocurrent polarity and distinct response times. A capacitor is introduced in one branch to slow
its response relative to the other. As a result, changes in light intesity lead to mismatched temporal responses
between the two branches, producing asymmetric transient pulse Leveraging this mechanism, the device enables
negative synaptic weights through gate-voltage pulses, with infomation read out as spiking photocurrents, without
requiring additional circuitry. This direct conversion and processing of dynamic optical events into information-rich
pulse signals at the sensing level reduces data redundancy and minimes transmission delays between sensing and
processing units. Consequently, it shows strong potential for ral-time visual processing microchips for motion event
detection and recognition [LO1].

To facilitate comparison of recent advances and highlight how di erent device designs exploit these three response
modes, representative studies across a wide range of 2D materiaystems are surveyed. By examining optical
response characteristics, device con gurations, and functionlecapabilities, a comprehensive overview of performance
diversity is obtained. Based on these response mode$able 2 summarizes key performance parameters, including
R, D*, response time, and energy consumption for various materials ahdevice architectures L21{140.

3.3 Photodetectors integrated with arti cial intelligenc e algorithms

To address system complexity, computational architectures intgrated within vision sensors can simplify hardware
design while enabling ultra-low-latency operation. This approach suports advanced image processing with reduced
power consumption. Common machine learning algorithms include CNNsind SNNs, both of which provide e cient
frameworks for image analysis 141, 147. In CNN-based processing, color images are typically representeds
matrices corresponding to red, green, and blue channels, wheréxgl values encode the intensity of each primary
color. A key operation in CNNs is convolution, performed using a movale Iter known as a convolutional kernel.
This kernel slides across the input matrix, performing element-wisemultiplication and summation at each local
region. Through this process, CNNs can automatically learn and exact local features, such as edges and textures,
facilitating subsequent recognition and classi cation tasks 143. In contrast, SNNs employ spiking encoding to
convert visual inputs into pulse signals, introducing a temporal dimension into computation. This enables more
accurate representation of the dynamic, sequential behavior aderved in biological visual systemsg7, 144].

In optical information perception, current research primarily exploits light intensity and wavelength, combined
with machine learning algorithms, to extract and process image infomation. As shown in Figure 7(a), Zhong
et al. constructed an ion-electron hybrid photodetector array based on CulnB,S;, which exhibits an inverted
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Figure 7 (Color online) lllustration of multidimensional optical s ensing in 2D photodetectors integrated with arti cial inte lligence algorithms.
(a) Left: Time-resolved photoresponse of the CulnP ,Sg-based device. Right: CNN architecture and comparison of re cognition accuracy between
raw and processed images [ 143] Copyright 2025 The Author(s). (b) Left: Cross-sectional s chematic of the GaTe ¢.5Sep.5-based device and
corresponding elemental energy spectrum analysis. Right: ANN model applied for remote sensing-based terrain classi cation [ 95] Copyright
2024 The Author(s). (c) Top: Polarization-dependent respo nses of a GeSe-based device under 520 to 810 nm illumination a t 0 and 90
polarization angles. Bottom: Target detection framework [ 145, 146] Copyright 2023 John Wiley and Sons, 2023 Elsevier. (d) Pola rization-
sensitive photoresponses across 400 to 850 nm for image conv  olution processing [ 147] Copyright 2024 American Chemical Society. (e) Schematic

of biological visual perception and SNN architecture for ev ent-driven processing [ 60, 67] Copyright 2025 John Wiley and Sons, 2024 John Wiley

and Sons. (f) Left: Triplet-STDP learning rule illustrated using the L-E-L scheme, showing synaptic weight evolution a s a function of ta.
Right: Comparison of synaptic weights before and after SNN t raining based on Triplet-STDP [ 148] Copyright 2025 The Author(s).

photoresponse tunable by light intensity and wavelength. Under illurination at 60 mW cm 2 for 12 s, the device
demonstrates broadband response across the VIS-NIR ranget@5 to 980 nm): the signal increases with light
intensity, reverses at 638 nm, and subsequently decreases withrther intensity increase. Leveraging this property,
a CNN was implemented for image processing. Using images containindné digit \FD" as training and testing
datasets, the recognition accuracy of raw images was approximaly 45% after 100 iterations, whereas processed
images achieved accuracy exceeding 99%. The signal-to-noise ratimoproved by a factor of 1170, and previously
obscured features became more discernible. These results demstmate the e ectiveness of such approaches in
vision-integrated sensing systems and, when combined with wavelgth-selective responses, expand the functional
capabilities of photodetectors, with potential applications in assistve technologies for color vision de ciencies143.
In comparison, a type-Il heterojunction formed by m-phase Gaky.sSe&).5s hanosheets and WSgenables wavelength-
dependent multispectral response through gate-voltage modutéon (Figure 7(b)). Exploiting this property, an
ANN with three hidden layers was designed to achieve automated clascation of landforms. Using six remote
sensing datasets, the network employed single-pixel photocurrg signals measured under 17 gate-voltage conditions
as inputs. These signals were processed through three hidden lagecomprising 1024 neurons, enabling accurate
prediction of land-cover types with a classi cation accuracy of 87.0% [95].

2D photodetection typically captures light intensity and wavelength, while polarization detection further extends
the dimensionality of optical perception, enhancing target recogition accuracy. Building on this concept, Yu et al.
(Figure 7(c)) fabricated a photodetector based on the anisotropic 2D semanductor GeSe and observed polarization
inversion at 680 nm. Using this property, a dual-band imaging systemwas constructed to acquire VIS and NIR
images at polarization angles of 0 and 90, which exhibited pronounced brightness contrast. These dual-bad
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images were used as training and testing datasets for object regaition using a You Only Look Once (YOLO)

model, where YOLOV5-S achieved a con dence level exceeding 90%Building on this approach, a GaTey.5Se.s-
based polarization-sensitive photodetector was further developd. This device exhibited broadband polarization
sensitivity across 255 to 1064 nm and enabled tri-band hybrid imagingt 390, 520, 810 nm 145 146€]. As illustrated

in Figure 7(d), polarization-dependent photocurrent was measured at 30 intervals, showing maxima at 0 and
180 and a minimum at 90 , consistent with anisotropic response. Leveraging this behaviorpolarization-resolved
photocurrent signals at selected angles were combined with origindinage pixels to construct convolution kernels,
enabling convolution-based processing of raw image447].

Building on 3D optical information perception, photodetection can be further extended to incorporate the tem-
poral dimension. Inspired by biological visual systems, SNNs congi®f spiking neurons and arti cial synapses.
Neurons transmit information via spike signals, while synapses with ajlistable weights enable processing of tempo-
rally correlated information ( Figure 7(e)). Consequently, SNNs provide a functional framework for moion recog-
nition in dynamic object detection, supporting applications such as irelligent tra c management and real-time
monitoring in complex environments [60, 67]. To address challenges in vehicle tracking accuracy, Zhang et al.
(Figure 7(f)) developed a vision sensor based on an InSe van der Waals photansistor and integrated the triplet
spike-timing-dependent plasticity (Triplet-STDP) learning rule into a YOLO-SNN architecture. Triplet-STDP in-
volves two sequences of triplet stimuli: light-electric-light (L-E-L) and electric-light-electric (E-L-E), which enable
reproducible modulation of photoconductance. By applying L-E-L a E-L-E pulse sequences, the device exhibits
both potentiation and depression, providing the basis for dynamic ehicle tracking. In scenarios where vehicles
overlap and subsequently separate, the original YOLO-SNN fails toreliably re-identify targets. In contrast, the
Triplet-STDP-integrated SNN maps learned weights onto four representative convolutional kernels in layers sur-
rounding the STDP module. By guiding weight updates|strengthenin g strongly correlated connections while
suppressing weakly correlated ones|the model improves task-sgci ¢ feature extraction, enabling continuous vehi-
cle tracking. Ultimately, the Triplet-STDP-enhanced SNN achieves atracking accuracy of 90.44%, demonstrating
strong potential for spatiotemporal feature extraction in complex dynamic vision applications [14§.

4 2D photodetector for machine vision

4.1 Static image recognition

Static image recognition typically relies on 2D photodetectors that acquire pixel-level information to reconstruct
images, which are subsequently processed using machine learning@lighms [149. In CNNs, incident light induces
photoresponses within the device, and tuning the bias or gate voltge can de ne corresponding convolutional kernel
arrays. These kernels scan local regions of the image, generatiniiscrete current outputs that are rearranged to
form convolution-processed representations. Static image regaition has broad application potential. This review
focuses on how multidimensional optical perception enabled by phatdetectors facilitates feature extraction and
image classi cation [150, 151].

Pi et al. constructed a PdSe/MoTe , van der Waals heterojunction photodetector that exploits sensitvity to
light intensity and wavelength for landscape image recognition. As sbwn in Figure 8(a), under speci ¢ wavelength
and optical power conditions, gate-voltage modulation induces a linar variation in photoresponse within a de ned
range. This linear mapping between gate voltage and photoresporsprovides the basis for subsequent convolutional
processing. In follow-up work, the Jasper Ridge dataset was useitb process landscape images containing vegeta-
tion, roads, soil, and rivers. Spectral information from multiple bands was initially collected without gate bias,
revealing distinct brightness variations across scene types. Badeon these characteristics, 3 3 convolution kernels
were generated by tuning the gate voltage and applied to the imagefor ltering, enabling edge enhancement and
sharpening B3]. This approach was further validated using an m-phase GaTgsSe).s/WSe, van der Waals het-
erostructure for landscape classi cation. As shown inFigure 8(b), Yu et al. demonstrated an ultrabroad spectral
response spanning 250 to 1000 nm. Neural networks were trainexhd evaluated using hyperspectral data (400 to
1000 nm) and single-response data. After 100 training epochs, ¢hmodel trained on hyperspectral data achieved a
classi cation accuracy of 93.54%, whereas that trained on singleasponse data reached only 70.8098%].

Distinct from intensity- and wavelength-based perception, polariation-sensitive photoresponses can also be ex-
ploited for image recognition. Puckered group-IV monochalcogenid semiconductors MX (M = Ge, Sn; X = S,
Se) exhibit anisotropic absorption with polarization inversion charaderistics. Leveraging this property, Yu et al.
fabricated MX-based photodetectors exhibiting distinct polarization-dependent responses. As shown iRigure 8(c),
within the 400 to 680 nm range, the photocurrent is stronger unde linearly polarized light aligned with the zigzag
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Figure 8 (Color online) Functional demonstrations of static image r ecognition using 2D photodetectors. (a) Time-resolved pho toresponse of a
PdSe,/MoTe -based photodetector under 980 nm illumination, with lands cape image processing operations achieved by tuning gate vo Itages [ 53]
Copyright 2022 Springer Nature. (b) Spectral photorespons es of a GaTe ¢.5Sep.5/WSe »-based photodetector under 2 V bias and varying gate
voltages, with landscape classi cation results predicted by a neural network [ 95] Copyright 2024 The Authors. (c) Polarization-sensitive p ho-
toresponses of a multilayer GeSe-based photodetector acro ss 400 to 850 nm, corresponding dual-band imaging and virtua | reconstructions at
polarization angles of 0 and 90 [145] Copyright 2023 John Wiley and Sons. (d) Biological visual p erception and image enhancement through
light-intensity adaptation in bright and dark environment s, demonstrated by a MoS  ;-based phototransistor [ 153] Copyright 2022 Springer Nature.

(e) Top: Visual EPSC responses of a NbOI 2-based photodetector under varying light power densities a nd its angle-resolved absorption spectra;
Bottom: corresponding intensity-spanning image processi ng results derived from polarization-dependent synaptic b ehaviors [ 154] Copyright 2025
John Wiley and Sons.

axis. In contrast, within 680 to 850 nm, the photocurrent is stronger when the polarization is aligned with the
armchair axis. Utilizing this polarization inversion behavior, brightness variations in dual-band polarization images
can be compared to identify the spectral bands associated with dierent objects in the scene145.

The human eye exhibits visual adaptation, enabling e ective percepion and discrimination of objects under
widely varying illumination conditions [ 68, 152]. Inspired by this mechanism, Liao et al. (Figure 8(d)) developed
a neuromorphic visual adaptation sensor based on bilayer MoSwith a high- dielectric back gate, designed to
operate under variable lighting. Due to sulfur vacancies, Mo$ contains localized trap states within the bandgap.
Upon applying a gate voltage, carriers are redistributed, forming & inversion layer that connects the source and
drain to establish a conductive channel. By tuning the gate voltage,carriers in the channel can be trapped or
released, thereby modulating conductivity and dynamically adjusting photosensitivity. This process emulates the
excitation and inhibition behavior of retinal cells under low- and high-light conditions. Furthermore,an 8 8 MoS;
photodetector array was constructed to detect the pattern d the digit \8" under dark and light adaptation. By
applying di erent illumination intensities to selected pixels and adjustin g the gate voltage, the device achieved clear
visualization of the digit under varying brightness conditions [153.

Furthermore, the extraction of high-dimensional polarization information enables more e cient fusion of features
across varying brightness levels within an image. Ouyang et al. devefed a 2D time-stretched anisotropic synaptic
photodetector based on NbO}. As shown in Figure 8(e), following each optical stimulus, the change in EPSC
(EPSC) does not immediately return to baseline but instead exhibits a prolonged decay, resulting in a time-
stretched photoresponse. This behavior allows features from ggons with di erent brightness levels to be integrated
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within a single frame. Additional measurements indicate that the NbOI, device exhibits polarization-dependent
absorption across the VIS range (400 to 800 nm). By tuning the ptarization angle, the photoresponse can be
precisely modulated. When the polarization angle varies from 0 to 90 , image brightness is compressed, and
the standard deviation of grayscale distribution decreases from @5 to 0.17, indicating more uniform intensity
distribution and enhanced feature concentration. By capturing features across multiple grayscale levels within a
single image, this approach enables richer brightness representah and improved recognition accuracy 154.

4.2 Motion detection and recognition

Motion detection and recognition represent key applications in maclne vision, encompassing scenarios such as
intelligent surveillance, autonomous driving, and medical rehabilitation. These tasks can be broadly classi ed into
dynamic event detection and trajectory tracking. As illustrated in Figure 9(a), Zhang et al. developed a neuromor-
phic visual sensor based on a BP/A}JO,/WSe,/h-BN heterostructure. Under optical pulse modulation, the device
exhibits cumulative positive and negative photoconductance with pogressive multilevel states, indicating intrinsic
memory capability. Moreover, both positive and negative photocomuctance vary linearly with pulse number, with
coe cients of determination ( R?) of 0.99577 and 0.99567, respectively. Based on this behavior, pixarrays Y
and X from consecutive frames at timest and t + 1 are multiplied by negative and positive conductance matrices
W1 and W2, respectively, generating new matricesY W! and XW 2. These matrices were then processed using
a bipolar frame-di erence method. In static scenes, the absolutesalues of the positive and negative conductance
matrices are symmetric, and pixel values between adjacent frangeremain similar. Consequently, the sum of the
conductance-weighted matricesY W! and XW 2 approaches zero, resulting in near-zero output brightness. In g
namic scenes, however, pixel values associated with moving objecthange between frames, and their weighted
summation produces a non-zero output. By exploiting this contras between static and dynamic regions, the device
enables motion detection and recognition 23].

Trajectory detection is critical for preventing collisions between nmoving objects. As shown inFigure 9(b), Chen et
al. fabricated a bilayer MoS, photodetector to capture the trajectory of a tennis racket. Shallow trap states in MoS;
regulate the capture and release of photogenerated carriers dncan be tuned via gate voltage. Under a positive
gate voltage of +3 V, the binding strength of shallow traps is weakerd, shortening the decay time of the drain
current (l4) after illumination. The corresponding time constant (tp) is approximately 101 ms, making the device
suitable for tracking high-speed objects. In contrast, under a egative gate voltage of 3V, photogenerated carriers
are trapped at deeper energy levels, strengthening carrier comement and prolonging the decay ofl 4. In this case,
to increases to approximately 106 ms, enabling retention of signals fro previous frames and improving tracking
of low-speed objects. By exploiting the time-accumulation charactristics of MoS, shallow trap states, the team
constructed a 20 20 photodetector array capable of detecting racket trajectores with tunable temporal resolution
ranging from 101 to 106 ms. Furthermore, a four-layer neural nvork was trained to process racket swing sequences
by dividing each image into four consecutive temporal frames. Thes processed frames were then superimposed to
reconstruct the full trajectory of the racket moving from left t o right, achieving a recognition accuracy of 99.2%. In
contrast, conventional image sensors struggle to achieve comgable performance using similarly compact network
architectures [155.

Moreover, dual-gate architectures can be used to modulate polé&ation states in di erent regions of ferroelectric
devices, enabling visualization of moving-object trajectories. As lsown in Figure 9(c), Liu et al. fabricated a
dual-gate ferroelectric photodetector based on a MoTg homojunction. The left and right ferroelectric domains
were independently controlled by two separate gates. When the léfdomain was polarized upward and the right
downward, a p-n homojunction formed, producing a maximum negaive photoresponse. Conversely, reversing the
polarization (left downward, right upward) induced band inversion, forming an n-p homojunction and yielding a
maximum positive photoresponse. By applying opposite voltage pulseto the two gates, the polarization states
could be sequentially switched, enabling linear, continuous, and pragmmable modulation of the photoresponse
over a range of 800 to 800 mAW !. To demonstrate functionality, three trajectory patterns (\L ," \ 1," and
\T") were projected onto a 3 3 photodetector array using a mask, corresponding to left-turn right-turn, and stop
commands for a robotic dog. Based on the distinct output currentsignatures associated with each pattern, classi ed
using an ANN, the robotic system ultimately executed a zigzag trajetory. These results highlight the potential of
such devices for real-time recognition of complex tra ¢ scenarios 156|.

Event-driven mechanisms activate processing only when specic @nts occur, remaining idle in the absence
of stimuli. Based on this principle, Lin et al. (Figure 9(d)) developed an event-driven retinomorphic photodiode
(RPD). The device employs an organic donor-acceptor (D-A) heteojunction to convert optical signals into electrical
outputs, generating a photovoltage proportional to light intensity under illumination. The Schottky barrier formed
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Figure 9 (Color online) Functional demonstrations of dynamic event detection using 2D photodetectors. (a) Top: Motion detecti on and
recognition via a BP/AI  ,0,/WSe »/h-BN-based photodetector with progressive multilevel st ates of cumulative positive and negative photocon-
ductivity. Bottom: Linear variation of PPC and NPC with puls e number, together with motion recognition via the bipolar f rame dierence
method [ 23] Copyright 2021 Springer Nature. (b) Trajectory detection with a double-layer MoS  , photodetector. Top: Device schematic and I-T
photoresponses at varying time constants and gate voltages . Bottom: MoS , phototransistor arrays mapping spatiotemporal vision inf ormation,
where sequential frames form temporal vision sequences s(t) that are compressed into states  x(t) by bioinspired vision sensors [ 155] Copyright
2023 Springer Nature. (c) Trajectory detection with a dual- gate ferroelectric photodetector. Top: Device schematic a nd |-V curves under dier-
ent ferroelectric polarization states. Bottom: Robotic do g recognition of three trajectory patterns (\L," \ 1," and \T") via ANN, corresponding

to left, right, and stop commands [ 156] Copyright 2023 Springer Nature. (d) Event detection with a n RPD. Left: Shared temporal dynamics

of retina and device, including event-based detection, ban dpass ltering, and light adaptation. Right: Demonstratio ns of adaptive imaging and
event-driven camera operation [ 125] Copyright 2025 Springer Nature.

between the p-type semiconductor and the low-work-function LiFMg electrode enables charge accumulation. Upon
illumination, the accumulated potential is converted into spike signals producing transient spike currents that
realize event-driven operation. Furthermore, an ionic reservoir itroduced into the D-A heterojunction allows anion
migration into the p-type semiconductor under a photoinduced eletric eld, enabling tunable sensitivity. Based
on these mechanisms, a complete RPD device was demonstrated. ¢ontrast-enhancement experiments under light
adaptation, the device signi cantly enhances weak signals againstteong background illumination. Speci cally,
the signal contrast of blurred images was improved from 1.2% to a che response of 62.2% through ion doping.
Moreover, under both low- and high-light conditions, commercial eent cameras typically generate large amounts of
redundant events due to background uctuations and noise. In @mparison, the RPD produces signi cantly fewer
events, with outputs concentrated primarily in motion-related regions and minimal background redundancy. These
results highlight the superior adaptability and anti-interference capability of the RPD, as well as its advantages in
environmental robustness and information compression e ciency[125.

4.3 Multidimensional computational vision

As shown in Figure 10(@), conventional 2D optical sensing systems typically measure onlyight intensity and
polarization at xed wavelengths and therefore cannot capture lroadband spectral information. To address this
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Figure 10 (Color online) Demonstrations of multidimensional optica | eld detection using 2D photodetectors. (a) Top: Photodet ector enabling
high-dimensional light- eld measurement with complex bro adband spectra, compared to conventional 2D sectioning met hods. Bottom: Imaging
detection of dual-color and dual-polarization synthesize d light elds [ 157] Copyright 2024 Springer Nature. (b) Distorted bilayer gra phene
photodetector with metasurface structure for polarizatio n sensing. Top: Device schematic and proposed multidimensi onal spectral detection.
Bottom: Method for simultaneous sensing and processing of p olarization and wavelength information [ 159] Copyright 2024 The Author(s).

(c) Distorted bilayer graphene photodetector with corner s tructure for polarization detection. Top: Device schemati ¢ and atomic structure.
Bottom-left: CNN training (red) and testing (orange) datas ets with measured output polarization states plotted on the Poincare sphere.
Bottom-right: Predicted So values versus measured power and correctly classi ed wavel ength labels [ 65] Copyright 2022 Springer Nature.
(d) 2D van der Waals programmable photoinduced memory senso r for temporal sensing. Top: Schematic of dynamic binarized image compression.

Bottom: Time-resolved photoresponse of the sensor [ 20] Copyright 2025 The Author(s).

limitation, Li et al. proposed a high-dimensional optical eld detector with dual functionality. The device modulates
the thickness of a TiO, thin Im to tune the optical cavity length of a resonant structure. At a speci ¢ incident
angle (), the polarization contrast is maximized at a target wavelength (53 nm), enabling discrimination of po-
larization states across a broadband range of 400 to 900 nm. In @dion, intrinsic spatial and frequency dispersion
at the optical interface is exploited to decouple spectral respores corresponding to di erent polarization states.
In this con guration, spectral components at di erent wavelengths are mapped to distinct -channel pathways,
while polarization information is assigned to azimuthal response chamels. Building on this framework, a residual
neural network was further employed to decode coupled specttand polarization information. By inputting high-
dimensional optical elds consisting of multi-peak broadband specta and continuously varying polarization states,
the system achieved high-precision reconstruction of optical eldinformation. Compared with conventional imag-
ing techniques, this approach signi cantly improves both the e cien cy and feasibility of high-dimensional optical
sensing 157,15§|.

Building on the tunable properties of metasurface structures andthe facile integration and mature fabrication
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techniques of graphene, Jiang et al. proposed a metasurfacedmd twisted bilayer graphene photodetector for
intelligent high-dimensional spectral detection. Twisted bilayer grgphene is formed by stacking two graphene
layers at a speci c twist angle, where the resulting moire pattern sigii cantly modi es its electronic properties.
Figure 10(b) illustrates a strategy for simultaneously sensing and processingptical polarization and wavelength
information. Dual-arm plasmonic nanostructures are used to modiate di erent polarization states and wavelengths
across a broadband range (1 to 8 m), producing current response signals with distinct polarity and intensity
correlations. Finally, a neural network is employed to accurately identify the polarization state and wavelength of
incident light [ 159. Ma et al. further showed that when the twist angle approaches 12 , twisted bilayer graphene
exhibits a pronounced bulk photovoltaic e ect (Figure 10(c)). This e ect enables spontaneous carrier separation
and migration within the material, generating photocurrent without an external electric eld. Leveraging this
property, the authors used a twisted bilayer graphene photodetctor with tunable bulk photovoltaic response as
an encoder, combined with a CNN as a decoder, to achieve simultanas extraction of optical polarization, power,
and wavelength information. Collectively, these studies demonstrge that the integration of precisely engineered
photodetectors with machine vision algorithms provides a strong fondation for multidimensional optical sensing,
encompassing intensity, wavelength, and polarization§5].

In the context of 2D photodetectors for machine vision, e cient acquisition of higher-dimensional signals, in-
cluding temporal information, is essential in addition to sensing light intensity, wavelength, and polarization. As
shown in Figure 10(d), Huang et al. designed a 2D van der Waals programmable photo-nrmeory sensor (PPMS)
capable of compressive reconstruction of spectral signals and dgmic video. The proposed method rst binarizes
dynamic image sequences, converting them into simpli ed represeations containing only black (0) and white (1)
pixel values. This preserves key information such as motion trajeories and object contours while reducing encod-
ing complexity, thereby meeting the requirements of edge-intelligene applications. Subsequently, optical signals
from the binarized images interact with prede ned electrical masksto stimulate the PPMS. Under nonvolatile op-
toelectronic co-stimulation, the device conductivity decreases ®pwise with pulse number, forming 19 uniformly
distributed conductance states, each corresponding to a spea cumulative pulse count. As a result, multi-frame
video information is compressed into a single 2D image, achieving a comgssion ratio of up to 8:1. Notably, the
compressed images can be directly used for classi cation without d®mmpression. Using a CNN, the team achieved
a classi cation accuracy of 93.18% on compressed images, comphla to 94.21% obtained using uncompressed
full-frame video. These results demonstrate that the compresskrepresentations e ectively preserve the semantic
information of the original video [20].

5 Challenges and outlook

Despite the remarkable progress achieved in 2D photodetectoreif machine vision, several critical challenges remain
before this eld can advance toward system-level applications. Tlese challenges span multiple dimensions: array
uniformity, device structural engineering, and application-oriented multidimensional response design.

Wafer-scale material growth and array uniformity. High-quality wa fer-scale synthesis of 2D materials is funda-
mental for realizing uniform, large-area photodetector arrays.Practical machine vision systems require large-scale
arrays capable of parallel acquisition of multidimensional optical infamation with high spatial resolution. Achieving
this goal depends on advances in the controllable synthesis of 2D rtexials with uniform properties, as well as scal-
able wafer-scale fabrication techniques. In recent years, signi&nt progress has been made in the large-area growth
of various 2D materials. However, the fabrication of wafer-scale an der Waals heterostructures with high unifor-
mity remains challenging, and two main strategies have been exploredThe rst is transfer-based stacking, which is
prone to introducing wrinkles, cracks, and residual adhesive durig transfer, thereby degrading structural integrity
and optoelectronic performance. The second strategy is direct afer-scale synthesis of heterostructures via one-step
or two-step growth processes. Although this approach avoids gdamination associated with transfer processes, it
is still in its early stage of development. Nevertheless, it holds consitable promise for improving the scalability
and uniformity of 2D heterostructure-based image sensors andepresents a key future research direction1j60, 161].

Device-structure engineering for multimodal information sensing. Current research has primarily focused on
optimizing individual device performance parameters, such as light itensity response, spectral range, polarization
sensitivity, and temporal resolution. However, to meet the requiements of future intelligent machine vision systems
for simultaneous acquisition of multidimensional optical information, including intensity, wavelength, and polariza-
tion, optimization of single parameters alone is no longer su cient to achieve further breakthroughs. Accordingly,
structural engineering at the device level is expected to become key direction for next-generation multimodal
sensing technologies. By integrating architectures such as van d&\Vaals heterojunction stacks, metasurfaces, and
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nanoarrays, photodetectors can achieve enhanced functionaiversity and higher-dimensional information acquisi-
tion through synergistic physical mechanisms.

Application-oriented tailoring of multidimensional response modes. Athough 2D photodetectors have demon-
strated capabilities in static image recognition, dynamic event detetion, and miniaturized spectrometry, their
deployment in application-speci ¢ machine vision systems remains at a early stage, particularly in scenarios such
as vehicle detection under rain or fog and autonomous obstacle aidance. Future research should emphasize
system-level integration of multidimensional response modes with @anced computational intelligence to ensure
robust performance in complex and variable environments. Promisig directions include coupling 2D photodetec-
tors with deep learning frameworks for real-time object recognitiom and trajectory prediction, as well as exploring
low-power edge computing for intelligent transportation and wearéale electronics. This progression represents a key
pathway for the evolution of 2D photodetectors from general-pupose sensing devices toward application-speci c
intelligent vision systems.

Addressing these challenges requires a coordinated e ort acrosaray uniformity, device structural engineer-
ing, and multidimensional response design. At the array level, wafescale technologies must advance toward the
fabrication of uniform and scalable detector arrays. At the devicestructure level, optimization focused on single
performance parameters should evolve toward multimodal percejon through structural co-design. At the sys-
tem level, the transition from proof-of-concept demonstrationsto application-speci ¢ machine vision frameworks
is essential to ensure robustness, real-time operation, and adgbility in complex environments. Ultimately, the
convergence of multidimensional optical perception and intelligent pocessing will enable real-time, low-power, and
multifunctional machine vision systems for complex scenarios.
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