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Fig. 1. Schematic to overview in-sensor computing.
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2.1 ESERBLAN
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Fig. 2. Responsivity, specific detectivity (where D" stands
for specific detectivity), and corresponding response
wavelengths of different photodetectors. The data are taken
from Ref. [31, 36-43].
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Table 1.  Comparison between two-dimensional material spectrometers and commercial spectrometers.

eSSl it P KA /nm IIHER AR /mm2 &%
MoS,/WSe, 405—845 3P ~3 nm; WEEIKHNEE ~0.36 nm 0.000176 [52]
TR R KA S ~ 2 nm;
MoS,/BP 5001600 F£1550—1560 nmiE R ] 43HF1 nmla)fF 00006 53]
Hamamatsu C12880 MA 340—850 <15 nm(*f 58, S8 12—15 nm) 251.25 [54]
R -
Ocean Insight HR4 190~ 1100 0.26—0.9 nm 15853.6 [55]

(KR E)
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Fig. 3. (a) Schematic of the learning process. The photoresponse of BP can be tuned by the electric displacement (D) between two

Broadband
light source

parallel metallic platesP!; (b) the responsivity matrix Rp , of the BP spectrometer, which depends on the biasing displacement field
(D) and the incident light wavelength (A), is ‘learned’ from the photoresponses to a group of known spectra (illustrated by the red,
green and blue curves in a under different biasing displacement fields)P!); (c) schematic of the sampling process. For the incident
light with an unknown spectrum, the photocurrent in the BP detector is sampled as a function of the electric displacement DI
(d) the sampling process generates the photocurrent vector Ip'l; (e) schematics of three reconstructed spectra. From top to bottom,
the spectra represent a narrowband emission, a broadband emission and an absorption feature of certain gas molecules. Reconstruc-
tion of the unknown spectra leverages the Rp, and I as discussed in panel (a)—(d). Reproduced with permission from Ref. [51];
(f) schematic diagram of the spectrometer’?; (g) transfer curves of MoS,/WSe, under different wavelengths of light illumination,
with a fixed power of 20 mW/2; (h) relationship between the peak signal-to-noise ratio of the reconstructed spectrum and the refer-
ence spectrum as a function of the learning stepl®?; (i) spectral imaging with a single-junction spectrometer configuration using spa-
tial scanning method. Broadband light filtered through a color image is incident on the spectrometer for spectral imaging. Repro-

duced with permission from Ref. [52].
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S S AR PRI 2 B4 TR AR, 15 T LA
BAR | SEEA L D ) S iV Ry 400

R 1T 2 R KR A OV P BT (G RY 2 E O
KRS AL ) 20 B 2 ) 00, e 2R T Y i
A DAL EGOW SR T A A ik | A8 77 ) AR
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(a) MIR light
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012 -1 -2
r 3 G 1.55 pm o+

mI
0T13 I 3
012—1 -2
: 012 -1 -2
D3 0T3 >
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G 4 1m o+
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B4 (a) WU B R (b-AsP) [7) 574530 B AT LAR] I A6 00 5 4 A9 2 A O DR A5 A0 58 B2 45 6L (1 1 SRR [59), 2 ARAFBEAY); (b) 1

R0 b A XU R 3 T 45 A R LK A TR] k1 RIBE Tk Y 8 SE L 7E BUE RS P, 7 A AT RS [ R /N5 ) A S OB L . CPL,
LCP Hl RCP 43 5 A4 3R 18] i 41 ' « 72 1 18 i 41 't A 58 158 Al 9 O ©1; () 4R = I IR iR 15 5 9 7R B R. 73R A AL R 5 0
T, GRS 5 G Y Ak PR AR VR SR IO S B KRB i iR A5 B (1 B SCRR [61], B 3RASREAL)

Fig. 4. (a) Twisted b-AsP homojunctions demonstrated simultaneous detection of full linear polarization states and intensity inform-
ation. Reproduced with permission from Ref. [59]; (b) the dual-arm metasurface structure on graphene can localize light of different
wavelengths and handedness on either side of the dual arms, generating vectorial photocurrents with varying magnitudes and direc-
tions. CPL, LCP, and RCP respectively represent circularly polarized light, left-handed circularly polarized light, and right-handed
circularly polarized light!; (c) schematic representation of the extraction of three-wavelength circularly polarized signals. In the

case of mixed light incidence, the processing of photovoltage signal encoding allows for the extraction of the wavelength and circu-

lar polarization information of the incident light. Reproduced with permission from Ref. [61].
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PR TS AR e PR T AL 2R b R B L L. J%
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JE AR5 B9 RO 1 25 5 BA BE I SRR PR
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TR ROCE A AG BRI R T RESEA
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R B AT K. Liao 4 191 01 T 3T XUZ MoS,
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5% 199 dB LA L. & 5(b) JB/R T B 24505 “87 78
ANl ] Y sh A A SR b BB TEAS
)M AR F AR T, REAS A R BRI 7, AT 3
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CIPS) F 19 S 245 14 't i 4 T 4 B 3] (1 3 52 24
40 nm), A Cut& FiL# 5 i 715 5 19 U [ AR
FH, JBEH AT IR AR e ot b —— G R R 5Ol
S EE T S EAR DG, SR DG | X B B BOROE R
5506 R G R B T BRIT G SR L T, 5RO W DG
A Cut B T S . A A AR
HITE (29 10 fA) . ROGHE G (29 10%) S Ktk
WL, (Z10% TR MR 1 L &% /8GR ), 78 5 pixelx
10 pixel FES R B R BE R A0 PE . ARFEX PR
PERRE, CIPS 450 & 7] 75 AR ] IS¢ i JAL 1R
Haom 5 W s gl /E# DIAE ML (signal-to-noise
ratio, SNR) 1% 0.7 FEME“CAT” EHEHH] (151 5(c)),
X TAE S HL rfl & 25 F (charge coupled device,
CCD) ML+ A7+ 3T b PR 28 5 CTPS
IR P2 TR A S e 2 ot 24 i3 e M E5TW ||
H SNR H27H 28 820, 5B 20 8 8 0 A1) b 318 28K
R, IR RE S BLRR S e | 15 Beil earsj (o
HBNAFIIRE, W b R A B A7 R R AR
M (K 5(d)).

3.2 RiEEEAIE
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(a) Trap states Bilayer MoSs
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CIPS photoretector

Kl 5 (a) MoS, JfHL fb 7R 45 IR 2R K] 4 € BN MoS, Byt W IR KR O L b R4 19 (b) B L G35 5t T 8 pixel x8 pixel 451 (1
TRIE I L) B <87 B (AR AR B (8 SCHk [65], EARTRZAN); (o) M EGOR B, JLrp (55 H AR B 75 o8 2 HE 35, SNR 2024 0.7;
(d) 155 CCD ML AAFfils -+ 50 {8 X B2 B kb B 28 55 CTPS [ 37 B 33 A 25 51 (W8 1 SCRik [66], B3R5 %)

Fig. 5. (a) Schematic diagram of the MoS, phototransistor. Inset: optical microscope image of a single MoS, phototransistor!67;
(b) schematic diagram of an 8x8 pixel array under bright and dark backgrounds, and the temporal variation process of “8”. Repro-
duced with permission from Ref. [65]; (c) example of a highly noisy image in which the signal target is completely obscured by
noise, with a SNR of approximately 0.7; (d) comparison between the traditional CCD camera-+storage+software logarithmic trans-

formation processing route and the direct output from the CIPS array. Reproduced with permission from Ref. [66].

U8R T BARYI PR B EERRE, 38 I b R 21 BUES PRI Type-THFAE (08 BHZOETRYA
B SRS ERZ B, T N 208 E B &) FEAT LT AN 2 B W, Type-11 FR1E (UN4L
PEEA RN LR, ALt & N g 7 JIE - Y A bR kR ) DU AR AT D i T o 1 i
BLR AR JE. PRS28] P B A 28— KOG 3 o 28 R 4% 43
Ouyang 55 07 45ty — B {5 A= S 3% A 38 17 K AR AT U, T B I U — AR Ak 1) R A
BAG A, R R T R Ot A S5 TR, AL RS AR E R N S O RS D) 4, 42
(& 6(a)), H ITO/TiOy/ShySes/Si/Ag £ )2 H & FHFAAXT FEEETR 10 £ DA b, fd H AR R 0 oE 6 %
4 A, 8 A A TR AR PR B L, 7R VR )E TiOQ/ M % 58 B 4b 4 T8 AL P 21K (complementary

ShySe; 45 FITR)Z ShySes/Si 4% 22 [0] 1) 6 Y 135 i 7 metal-oxide-semiconductor, CMOS) f&/E#s1Y 33%
Al el X AT O URR, 3 1 R ﬁl BRI 90%.
it DU G 56 T £ LA G R e R, AT R AT WO TERLSE R GE T, I IR RE B TEA ) ) 06 R 2

P, X — JFBE TN R RO T AE AR R A N H A BOFE AR R AR, X — i R
T2 RO BT 22 5, LA BB, WL 3 78 AN [R) i s PR €0 BE 58 0, Tan 55 08§ 1 7 — ML T PtSe,
RFEL T ERCR AR, i S PR Y <% AR SR IRIE 25 g 1, B AR M
RN OLTE DI 5] 6(b) R T izas e P2 i 1 B A BN AR (18] 6(c)). A fFEE e
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. 4 0 125 250 375
= Epoch

Red Wavelength HSV

Q?’

1010%

ConvRelul

BEL6 (a) 125 F4) 1 R AT /s 28 P R0 45 il W W R (scanmngelectron microscope, SEM) &, FEFIR, 200 nm7; (b) Si A
TR R G ERAE DT 2. B () R (i) Sm 1O 3 NP G A s o R T AL A T B R A AT AR s 49, ] (ikd) 2 8 T
X3 T N T 28 190 285 B A (8 A SRR [67], CARAHAY); (c) biiﬂ):‘ PtSe, [ & P (05 3% B A5 B Oy FHYBUZ PtSe, 7514
AT LA [ R A2 0% e ZﬁﬂﬁLIEIJJ RER T @ R (d) BRARBEIE 7R 5 ROt SR B K, BRI TR G R 5T
32 W7 0 5 ful 200 it A 1042 985 (e) AP ZE 4% (convolutional neural network, CNN) 25 #) HUA [A] i £ HE 4E . Origin A1 HSV (RRFE A
AH (hue), 1 F1BE (saturation) FHI B (value)) J& 28 & WEA. 06 3 GRS E R R A% A EIR (R 5) Iy =4
138 . Hue J& HSV PR PRI 1 0; (£) 1] — P 25 454 F DUl 42 1) 20 2R 45 8. AR G &5 2R s P 39 a0 93.55%. Th
B (830 T P BE S 60.48% (1 €1), 62.10% (4% €2) FI 73.39% (L1 €4 ) (i A 3CHK [68], B 3RAHRAN)

Fig. 6. (a) Cross-sectional schematic and SEM image of the device structure. Scale bar, 200 nm%”; (b) operational scheme of the
spectra-adapted vision system. Panels (i) and (ii) show examples of the imaging of typical type-I and type-II features by the spec-
tra-adapted vision sensor, and panel (iii) sketches the architecture of the two-channel artificial neural network. Reproduced with
permission from Ref. [67]; (c) ioinspired bilayer PtSe, device for spontaneous chromatic adaptation. The Oy-mediated bilayer PtSe,
device can simultaneously apply sensing, memory, and processing functions to color images®®); (d) schematic of wavelength-depend-
ent positive and negative nonvolatile photoconductivity, which mimics the antagonistic receptive field of a colored image and the
memory of synaptic cellsl®); (¢) CNN structure and different datasets. Origin and HSV are multichannel composite images. The red,
blue, and green images are the three channels extracted on the basis of their pseudocolor image (origin). Hue is the wavelength
channel of the HSV imagel®; (f) classification results of four datasets under the same network structure. The wavelength-depend-
ent results show an average accuracy of 93.55%. The performance of the pseudocolor channels is 60.48% (blue), 62.10% (green),
73.39% (red). Reproduced with permission from Ref. [68].
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Fig. 7. (a) Schematic diagram of the PdSe,/WSe, heterojunction devicel™; (b) convolution process for image edge extraction under
90 nm polarized laser irradiation. Reproduced with permission from Ref. [73]; (c¢) schematic diagram and working principle of the
PSOS devicel™); (d) recognition images of handwritten digit “6” in the MNIST dataset using the STP-defined edge detection (vertic-
al feature extraction) before applying noise and (e) after applying 50% salt pepper noise, respectively. Reproduced with permission
from Ref. [74].
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Fig. 8. (a) Schematic of the PdSe,/MoTe, heterostructure device. The inset shows an optical image of the PdSe,/MoTe, hetero-
structurel®. (b) Positive and negative photoresponses under different light intensities at a wavelength of 980 nm (indicated by shad-
ow areas) at V, = —10 V and 10 V, respectively®.. (c) Schematic of the mechanism for the broadband convolution calculation that
derives a weighted electrical output from broadband optical inputs. The broadband kernel values can be represented by photore-
sponsivity (R;), which can be tunable by V,. The input layer is represented by the incident light. The pixel values are equivalent to
optical power (P;), and the output photocurrent can be represented with convolution operation conv (P;, V,). The inset shows the
concept of gate-tunable weights for each pixel that derives the weighted positive and negative photoresponsivity. Reproduced with
permission from Ref. [89]. (d) Schematic of a single WSe, photodiode. The device is operated under short-circuit conditions and the
photoresponsivity is set by supplying a voltage pair V/—V( to the bottom-gate electrodes™. (e) Macroscopic image of the bonded
chip on the chip carrier. First magnification: microscope image of the photodiode array, which consists of 3 pixelx3 pixel. Second
magnification: scanning electron microscopy image of one of the pixels. Each pixel consists of three WSe, photodiodes/subpixels
with responsivities set by the gate voltages. Schematics of the classifier (f) and the autoencoder (g). Reproduced with permission
from Ref. [79].
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Fig. 9. (a) The 2D b-AsP/MoTe, vdWs heterostructure simulates the retina, enabling integrated perception and encoding of MIR
objects with the help of random NIR light terminals. The encoded spike signals can be used as inputs for the spiking neural net-
work by passing through the source-drain current (Ipg) below the threshold current (Ip¢) for information processing. Reproduced
with permission from Ref. [100]; (b) schematic diagram of the device structure, from bottom to top is: p**-Si, SiO,, SiN, and MoS,['"%};
() basic structure of the SNN used for encoding and training!!°!; (d) comparison of recognition accuracy evolution with training
epochs and total spike counts for the inference of the same image based on the TTFS coding rule and rate coding rule. Reproduced

with permission from Ref. [101].
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Fig. 10. Challenges in sensor applications. Reproduced with permission from Ref. [79,102-109].
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Table 2.  Scalability and uniformity of 2D material arrays (where o/u represents the ratio of the standard deviation to the

mean, and is used to compare whether the responsivity is uniform).

Mk B RS il R o/u e
PEA,Snl, 10x10 AR B ~0.1 [74]
WSe, 3x3(FL2TFER) HUREI B W Se,, (~70 pmx120 pm) o = 0.205 mA/W-V [79]
MoS, 30x30(4iitn = 720) MOCVDHLZEMoS,, 2-inchit)ig ~1.09 [113]
SnSe 5x5 6-inch ~0.05 [114]
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SPECIAL TOPIC—2D materials and future information devices

Progress in in-sensor computing and applications based on
photodetectors of two-dimensional materials”

SHI QiY2#  TIAN Maoxin?# YANG Quan 2t
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1) (College of Information Science and Engineering, Ningbo University, Ningbo 315000, China)
2) (School of Integrated Circuit, Zhejiang University, Hangzhou 310027, China)

( Received 14 August 2025; revised manuscript received 15 September 2025 )

Abstract

This paper provides a comprehensive review of recent advances in high-performance photodetectors based
on two-dimensional materials and in-sensor computing for intelligent image processing, aiming to address the
challenges of the “memory wall” and “power wall” caused by the separation of sensing, storage, and computing
in traditional image sensors. Traditional image processing relies on the von Neumann architecture, where a large
volume of raw data generated at the sensing end must be transmitted to independent computing units or cloud
platforms for processing, leading to high energy consumption, significant latency, bandwidth burden, and
security risks. Owing to their atomic thickness, high carrier mobility, weak short-channel effects, and tunable
optoelectronic properties, two-dimensional (2D) materials provide an ideal physical foundation for achieving
function integration of perception and computation. This paper discusses the topic from three perspectives:
optical signal perception, image preprocessing, and advanced image processing. In terms of optical signal
perception, 2D materials and their heterostructures exhibit ultrahigh responsivity, broadband operation, and
fast response in light-intensity detection, enable miniaturized spectrometers through bandgap modulation and
computational spectroscopy, and achieve compact, full-polarization analysis via twisted layers and metasurface
structures. In image preprocessing, 2D material devices can perform convolution and feature extraction at the
sensing end through linear photoresponse, suppress noise and extend dynamic range via superlinear and
sublinear responses, and mimic biological visual adaptation in spectral and polarization domains to enhance
image quality and robustness. In advanced image processing, the tunable photoresponse and memristive
characteristics of 2D materials enable sensor-level integration of sensing, storage, and computation, This allows
for the realization of matrix-vector multiplication and convolution operations within convolutional neural
networks, significantly reducing power consumption and improving efficiency. Meanwhile, by implementing
spike-rate and temporal encoding of optical signals in spiking neural networks, 2D material devices can achieve
event-driven image recognition and classification under low-power and low-latency conditions. Furthermore, this
paper highlights the challenges faced by 2D material image sensors, including scalable fabrication, heterogeneous
integration with silicon technology, array- and circuit-level optimization, environmental stability and

encapsulation, and system-level implementation, while envisioning their broad application prospects in
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intelligent imaging, wearable electronics, autonomous driving, and biomedical diagnostics. It is concluded that
with the joint progress in materials science, device engineering, and artificial intelligence, 2D materials are
expected to drive the development of next-generation low-power, high-performance, intelligent image processing

platforms, and to become an essential foundation for future information perception and processing technologies
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