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1. Introduction

With the rapid advancement of technology of big data and artificial

intelligence (Al), the exponential increase in visual information leads to
heightened demands for the quality and analysis of imaging results, rendering
traditional silicon-based image sensors inadequate. This review serves as a
comprehensive overview of next-generation image sensors based on
low-dimensional semiconductor materials encompassing 0D, 1D, 2D
materials, and their hybrids. It offers an in-depth introduction to the
distinctive properties exhibited by these materials and delves into the device
structures tailored specifically for image sensor applications. The
classification of novel image sensors based on low-dimensional materials, in
particular for transition metal dichalcogenides (TMDs), covering the
preparation methods and corresponding imaging characteristics, is explored.
Furthermore, this review highlights the diverse applications of
low-dimensional materials in next-generation image sensors, encompassing
advanced imaging sensors, biomimetic vision sensors, and non-von
Neumann imaging systems. Lastly, the challenges and opportunities
encountered in the development of next-generation image sensors utilizing
low-dimensional semiconductor materials, paving the way for further

advancements in this rapidly evolving field, are proposed.
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Image sensors have been instrumen-
tal in capturing and converting visual
information into electrical signals, allow-
ing for the interpretation, analysis, and
comprehension of our surroundings.'-!
Nowadays, traditional commercial image
sensors based on charge-coupled device
(CCD) and complementary metal-oxide
semiconductor (CMOS) architectures have
been ubiquitously applied in diverse ap-
plications including consumer electronic
products and industrial applications.[*=]
However, the 3D silicon materials applied
in conventional image sensors show high
stiffness, low fracture roughness, high
modulus, and narrow bandgap (400-
1100 nm), restricting the development of
next-generation imaging functions such
as ultrahigh photosensitivity, zero electri-
cal consumption, flexibility, biomimetic
hemispherical imaging, and neuromor-
phic vision.*”7] Hence, there is significant
interest in exploring novel materials and
device structures to drive the advance-
ment of next-generation image sensors.

In the past few years, a variety of functional low-dimensional
materials®?! including 0D quantum dots (QDs),’! 1D
nanowires/nanorods,[''] 2D sheets,'”>!3] and their hybrid
(0D/2D, 1D/2D, and 2D/2D heterostructures)!'*l have been
investigated for image sensors. Due to the unique struc-
ture with at least one dimension at the nanoscale level and
large surface-volume ratios,> 1% low-dimensional materials
showcase exceptional light-matter interaction and excellent
mechanical flexibility, making them significantly superior to
their bulk counterparts.l'’-'8] In terms of dimensions, 0D QDs,
such as indium arsenide (InAs),"! lead sulfide (PbS),1?"! and
indium phosphide (InP)?! colloidal quantum dots (CQDs), offer
size-tunable bandgaps, cover broad spectral ranges and demon-
strate exceptional light absorption capabilities. Likewise, 1D
nanowires, including Zn,GeO, microwires!??l and CH;NH,Pbl,
nanowires,!?2* have been developed for devices integration
and flexible photodetectors. 2D materials such as graphene,?’]
transition metal dichalcogenides (TMDs),[2) hexagonal boron
nitride (h-BN),[?’] and black phosphorus (BP)?! exhibit ul-
trathin thickness and remarkable light-matter interaction.
Moreover, the fabrication of heterostructures by combining
various types of low-dimensional materials/?*-3% enables the ma-
nipulation of light absorption, expanding the spectral range and
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improving light sensitivity. Consequently, there is urgent need
for systematically summarizing low-dimensional materials for
next-generation image sensors.

Based on the combined effect of material properties and
device structures, imaging applications using low-dimensional
semiconductor materials is categorized into three groups:(31-3*
1) advanced image sensor with high photoelectric conver-
sion efficiency,3>3¢! broadband spectral range,*’-38] or zero
consumption.’*#% These image sensors are accomplished
through various means, such as combining PbS colloidal
QDs with CMOS devices,*!) selecting materials with suitable
bandgaps,!*?] and designing asymmetric contacts in a two-
terminal photodetectors.*] 2) Biomimetic vision sensors with
flexible or hemispherical imaging functions utilizing the ultra-
thin thickness character and mature synthesized method on sev-
eral substrates of low-dimensional materials,®* such as near-
infrared (NIR) In, Se;/MoS, heterojunctions for a flexible 10 x 10
devices array!**l and a hemispherical perovskite nanowire array
retina.[*’] 3) Non-von-Neumann imaging systems for image sens-
ing and learning functions. The presence of artificial defects in
low-dimensional materials leads to the trapping and releasing of
charges, which is driven by the combination of light and electric-
ity to achieve synaptic plasticity.l***’! Optoelectronic devices uti-
lizing floating-gated structures are capable of achieving memory
functions through precise control of the on-state and off-state op-
erations, which have been demonstrated for non-von-Neumann
imaging systems. 43

The review begins by introducing the working principles
of image sensors and mechanisms of photodetection, provid-
ing a foundation for understanding their operation. Subse-
quently, image sensors based on low-dimensional semicon-
ductor materials are systematically classified and detailly in-
troduced according to the material dimensions (0D quantum
dots, 1D nanowires/nanorods, 2D materials, 0D/1D composites,
0D/2D composites, as well as 2D heterostructures), as summa-
rized in Figure 1. By designing and constructing single-pixel
or multi-pixel image sensors based on these low-dimensional
semiconductor materials, their applications have been explored
and also summarized in Figure 1 including advanced imag-
ing sensors with high photosensitivity® and self-powered
photodetection,!! biomimetic vision sensors including flexible
image sensors(®?l and hemispherical electronic eyes,[*] as well
as non von Neumann imaging systems with optical memory
functions>}! and machine learning imaging.[>*! Currently, most
low-dimensional semiconductor materials, particularly TMDs,
are produced through mechanical exfoliation!>3] and chemical
vapor deposition (CVD) methods,?®! which limits the resolu-
tion and integration of image sensors. The ultrathin nature of
these materials leads to low light absorption,[**] resulting in weak
photosensitivity and high energy efficiency. Furthermore, effec-
tive integration with flexible substrates and artificial intelligence
(AI) remains a challenge, along with the demands of minia-
turization, which hinders the advancement of next-generation
image sensors. These challenges also present opportunities.
There is increasing focus on developing high-quality, wafer-scale
low-dimensional semiconductor materials, designing multifunc-
tional devices that achieve high sensitivity and low energy con-
sumption, and implementing strategies for integration. Partic-
ularly promising are the opportunities arising from the integra-
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tion of Al and the development of flexible, wearable technologies,
which could significantly enhance intelligent imaging systems
and their practical applications.

2. Working Principles and Mechanisms for Image
Sensors

The implementation of image sensors based on low-dimensional
materials, which convert optical images into digital signals, re-
lies on similar underlying working principles. Each device in
these two types has an individual operation mechanism depend-
ing on the device architecture such as two-terminal photodetec-
tors, phototransistors, defects-induced optical synaptic devices,
and floating-gate optoelectronic memory devices.

2.1. Single-Pixel Imaging and Multi-Pixel Imaging

The working principles of image sensors refer to the mechanism
of how patterned light illuminates onto the image sensor to ulti-
mately realize a patterned electrical image. The single-pixel imag-
ing and multi-pixel imaging are two main working principles,
which are shown in Figure 2. The single-pixel imaging technique
based on a single photodetector relies on the relative movement
between the light source and the image sensor, which influences
the image quality including spatial resolution, sampling accu-
racy, and the signal-to-noise ratio (SNR). Precise and stable move-
ment is essential due to that the misalignment can lead to arti-
facts and blurring and rapid movement may introduce motion
blur if not synchronized properly. Additionally, single-pixel sys-
tems are vulnerable to unintended movements due to their re-
liance on sequential scanning, restricting the application in dy-
namic scenes and real-time imaging of fast-moving subjects.*”]
Despite these challenges, the single-pixel imaging system offers
a simplified and cost-effective setup compared to complex and ex-
pensive CCD or CMOS image sensors, which is applied in situa-
tions where multi-pixel imaging systems are limited, such as spe-
cialized terahertz imaging,>®~7] infrared imaging,®® low-light
conditions,®®! and imaging with time-based depth resolution.°"]

Figure 2a shows the schematic diagram of the single-pixel
imaging system, utilizing patterned light illumination and a sin-
gle photodetector to capture images by scanning in two direc-
tions (x, y). The patterned mask determines the image shape,
and the light wavelength or intensity-dependent photocurrent
leads to image color or contrast, enables imaging identification.
Moreover, single-pixel imaging exhibits outstanding optoelec-
tronic performance, including a broad spectrum range, photore-
sponse dependent on light intensity, rapid response speed, and
high-resolution imaging results.[®"%2] In a recent report, a typ-
ical single-pixel image system based on a Bi,Se;/Bi,Se,O, het-
erostructure photodetector is constructed.l®3] Complex patterns
with high resolutions and large sizes are carried out by this
single-pixel imaging system. The vertical-lateral Bi, Se; /Bi, Se,O,
heterostructure exhibits excellent imaging properties, character-
ized by a high SNR and superior stability. Imaging under low-
light conditions holds immense significance in imaging appli-
cations including biological imaging, night vision, and astron-
omy. High-resolution images under weak-light UV illumination
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Figure 1. Overview of low-dimensional materials and applications. The next-generation image sensors based on low-dimensional materials including
0D QDs, 1D nanowires/nanorods, 2D materials, and hybrid materials, which have exhibited excellent electrical and optical properties, and enormous
prospects in imaging applications. Reproduced with permission.[°] Copyright 2020, WILEY-VCH Verlag GmbH. Reproduced with permission.[>'] Copy-
right 2022, Elsevier Ltd. Reproduced with permission.[2] Copyright 2021, WILEY-VCH Verlag GmbH. Reproduced with permission.[*] Copyright 2020,
Springer Nature Limited. Reproduced with permission.[3] Copyright 2018, Springer Nature Limited. Reproduced with permission.[*] Copyright 2019,

Springer Nature Limited.
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Figure 2. Work principle of the imaging process. The working principle of imaging through a) the single-pixel mode. The light illuminates through a
mask onto a single photodetector to capture images by the relative movement of the patterned light and the photodetector in two directions (x, y). b)
based on the multi-pixel image sensor. The light illuminates the devices array through a patterned mask on devices array, resulting in the formation of

the image.

are achieved by a single-pixel imaging system based on a 2D per-
ovskite single crystal with responsivity of 2.22-A W~ under 5.49
nW-cm~2 of UV illumination.’! Additionally, a single-pixel im-
age sensor based on 2D Bi,0,Se/In,S; heterostructure with a
unilateral depletion band design has been presented to exhibit ul-
traweak light imaging capabilities even under 0.5 pW of 405 nm
light.[** These results demonstrate that single-pixel imaging is
an effective solution for low-light imaging and low-dimensional
materials show great potential in practical imaging applications.
However, a notable drawback is the relatively long imaging time,
which limits its application in capturing moving objects in real-
world environments.

The multi-pixel imaging uses an array of photodetectors to cap-
ture multiple pixels simultaneously, leading to fast image acqui-
sition and high image quality.!>®°! Figure 2b depicts the setup
of a multi-pixel imaging system that utilizes low-dimensional
materials.[®] The light illuminates the devices array through a
patterned mask, forming an electrical image. Each pixel con-
tains a photosensitive device that detects under different illumi-
nation conditions, converting light into electrical signals. This
multi-pixel imaging process offers rapid image acquisition and
superior image quality. For example, a multi-pixel image sensor
with a vertical structure has been fabricated, utilizing a perovskite
photodetector array.l®! The crossbar configuration of the image
sensor has simplified the electrode fabrication and maintained
the excellent photodetection properties of a large linear dynamic
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range (LDR) of 50.35 dB, with a maximum detectivity of 4.2 x
10" Jones and responsivity of 7 A-W~1. The lateral photosensitive
semiconductor channel is another device configuration in image
sensors.[®-%] An image sensor with 8 X 8 pixels based on a bilayer
MoS, film, realizing the ability to distinguish light wavelengths of
638, 532, and 405 nm at a consistent light intensity.! Multi-pixel
image sensors composed of the photodetector arrays offer time-
saving imaging processes and excellent photodetection proper-
ties. Currently, there is a rising interest in research toward at-
taining high resolution, outstanding photodetection, multifunc-
tional imaging capabilities, and flexibility using multi-pixel imag-
ing technology.

With the rapid development of Al, the integration of computa-
tional algorithms with imaging functions has attracted more and
more attention to address unique challenges and unlocking new
capabilities.”*7?! For single-pixel imaging systems, compressed
sensing reduces the required measurements by 50-90% through
sparsity exploitation, enabling faster acquisition without sacri-
ficing resolution in terahertz*! and infrared imaging.[®!! Deep
learning such as convolutional neural networks reconstructs
high-fidelity images from sparse or noisy data, improving SNR by
5-10 dB in low-light conditions and optimizing illumination pat-
terns for dynamic scenes by adaptive sampling dynamically.!
For multi-pixel systems, non-local algorithms with denoising and
super-resolution networks enhance image clarity and resolution,
mitigating noise and pixel limitations in conventional sensors.[?]
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These innovations bridge the gap between theoretical perfor-
mance and practical utility, enabling single-pixel systems to rival
multi-pixel systems in specialized applications while empower-
ing multi-pixel systems to achieve unprecedented speed and ac-
curacy.

In summary, single-pixel imaging provides high-resolution
and low-noise performance by using a single high-sensitivity de-
tector and sequential scanning, achieving excellent SNR for spe-
cific wavelengths like terahertz and infrared. However, the slow
imaging speed of single-pixel imaging makes it less suitable for
dynamic or real-time applications. In contrast, multi-pixel imag-
ing enables rapid, parallel data capture ideal for real-time sce-
narios, but it faces challenges such as higher noise levels and
increased complexity in large-scale sensor fabrication.

2.2. Functional Devices and Mechanisms

The device architecture derived from low-dimensional materi-
als engenders functional properties, which is a crucial factor in
defining the application domains of image sensors.!”>] By amalga-
mating the advantages of low-dimensional materials with func-
tional device structures, the image sensors have showcased di-
verse and versatile applications in intelligent image detection.
This section provides in-depth analysis for the photoresponse
mechanism including generation, transport, and recombination
processes of photo-generated carriers in low-dimensional semi-
conductor materials by combining experiments results and the-
oretical calculations. Then the device structures based on low-
dimensional semiconductor materials in image sensors are clas-
sified into four categories: two-terminal photodetectors, photo-
transistors, defects-induced optical synaptic devices, and floating-
gate optoelectronic memory devices, shown in Figure 3. Figure 3
summarizes the reported device type and comparison with struc-
tural design, photodetection mechanisms, and time-dependent
photoresponse properties.

2.2.1. Photoresponse Mechanism

The photoresponse process based on low-dimensional semicon-
ductor materials involves several key steps: under illumination,
the light with energy (ho) higher than the bandgap of materi-
als (E,) can be absorbed to excite electrons from the valence to
the conductance band, leading to the generation of additional
electron-hole pairs.”#7°! Then the photogenerated electron-hole
pairs are divided by the external source-drain bias (V) or built-
in electrical fields, inducing the photogenerated electrons and
holes drift in opposite directions to increase current under light
(Iign) compared to darkness (Iy,4).”* The energy band struc-
tures of materials result in a photoresponse that varies with wave-
length, and higher light intensity generates more photogener-
ated electron-hole pairs. The Se/InSe heterojunction exhibits a
maximum responsivity of 35 mA-W~! at 460 nm, with an in-
creased photocurrent response as light intensity is enhanced.!””]
In addition to the application of external voltage, the built-in
electric field of the photodetector can separate the photogener-
ated electron-hole pairs. By designing an InSe-based asymmet-
ric Schottky junction photodetector, self-powered photodetection
across the ultraviolet (UV) to visible spectrum is achieved.3*]
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In the process of photoresponse generation, the transfer and
recombination of photogenerated carriers also exist simultane-
ously. Due to several dimensions of low-dimensional semicon-
ductor materials are reduced from bulk to atomic level, Coulomb
interactions are enhanced compared to bulk materials, result-
ing in the generation of excitons with electrons and holes tightly
bound together. Therefore, the transfer and combination pro-
cesses of photogenerated carriers in low-dimensional semicon-
ductor materials are influenced.[”® Non-equilibrium photogen-
erated carriers typically experience several relaxation processes,
such as rapid thermalization through carrier-carrier scattering,
cooling to the band edges via phonon interactions, and electron-
hole recombination, either directly or with the help of defects or
phonons.l”®! Ultrafast laser spectroscopy has unveiled the pho-
tocarrier dynamics in two-dimensional materials, demonstrat-
ing that photocarriers typically relax to the band edges and of-
ten form excitons within about 1 ps before recombination. Ad-
ditionally, excitons can be directly generated through optical ex-
citation at the excitonic resonance.®’] Moreover, ultrafast charge
transfer occurring within 50 fs from the MoS, layer to the WS,
layer in MoS, /WS, heterostructures has been demonstrated us-
ing photoluminescence (PL) mapping and femtosecond pump-
probe spectroscopy.®! Furthermore, recombination centers like
sulfur vacancies in WS, create defect trap states that hinder car-
rier recombination and extend the photoresponse time.[®? By in-
corporating these insights into the photoresponse mechanism,
photodetection properties can be optimized for practical applica-
tions in next-generation image sensors.

2.2.2. Two-Terminal Photodetectors

As shown in Figure 3a, the two-terminal photodetectors include
semiconductor channels and two electrodes, creating a metal-
semiconductor-metal (MSM) configuration.®384 The photogen-
erated electron-hole pairs in two-terminal photodetectors are sep-
arated by external bias based on the photoconductive mechanism
or built-in electrical fields via the photovoltaic mechanism for
photogenerated carriers to produce photocurrent.®-#% Figure 3a
illustrates the device structure, energy band, and time-dependent
photoresponse properties. The increase in current under illumi-
nation, known as the photocurrent (I,;,) is calculated to evaluate
the photoresponse capability:

Iph = Ilight = Lgan (1)

Various figures of merit have been defined to assess the per-
formance of photodetectors across different sizes and lighting
scenarios.['2#’] Photoresponsivity (R) and external quantum effi-
ciency (EQE) are crucial metrics for evaluating the effectiveness
of photoelectric conversion. Photoresponsivity, which quantifies
the photocurrent relative to the light power reaching the channel
region in the photodetector, is defined as:

= () &

where P is the light power equal to product of light power density
(P;) and illuminated channel area (A). And the EQE represents

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB01 SUOWILIOD SAIESID 9 de1{dde au) Aq PouRAE 912 A1 YO ‘98N JO'SIINI 10§ ARIGIT SUIUO ABJIA UO (SUOIIPUOO-PUB-SLLIBWOY' A3 1 ARIGIBUIIUO//ScY) SUORIPUOD PUE SWLB 1 84} 39S *[9202/20/52] U0 ARiqrT8uIiuo ABJIM ‘IWOH DN NH ALISHIAINN OINHOZLATOd ONOY ONOH AQ £2TT0S202 ©WPe/Z00T OT/I0p/w00 A3 1w ARG B |UO"PEOURADE//SANY WOJ} PAPeo|umoq ‘9 ‘G202 ‘G607 TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a) Photodetectors b) Phototransistors c) Cptieal §ynapt|c d) Optoelectro'mc
devices memory devices
g \ZQ\ZQ D \Zg\zg s 5 \Z&yg 5 Floating gate
= PPy D Tunnel layer
R I AR AR A AR AR T S % T T fxxm
Bl OO0 SOV SR 4 8 - o
< = Dielectric layer = ST = »)‘:\‘1\‘1 “.‘:’i‘tﬁ}\‘i
ubstrate Sulssiaie tosirale Dielectric layer
Substrate
N 1 Ve<0 » Zg‘\z& ce0006=3,,
e (<]
g e L_/‘ e Negative@ Netﬂ:tsive Positive Ve
E bias Positive bias
& bias ® 3 )
e
5 . kA
§ ;Zg‘\:&e V>0 \Z&\Z& o) . ee\z&e 000
Negative . Negative @ Negative 29
bias Pt;?:;ve bias P%?:isve bias Po;itive
T — T “eeee —3
g I ,vga=1° > ] e Vg pulse
s
o
o
e
o
t t t t

Figure 3. Optoelectronic devices in image sensors. Schematic diagram of the device structure, energy band variation under illumination, and the corre-
sponding photoresponse curves for a) two-terminal photodetectors, which convert light to electrical signal; b) phototransistors, in which light is used to
amplify the signal of the transistor; c) optical synaptic devices, which use light to transmit and process information, enabling neuromorphic computing by
utilizing defects; d) optical memory devices that use light to read or write data. Several key performance metrics are defined as follows. For two-terminal
photodetectors and phototransistors: 1) photocurrent (Iy,), the difference in current between illuminated and dark conditions; 2) photoresponsivity (R),
the ratio of photocurrent to the illuminated light power; 3) external quantum efficiency (EQE), the fraction of photogenerated electron-hole pairs that
are captured by the electrodes relative to the number of incoming photons; and 4) specific detectivity (D*), which measures the SNR produced per unit
of irradiation power under a specified bandwidth and area. For optical synaptic devices: 1) the pair-pulse-facilitation (PPF) index, the ratio of the current

amplitude of the second light pulse (A,) to that of the first light pulse (A,

2) short-term plasticity (STP), the storage of current states ranging from

a few seconds to a few minutes; and 3) long-term plasticity (LTP), which maintains current states from minutes to years. In the case of optoelectronic
memory devices: 1) the on/off ratio, representing the ratio of on-state current to off-state current; and 2) retention time, which indicates how long the

on-state current can be maintained.

the proportion of photogenerated carriers effectively captured by
electrodes (N() to enhance the current, compared to the number
of incident photons (N;), and can be computed using the subse-

quent formula:['?]
he
E E— — =—R 3
QF= =2 6)

where ¢ is the electron charge (1.602176634 x 107 C), h is the
Planck constant (6.62606957 x 107** m?kg s71), ¢ is the light
speed (3 x 107® ms™'), and 4 (nm) is the wavelength of the in-
cidence light. Both the photoresponsivity and external quantum
efficiency vary with wavelength and light intensity because of the
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distinct energy bands and light absorption characteristics inher-
ent to materials.

Sensitivity, a critical photodetector parameter, is evaluated us-
ing specific detectivity (D”) excluding the influence of the band-
width, geometry, and the area of device, which is defined as:

(A- BW)"/?

D" =
NEP

(cm - Hz'/? - W (Jones)) “4)

where A is the active area, BW is the frequency bandwidth.
Noise equivalent power (NEP) represents the minimum light sig-
nal power that a photodetector can detect or differentiate from
the total noise, which includes ambient noise, internally gener-
ated noise, and other sources. The NEP (W-Hz ') is equal to
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iy/R, where iy is noise current at 1 Hz bandwidth with units
of A-Hz™ /2, The larger specific detectivity value means better
sensitivity of the photodetector. Response time, including rise
time (z,) and decay time (z4), measures photoresponse sensitivity
to light changes. Comparing photodetectors across various low-
dimensional materials and device structures involves evaluating
these metrics under diverse light conditions.

The linear relationship between photoresponse and incident
light power lies in the predictability and reliability of a photode-
tector, which is defined as the LDR. The amount of the LDR is
expressed by the following equation:(#®!

I P

LDR = 20log 22 = 20log (5)
Imin P min

where I (Pn.) and I (P..,) represent the maximum and

minimum values of the photocurrent (light intensity) within the
linear range of the light intensity-dependent photocurrent curve.
This linearity indicates that as the intensity of the incoming light
increases, the photocurrent increases proportionally, allowing for
accurate measurements of light intensity.

2.2.3. Phototransistors

Phototransistors, shown in Figure 3D, are light-sensitive three-
terminal devices structured like field-effect transistors (FETS).
They exhibit high gains and low dark currents that are con-
trolled by gate voltages, making them promise for optoelec-
tronic applications.!®%% Figure 3b schematically shows the typi-
cal FET device structure. The low-dimensional materials as semi-
conductor channels are isolated with the gate voltage by dielec-
tric materials.”!l The conductance is adjusted by altering en-
ergy bands and carriers through varying illumination and gate
voltages.[®?] In n-type semiconductors, positive gate voltages de-
crease energy bands, prompting electron accumulation at the in-
terface, while negative gate voltages repel electrons, raising en-
ergy bands.¥] The synergistic effects of positive gate voltages
and light exposure on semiconductor carriers result in a signifi-
cant contrast in current levels between illuminated and dark con-
ditions, enhancing the photodetection capabilities. Various ap-
proaches have been proposed to boost the photodetection capabil-
ities of phototransistors constructed from low-dimensional ma-
terials. For instance, a p-n junction consisting of a WSe, photo-
transistor to enable the electrostatic tuning of photocarrier pop-
ulation and channel width.*] Additionally, selecting suitable di-
electric layers like hexagonal boron nitride (hBN),*! aluminum
oxide,*! or hafnium oxide,””] enhance the electric field effect to
meet specific design criteria.

2.2.4. Defects Induced Optical Synaptic Devices

The biological synapse acts as the fundamental unit in the
nervous system, enabling signal transmission and processing
through neurotransmitter release across the synaptic cleft.**]
The excitatory postsynaptic current or inhibitory postsynaptic
current means increase or decrease in the synaptic weight,
respectively.[1%1%1 Ingpired by the biological synapses, optical
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synaptic devices have been proposed using light pulses as neu-
rotransmitters and devices as postsynaptic membranes.[*:1%2]
Figure 3c illustrates the defect-induced synaptic devices. By
strategically introducing defects like doping,'®! vacancies,[*6:194]
or native oxide layers,[*1%] this method alters carrier dynamics
within the energy band of low-dimensional materials to replicate
the functionality of biological synapses. As carriers are trapped
and released over time, the current gradually rises during illumi-
nation and then slowly declines back to its initial state after the
light source is removed, as the mechanism depicted in Figure 3c.

The variation in electrical conductivity over time mimics
synaptic plasticity, such as short-term plasticity (STP), long-term
plasticity (LTP), and paired-pulse facilitation (PPF), enabling
functions related to learning and memory in neuromorphic com-
puting systems under light.[1%-1%] These optical synaptic devices
offer benefits like parallel processing, high-speed operation, and
potential compatibility with current optical communication in-
frastructure, addressing the drawbacks of traditional optoelec-
tronic devices.[1%"1%7] Despite the early stage of defect-induced
optical synaptic devices, further research into diverse material
systems, defect engineering techniques, and device architec-
tures is crucial for practical implementation in neuromorphic
computing.

2.2.5. Optoelectronic Memory Devices

Floating-gate optoelectronic memory devices represent a crucial
form of multifunctional photodetection technology, merging op-
toelectronic features with floating-gate structures.[1%1%1 These
carriers are stored and retrieved by the light illumination and
electrical processes, providing potential benefits in non-volatility,
scalability, and data retention.[''®111] In Figure 3d, the floating-
gate transistor structure features a conductive floating gate iso-
lated by a dielectric layer. In n-type semiconductors, a high pos-
itive gate voltage accumulates a significant number of electrons
in the channel, enabling carriers to traverse the dielectric layer
as the tunnel layer to the floating gate.['''-112] Electrons stored in
the floating gate influence the enhanced holes in semiconductors
without external gate bias, leading to a low current memory state.
Reverting the floating-gate device to its initial state involves using
light pulses to neutralize the effect of the negative gate bias on the
semiconductor channel by combining photogenerated holes with
stored electrons in the floating gate.

This integration of optics and memory offers opportunities
for rapid and effective data storage and retrieval, with promis-
ing implications for optical data processing, image recognition,
and neuromorphic computing.l'3-11*] However, the intricate de-
vice structure and integration challenges associated with floating-
gate optoelectronic memory devices impede practical deploy-
ment and application advancement. Overcoming hurdles related
to enhancing performance, reliability, and scalability is crucial
to facilitate broader acceptance and commercial viability of these
technologies.

3. Low-Dimensional Materials for Next-generation
Image Sensors

Low-dimensional materials utilized in image sensors include
0D QDs, 1D nanowires/nanorods, 2D materials, and hybrid
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materials. The specific preparation methods for these materials
and their corresponding image sensors are extensively discussed.
Furthermore, an analysis is conducted to assess the advantages
and disadvantages of each type of low-dimensional material for
their application in image sensors.

3.1. 0D quantum Dots (QDs)

The QDs as representative 0D materials, have unique structures
with exciton Bohr radius smaller than their size (1-20 nm), in-
ducing the quantum confinement effect. Therefore, high optical
absorption, tunable bandgaps, properties dependent on ligands,
and cost-effective solution processing techniques are achieved
for the QDs, exhibiting wide applications in optoelectronics, the
quantum confinement, and spintronics.l''>] The hot-injection
method is widely employed for synthesizing QDs with uniform
size distribution and high quality. This method involves inject-
ing nonmetallic precursors into a solution of metal precursors
at elevated temperatures, resulting in the formation of QDs with
excellent properties.['®] By adjusting the ratio of lead precursors
to sulfur precursors as well as the size, shape, defect in syn-
thesized QDs, researchers have successfully achieved PbS, ZnS,
Cds, and perovskite QDs with tunable energy bands and control-
lable properties./'7]

Figure 4a shows the schematic diagram of monodispersed and
suitably coupled monodispersed perovskite QDs with ultrasmall-
size films by a direct synthesis-on-substrate method.['"®! By uti-
lizing the a-methyl-benzyl-ammonium (MBA®') with an extra
methyl substitution (-CHj;) as the head group, steric hindrance
is induced to suppresses the formation of layered perovskites.
And the ligand concentration-dependent particle size realizes the
continuous tunability of the Bohr radius, resulting in the control-
lable PL and absorption spectra. Figure 4b is the low-dose high-
resolution transmission electron microscope (HRTEM) image
and the corresponding fast Fourier transform pattern of the syn-
thesized QDs. The experimental results are consistent with the
cubic phase of CsPbBr, along the!!%! direction, which agrees well
with the simulated results in right-bottom image of Figure 4b.

QDs films have gained extensive applications in infrared imag-
ing owing to their wide photoresponse range and high light ab-
sorption capabilities.'1%120] And the chemical solution methods
for fabricating the QDs films offer compatibility with CMOS
technology.2%41121] Figure 4e is the schematic diagram of an
ultra-broadband focal plane array image sensor, comprising 640
X 512 pixels with three stacked layers of visible PbS CQDs, short-
wave infrared HgTe CQDs and mid-wave infrared HgTe CQDs
on a silicon readout integrated circuit.'??] Figure 4d shows the
photograph of the ultra-broadband focal plane array image sen-
sor and the corresponding cross-sectional scanning electron mi-
croscopy (SEM) image. This PbS/HgTe CQDs photodetector has
graded energy gaps and maximized vertical-driven force, exhibit-
ing ultra-broadband spectral response from visible to mid-wave
infrared (0.4 to 5.0 um) with excellent responsivity of 0.23, 0.31,
0.83 and 0.71 A-W~! under illumination wavelength of 0.4, 0.7,
2.2 and 4.2 um, respectively. Additionally, another PbS CQDs im-
age sensor with 256 x 256 pixels demonstrates near-infrared de-
tection at 1.8 ym and has a NEP of 8.7 x 107! W at a frequency
of 170 Hz.'?!] These image sensors utilizing QDs attract more
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and more attention in multispectral imaging and light intensity-
adaptive ultra-broadband imaging.

3.2. 1D Nanowires

1D inorganic nanostructures, such as carbon nanotubes (CNTs),
silicon nanowires, ZnO nanowires, and perovskite nanowires,
have diameters ranging from a few nanometers to several hun-
dred nanometers, with length up to hundreds of microns.>#
The unique structure 1D nanowires lead to the special char-
acteristic of enabling the transportation of charge carriers
along a specific dimension while restricting movement in the
other two dimensions.'? The excellent mechanical flexibil-
ity and the outstanding electrical and optoelectrical properties,
have attracted great attention for strain sensors!'?*l and inte-
grated photodetectors for imaging.['?)! The near-field electro-
spinning technique is widely used to construct nanowires and
shows promise for depositing controllable large-scale arrays of
inorganic nanowires.'?®! By employing this technique, high-
performance ultraviolet detection has been achieved based on
patterned Zn,GeO, semiconductor nanowires arrays.?2l More-
over, a blade coating method?*l and a vapor-solid-solid reaction
process!?}] are proposed to construct CH,;NH, Pbl, nanowires ar-
rays and 3D vertical CH,;NH,PbI; nanowires for image sensors.

To produce high-quality, single-crystalline nanowires, the
solution-liquid-solid (SLS) method has been used by injecting
chemical precursors into a hot surfactant solution and utiliza-
tion of molten metal nanoparticles to catalyze the nucleation and
growth of the nanowires.['?°] Figure 4e shows the diagram of an
optimized SLS method utilizing a microfluidic reactor. This novel
resealable microfluidic reactor allows for the controlled growth of
nanowires from a solid substrate by flowing reactants and ligands
over nanoparticle catalysts while efficiently removing reaction by-
products. The CdSe and ZnSe nanowires have been achieved by
this method, where the diameter of nanowires is controlled by ad-
justing the size of catalyst Bi droplets. Figure 4f shows the SEM
image of the synthesized CdSe nanowires. The controllable size
of Bi droplets allows the exploration about the influence of re-
action conditions on nanowire morphology and clarification of
the mechanistic processes involved in solution-catalyzed growth.
The controllable fabrication of semiconductor nanowires lays the
foundation for device integration and use in image sensors. Ad-
ditionally, S-GaSb nanowires with polarized photoresponse per-
formances are integrated into a 5 X 5 devices array for flexible po-
larimetric image sensors.['”] Figure 4g shows the photograph of
the corresponding flexible polarimetric image sensor. This image
sensor possesses polarization imaging capability under linear po-
larization 1.55 pm light. These results exhibit the great poten-
tial of 1D nanowires in integrated devices with superior imaging
ability.

3.3. 2D Materials
2D materials like 2D silicon, graphene, TMDs, and perovskite of-
fer tunable optical bandgaps, unique optical/electrical properties,

and mechanical flexibility, making them highly attractive for im-
age sensor applications.[¢”128] This section offers a summary of
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Figure 4. Quantum dots (0D) and nanowires (1D) for image sensors. quantum dots: a) Schematic diagram of the monodispersed and suitably cou-
pled perovskite QD films prepared via single-step spin-coating. b) The HRTEM image of CsPbBr; QDs. The right images are the corresponding FFT
(fast Fourier transform pattern) image along!'%! direction and the SAED pattern. Scale bar: 2 nm. Reproduced with permission.['8] Copyright 2022,
Springer Nature Limited. c¢) Schematic diagram of the ultrabroadband imager consisting of PdS/HgTe CQDs and silicon circuits. d) The above image
is the photograph of the ultrabroadband imager and the corresponding cross-sectional SEM image. Reproduced with permission.l'?2] Copyright 2024,
Springer Nature Limited. 1D nanowires: €) The microfluidic reactor for synthesizing nanowires by a solution-liquid-solid (SLS) method. f) SEM image
of synthesized CdSe nanowires. Reproduced with permission.[126] Copyright 2013, Springer Nature Limited. g) Photograph of the flexible image sensor
consisting of ordered S-GaSb nanowires arrays with high sensitivity and optical images of the 5 x 5 pixels. Reproduced with permission.['?’] Copyright
2022, American Chemical Society.
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Figure 5. 2D materials for image sensors. 2D silicon ribbons: a) Photograph of the hemispherical electronic eye camera based on compressible silicon
optoelectronics. b) SEM image of the silicon optoelectronic array on a PDMS transfer element. c) Greyscale images of the first two rows in an eye
chart acquired using a hemispherical camera with a 16-by-16-pixel array. Reproduced with permission.!'33] Copyright 2008, Springer Nature Limited. 2D
TMDs: d) MOCVD grown MoS, and WS, films on 2-inch sapphire wafer. Reproduced with permission.['3] Copyright 2021, Springer Nature Limited. e)
Optical images of the image sensor consisting of 900 active pixels and a single pixel based on the monolayer MoS, phototransistor. Reproduced with
permission.[4] Copyright 2022, Springer Nature Limited. 2D perovskites: f) Synthesis process of patterned perovskite arrays by a deposition method.
g) Optical image of a flexible perovskite photodetectors array consisting of 10 x 10 pixels. Reproduced with permission.!#’] Copyright 2018, WILEY-VCH

Verlag GmbH.

preparation methods, device structures, and the associated image
sensors based on 2D silicon ribbons, TMDs, and perovskites.

3.3.1. 2D Silicon Ribbons

Supported by extensive research, mature integration technol-
ogy, and cost-effectiveness, silicon plays a prominent role in
digital image systems.l??! Stretchable form of silicon consist-
ing of sub micrometer single-crystal ribbons has been success-
fully constructed on elastomeric substrates for flexible image
sensors.[139-131] Photolithography is applied to define patterned
mask of a silicon-on-insulator wafer, which is then etched to elim-
inate the exposed areas of the silicon layer. After removing the
resist using acetone, the patterned silicon ribbons are formed,
which are released from substrated by etching the buried SiO,
layer with concentrated hydrofluoric acid. These silicon ribbons

Adv. Mater. 2025, 37, 2501123 2501123 (10 of 28)

are lifted onto stretched poly(dimethylsiloxane) (PDMS) sub-
strates, forming well-defined waves-like patterns. The stretchable
p-n junction diodes have electrical responses at various strain lev-
els and maintain consistent electrical properties when subjected
to stretching or compression. Additionally, a scalable and fold-
able integrated circuit, utilizing twisted and bent wavy monocrys-
talline silicon nanoribbons, has been successfully developed.!'32!
These advancements address the challenge of 2D silicon defor-
mation and establish a solid foundation for the application of sil-
icon devices in flexible image sensors.

Figure 5a displays a photograph of a hemispherical camera
for curvilinear optoelectronics and electronic eye imagers, which
consists of an array of curved silicon devices, a transparent hemi-
spherical cap, and a basic imaging lens.['*}] The hemispherical
PDMS flexible substrate is stretched at various angles to achieve
a planar shape, and subsequently, the single-crystalline silicon
device array is transferred onto the planar PDMS to create the
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hemispherical silicon device array. Figure 5b illustrates the SEM
diagram of the curved silicon device array, clearly depicting the
bending of the monocrystalline silicon. Figure 5c displays the
imaging result obtained from the hemispherical electronic eye
camera featuring a 16 X 16-pixel array. The clear identification of
the resulting images demonstrates the remarkable imaging ca-
pabilities of the hemispherical image sensor. These findings un-
derscore the exceptional performance and valuable applications
of 2D single-crystalline silicon in curved image sensors.

3.3.2. 2D Layered Materials

The discovery of graphene opens up the way for the research
of 2D layered materials with van der Waals (vdWs) forces in
adjacent layers and covalent bonding between atoms in each
layer.'3*13] The remarkable electronic properties, ultra-thin
thickness, atomic flatness, and adjustable optoelectronic perfor-
mance hold great promise for the advancement of future image
sensors.[1267136-137] CVD and metal-organic CVD (MOCVD) are
bottom-up growth methods, providing high-quality growth and
capability for scalable production for 2D layered materials. The
CVD method usually employs solid precursors at high tempera-
tures (700-1000 °C) in a horizontal tube furnace to synthesize
large-area and single-crystalline TMDs. However, this method
struggles with precise stoichiometric control with sulfur vacan-
cies and requires temperature-resistant substrates. In contrast,
MOCVD utilizes volatile metal-organic precursors and chalco-
gen hydrides at lower temperatures (400-600 °C), realizing su-
perior stoichiometric accuracy and uniformity of TMDs. The
MOCVD technique shows potential in industrial scalability and
low-temperature processing. However, the MOCVD process re-
lies on costly and toxic precursors, coupled with potential car-
bon impurities from organic residues, limiting cost-effectiveness
and material purity.['*1*2] Uniform films of MoS, and WS,
on 2-inch sapphire wafers are successfully obtained by utiliz-
ing the MOCVD system, as shown in Figure 5d.1**) A 900-
pixel 2D active pixel sensor (APS) matrix featuring monolayer
MoS, phototransistors has been fabricated, with individual pho-
totransistors integrating programmable TiN/Pt/Al, O, back-gate
islands as shown in Figure 5e.['**] The photogate effect in MoS,,
induced by structural defects and localized trap states at the
MoS, /dielectric interface, allows for gate-tunable photocarrier
trapping. By applying large positive reset voltage pulses to the
local back-gate of the MoS, phototransistor, efficient de-trapping
can be achieved, enabling effective de-noising in 2D APS technol-
ogy without the need for extensive peripheral circuitry or complex
algorithms. Imaging functions utilizing 2D materials exhibit ef-
ficient noise-reduction capabilities, showcasing the potential for
next-generation image sensors.

3.3.3. Perovskite Films

Metal halide perovskites have special crystal structures described
by a formula ABX;, where A, B and X denote a monovalent or-
ganic or inorganic cation (e.g., CH;NH,*, HC(NH,),", Cs* or
Rb*), a divalent metal cation (e.g., Pb**, Sn?*, Cu’* or Ge**),
and X represents a monovalent halide anion (e.g., Cl-, Br~ or
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1), respectively.['2$1%4] Perovskites gain attention for their tun-

able bandgap and exceptional photoelectric properties in opto-
electronic devices and solar cells.['*®] An effective two-step se-
quential deposition method has been proposed to synthesize
large-scale CH;NH,;Pbl;_ Cl, films."*"] It should be noted that
although CH,NH,PbI,_ Cl, is normally considered as the 3D
crystal, it is broadly included as a subset as 2D materials in this
review because the x and y dimensions of the perovskite films
are significantly larger than the z dimension. Figure 5f shows
the schematic diagram about the process flow. The influence of
hydrophilic-hydrophobic surfaces on patterned perovskite films
is crucial, particularly with the formation of an auxiliary pat-
terned Al, O, film on a flexible polyethylene terephthalate (PET)
substrate. The Al,O, film can be rendered hydrophobic using a
mixed solution of hexane and octadecyltrichlorosilane, which is
then patterned through photolithography and etching. Following
this, oxygen plasma treatment makes the exposed areas of the
substrate hydrophilic, allowing for the spin-casting of a precursor
solution containing Pbl, and PbCl, in N,N-dimethylformamide.
Subsequently, CH;NH,Pbl,_,Cl, arrays are synthesized by spin-
ning CH;NH,I solutions on the patterned precursor arrays. The
crystallization quality of the resulting perovskite arrays is further
improved by annealing at 100 °C for 30 min. The digital image
in Figure 5g showcases a flexible perovskite photodetector array
with 10 x 10 pixels with CH;NH,PbI,_ Cl, as the light-sensitive
material and Ni/Au arrays as electrodes on flexible PET sub-
strates, highlighting its exceptional flexibility and imaging capa-
bilities. This research underscores the potential of 2D perovskites
in photodetectors, imaging functionalities, and flexible optoelec-
tronics, paving the way for practical applications in the future.

3.4. Hybrid Materials

Hybrid materials, blending diverse material traits, have been ex-
plored for next-generation image sensors. Here we present three
typical hybrid material categories: 0D and 1D composites, 0D and
2D composites, and 2D heterostructures, delving into their mate-
rial compositions, device structures, and photoelectric properties
in relation to image sensors.

3.4.1. 0D and 1D Composites

The 0D and 1D composites capitalize on the strengths of indi-
vidual components, demonstrating superior light absorption ca-
pabilities and alluring properties through the strategic design of
energy bands and interface structures within the devices.[145-1>]
The ZnO QDs decorated Zn,SnO, nanowires have been pro-
posed as photosensitive materials in image sensors.'>!] The
single-crystalline Zn, SnO, nanowires synthesized by CVD meth-
ods are subjected to solvothermal conditions in an autoclave for
the growth of ZnO QDs. Figure 6a,b shows transmission elec-
tron microscope (TEM) images, showing that the diameter of
ZnO QDs is ~#10 nm on the Zn, SnO, nanowire surface. The het-
erostructure interface traps holes in ZnO, elevating the electro-
static potential in the QDs and triggering a positive gating effect
to boost the photoresponse. In Figure 6¢, the output curves are
displayed under dark conditions and UV illumination, exhibiting
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Figure 6. Low-dimensional material composites for image sensors. 0D and 1D composites: a) TEM image and b) HRTEM image of Zn,SnO,
nanowire with ZnO QDs. c) |-V curves of the photodetector based on Zn,SnO, nanowire with ZnO QDs under dark and 300 nm UV illumination.
Insets are the optical images of photodetectors on a flexible PET substrate. Reproduced with permission.l'> Copyright 2017, American Chemical So-
ciety. 0D and 2D composites: d) Schematic diagram of the process about transferring graphene film onto the CMOS circuitry. Schematic diagram of
graphene-CMOS image sensors. And photograph of the image sensor with ~110000 photoconductive graphene channels without depositing CQDs.
Photographs taken by the graphene-CMOS image sensor deposited by CQDs e) with an exciton peak at 920 nm and f) 1670 nm. Reproduced with

permission.!2%] Copyright 2017, Springer Nature Limited.

enhanced current under light illumination. The insets showcase
optical images of a 10 x 10 photodetector array and a single de-
vice.

Moreover, other 0D and 1D hybrid nanostructures of SnS
QDs/Zn,SnO, nanowires have been fabricated using a two-step
CVD process.!32] The photodetector exhibits excellent photore-
sponse ranging from 400 to 950 nm stems from the narrow
bandgap (~1.3 eV) of SnS QDs. And the high responsivity is
a result of the intrinsic electric field at the SnS-Zn,Sn0O, in-
terface, which leads to hole trapping in SnS QDs, suppresses
electron-hole pair recombination, and enhances broadband pho-
toresponse. Furthermore, A broadband image sensor array uti-
lizing SnS QD-coated Zn,SnO, nanowires, is constructed on
a flexible PET substrate. The system captures clear images of
a smiling face and a bird under white and red light, show-
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casing effective target identification. These sensors demon-
strate versatile UV to NIR imaging capabilities, highlighting
the potential of 0D and 1D composites in flexible imaging
technologies.

3.4.2. 0D and 2D Composites

The integration of 0D quantum dots with 2D materials to boost
light absorption and enhance photodetection sensitivities have
been extensively explored.[”133-155] This integration has been
observed in various technologies, such as MoS,-PbS quantum
dot photodetectors,!'>*] graphene-CsPbBr, QDs optoelectronic
synapses,!**’] and upconverting nanoparticles-MoS, floating gate
phototransistor. In these setups, 2D materials typically serve as
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light-sensitive semiconductor channels, and 0D QDs as light ab-
sorption layer.

Figure 6d shows an image sensor with a 388 x 288 array con-
sisting of graphene-CQD photodetectors.[?%! Each pixel in the im-
age sensor includes a PbS CQD layer, a graphene layer and the
bottom CMOS. Photogenerated carriers in the PbS CQD layer are
transferred into the graphene layer to enhance the conductance.
An ultrahigh gain of 10%, responsivity above 10’ A-W~! and a de-
tectivity exceeding 102 cm-Hz *W~1 are achieved. The bottom
image in Figure 6d shows the photograph of the image sensor
with 2110 000 photoconductive graphene channels. The scan-
ning electron micrograph (SEM) of the active area displays an
S-shaped pixel structure. Integrating the graphene-CQD image
sensor with CMOS circuitry enables impressive imaging capabil-
ities. Figure 6e,f exhibits images captured by the graphene-CQD
sensor with exciton peaks at 920 and 1670 nm respectively. These
outcomes underscore the sensor’s sensitivity across ultraviolet,
visible, and infrared light (300-2000 nm), highlighting the vast
potential of 0D-2D hybrid materials in advanced broadband and
high-resolution imaging systems.

3.4.3. 2D-2D Junctions

The tunable energy bands and broad optical absorption capabil-
ities of 2D materials with layered structures sparked significant
interest in image sensors. Heterostructures composed of multi-
ple 2D materials present advantages through tailored component
and device designs, promising applications in image sensors.!1%]
Figure 7a shows the schematic diagram and digital image of high-
density curved image sensors based on ultrathin MoS,-graphene
heterostructures.!’ The array design features a truncated icosa-
hedron layout to prevent folds and wrinkles. Each device com-
prises a phototransistor with MoS,-graphene heterostructures as
channels, AL,O; as the dielectric, and Ti/Au as the electrodes.
The phototransistor array with special structures design is first
constructed on a flat substrate with the polyimide encapsulation
(Figure 7b), then transferred to a hemispherical surface to fab-
ricate the curved image sensors. Inset image in Figure 7b is the
detailed device structure of each phototransistor. Patterned im-
ages under infrared radiation are acquired by curved image sen-
sors employing MoS,-graphene heterostructures, showcased in
Figure 7c. This work demonstrates advantages of 2D heterostruc-
tures in curved image sensors, a step forward to the hemispher-
ical retinal prosthesis and next-generation flexible electronics.
The interfaces within the heterostructures of 2D layered ma-
terials are tailored to enable synaptic capabilities.[13160-162] A
In,Se;/MoS, heterostructure is constructed into a two-terminal
device on a flexible PET substrate, demonstrating essential
synaptic functions under NIR illumination.*] Figure 7d il-
lustrates the flexible In,Se,/MoS, synaptic device. By form-
ing the heterostructure, the bandgap is reduced, enabling a
photoresponse under NIR light. The potential barriers at the
In,Se;/MoS, interface impede carrier recombination, facilitat-
ing optical synaptic plasticity. The 10 x 10 In, Se;/MoS, synaptic
devices array in Figure 7e shows imaging functions under NIR
illumination. The “butterfly” pattern becomes more discernible
with extended illumination, correlating with increased currents.
This study highlights the utility of 2D heterostructures in flexi-
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ble synaptic devices and NIR image sensors, paving the way for
innovative research in intelligent image sensors and target recog-
nition.

4. Applications for Image Sensors

Traditional visible image sensors are based on silicon-based
CMOS and infrared image sensors are based on indium gallium
arsenide (InGaAs) or mercury cadmium telluride (HgCdTe),
showing wide application value in digital imaging, night mon-
itoring, meteorology and military.[*193-165] Nevertheless, the
limitations imposed by the 3D structure of materials hinder
the progress of image sensor technology. Thus, image sen-
sors employing low-dimensional materials with unique atomic
structures, exceptional flexibility, superior optoelectronic prop-
erties, and compatibility with CMOS processes hold significant
promises for advanced imaging systems, biomimetic vision sen-
sors, and non von Neumann computing architectures.

The structure-performance relationships of low-dimensional
semiconductor materials in photodetection performance largely
determines the application fields of next-generation image sen-
sors. For advanced imaging sensors, 0D materials (e.g., PbSI?
and HgTe!'??] QDs) with broad spectral range, tunable bandgaps,
and high light absorption, are suitble for the image sensors with
high performance yet face challenges in stability and quantum
efficiency under prolonged operation. Moreover, 1D materials
(e.g., Bi,Se,SP% nanowires), 2D materials (e.g., MoS),!””) and
corresponding junctions (e.g., 2H-MoTe, homojunctions)'%! of-
fer exceptional carrier mobility and ultrathin flexibility, show-
ing potentials in image sensors with high performance and self-
powered image sensors, but struggle with scalable integration
and dark current noise. Moreover, the mechanical flexibility of
1D nanowires!®*l and 2D films!“®! facilitates the construction of
flexible and hemispherical device arrays, making them excellent
candidates for biomimetic vision sensors. However, there is still
alack of a universal and mature method for preparing large-scale
uniform low-dimensional semiconductor materials on flexible or
hemispherical substrates. Currently, non von Neumann imag-
ing systems exploit defect-engineered low-dimensional semicon-
ductor materials'®’! and designed heterostructures!®®! for in-
sensor memory and neuromorphic computing, yet their intri-
cate device architectures and interfacial defects pose challenges
for uniformity and energy efficiency. Overall, the choice of low-
dimensional materials directly dictates performance trade-offs:
0D materials prioritize spectral versatility, 1D or 2D materi-
als emphasize mechanical adaptability, and hybrid systems bal-
ance multifunctionality with integration hurdles. This section of-
fers a systematic introduction of the performance metrics and
application-specific benefits of low-dimensional semiconductor
materials, along with their implementations in advanced imag-
ing systems, biomimetic vision technologies, and non-von Neu-
mann computing architectures.

4.1. Advanced Image Sensors

Advanced image sensors feature enhanced photoresponsivity,
broad-spectrum detection, polarimetric capabilities, and self-
powered operation, extending their application versatility. Aug-
menting photosensitivity is crucial for achieving high-contrast,
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Figure 7. 2D heterostructures for image sensors. a) Schematic illustration of the high-density curved image sensor array based on the MoS, /graphene
heterostructure. b) The optical camera image of the designed phototransistor array on a planar substrate. Inset is the schematic illustration of a single
device structure. c) Sigma pattern captured by the curved image sensor array. Reproduced with permission.!'>®! Copyright 2017, Springer Nature Limited.
d) Schematic of the In,Se;/MoS, heterostructure device on the flexible PET substrate. e) Butterfly image attained by the In,Se;/MoS, heterostructure
devices array under 1060 nm illumination for 50 s and 100 s. Reproduced with permission.[*4] Copyright 2022, American Chemical Society.

low-noise imaging outcomes. Inspired by external amplification
circuits that enhance processing efficiency and image recog-
nition rates,*>1%] an infrared range detection amplification
(IRDA) system based on low-dimensional materials has been
developed.*®! The integrated IRDA system has been shown in
Figure 8a, which consists of a detector and a reference resis-
tor based on single-crystalline Bi,Se,S nanowires, and a Ga-
doped In,0,-based top-gate transistor. Under illumination state,
the photodetector has lower resistance than that at dark condi-
tions, which induces a small negative gate voltage of the top-gate
transistor, showing an On-state of the IRDA system with high
on/off ratio and photocurrent. The IRDA system significantly en-
hances photosensitivity to 7.6 X 10*, several orders of magnitude
greater than that of the Bi,Se,S nanowire photodetector. Addi-
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tionally, a 10 X 10-pixel IRDA array has been created, effectively
demonstrating imaging capabilities under patterned light. The
enhanced photoresponsivity, combined with improved noise re-
duction and contrast, emphasizes the potential of IRDA system
for advanced image sensors and encourages innovative designs
for high photoresponsivity imaging devices.

Self-powered photodetectors utilizing low-dimensional mate-
rials through the photovoltaic effect have achieved by engineer-
ing an asymmetric depletion region within homojunction, het-
erojunction, and Schottky junctions.[**1%%) Single-pixel imaging
systems consisting of mechanically exfoliated 2D heterostruc-
tures such as an InSe/WSe,/SnS, heterojunction have been in-
vestigated, for self-powered photodetector with enhanced built-
in electric fields.'’] Recently, a multi-pixel imaging system
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Figure 8. Advanced image sensors based on low-dimensional materials. Image sensors with high performance: a) Schematic diagram of the infrared
detection amplification (IRDA) system by integrating the device of Bi,Se,S nanowire-based photodetector and Ga-doped In,O; nanowire based FET.
Reproduced with permission.[>%1 Copyright 2020, WILEY-VCH Verlag GmbH. Self-powered image sensors: b) The schematic diagram of the self-powered
imaging process via the image sensors consisting of 10 x 10 2H-MoTe, homojunctions with asymmetric thickness. c) The light power-dependent imaging
results under 1060 nm illumination without external bias. The contrast of image results increases with the enhancement of light power of 1060 nm light
source. Reproduced with permission.[1%] Copyright 2020, WILEY-VCH Verlag GmbH.
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consisting of a patterned van der Waals homojunctions array
based on 2H-MoTe, layers with asymmetric thickness has been
proposed.['] Due to the energy bands of 2H-MoTe, layers as
a function of thickness, the built-in electric field is formed at
the interface between thick and thin 2H-MoTe, layers and mod-
ulated Dby the thickness difference in the 2H-MoTe, homojunc-
tion. Figure 8b shows the schematic diagram of the imaging pro-
cess through the 10 x 10 2H-MoTe, homojunctions array. The
NIR light selectively illuminates the image sensor through a “rab-
bit” mask without external bias. The corresponding light power-
dependent imaging results are shown in Figure 8c. The shape
and contrast of rabbit-pattern images become more and more
clear with the increase of the light power of NIR light, demon-
strating the self-powered imaging function and the modulation
capability of light power. The construction and integration of pris-
tine van der Waals homojunctions provides novel strategies for
the development of 2D materials in advanced image sensors with
ultralow power consumption and wide spectra range.

4.2. Biomimetic Vision Sensors

Biological eyes serve as the primary sensory organs for many
animals, leading to the development of biomimetic devices that
replicate the structure and functions of natural organisms.[17-173]
Most biomimetic vision systems are inspired by vertebrate and
insect eyes, which are renowned for their exceptional optical
capabilities, including high resolution, flexibility, and a wide
field of view.['74176] Furthermore, these biomimetic vision sen-
sors are engineered for minimally invasive diagnostics and high-
resolution biological imaging.l! For instance, wearable and im-
plantable devices integrate biological sensors and electronic sys-
tems to monitor real-time physiological changes,['””] such as
body temperature!?’®l and blood flow dynamics.['”°! In endoscopy,
ultrathin, conformable image sensors mimicking insect com-
pound eyes could enable high-resolution imaging of internal tis-
sues, detecting early-stage tumors or inflammation without in-
vasive procedures.['®] Inherently soft low-dimensional semicon-
ductor materials are promising candidates for photo-absorbing
components in high-density flexible arrays due to their excep-
tional qualities, including high photo-absorption coefficients,
photoresponsivity, and significant fracture strain.[181-183]
All-inorganic perovskite materials with remarkable electri-
cal and optoelectrical properties and low-cost patterned growth
method are one of the most promising materials for the appli-
cation in flexible image sensors.>® An ultrathin image sen-
sor has been fabricated by applying stable all-inorganic CsPbBr,
films and waterproof parylene-C films.[>?! Figure 9a illustrates
the structure of an ultrathin 10 X 10 photodetector array, high-
lighting the design of a single photodetector. The floating de-
vices in a NaCl solution shown in Figure 9b demonstrate the
ultralight nature of the image sensor. And the right image
in Figure 9b depicts the image sensor compressed on hu-
man skin, showcasing its remarkable mechanical properties
and elastomer-like flexibility without delamination. Addition-
ally, a vdWs CH;NH;Pbl,/graphene heterostructure on a flexi-
ble PET substrate has been proposed to enhance light-substance
interaction.'®] A three-color image is captured, demonstrat-
ing the color recognition capability. These advancements high-
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light the potential of flexible image sensors based on low-
dimensional materials in flexible imaging systems with advanced
functionalities.

Furthermore, the concave hemispherical retina in human
eyes is remarkable for its wide field of view (FOV) of 150°-
160° and its ability to simplify optical systems by directly
compensating for aberrations from the curved focal plane, in-
spiring the research interest in hemispherical electronic reti-
nas consisting of low-dimensional materials.!13318-187] A fractal
web design for a hemispherical photodetector array incorporat-
ing organic-dye-sensitized graphene has been developed to en-
hance light-absorbing capabilities.!'®] The 48-pixel pyronin B-
doped graphene photodetectors array on a rigid silicon wafer
are transferred to a transparent hemispherical dome, forming a
hemispherical image sensor. The curved imaging functions are
achieved by adjusting the position of laser beam and focusing
on spot sizes. Furthermore, an electrochemical eye featuring a
hemispherical retina constructed from a high-density array of
perovskite nanowires has been developed to mimic the photore-
ceptors of the human retina.l*] Figure 9c illustrates the detailed
structure and photograph of this electrochemical eye. Light fo-
cused by a convex lens stimulates the photosensitive perovskite
nanowires array, causing current variations and curved imaging
functions. This setup successfully captures the character “A” with
100 pixels, achieving FOV of 100.1°, which approaches the hu-
man eye’s FOV of 130°. These innovative designs of artificial eyes
offer promising advancements in curved imaging functions and
biomimetic vision systems.

Moreover, researchers are increasingly focused on enhancing
imaging performance including low power consumption and
high photo response. A notable advancement is the development
of a hemispherical electronic retina featuring a 5 x 5 array of in-
dium (In)/MoS, synaptic devices, which exhibits ultralow power
consumption for imaging tasks.[*! Figure 9d,e shows the pho-
tograph of the biomimetic eye and the corresponding detailed
structure, respectively. Each pixel in this setup functions as an
In/MoS, optical synaptic device with a two-terminal configura-
tion. The work function of indium (4.1 eV) is lower than that of
MoS, (4.7 eV), allowing electrons to flow from indium to MoS,
until equilibrium is reached. This results in a downward bending
of the conduction band in MoS,, leading to enhanced conductiv-
ity and an impressive power consumption of just 68.9 aJ per spike
for the optical synapse. As illumination time increases, the clar-
ity of the curved images improves, showcasing the hemispheri-
cal imaging capabilities of this electronic eye. This research paves
the way for advancements in artificial vision systems, particularly
in enhancing the synaptic properties and imaging functionalities
of biomimetic devices.

4.3. Non von Neumann Imaging Systems

Commercial imaging systems utilize the traditional von Neu-
mann architecture, which comprises photoreceptors for captur-
ing visual information, a memory unit for data storage, and a cen-
tral processing unit for complex data processing.'1*13%] This sep-
aration of components, along with linear interactions and exten-
sive data transmission between them, results in high power con-
sumption, slow data transfer speeds, and redundant data. These
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Figure 9. Biomimetic vision sensors based on low-dimensional materials.

Flexible image sensors: a) Schematic diagram of the flexible image device

based on perovskite films, the cross-section image of an individual pixel and the optical image of the photodetectors array. b) Digital image of the ultra-
lightweight device in NaCl solution, and the compressed device on the skin. Reproduced with permission.[2] Copyright 2022, Elsevier Ltd. Hemispherical
electronic eyes: c) Exploded view of the biomimetic electrochemical eye based on perovskite nanowire arrays. Right image is the photograph of the
electrochemical eye. Reproduced with permission.[*] Copyright 2020, Springer Nature Limited. d) Photograph of an electronic eye with a hemispherical
In/MoS, synaptic devices array. €) The corresponding detailed structure of the electronic eye. Reproduced with permission.[“6l Copyright 2021, WILEY-

VCH Verlag GmbH.

limitations hinder the advancement of computing systems.[1%!
To address these challenges, researchers are exploring non-von
Neumann architectures that integrate sensing, memory, and
computation, which can revolutionize intelligent imaging sys-
tems in Al-driven and Internet of Things (IoT) applications. Im-
age sensors integrated with neural network computing facilitate
real-time facial recognition and anomaly detection directly at the
edge, finding applications in smart security monitoring.!**!) Non-
von Neumann systems improve energy efficiency by combining
adaptive imaging with decision-making, such as adjusting room

Adv. Mater. 2025, 37, 2501123 2501123 (17 of 28)

lighting based on occupant presence and ambient light, while
also analyzing gestures for appliance control.l'*?] Additionally,
these sensors enable predictive maintenance by examining ther-
mal or spectral patterns from machinery to detect faults before
failures occur in industrial [oT.I***] This non von Neumann imag-
ing system is gaining increasing attention as a means to over-
come the issues related to the von Neumann bottleneck, memory
wall, and power consumption wall.l>*194]

The design and fabrication of optoelectronic memory de-
vices utilizing low-dimensional materials merge optical response
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Figure 10. Non von Neumann imaging systems based on low-dimensional materials. Optoelectronic memory: a) Schematic diagram and the contact
angle of MoS, with hydroxyl groups. b) Schematic of the optical memory transistor based on MoS, under 550 nm illumination. Inset is the corresponding
optical image of the device. ) An operating sequence of optical memory behavior based on the MoS, transistor at 20 V gate voltage. Reproduced with
permission.!'87] Copyright 2020, Royal Society of Chemistry. Neuromorphic vision sensors: d) Schematic diagram Schematic structure of the MoO,
ORRAM. e) Voltage sweeping based on the MoO, ORRAM before and after UV illumination. f) Schematic of the neuromorphic visual system with
the ORRAM-based pre-processing function, and the images contrast and recognition rate enhancement based on this neuromorphic visual system.

Reproduced with permission.[>#] Copyright 2019, Springer Nature Limited.

with memory capabilities, demonstrating significant potential
for neuromorphic visual systems to address the von Neumann
bottleneck.'>-1%! Figure 10a shows a monolayer hydrophilic
MoS, film featuring covalently bonded hydroxyl groups that en-
hance its hydrophilicity by replacing sulfur atoms.!'®”] The hy-
droxyl groups introduce traps within the MoS, film, enabling op-
tical memory functions and the development of optical memory
transistors. The corresponding optical image and schematic il-
lustration of the MoS, optical memory transistor are shown in
Figure 10b. Figure 10c shows one operation cycle of the non-
volatile characteristics and inset is the Off-state current. By man-
ufacturing the initial large gate pulse for low Off-state currentand
light pulses for large On-state current, optical memory functions
and corresponding imaging results under different wavelengths
after a 1-min waiting period are obtained.

Adv. Mater. 2025, 37, 2501123 2501123 (18 of 28)

Moreover, the construction of heterostructures to modulate
carrier behaviors through electricity and light is essential for re-
alizing optical memory functions. A proposed heterostructure
combining monolayer WSe, and few-layer hBN creates a multi-
bit nonvolatile optoelectronic memory device and an integrated
pixel matrix with imaging capabilities.[>] By applying gate and
source-drain voltages, the device perform programming, read-
out, and erasing processes. A 3 X 9 array of WSe, /hBN devices
has been fabricated, demonstrating the ability to detect and dif-
ferentiate light wavelengths using three laser beams (638, 515,
and 473 nm), showcasing the potential for filter-free color image
sensors. These findings are crucial for advancing artificial visual
systems based on non-von Neumann architecture, potentially en-
hancing the development of practical applications such as cam-
eras and fax machines.
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Image learning significantly enhances image sensors by en-
abling automatic feature extraction, improving accuracy in object
detection and classification, adapting to varying conditions, and
facilitating real-time processing, thereby transforming raw vi-
sual data into actionable insights for diverse applications./1?7-1%]
Synaptic devices based on low-dimensional materials exhibit
increasingly broad application prospects in artificial machine
vision.'#19] A two-terminal optoelectronic resistive random ac-
cess memory (ORRAM) based on a structure of Pd/MoO,/ITO
has been constructed with synaptic plasticity under optical
stimulation.®*! Figure 10d illustrates the schematic structure of
the device, accompanied by a cross-sectional SEM image. The
electrical characterization in Figure 10e reveals that the device
initially operates in a high resistance state (HRS) and can switch
to a low resistance state (LRS) under a 365 nm laser. The LRS
is maintained after light removal and reverts to its original state
upon applying a voltage of —2.13 V. Therefore, ORRAM arrays
achieve functions such as image sensing, memory, and contrast
enhancement. Furthermore, simulations in Figure 10f utilize a
three-layer artificial neural network for image recognition, sig-
nificantly improving the recognition rate.

Additionally, accurate environmental perception across vary-
ing illumination conditions is essential for horizontal cells and
photoreceptors in the retina, capable of handling light intensity
variations up to 280 dB. Advances in non-von Neumann opto-
electronic devices have shown promise for machine vision with
visual adaptation. A bilayer MoS, transistor with a high-«x di-
electric and charge trap states has achieved a dynamic range of
199 dB, significantly exceeding the 70 dB range of silicon CMOS,
allowing for effective capture of both shadowed and highlighted
image details.['1] A three-layer artificial neural network trained
on the Modified National Institute of Standards and Technol-
ogy (MNIST) dataset shows improved image recognition accu-
racy over time, with rates increasing significantly from 38.6%
to 96.9% for scotopic adaptation and from 9.5% to 96.1% for
photopic adaptation. These findings suggest that non-von Neu-
mann architectures utilizing low-dimensional materials for im-
age sensors, with their intensity and time-dependent optoelec-
tronic properties, hold substantial promise for bioinspired in-
sensor memory and adaptation functions, enhancing machine
vision applications and simplifying hardware and algorithm com-
plexities.

5. Summary and Outlook

This review highlights the current research on next-generation
image sensors utilizing low-dimensional semiconductor ma-
terials, emphasizing their potential in advanced imaging,
biomimetic vision, and non-von Neumann applications. The
unique nanoscale structures of these materials confer excep-
tional electronic and optoelectronic properties, such as flexibil-
ity, tunable bandgaps, and strong light-matter interactions, mak-
ing them ideal for functional devices in next-generation im-
age sensors. The reported next-generation image sensors, con-
sisting of low-dimensional materials (0D, 1D, 2D, and hybrid
materials) in diverse device configurations for photodetection,
showcase extensive imaging applications, as outlined in Table 1.
Figure 11a summarizes the types of low-dimensional materials,
device structures, and pixels in the novel next-generation im-
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age sensors. The PdS QDs are widely investigated as image sen-
sors by integrating with silicon circuits, resulting in high reso-
lution and photodiode structures. The relatively mature prepa-
ration technology of integrated 1D materials can realize the con-
struction of high-resolution image sensors. At present, the device
structure consisting of nanowires is mainly concentrated on the
two-terminal photodetector structures. Currently, the research fo-
cus is on 2D materials and their heterostructures due to their
superior optoelectronic properties, which have been constructed
into photodetectors, photodiode, optical synapses, and transis-
tors for imaging, showing great potential in biomimetic im-
age sensors and non von Neumann imaging systems. Moreover,
Figure 11b summarizes the responsivity and wavelength range
of the single pixel in image sensors based on low-dimensional
materials. As can be seen, the responsivity of 2D heterojunc-
tions consisting of WSe,/BN,>] CH,NH,Pbl,/graphene,!*]
PbS/graphenel?’l reaches up to 10’ A/W, and most responsivity
surpasses 1 A/W higher than that of the Si-based image sensors.
And the response range of PbS/HgTe QDs device is from 400 to
5000 nm,!'??] and type-1I Dirac semimetal PtTe, has been utilized
for room-temperature terahertz photodetection with range from
0.02 to 0.3 THz.'3] These sensors offer significant advantages
over traditional 3D silicon-based devices, making them suitable
for intelligent imaging and artificial vision applications. With the
development of low-dimensional material preparation and in-
tegration technology, heterogeneous structures of various low-
dimensional materials with the combination of excellent prop-
erties will be the main materials of the next generation of im-
age sensors to achieve high-resolution, wide-spectrum and high-
response imaging functions. In this following section, we ex-
plore the industry prototype and trends of next-generation image
sensors utilizing low-dimensional materials, along with the chal-
lenges and future prospects for next-generation integrated opto-
electronics applications.

5.1. Prototype and Trend for Industry

Currently, CMOS image sensors (CIS) have become the domi-
nant device in the industry due to their lower power consumption
and cost-effectiveness compared to conventional CCDs. The pre-
vailing trends in the image sensor industry include the pursuit
of enhanced sensitivity and high resolution, alongside miniatur-
ization and improved energy efficiency. Additionally, there is a
growing emphasis on the development of flexible and wearable
sensors, which cater to the demands of modern applications. The
integration of Al capabilities into image sensors is increasingly
recognized as a critical factor in advancing their functionality
and performance. These trends collectively reflect a significant
evolution in the design and application of image sensors, align-
ing with contemporary technological advancements and user re-
quirements. However, the further advancement of CIS is con-
strained by the low photoresponsivity (hundreds of mA-W~1) and
narrow wavelength range (visible to NIR wavelength) of silicon-
based photodetectors, along with issues like untunable photore-
sponsivity and mechanical rigidity, restricting their applications
in biomimetic devices and intelligent imaging. The application
of low-dimensional materials for photosensitive units offers a
promising avenue for creating the next-generation image sensors
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Table 1. A summary of image sensors based on low-dimensional materials.

Types Photosensitive materials Pixels number A[nm] R[A/W] Device structure Applications Refs.
0D PbS CQDs 256 X 256 1800 0.5 Photodiode NIR imager [127]
oD PbS CQDs 640 x 480 1400 0.23 Photodiode NIR imager [120]
0D PbS CQDs 640 x 512 400-1300 0.02-0.5 Photodiode NIR imager [47]
oD PbS and HgTe CQDs 640 x 512 400-5000 0.23-0.83 Photodiode Ultrabroadband imager [122]
1D Zn,GeO, microwires 7x7 360 - Lateral photodetector Flexible imager [22]
1D CH3;NH;Pbl; microwires 21x21 360-960 10.9-13.57 Lateral photodetector Flexible imager [24]
1D CH;NH;Pbl; nanowires 32x32 780 0.03 Vertical photodetector Flexible imager [23]
1D Perovskite nanowires 10 %x 10 400-810 0.002-0.015 Electrochemical Biomimetic eye [45]

photodetector
1D Bi,Se, S nanowires 10x 10 915-1550 0.37-2.9 IR detection amplification Flexible NIR imager [50]
system
2D Silicon ribbons 16 x 16 620-700 - Lateral photodetector Biomimetic eye [133]
2D Silicon ribbons 16 X 16 620-700 - Lateral photodetector Biomimetic eye [137]
2D MoS, 900 450-625 104 Phototransistor In-sensor de-noising [144]
imager
2D MoS, 5%5 550 - Optical synapses Biomimetic eye [46]
2D PtTe, 3x3 0.02-0.3 THz 0.074-1.6 Lateral photodetector Terahertz imager [137]
2D Graphene 48 440-700 4000 Phototransistor Biomimetic eye [188]
2D CsPbBr, 10 %x 10 350-530 1.2-1.9 Lateral photodetector Flexible imager [52]
2D CH3NH;PbBr, Cl; 20 % 20 532 7 Vertical photodetector Laser emission imager [66]
2D Bilayer MoS, 8x8 405-638 100-119 Phototransistor Highly sensitive imager [69]
2D CH;3NH;Pbl;_, Cl, 10x 10 405-808 2.17 Lateral photodetector Flexible imager [147]
2D Hydrophilic MoS, 10x 10 480-700 - Optical memory device Optical memory imager [167]
2D MoO, 8x8 365 - Vertical photodetector Image machine learning [54]
2D Bilayer MoS, 8x8 660 - Phototransistor Image machine learning [1871]
0D+1D ZnO QDs/Zn,Sn0O, 10 % 10 300 3.6 x 10° Lateral photodetector Flexible UV imager [157]
nanowires
0D+1D SnS QDs/Zn,Sn0O, 10x 10 300-900 3-10° Lateral photodetector Flexible NIR imager [152]
0D+2D PbS CQDs/InGaZnO 1 700-1400 150-4 x 10° Phototransistor NIR imager [155]
0D+2D PbS CQDs/InGaZnO 1 1310 30-10* Phototransistor NIR imager [154]
0D+2D PbS CQDs/graphene 388 x 288 300-2000 107 Photodiode Broadband imager [20]
2D+2D MoS, /graphene 1500 515-850 2 Phototransistor Biomimetic eye [159]
2D+2D In,Se; /MoS, 10x 10 490-1060 - Optical synapse Flexible NIR imager [44]
2D+2D CH;NH;Pbl;/graphene 24 x 24 405-780 107 Lateral photodetector Flexible imager [185]
2D+2D Bi; Se; /Bi; Se O, 1 405-1064 0.8-3 Vertical-lateral Broadband imager [63]
photodetector

2D+2D InSe/WSe, /SnS, 1 400 0.035-0.55 Vertical photodetector Self-powered imager [170]
2D+2D GeSe,/GaN 4x4 205-400 0.01-0.26 Vertical photodetector Self-powered imager [51]
2D+2D WSe, /BN 3x9 473-638 1.2 x107 Optical memory device Optical memory imager [53]
2D+2D 2H-MoTe, homojunctions 10x 10 520, 1060 0.0005-0.0006 Photodiode Self-powered imager [166]

that can enhance and potentially surpass current CIS technology
to meet the trend of industry.

There are two primary prototypes of image sensors based
on low-dimensional materials that are emerging in the indus-
try. (Figure 12) The first prototype is hybrid-Si image sensors,
which leverage the compatibility of low-dimensional materials
with traditional semiconductor fabrication processes to achieve
enhanced sensitivity and high resolution. In contrast to conven-
tional back-illuminated CIS (BI-CIS) technologies that rely on
flip-chip and wafer bonding methods, low-dimensional materi-
als can be transferred onto the surface of CMOS wafers un-
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der ambient temperature and pressure conditions. This capabil-
ity facilitates feasible and efficient monolithic integration with
silicon-integrated circuits, thereby enabling the realization of
BI-CIS architectures. Furthermore, the expanding array of low-
dimensional materials offers a diverse library of materials, each
possessing unique electrical and optoelectronic properties, which
allows for the potential customization of image sensor function-
alities to meet specific application requirements. For example, a
NIR imager featuring 640 X 512 pixels has been constructed by
combining PbS CQDs with a CMOS silicon readout integrated
circuit.!l The optimized device structures yield a wide spectral
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Figure 11. A summary of the reported image sensors based on low-dimensional materials. a) A summary of pixel numbers in image sensors based
on low-dimensional materials (0D, 1D, 2D, OD and 1D hybrids, 0D and 2D hybrids, 2D heterostructures) with diverse device structures (photode-
tectors, photodiodes, optical synapses, and transistors). b) A summary of the photoresponsivity and photodetection wavelength range of the single

pixel with photodetectors, photodiodes, and transistors structures in the image sensors based on low-dimensional materials, including PbS,

[41,120-121]

PbS/HgTe 22l CH;NH;Pbl;,1241 CH;NH;Pbls,[23] perovskite,[*] Bi,Se,S,%1 MoS,,["4] graphene,['®8] CsPbBr;,[>2 CH;NH;PbBr,Cl4,,1%] Bi-
layer MoS,,191 CH3NH;Pbl;_ Cl, 171 ZnO/Zn,Sn0,,I"11 SnS/Zn,Sn0, 1121 PbS/InGaZnO 1341551 PbS/graphene,°l MoS, /graphene,!'>]

CH3NH;Pbl;/graphene, 18] Bi, Se; /Bi, Se, 0,1 InSe/WSe, /SnS, 1170 GeSe, /GaN, 131l WSe, /BN,[*3] 2H-MoTe, homojunctions.166]

range from 390 to 1300 nm, high responsivity (0.46 AeW~!), and a
LDR of 150 dB. The PbS CQD imager offers advantages in captur-
ing detailed and informative images, which highlights the prac-
tical significance of PbS CQD imagers in various applications.
In the contemporary era of the IoT, the surge of unprocessed
images has presented significant challenges to computing sys-
tems, as the frequent data shuffling between modules results in
considerable power consumption. Furthermore, the technologi-
cal disparity between memory and microprocessors exacerbates
the physical separation between these components, leading to
interconnect resistance mismatches and increased training la-
tency. To mitigate these challenges, in-memory computing uti-
lizing resistive switching materials has emerged as a promising
solution. This approach integrates memory and computing func-
tions, thereby eliminating unnecessary data transfers between
modules and fundamentally challenging the traditional von Neu-
mann architecture. Such advancements illustrate how Al can en-
hance the physical implementation of conventional computing
units. Notably, memristors, which leverage electrical channels
to achieve multiple resistance states, facilitate substantial neural
network workloads through efficient matrix computations. The

Adv. Mater. 2025, 37, 2501123 2501123 (21 of 28)

second prototype is beyond-Si image sensors, which capitalize
on the unique physical properties of low-dimensional materials,
enabling the integration of sensing, memory, and computational
functionalities within a single device to realize the integration of
Al capabilities. Recently, inspired by biological vision, an analog
optoelectronic processor with a crossbar array architecture con-
sisting of 32 X 32 MoS, phototransistors has been proposed.[2%!
This image sensor emulates the eye and brain by capturing and
storing optical images as electrical data and recognizing them
through analog in-memory neural network computing, achiev-
ing 94% accuracy in recognizing 1000 handwritten digits. Addi-
tionally, the distinctive mechanical properties of low-dimensional
materials facilitate the development of curved image sensors,
thereby promoting miniaturization, energy efficiency, flexibility,
and wearability.

5.2. Challenges and Perspectives
Despite significant advancements in the synthesis of low-

dimensional materials and the fabrication of advanced image
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Figure 12. Roadmap for next-generation image sensors based on low-dimensional materials. Prototypes of image sensors for industry include
hybrid-Si image sensors and beyond-Si image sensors. Reproduced with permission.[41] Copyright 2022, Springer Nature Limited. Reproduced with
permission.!2%1 Copyright 2020, WILEY-VCH Verlag GmbH. To realize the trend for industry in enhanced sensitivity, high resolution, miniaturization,
energy efficiency, flexible and wearable sensors, Al integration, the low-dimensional materials, devices, and integration techniques are required to be
developed. Reproduced with permission.[21%] Copyright 2024, WILEY-VCH Verlag GmbH. Reproduced with permission.[2!"] Copyright 2024, WILEY-VCH
Verlag GmbH. Reproduced with permission.12%6] Copyright 2024, Springer Nature Limited.

sensors, practical applications in industry continue to encounter
challenges related to materials, devices, and integration. These
challenges encompass several critical areas, including the follow-
ing points.

5.2.1. Enhanced Sensitivity

Achieving enhanced sensitivity in image sensors is paramount
for practical applications especially low-light conditions. Re-
cently, the integration of surface plasmon resonance (SPR) us-
ing metal nanoparticle arrays on low-dimensional materials has
significantly enhanced responsivity, such as Au nanoparticles for
self-powered InSe photodetector of 244 mA W-! under visible

Adv. Mater. 2025, 37, 2501123 2501123 (22 of 28)

illumination,3° or Al nanopaticles to increase the responsivity
of graphene photodetectors under visible light by 25 times to
0.25 mA/W.21 Moreover, QD and CQD layer with high light
absorption has been utilized for enhanced sensitivity. Graphene-
based photodetectors can achieve a responsivity of up to 107
A/W in the near-infrared range, significantly outperforming tra-
ditional silicon-based sensors with hundreds of mA/W.[2°] How-
ever, the fabrication of SPR-enhanced and QD-based photode-
tectors are accompanied by issues including high dark currents
and thermal noise, which degrade low-light sensitivity. Addi-
tionally, the synthesis of metal nanopaticles and QDs involves
complex and costly processes, restricting the scalability and in-
tegration with CMOS circuits of these technologies for image
sensors. Addressing these challenges, it is essential to develop
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stable, uniform, and cost-effective metal nanopaticles and QDs
through optimal synthesis techniques to realize the stable inte-
gration processes with low-dimensional semiconductor materi-
als and circuit architectures. Additionally, other innovative strate-
gies like construction of vertical-lateral hybrid heterostructure!®)
or degisn of detection amplification system!**] are needed to be
further investigated to enhance sensitivity, reduce noise, and im-
prove overall performance in next-generation image sensors.

5.2.2. High Resolution

High resolution is critical for the next-generation image sen-
sors in practical applications. Although low-dimensional mate-
rials have the potential to improve pixel performance, significant
challenges remain in scaling down pixel sizes without compro-
mising image quality. Currently, 2D materials like MoS, have
been used to fabricate 900-pixel APS with individual phototran-
sistors, achieving high-resolution imaging with efficient noise
reduction.!'**] However, the current pixel size of 10 pm in these
devices is still larger than the 1-2 um pixel size achievable in com-
mercial CMOS sensors.[22] Further development of fabrication
and integration techniques, such as atomic layer deposition!2%*!
and through-silicon via technology!?* for low-dimensional semi-
conductor materials are required to reduce pixel sizes and in-
crease pixel numbers while maintaining or improving image

quality.
5.2.3. Device Miniaturization

The miniaturization of electronic devices necessitates the devel-
opment of image sensors that can be integrated into increas-
ingly compact systems. The optimization of integration between
low-dimensional materials and current semiconductor technol-
ogy needs further research to refine fabrication methods and de-
velop innovative designs that achieve highly miniaturized sen-
sors without compromising functionality. For example, van der
Waals heterostructures have been successfully integrated into
curved image sensors with a truncated icosahedron layout, en-
abling high-density imaging arrays without folds or wrinkles.['
However, challenges remain in achieving wafer-scale integra-
tion of these materials, as current methods often result in de-
fects and non-uniformities that can degrade performance. Ad-
vanced fabrication techniques like electron-beam lithography!2%°]
should be employed to enable precise patterning and integration
of low-dimensional materials at the nanoscale, while wafer-scale
integration™ and 3D stacking architectures®®! can maximize
spatial efficiency and reduce device footprint.

5.2.4. Energy Efficiency

Energy efficiency is a critical consideration in the design of im-
age sensors, particularly for portable and battery-operated de-
vices. Recently, self-powered image sensors with ultralow power
consumption have been constructed by designing built-in elec-
tric fields in devices consisting of low-dimensional materials.
For instance, 2H-MoTe, homojunctions have been used to cre-
ate self-powered image sensors under near-infrared illumina-
tion without external bias.!'%®! These devices show great potential
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in energy-efficient imaging, but further optimization is needed
to improve their responsivity and dynamic range. To enhance
energy efficiency in next-generation image sensors, researchers
should focus on optimizing self-powered designs using low-
dimensional materials!®¥ by improving built-in electric fields and
carrier dynamics to boost responsivity and dynamic range. Ad-
ditionally, integrating energy-harvesting technologies, like solar
cells!?” or piezoelectric materials,[**! with image sensors can fur-
ther reduce power consumption, enabling sustainable operation
in portable and battery-operated devices.

5.2.5. Flexible and Wearable Technology

The demand for flexible and wearable technology is growing
rapidly, requiring that next-generation image sensors can con-
form to various surfaces and withstand mechanical stress. Al-
though low-dimensional materials exhibit inherent flexibility and
lightweight nature, challenges persist in ensuring durability and
performance under diverse conditions. For example, ultrathin
perovskite films have been used to fabricate 10 x 10 pixel arrays
that are both flexible and lightweight, with a total thickness of
only 1.1 um.?] These devices have demonstrated excellent me-
chanical properties, including the ability to be compressed on
human skin without delamination. However, long-term durabil-
ity under repeated mechanical stress remains a challenge, and
further research is needed to optimize material properties and
device architectures for robust, high-performance flexible image
sensors tailored to wearable applications. Developing direct syn-
thesis method!'#2] on flexible substrates and a sophisticated trans-
fer method!'#] shows potentials to achieve flexible and wearable
image sensors based on low-dimensional materials. Additionally,
exploring hybrid material systems and innovative device architec-
tures, such as stretchable interconnects/?®®! and strain-resistant
substrates,[?] can further improve the long-term performance
and reliability of flexible image sensors for wearable applications.

5.2.6. Al Integration

The integration of Al into image sensor technology represents a
transformative opportunity to enhance functionality and enable
real-time data processing. However, effectively embedding AI al-
gorithms within the sensor architecture poses significant chal-
lenges, including computational efficiency, power consumption,
and hardware-software co-design. For example, MoS,-based OR-
RAM devices have demonstrated neuromorphic computing ca-
pabilities, achieving 94% accuracy in recognizing handwritten
digits by integrating sensing, memory, and processing functions
within a single device.’* Similarly, graphene-based photode-
tectors with integrated Al algorithms have shown potential for
in-sensor computing, reducing data transfer latency and power
consumption by processing information directly at the sen-
sor level.?”l Developing energy-efficient neuromorphic architec-
tures, optimizing in-memory computing techniques, and lever-
aging low-dimensional materials with tunable electronic proper-
ties to enable seamless Al integration have attracted increasing
attention. The integration of AI and image sensor technology
can unlock new possibilities for intelligent imaging systems in
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applications ranging from autonomous vehicles to biomedical di-
agnostics.

Nevertheless, low-dimensional materials have not yet reached
a level of practical application in image sensors. Several tech-
nical challenges remain to be resolved, including the devel-
opment of synthesis methods for stable and wafer-scale sin-
gle crystals, the design and fabrication of multifunctional de-
vices, and the advancement of integration techniques for het-
erogeneous low-dimensional semiconductor materials. Figure 12
shows the roadmap for next-generation image sensors consist-
ing of low-dimensional semiconductor materials. The synthe-
sis of wafer-scale and high-quality low-dimensional semicon-
ductor materials is a current research hotspot in the field of
materials and chemistry. Recently, 8-in. wafer-scale monolayer
MoS, films with excellent spatial homogeneity have been epitax-
ially synthesized on sapphire through a designed vertical CVD
system.[?1%l As the novel low-dimensional semiconductor mate-
rials and nano fabrication techniques continuously developing,
breakthrough progress has been made in multifunctional and
high-performance photoelectric conversion devices.*'!l Apart
from the optical modulation and electric field, the magnetic field
and quantum states are induced in these image sensors consist-
ing of low-dimensional materials, accelerating the development
of biomimetic vision system and non von Neumann imaging
systems. Furthermore, the dangling-bonds-free surface of most
low-dimensional materials overcomes the limitations of lattice
matching, providing advantages for monolithic 3D integration
on various substrates. Van der Waals lamination shows great
potential in the hybrid-Si image sensors and beyond-Si image
sensors.[2%] Monolithic 3D integrated systems are constructed
by repeating the van der Waals lamination process tier by tier
in the vertical direction, which will be further developed and ap-
plied in the next-generation image sensors. In summary, the ad-
vancement of low-dimensional materials, coupled with ongoing
innovations in device architectures and integration techniques,
is essential for the development of next-generation image sen-
sors. This breakthrough in the imaging field necessitates inter-
disciplinary collaboration and cross-domain exchanges among
researchers in materials, chemistry, physics, semiconductor, and
artificial intelligence.
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