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Abstract Remarkable developments in image recognition

technology trigger demands for more advanced imaging

devices. In recent years, traditional image sensors, as the

go-to imaging devices, have made substantial progress in

their optoelectronic characteristics and functionality.

Moreover, a new breed of imaging device with information

processing capability, known as neuromorphic vision sen-

sors, is developed by mimicking biological vision. In this

review, we delve into the recent progress of imaging

devices, specifically image sensors and neuromorphic

vision sensors. This review starts by introducing their core

components, namely photodetectors and photonic synap-

ses, while placing a strong emphasis on device structures,

working mechanisms and key performance parameters.

Then it proceeds to summarize the noteworthy achieve-

ments in both image sensors and neuromorphic vision

sensors, including advancements in large-scale and high-

resolution imaging, filter-free multispectral recognition,

polarization sensitivity, flexibility, hemispherical designs,

and self-power supply of image sensors, as well as in

neuromorphic imaging and data processing, environmental

adaptation, and ultra-low power consumption of neuro-

morphic vision sensors. Finally, the challenges and pro-

spects that lie ahead in the ongoing development of

imaging devices are addressed.

Keywords Imaging devices; Photodetectors; Photonic

synapses; Image sensors; Neuromorphic vision sensors

1 Introduction

Imaging technology plays an important role in our daily

lives, industrial processes and military defense strategies,

such as facial recognition, instrument monitoring, and

stealth detection [1–4]. The evolution of smart cameras and

machine vision in recent times has led to fresh require-

ments for imaging devices [5, 6]. Currently, there are two

categories of imaging devices, one is conventional image

sensors, and the other is innovative neuromorphic vision

sensors inspired by the principles of biological vision.

Based on these two types of imaging devices, distinct

image recognition systems have emerged (Fig. 1) [7–11].

In conventional image recognition systems, image sen-

sors serve as indispensable imaging components [12, 13].

In recent years, significant improvements have been made

in image sensors to amend the limitations encountered in

practical applications [14–17]. For example, conventional

flat image sensor arrays necessitate complex multi-lens

optical systems for imaging, resulting in increased system-

level complexity and larger device dimensions, as shown in

Fig. 1a(i). To overcome this challenge, curved image

sensors have been developed, offering the ability to capture
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a wide field of view (Fig. 1a(ii)) [18, 19]. In addition,

conventional image sensors often rely on intricate optical

components, such as prisms or Bayer filters, to achieve

wavelength discrimination [20]. Consequently, innovative

filter-free narrowband image sensors have been devised

through novel mechanisms, such as the charge collection

narrowing (CCN) mechanism [21, 22]. Currently, image

sensors are evolving towards achieving high-resolutions,

large-scale and exceptional flexibility, among others

[23–26]. Nevertheless, the conventional image recognition

systems using image sensors and von Neumann’s com-

puting architecture are inherently imperfect. Image sensors

produce massive raw data in the entire time domain for

frame-based image acquisition, bringing challenges to von

Neumann architecture processors and resulting in high-

energy consumption [27, 28]. Although neuromorphic

processors with high processing efficiency are being

developed, data communication among different modules,

such as image sensors, memory and the central processing

unit (CPU), still causes time delays (Fig. 1a(iii)) [29, 30].

Consequently, there is a growing need for advanced

imaging devices that can seamlessly integrate both image

acquisition and data processing.

Conversely, biological vision systems exhibit clear

advantages over conventional image recognition systems,

particularly when it comes to unstructured image

classification and recognition [31]. Inspired by the human

visual system, a novel class of imaging devices known as

neuromorphic vision sensors has been developed, inte-

grating image acquisition and data processing (Fig. 1b)

[9, 32, 33]. These neuromorphic vision sensors incorporate

multiple light-modulated synaptic behaviors, such as spike-

timing-dependent plasticity [34, 35]. Moreover, they have

successfully realized advanced visual capabilities akin to

biological vision, such as mixed-color pattern recognition

and environmental adaptability [36–38].

Herein, recent advancements in imaging devices,

specifically image sensors and neuromorphic vision sen-

sors, are reviewed. We begin by introducing the device

structures, working mechanisms, and key performance

parameters of photodetectors and photonic synapses, which

constitute the core components of image sensors and neu-

romorphic vision sensors, respectively. Next, we spotlight

the progress in image sensor development, emphasizing

achievements in terms of large-scale and high-resolution

imaging, filter-free multispectral recognition, polarization

sensitivity, flexibility, hemispherical designs and self-

power supply. Subsequently, we provide a comprehensive

overview of the notable accomplishments of neuromorphic

vision sensors, encompassing their contributions to neuro-

morphic imaging and data processing, environmental

adaptation and ultra-low power consumption. Finally, we

Fig. 1 Image recognition systems: a conventional image recognition system based on image sensors. b Neuromorphic image
recognition system based on neuromorphic vision sensors. Adapted with permission from Ref. [11]. Copyright 2022, Springer Nature
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offer a concise summary and delve into the challenges and

prospects for imaging devices.

2 Core components of imaging devices

2.1 Photodetectors

Photodetectors serve as the fundamental building blocks of

image sensors [39]. In this section, we provide a compre-

hensive overview of photodetectors, focusing on their

device structures, working mechanisms and the key per-

formance parameters defining the functionality of image

sensors.

2.1.1 Device structures and working mechanisms

The photodetectors can be assigned into photoconductors,

photodiodes, and phototransistors, each distinguished by

their unique device structures and working mechanisms

[40, 41]. A schematic representation of the structures of

these three types of photodetectors is shown in Fig. 2.

Among these, the photoconductors with a metal–semi-

conductor–metal (MSM) configuration are the simplest in

terms of structure. Depending on the positioning of elec-

trodes on the semiconductor materials, photoconductors

can be categorized into lateral and vertical structures, as

shown in Fig. 2a. The working mechanism of photocon-

ductors is based on the photoconductive effect [42, 43].

When photosensitive materials absorb photons with energy

greater than their band gap, the free electron–whole pairs

will be generated. Driven by an external electric field, the

electron–hole pairs separate and move in the opposite

direction to form a photocurrent. The photocurrent gener-

ated under light illumination can be calculated by the fol-

lowing equation [44]:

I ¼ qNV

L2
snln þ splp
� �

ð1Þ

where L is the width of the channel, qN represents the

internal current generated by photoelectrons, V is working

voltage, ln and lp represent the mobility of electron and

hole, respectively, and sn and sp represent the lifetime of

electron and hole pairs produced per unit time under illu-

mination, respectively. In recent years, a variety of pho-

toconductors have been fabricated based on novel

semiconductor materials, such as zero-dimensional quan-

tum dots (QDs), one-dimensional (1D) micro/nanowires,

two-dimensional (2D) micro/nanosheets and film materials

[45–49]. Owing to its relatively straightforward device

assembly, the photoconductor is the most utilized compo-

nent for the integration of image sensor arrays.

The photodiodes with a two-terminal structure are typ-

ically constructed using P–N junction or P–I–N junction

materials, accompanying a built-in electric field, as shown

in Fig. 2b [50, 51]. The photodiodes can operate in a self-

powered mode based on the photovoltaic effect [52–54].

Under illumination, the electron–hole pairs can be gener-

ated within the semiconductor material when the absorbed

energy surpasses the band gap threshold. The built-in

electric field facilitates the movement of photogenerated

electrons and holes in opposite directions, leading to the

generation of a short-circuit current at zero bias. In addi-

tion, the photodiodes can also work in the presence of

external voltage. In this case, it generally operates in the

reverse bias state, in which the external electric field

direction is consistent with the internal electric field,

improving the efficiency of electron–hole pair separation.

When an excessive reverse bias is applied, the avalanche

multiplication of carriers may occur, which results in a

large current gain or breakdown of the photodiodes. Si-

based photodiodes are the most common P–N junction

photodiodes in commercial complementary metal oxide

Fig. 2 Schematic diagram of the structure of the photodetectors: a structural diagram of the photoconductor. b Structural diagram of
the photodiode. c Structural diagram of the phototransistor
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semiconductor (CMOS) image sensors [55, 56]. For the last

few years, perovskite-based P–I–N junction photodiodes

have been assembled and integrated as image sensors due

to their excellent photoelectric properties [57, 58].

The phototransistors with a three-terminal structure

combine the characteristics of transistors and photodiodes,

as shown in Fig. 2c. Besides the source and drain elec-

trodes, the phototransistor has an additional gate electrode,

which can regulate the carrier density in the semiconductor

channel [59]. Similar to photoconductors and photodiodes,

phototransistors generate photocurrent when they absorb

photons with energy exceeding the semiconductor’s

bandgap. By adjusting the gate voltage, the channel current

can be modulated, allowing for the amplification of pho-

tocurrent or reduction of dark current. The structure of

phototransistors determines the complexity of their array

integration as image sensors. Traditional oxide film mate-

rials with high mobility, such as indium oxide (In2O3) and

indium gallium zinc oxide (IGZO), are frequently used to

assemble phototransistors [60]. In addition, novel 2D

materials are regarded as ideal candidates for fabricating

phototransistors because of their excellent optoelectronic

properties and easily modulated electrical properties by

gate voltage. For example, wafer-scale 2D materials, such

as molybdenum disulfide (MoS2), have been successfully

synthesized and employed in the construction of image

sensors [61].

2.1.2 Key performance parameters

Responsivity (R) R is defined as the ratio of photogenerated

current to incident light power, which illustrates the pho-

toelectric conversion capability of the photodetector. It can

be shown as Eq. (2) [62]:

R ¼ DI
PinA

¼ Ilight � Idark
PinA

ð2Þ

where DI is photogenerated current, Pin is incident light

power density, A is the effective area of the photodetector,

Ilight and Idark represent the current of the photodetector

under illumination and at dark, respectively.

External quantum efficiency (EQE) EQE represents the

proportion of collected charge carriers (Nc) to the incident

photons (Ni) at a specific wavelength illumination. It is

shown as Eq. (3) [63]:

EQE ¼ NC

NI

¼ hc

ek
R ð3Þ

where h, c, e and k represent the Planck constant, light

speed, elementary charge and the wavelength of incident

light, respectively.

Noise equivalent power (NEP) the detection limit of a

photodetector is determined by its noise. NEP represents

the incident light power that yields a signal-to-noise ratio

(SNR) of 1. The smaller the NEP is, the more the pho-

todetector can detect weak light. It can be shown as Eq. (4)

[64]:

NEP ¼ in
R

ð4Þ

where in is the nose current.

Specific detectivity (D*) D* is employed to evaluate the

ability of photodetectors to detect the weakest light signals.

It is inversely proportional to NEP and can be shown by

Eq. (5a) [65]:

D� ¼
ffiffiffiffiffiffiffiffiffi
ADf

p

NEP
¼ R

ffiffiffiffiffiffiffiffiffi
ADf

p

in
ð5aÞ

where Df represents the electrical bandwidth. The noise

sources of the photodetector mainly include shot noise, 1/f

noise, and thermal noise. To simplify the calculation

formula, 1/f noise and thermal noise are usually ignored.

At this time, the shot noise from the dark current is the main

noise of the photodetector. It can be shown as Eq. (5b) [66]:

D� ¼ R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eIdark=A

p ð5bÞ

Response speed it is represented by response time, which

can be divided into rising time (srise) and falling time (sfall).
srise is defined as the time that it takes to rise from10% to 90%

of the maximum current value. sfall is defined as the time that

it takes to fall from 90% to 10% of the maximum current

value. The response speed is closely related to the transport

and collection of charges, so reducing the electrode spacing

helps to improve the response speed.

Linear dynamic range (LDR) LDR is a figure of merit

that describes the linear relationship range between the

photodetector’s photogenerated current and the light

intensity. It can be given by Eq. (6) [67]:

LDR ¼ 20lg
Pmax

Pmin

ð6Þ

where Pmin and Pmax represent the minimum light intensity

and the maximum light intensity, respectively, in which the

photogenerated current of the photodetector increases lin-

early with the light intensity.

Photoconductive gain (G) G is defined as the number of

charge carriers that pass through the external circuit under

each photon excitation. It can be quantitatively calculated

by the ratio of photogenerated carrier lifetime (slife) to drift

transit time (stransit) between two electrodes, which is

shown by Eq. (7) [68]:

G ¼ slife
stransit

¼ slife
L2

lmV ð7Þ

where lm is the mobility of the majority carrier.
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2.2 Photonic synapses

Photonic synapses serve as the fundamental components of

neuromorphic vision sensors. Unlike electronic synapses

that generate action potentials in response to external

voltage stimuli, photonic synapses produce action poten-

tials in response to light signals [69–71]. In recent years, a

plethora of innovative photonic synapses have been created

for the development of neuromorphic vision sensors. In this

section, we present an overview of the structure, working

mechanism, and key performance parameters of photonic

synapses.

2.2.1 Device structures and working mechanisms

The structure of photonic synapses falls into two categories:

two-terminal structures and three-terminal structures [72].

Two-terminal photonic synapses share device structures

similar to those of photoconductors and photodiodes,

whereas three-terminal photonic synapses adopt the same

structure as phototransistors. Compared with two-terminal

photonic synapses, three-terminal photonic synapses usually

have additional electrical modulation capacity for signal

storage or recovery. It is essential to note that the working

mechanisms and capabilities of photonic synapses diverge

from those of photodetectors. Photodetectors can swiftly

convert optical signals into electrical signals with rapid

response and recovery times, but they cannot retain optical

information once the light stimulus is removed. In contrast,

photonic synapses, equipped with sensing and processing

functions, possess the capacity for light-dependent memo-

rization. Modulating the carrier transport and recombination

processes is necessary to endow photonic synapses with

biological synaptic behaviors. The working mechanisms of

photonic synapses mainly include the introduction of trap-

ping states, band arrangement engineering, and some special

strategies [73–75].

The trapping states inside or at the interface of channel

materials play an important role in the transport and

recombination of charge carriers. Trapping states are unde-

sired in the preparation of photodetectors. Reducing the

presence of trapping states is conducive to rapid carrier

transport for enhancing the photodetector’s performance.

However, the development of photonic synapses necessi-

tates the deliberate incorporation of trapping states to emu-

late synaptic plasticity. There are three scenarios of trapping

states existing in photonic synapses: defect states within the

bulk of channel materials, defect states at the interface

between two channel materials, and deliberately designed

trapping layer. Oxide semiconductor films are known to

harbor numerous oxygen vacancy defects, making them a

common choice in the construction of photonic synapses. For

example, Cao et al. demonstrated photonic synapses using

InSnZnO oxide semiconductor films modified by InP QDs

[76]. The photonic synapses exhibited nonconstant current

phenomena, ascribing to the carrier trapping and de-trapping

by oxygen vacancy (Fig. 3a, b). During the device assembly

processes, the defect states are sometimes introduced at the

interface between different materials. For example, Kim

et al. constructed a MoS2-organic heterostructure photonic

synapse based on an interfacial defect trapping mechanism

[11]. Time-dependent synaptic plasticity was proved relative

to interfacial charge trapping between MoS2 and dielectrics

(poly(1,3,5-trimethyl-1,3,5-trivinyl cyclotrisiloxane))

(Fig. 3c, d). In addition, the deliberate introduction of a

trapping layer is also an effective strategy for the preparation

of photonic synapses. For example, Huang et al. demon-

strated a photonic synapse by designing a polymethyl

methacrylate (PMMA) film as a trapping layer between PbS

QDs and pentacene [73]. Comparative experiments con-

firmed that the plasticity of synapses was contributed by the

PMMA trapping layer (Fig. 3e, f).

Engineering the band alignment of two semiconductor

materials is another way to regulate the carrier transport

and recombination processes. In photonic synaptic devices,

the principle of band alignment design should follow that

electron–hole pairs can be separated quickly, in which one

type of carrier is trapped in a selective channel material.

The rapid separation of electron–hole pairs gives the pho-

tonic synapse rapid computing ability, while the trap of one

type of carrier inhibits the recombination process to obtain

memory function. Both type-I and type-II heterojunctions

have been adopted in photonic synapses. Such a device

generally requires the modulation of gate voltage, so it is

usually a three-terminal device. Park et al. fabricated a

photonic synapse based on the QDs/IGZO type-II hetero-

junction [74]. Under light stimulation, the photogenerated

electron–hole pairs were generated within the QDs, the

electrons were transferred to the IGZO film, while the holes

were trapped in the QDs due to the barrier of energy band

potential (Fig. 3g). When the light source was removed, the

recombination process proceeded slowly because the holes

trapped in the QDs, creating the memory function

(Fig. 3h). Based on the above mechanisms, this device

enabled fundamental synaptic behaviors, such as synaptic

plasticity and non-volatile memory. In addition, the type-I

heterojunction of carbon nitride (C3N4)/pentacene was

applied in photonic synapses by Lee et al. [37]. To regulate

the carrier transfer, an ultra-thin PMMA film was intro-

duced as a tunneling layer between C3N4 and pentacene.

Under ultraviolet (UV) light illumination, the electron–hole

pairs were generated in both C3N4 and pentacene, and the

holes in C3N4 tunneled through PMMA film to pentacene,

but the electrons were confined in C3N4 (Fig. 3i). After the

UV light was removed, the electron–hole pairs in pen-

tacene rapidly recombined, whereas the electrons trapped

1Rare Met. (2024) 43(11):5487–5515
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in C3N4 slowly recombined with the holes. Based on the

above type-I heterojunctions, the UV-response synaptic

behaviors were successfully shown.

In addition, there are some special strategies to regulate

carrier transport and recombination for photonic synapses.

Chai et al. demonstrated a valence change switching

mechanism in optoelectronic resistive random access

memory (ORRAM) synaptic devices [75]. It involves the

photogenerated electron–hole pairs and the protons (H?)

produced by the reaction between the photogenerated holes

and the absorbed water molecules in the MoOx films.

Under illumination, the photogenerated electrons and pro-

tons caused the valence state of Mo ions to change from 6?

to 5?, which resulted in the resistance state of MoOx films

changing from a high resistance state (HRS) to a low

resistance state (LRS). During the reset processes, the

proton was extracted from MoOx films driven by the

electric field, and the valence state of Mo ion was restored

Fig. 3 Schematic diagram of the working mechanism of photonic synapses: a, b oxygen vacancy defect states. Reproduced with
permission from Ref. [76]. Copyright 2023, Wiley–VCH. c, d Interface defect states between two materials. Reproduced with
permission from Ref. [11]. Copyright 2022, Springer Nature. e, f Deliberately designed trapping layer. Reproduced with permission
from Ref. [73]. Copyright 2023, Wiley–VCH. g, h Type-II band arrangement. Reproduced with permission from Ref. [74]. Copyright
2022, Wiley–VCH. i Type-I band arrangement. Reproduced with permission from Ref. [37]. Copyright 2020, Wiley–VCH. j–l The
ferroelectric/electrochemical modulated method. Reproduced with permission from Ref. [77]. Copyright 2018, Wiley–VCH
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from 5? to 6?, causing the resistance state to return from

LRS to HRS. The light dosage (light intensity and illumi-

nation time) influenced the reaction of protons and Mo5?.

The device exhibited light-dependent synaptic behaviors

and nonvolatile memory characteristics. Liu et al. proposed

a ferroelectric/electrochemical modulated approach for

organic synapse [77]. The amplitude, frequency and dura-

tion time of gate voltage play a vital role in synaptic

plasticity. When the gate voltage was lower than the

coercive voltage (Vc) of ferroelectric materials, mobile

counter anions (ethyl sulfate in P(VP-EDMAEMAES))

were doped into PIID-BT driven by an electrostatic field.

The electric double layer (EDL) and the hole channel were

formed (Fig. 3j). Repetitive or long-term gate voltage

stimulation produced changes from electrochemical short-

term plasticity to long-term plasticity (Fig. 3k). Further-

more, when the gate voltage surpassed the Ec, the ferro-

electric long-term plasticity was established, producing a

nonvolatile current (Fig. 3l). As a proof-of-concept, a

neuromorphic vision sensor was constructed and exhibited

nonvolatile plasticity of 10,000 s persistent and unique

threshold switching characteristics.

2.2.2 Key performance parameters

Synaptic weight in biological neural networks, the synapse

is the connection between two neurons that can transmit

information. The synaptic weight is expressed by the

connection strength between preneurons and postneurons

[78]. In photonic synapses, synaptic weight refers to the

conductivity of the device channel [79].

Synaptic plasticity the change in synaptic weight refers

to synaptic plasticity. In biology, synaptic plasticity

underlies learning and memory in the human brain [80].

Synaptic plasticity can be divided into two categories:

short-term synaptic plasticity and long-term synaptic

plasticity. Short-term synaptic plasticity usually lasts for

very short periods of milliseconds to seconds [81]. Long-

term synaptic plasticity refers to changes in synaptic

weights lasting a long time (a few minutes to weeks or even

longer) [82, 83]. According to whether synapses are exci-

tatory or inhibitory, synaptic plasticity can be divided into

short-term potentiation (STP)/long-term potentiation (LTP)

and short-term depression (STD)/long-term depression

(LTD) [84]. Repetitive stimulation or prolonged stimula-

tion can lead to a transition in synaptic behavior from STP/

STD to LTP/LTD.

Paired-pulse facilitation/paired-pulse depression (PPF/

PPD) PPF/PPD as a fundamental characteristic of short-

term synaptic plasticity describes the facilitation/depres-

sion ability of a synapse when it receives two consecutive

stimulus signals. The amplitude of the first current peak is

defined as A1, while the second one is defined as A2. PPF/

PPD index can be calculated by the Eq. (8) [85]:

PPF=PPD ¼ A2

A1

� 100% ð8Þ

where the amplitude of the second current peak (A2) is

larger than the first one (A1), and the PPF/PPD index will

decrease as the time interval between the two successive

synapses increases. The relationship between the PPF/PPD

index and the time interval can be fitted with different

functions, the most common of which is the double

exponential decay function as Eq. (9) [86]:

PPF=PPD decay ¼ c1exp �Dt
s1

� �
þ c2exp �Dt

s2

� �
ð9Þ

where Dt represents the pulse time interval, s1 and s2 are

the characteristic relaxation time of the fast phase and the

slow phase, c1 and c2 are the initial facilitation/depression

magnitudes of respective phases.

Energy Consumption Energy consumption of photonic

synapses is a key concern for the development of neuro-

morphic vision sensors. Generally, the energy consumption

of photonic synapses can be divided into electrical energy

consumption (Ee) and optical energy consumption (El). Ee

and El of a synaptic event can be calculated by Eq. (10)

[87]:

Ee ¼ r
t0þDt

t0

V � I tð Þ � dt � V � It0þDt � Dt ð10Þ

where t0 is the time when the light pulse starts, Dt
represents the duration time of a light pulse, V is the

working voltage, Ito?4t is the current at the end of the light

pulse.

El ¼ P� S� Dt ð11Þ

where P and S represent the optical power density and the

effective illumination area of the device.

3 Development of high-performance imaging
devices

3.1 Image sensors

The increasing requirement of image information acquisi-

tion is the primary impetus behind the development of

novel image sensors. Considerable efforts have been

devoted to improving the performance of image sensors

through the synthesis of new materials and the innovation

of device structures [8, 88–91]. This ongoing endeavor has

yielded significant advancements in device structure,

functionality, and power efficiency [17, 92, 93]. In this
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section, we primarily delve into the advancements in image

sensors, focusing on their evolution towards large-scale

and high-resolution imaging, filter-free multispectral

recognition, polarization sensitivity, high flexibility,

hemispherical designs and self-power supply. A compar-

ison of the characteristics and functions of the latest

reported image sensors is shown in Table 1

[57, 94, 96–99, 102, 107, 109, 110, 112, 121–126,

131–133].

3.1.1 Large-scale and high-resolution imaging

Achieving both high-resolution and large-scale is funda-

mental for image sensors to capture precise image infor-

mation. One strategy for constructing high-resolution and

large-scale image sensors is to employ crossbar-structured

arrays with the photodetector sandwiched between cross

electrodes. Compared with the planar electrode structure,

this strategy offers the advantage of reducing the number of

Table 1 Summary of characteristics and functions of recently reported advanced image sensors

Device Fabrication strategy Material Pixel
number

Function Refs.

Large-scale and high-
resolution image sensors

Crossbar structure ITO/NiOx/MAPbI3/
C60/BCP/Ag

48 9 48 Large-scale imaging [94]

Crossbar structure ITO/ZnO/Ag 4 9 4 Ultrahigh-
resolution imaging

[96]

Using CMOS backplanes PCDTBT/PCBM 640 9 480 Fingerprint scanning [97]

Using CMOS backplanes MAPbI3 640 9 480 Ultrahigh-resolution X-ray
imaging

[98]

Filter-free multispectral
image sensors

Integrating different bandgap
materials

PbS/CdSe QDs 10 9 10 Multispectral recognition [99]

Constructing narrowband
devices

Perovskites 32 9 32 Panchromatic imaging [102]

Polarization-sensitive image
sensors

Designing a special geometry
structure

Moiré-lattices
MAPbI3

Single Polarization imaging [107]

Using structural anisotropic
materials

GeS2 Single UV polarization-sensitive
detection

[109]

Using structural anisotropic
materials

BP Single NIR polarization-sensitive
detection

[110]

Using structural anisotropic
materials

(iso-BA)2PbI4 Single Vis polarization-sensitive
detection

[112]

High-flexible image sensors Using ultrathin substrate and
encapsulation layer

CsPbBr3 10 9 10 Bending and compression;
Retina-like imaging

[121]

Using flexible photosensitive
material and substrate

SnS QDs/
Zn2SnO4

nanowires

10 9 10 Bending; broadband
imaging

[122]

Hemispherical image
sensors

Ultra-thin design Organic material 12 9 12 Hemispherical focal plane
imaging

[123]

Island-bridge structure MoS2-graphene 1500 Imaging in the soft retinal
implant

[124]

Origami structure Silicon 676 Artificial compound eye [125]

Hemispherical template FAPbI3 nanowires 100 Wide-angle imaging [126]

Self-powered image
sensors

Type-II heterojunction Si/Se 3 9 3 0 V, Vis light imaging [131]

P–N junction GaSe2/GaN 4 9 4 0 V, UV light imaging [132]

P–I–N junction TiO2/CsPbBr3/
Spiro-OMeTAD

arrays 0 V, Vis light imaging [57]

Schottky junction Pt/Ga2O3/ITO 5 9 5 0 V, deep-UV light imaging [133]
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electrodes for an array device from m 9 n ? 1 to

m ? n (m and n are the number of pixels in the row and

column of an image sensor). To reduce crosstalk between

pixels, single-pass photodiodes are generally employed in

such crossbar-structured devices. Pan et al. reported a high-

resolution perovskite-based image sensor with a vertical

crossbar structure (Fig. 4a) [94]. Since, the perovskite

material is not compatible with the photolithography pro-

cess, the top electrodes of this kind of device are usually

prepared by a shadow mask, which seriously limits the

device’s resolution. In this work, the top electrode arrays

with a width of 50 lm were prepared by introducing

waterproof parylene-C films and subsequent etching

enabled by inductively coupled plasma (ICP). This

approach yielded a 48 9 48 image sensor with a resolution

of 317 pixels per inch (PPI). Each pixel possesses a pho-

todiode-type configuration of indium tin oxide (ITO)/

nickel oxide (NiOx)/MAPbI3 (MA = CH3NH3)/fullerenes

(C60)/bathocuproine (BCP)/Ag (Fig. 4b)). Benefiting from

the presence of the built-in electric field and the uniform

photoelectric performances, the prepared device achieved

high-resolution imaging at a voltage of 0 V (Fig. 4c, d).

It’s worth noting that existing silicon-based image sensors

typically have a resolution of over 1 lm [95]. Thus, there is

a growing interest in achieving nanoscale resolution for

advanced digital image sensors. Jiang and Song [96] pre-

pared an ultrahigh-resolution image sensor with a pixel size

of 50 nm. A crossbar structure was constructed by vertical

ZnO nanorod arrays, ITO film and gold film serving as

light-sensitive material, top and bottom electrodes,

respectively (Fig. 4e, f). The device surpasses the resolu-

tion limit of existing commercial image sensors. Unfortu-

nately, the extremely time-consuming technology of

electron-beam lithography was required during the device

processing, resulting in a device with only 4 9 4 pixels,

which is far from large-scale integration.

The combination of light-sensitive materials with

CMOS backplanes is another effective strategy for

preparing high-resolution and large-scale image sensors.

Using such an approach, Gelinck et al. [97] fabricated an

image sensor comprising 640 9 480 pixels with a resolu-

tion of 508 PPI (Fig. 4g). The backplane is a dual-gate self-

aligned oxide thin-film transistor (TFT) array. The organic

materials of a p-type semiconductor, poly[N-90-heptade-
canyl-2,7-carbazolealt-5,5-(40,70-di-2-thienyl-20,10,30-ben-
zothiadiazole)] (PCDTBT) and an n-type semiconductor,

6,6-phenyl-C61-butyric acid methyl ester (PCBM) were

mixed into bulk heterojunction as photosensitive materials.

Owing to ultra-high-resolution, this device can be used as

an optical fingerprint scanner. Fingerprint scanning was

performed in reflection mode by applying a beam of

backlight irradiation. A clear fingerprint image was

obtained, and the contrast and sharpness of the image were

further increased by correction (Fig. 4h, i). The obtained

image enables to resolution of pores, fully illustrating the

ultra-high-resolution of the prepared image sensor.

Through the same strategy, Tedde et al. demonstrated a

high-resolution X-ray image sensor with metal halide

perovskites [98]. An IGZO TFT array comprising

640 9 480 pixels with a resolution of 508 PPI was used as

a backplane. This detector exhibited extremely high

imaging spatial resolution of 6 line pairs per millimeter.

3.1.2 Filter-free multispectral recognition

Image sensors equipped with multispectral recognition

functions can capture both the contour and color informa-

tion of an object, rendering them more versatile and

valuable compared to monochromatic image sensors. At

present, multispectral imaging technology predominantly

relies on broadband image sensors in conjunction with

specialized color filters, which significantly constrain the

feasibility of achieving large-area, high-resolution and

flexible imaging. Therefore, there is an urgent need for the

development of filter-free multispectral image sensors.

The monolithic integration of multiple semiconductor

materials with different bandgaps is a method for preparing

filter-free multispectral image sensors. Park et al. reported

a filter-free multispectral image sensor by monolithically

integrated QDs with IGZO phototransistors (Fig. 5a) [99].

The architecture of the device and interface properties

between photosensitive materials was specially designed

for high sensitivity. IGZO-based TFT was used to prepare

the large-area and active-matrix devices due to their high

carrier mobility, low off-state current and scalability. Four

QD materials (10 nm PbS QDs, 7 nm CdSe QDs, 5 nm

CdSe QDs and 3 nm CdS QDs) with bandwidth from

visible (Vis) to near-infrared (NIR) were employed for

spectral discrimination (Fig. 5b). The patterning of QDs

layers used Sn2S6
4- ligands with high photochemical

reactivity instead of conventional photoresists. The highly

conductive chelating chalcometallate ligands promoted

efficient transport of photogenerated carriers. The device

exhibited extremely high photodetectivity over 4.2 9 1017

Jones at a white light intensity of 1.36 mW�cm-2, which is

the highest value in solution-processed organic and QD

image sensors so far. Under the illumination of five light

sources with different wavelengths, 2D areal mapping of

output currents was successfully obtained through the

image sensor, revealing its full-color imaging capability

(Fig. 5c–g). In this work, the device pixel arrays were

integrated laterally, which constrained geometric fill fac-

tors and were not conducive to high-resolution imaging and

compact sensing systems. Park’s group further constructed
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vertically stacked multispectral image sensors [100]. Three

vertically stacked QDs materials were located on top of the

IGZO film transistors to identify red (R), green (G) and

blue (B) lights. Compared with the traditional laterally

arranged structure, the vertically stacked structure

improved the resolution of the image sensor.

In addition, filter-free narrowband photodetectors could

be integrated as multispectral image sensors [101]. Mim-

icking human retinal photoreceptors, Wang et al. [102]

constructed R/G/B narrowband image sensors based on

perovskite films (Fig. 5h). The principle of narrowband

detection is based on unbalanced electron–hole mobility

Fig. 4 Large-scale and high-resolution image sensors: a, b structural diagrams of the large-scale and high-resolution perovskite
image sensor and the cross-section SEM image of an individual pixel. c Statistical results of photocurrent and dark current of 100
pixels. d High-resolution imaging results of the device. Reproduced with permission from Ref. [94]. Copyright 2023, Wiley–VCH. e,
f Structural diagram and corresponding SEM images of ultra-high-resolution image sensor. Reproduced with permission from Ref.
[96]. Copyright 2015, Wiley–VCH. g Structural diagram of the large-scale and high-resolution X-ray image sensor. h, i Photograph of
high-resolution fingerprint imaging. Reproduced with permission from Ref. [97]. Copyright 2019, Wiley–VCH
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(lh[ le) of perovskite films in P–I–N configuration.

Charge transport properties were investigated by monotype

carrier-type diodes, indicating that the lh of perovskites

synthesized with the volatile solvent method is much

greater than le (Fig. 5i). By engineering the composition of

perovskite materials, R/G/B narrowband image sensors

Fig. 5 Filter-free multispectral image sensors: a schematic illustration of the full-color image sensor assembled by monolithically
integrating different QDs with TFT transistors. b Absorption spectra of different QD materials. c–g The imaging results of the device
under different color lights. Reproduced with permission from Ref. [99]. Copyright 2019, Amer Assoc Advancement Science.
h Photograph of a perovskite narrowband image sensor. i Current density–voltage curves of the electron-only diode and hole-only
diode measured in the dark. j Spectral photoresponse of R-, G-, B-narrowband image sensors. k The imaging results of R-, G-, and
B-narrowband image sensors. l The image merged by R-, G-, and B-channel. Reproduced with permission from Ref. [102]. Copyright
2023, Amer Assoc Advancement Science
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achieved narrow photoresponse in the R, G and B regimes,

respectively (Fig. 5j). In addition, the authors constructed

R/G/B image sensor chips for panchromatic imaging,

where each chip as an individual channel only detected the

corresponding color without any interference with others.

The 2D photocurrent mapping of a yellow sunflower was

obtained successfully from the corresponding chip

(Fig. 5k). A panchromatic sunflower was reconstructed by

Fig. 6 Polarization-sensitive image sensors: a SEM image of perovskite film with a stacked dual shallow grating structure.
b Photocurrent of the device under different polarization angles. c Schematically illustration of the unpolarized light and different
polarized light. Reproduced with permission from Ref. [107]. Copyright 2021, Wiley–VCH. d–f Imaging results of the image sensor
under unpolarized light, p-polarized light, and s-polarized light. g Crystal structure diagram of GeS2. h Photocurrent of the image
sensor under different polarization angles. Reproduced with permission from Ref. [109]. Copyright 2019, Wiley–VCH. i Crystal
structure diagram of BP. Reproduced with permission from Ref. [111]. Copyright 2020, Wiley–VCH. j Comparing the polarization ratio
of different devices with and without bowtie apertures. Reproduced with permission from Ref. [110]. Copyright 2018, American
Chemical Society. k Crystal structure diagram of (iso-BA)2PbI4. l The photocurrent versus the polarization angle. Reproduced with
permission from Ref. [112]. Copyright 2019, Wiley–VCH
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channel merging, illustrating the capability of the R/G/B

narrowband image sensor for multispectral imaging

(Fig. 5l).

3.1.3 Polarization sensitivity

Polarization light contains more optical information than

natural light, such as polarization direction, polarization

ellipticity and rotation direction [103]. These polarization

properties could be characterized by polarization-sensitive

image sensors. In recent years, polarization-sensitive image

sensors have received wide attention due to their signifi-

cance in geological remote sensing, optical radar, medical

examination and other fields [104–106]. The assembly of

polarization-sensitive image sensors can use semiconductor

materials either with special geometry morphology or

structural anisotropy.

The construction of special geometry morphology

requires complex patterning techniques. Li et al. reported a

polarization-sensitive image sensor based on moiré-lattices

perovskite with a stacked dual shallow grating structure

(Fig. 6a) [107]. Such structured perovskite film was fab-

ricated by nanoimprint technology using a low-cost com-

mercial digital versatile disc. This special structure

endowed the device with unique light-harvesting capabili-

ties, such as antireflection properties at the top grating,

enhanced light reflection at the bottom grating, light cap-

ture from light diffraction and excitation of waveguide

modes. As shown in Fig. 6b, this device exhibited the

ability to detect polarized light. The photocurrent of the

device changed with the polarization direction of the

applied linearly polarized light. The maximum and mini-

mum photocurrents appeared in the polarization directions

at 0� and 90� with a peak-to-valley ratio of 1.58. Unpo-

larized light, p-polarized light and s-polarized light were

employed for the demonstration of polarization imaging

(Fig. 6c). The polarization-sensitive image sensor realized

polarization imaging that accords with the polarization

direction of the incident light (Fig. 6d–f).

Semiconductor materials with structural anisotropy,

such as orthogonality, monoclinic, and triclinic, can be

directly applied to polarization-sensitive image sensors. In

recent years, large amounts of 2D materials with low

symmetry lattice structures, such as black phosphorus (BP),

germanium disulfide (GeS2), molybdenum telluride

(MoTe2) and palladium diselenide (PdSe2), were investi-

gated [108]. Hu et al. reported the polarization-sensitive

UV photodetector based on GeS2 [109]. Theoretical band

calculations were performed to research the structure of

GeS2 along the x and y axes, revealing its in-plane aniso-

tropic band structure (Fig. 6g). The photoresponse of the

GeS2 photodetector presented angle-dependent character-

istics, which can be plotted by a two-leaf graph and

conformed to the sinuous function (Fig. 6h). This result is

consistent with the polarization-resolved absorption spectra

of GeS2, indicating that this is its intrinsic linear dichromic

photoresponse. The dichroic ratio of the GeS2 photode-

tector is 2.1, which is the first reported polarization-sensi-

tive UV photodetector based on anisotropic 2D materials.

Xu et al. reported the NIR polarization-sensitive photode-

tector based on BP [110]. BP with a puckered layer

structure has anisotropic in-plane properties along its two

principal armchair and zigzag directions, where absorption

in the armchair direction is stronger than that in the zigzag

direction (Fig. 6i) [111]. In this work, the author employed

plasmonic resonance to enhance polarization-sensitive

photodetection. A high polarization degree (armchair to

zigzag) of 8.7 was obtained at 1550 nm, which is of great

value in infrared polarization detection (Fig. 6j). In addi-

tion, 2D layered metal halide perovskite materials are also

a kind of promising semiconductor materials widely used

in polarization detection. Li et al. demonstrated the 2D

perovskite polarization-sensitive photodetector [112]. Fig-

ure 6k graphically shows the structure of (iso-BA)2PbI4
single crystals, in which each layer of inorganic [PbI6]

4-

octahedral is sandwiched by organic cations of iso-buty-

lamine. The reflection spectra revealed the anisotropy of

the (iso-BA)2PbI4 single crystals, and the linear dichroic

ratio, defined as the ratio of the maximum reflection

intensity to the minimum reflection intensity, was about

1.45. Owing to the anisotropy of the 2D perovskite lattice

structure, the device realized the filter-less polarization

detection with a linear dichroic ratio of 1.56 under the

oblique incident angle of 45� (Fig. 6l). Although semi-

conductors with structural anisotropy are widely used in

polarization detection, the array device of polarization-

sensitive image sensors based on these materials are rarely

reported because such materials are difficult to be con-

trollably prepared in a large area.

3.1.4 High flexibility

As wearable technology continues to evolve, the demand

for mechanically flexible image sensors is rapidly

increasing, particularly in medical and security applica-

tions [14, 113, 114]. In contrast with conventional image

sensors on rigid substrates, mechanical flexibility helps

minimize performance attenuation under associated stress

and deformation, which allows for new functions such as

implantable applications [62, 115]. The key focus in

developing flexible image sensors lies in the selection of

photosensitive materials and substrates. Organic materials

have attracted much attention due to their lightweight and

high flexibility [116]. Some inorganic materials, such as

1D nanowires and thin films, are also used [117–120]. The

flexible substrates commonly used are polyethylene
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terephthalate (PET), poly(ethy1ene-2, 6-naphthalate

(PEN), polyimide (PI) and parylene-C [8]. Pan’s group

fabricated an ultra-flexible image sensor with CsPbBr3
perovskite materials on a parylene-C substrate (Fig. 7a–c)

[121]. The device possessed the characteristics of ultralight

weight and conformable contact (Fig. 7d). Owing to its

excellent flexibility, the device still worked normally under

bending deformation or being compressed by 50%. After

5000 bending cycles, the image sensor exhibited stable and

reversible photoswitching characteristics while maintaining

the original current output. After being compressed by

50%, the current output was slightly reduced but still had

the photoswitching characteristics (Fig. 7e–g). Further-

more, the image sensor enabled retina-like imaging when

conforming to a hemispherical support. Shen et al. [122]

fabricated a flexible image sensor on a PET substrate for

broadband detection. This device consists of 10 9 10

pixels, in which each pixel consists of SnS QDs/Zn2SnO4

nanowires and two interdigital electrodes (Fig. 7h, i).

Zn2SnO4 nanowires have a bandgap of about 3.6 eV,

which is widely used in UV image sensors. To expand the

spectral response range, the authors chose SnS QDs with a

narrow bandgap of * 1.3 eV as a sensitizer. The spectral

response test indicated that the device had a broadband

photoresponse from UV to NIR. The mechanical stability

of the image sensor was verified by bending tests. The

current values remained constant as the bending angle h
increased from 0� to 150� and then recovered to 0�
(Fig. 7j). After 5000 bending cycles, the responsivity of the

flexible image sensor can maintain 95% of the initial value,

indicating excellent folding endurance. Meanwhile, the

flexible image sensor under a bending state achieved the

recognition of a target image composed of white light and

red light, indicating excellent target recognition ability

(Fig. 7k, l).

3.1.5 Hemispherical designs

Traditional imaging systems rely on planar image sensors,

such as CMOS image sensors and charge-coupled devices

(CCD). These systems typically require large and complex

multi-lens optics to mitigate optical aberrations for clear

imaging. In contrast, hemispherical image sensors offer the

advantage of simplifying lens designs by adapting their

curvature to align with the focal plane, enabling wide-field-

of-view imaging [18]. Nevertheless, the construction of

hemispherical image sensors presents a significant chal-

lenge, since mainstream microfabrication processes are

typically performed on flat surfaces.

A common approach to fabricating hemispherical image

sensors involves initially preparing them using traditional

lithography and then transferring them onto curved sur-

faces. Various techniques are employed to create

hemispherical devices, which include ultra-thin designs,

origami structures, island-bridge structures, and combina-

tions of these approaches. Bao et al. reported an ultrathin

hemispherical image sensor array with photo-memory

transistors (Fig. 8a, b) [123]. The fabrication process of

this device involved the preparation of an ultrathin tran-

sistor array by conventional photolithography followed by

transferring to a hemispherical surface (Fig. 8c). The SiNx

layer at the bottom of the device was a rigid island to

prevent buckling in those regions. After the transferring,

the designed rigid island structures were aligned with the

transistor channel region, resulting in compression buck-

ling occurred only in the interconnect region. Owing to the

hemispherical focal plane structure, the image sensor

realized imaging only with the aid of a simple concentric

lens. In addition, after the image was exposed, the image

sensor successfully can reconstruct the original image even

if the light source was removed during subsequent reading.

Kim et al. reported a hemispherical image sensor array by

using a strain-releasing device structure and atomically thin

MoS2-graphene heterostructures (Fig. 8d) [124]. The pho-

totransistor array was composed of a MoS2-graphene

heterostructure (6 nm), Al2O3 dielectric (25 nm), Ti/Au

gate (5/10 nm), and Si3N4 substrate (5 nm) (Fig. 8e). The

entire thickness of the device is only 51 nm. Due to the

ultrathin thickness and softness of the 2D material, the

device exhibited much lower induced strain than the frac-

ture strain of the constituent material. The truncated

icosahedron and the stress-isolated island structure designs

made the device fully attached to the hemispherical sur-

face. The device successfully captured various images with

the help of single-lens optics (Fig. 8f). Ma et al. [125]

demonstrated an origami approach for a silicon-based

hemispherical image sensor. In geometric mathematics, a

quasi-spherical solid is made up of the truncated icosahe-

dron, which is a combination of multiple pentagons and

hexagonal faces. In this work, 676 polygonal blocks were

mapped into a net of half-truncated icosahedrons and then

folded to form a hemisphere (Fig. 8g). Before deforming,

the entire device fabrication process, including silicon

etching, metal deposition and device passivation, was

completed using planar processing technologies. Leaving

the deformation process to the last step ensured the via-

bility of most semiconductor manufacturing techniques.

Figure 8h displays a photograph of a folded truncated

icosahedron, where metalized silicon nanomembrane

blocks were printed on a flexible polyimide substrate. The

device can be folded into concave or convex hemispheres

(Fig. 8i, j). This hemispherical image sensor achieved

high-resolution imaging through multiple imaging from

different angles and reconstruction by computer software,

demonstrating the potential application in hemispherical

electronic eye systems.
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In 2019, Fan’s group proposed another scheme to fab-

ricate hemispherical image sensors by using the hemi-

spherical template [126]. For preparing a hemispherical

device, a porous aluminum oxide membrane (PAM) tem-

plate was fabricated by deforming an aluminum sheet into

a hemispherical shape and anodizing it. Perovskite nano-

wire arrays were grown in the PAM template by a vapor-

phase deposition process as photosensitive materials. A

tungsten film on an aluminum hemispherical shell worked

as a common electrode. By mimicking the vitreous humor

in the human eye, ionic liquids were employed to ensure

that the electrodes were fully in contact with the nanowires.

The flexible eutectic gallium indium liquid metal wires

worked as a discrete electrode to connect the nanowires to

Fig. 7 High flexible image sensors: a, b structural diagrams of a flexible perovskite image sensor. c SEM image of the active area of
the device. d Photograph of flexible image sensor attached to the skin. e Schematic illustration of the mechanical stability test of the
device under compression. f, g The current outputs and the photoswitching characteristic of the device under different compressive
states. Reproduced with permission from Ref. [121]. Copyright 2021, Wiley–VCH. h, i Structural diagrams of a flexible broadband
image sensor. j Current outputs of the device under different bending angles. k Transmittance spectra of the PET mask with different
colors. l The corresponding imaging result of the flexible broadband image sensor. Reproduced with permission from Ref. [122].
Copyright 2018, Wiley–VCH
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the external circuitry through the discontinuous indium

adhesion layer. This image sensor realized the recon-

struction of the optical pattern projected onto it. Compared

to planar image sensors, this hemispherical image sensor

has a more consistent distance between the pixels and the

lens, resulting in better focus and a wide field of view. The

hemispherical image sensor has a diagonal field of view of

about 100.1�, which is much larger than a planar device

with only 69.8�. In 2022, Fan et al. demonstrated a

hemispherical mid- to long-infrared image sensor by a

similar method [127]. The structure diagram of the device

is shown in Fig. 9a. The core components of this device are

hemispherical PAM templates and semiconductor thermo-

electric materials. Ionic thermoelectric polymer materials

were filled into the template as an infrared absorption layer

(Fig. 9b). At small temperature differences, the device

exhibited ultra-high thermopower, as shown in Fig. 9c.

Thus, this device presented excellent staring imaging

Fig. 8 Hemispherical image sensors: a photograph of an ultrathin hemispherical image sensor array. b Schematic diagram of device
hierarchical structure. c Schematic diagram of the device assembly process. Reproduced with permission from Ref. [123]. Copyright
2023, Wiley–VCH. d, e Structural diagrams of a hemispherical image sensor with the stress-isolated island structure. f Photograph of
the hemispherical image sensor and the pattern imaged by the device. Reproduced with permission from Ref. [124]. Copyright 2017,
Springer Nature. g Schematic illustration of the assembly of a hemispherical image sensor by an origami approach. h Photograph of
the hemispherical image sensor with a folded truncated icosahedron. i, j The schematic demonstration of the device folded into
concave or convex hemispheres. Reproduced with permission from Ref. [125]. Copyright 2017, Springer Nature
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capabilities for human hand gestures and heated symbols

(* 60 �C) (Fig. 9d). The hemispherical device structure

endowed it with an ultrawide field of view of 135�, much

larger than the field of view of the snake’s pit organ with

infrared imaging capabilities (Fig. 9e).

3.1.6 Self-power supply

Self-powered image sensors constitute a significant cate-

gory of optoelectronic devices that operate independently

of external power sources [128, 129]. Compared with tra-

ditional image sensors, self-powered image sensors are

well-suited for addressing the imperative requirement for

low power consumption in future imaging systems. The

working principle of the self-powered image sensor is

based on the photovoltaic effect, which can generate a

built-in electric field. The built-in electric field acts as a

driving force within the image sensor to separate the

photogenerated electron–hole pairs without an external

power supply [130]. The most common way to assemble

self-powered image sensors relies on constructing hetero-

junctions, such as type-II heterojunctions, P–N junctions,

P–I–N junctions and Schottky junctions.

Zhai et al. [131] fabricated a self-powered image sensor

by Se/Si type-II heterojunction (Fig. 10a). According to the

optical band gap, electrons drifted from Si to Se after

contact, forming a built-in electric field at the heterojunc-

tion interface (Fig. 10b). In this work, high-quality Se/Si

interfaces were prepared by converting amorphous Se into

crystalline Se in-situ by infrared radiation. Benefiting from

the high-quality interface and appropriate energy band

arrangement between Se and Si, the image sensor exhibited

high detectivity (8.52 9 1012 Jons) and fast response time

(183/405 ls) in the self-powered mode. Furthermore, the

self-powered image sensor exhibited stable photoswitching

characteristics and realized imaging without bias voltage

(Fig. 10c). Jie et al. assembled a self-powered UV image

sensor based on the p-GeSe2/n-GaN junction (Fig. 10d)

[132]. Considering the band configuration, when GeSe2
and GaN were irradiated by photons with energy greater

than their band gaps, the electrons and holes moved

towards n-GaN and p-GeSe2 respectively under the action

of the built-in electric field, generating photocurrent at a

bias voltage of 0 V (Fig. 10e). The device exhibited

excellent photoresponse in both UV and Vis spectral

regions, and the UV–Vis rejection ratio can be as high as

1.8 9 105 (Fig. 10f). The successful preparation of wafer-

scale GeSe2 films on GaN substrate made it possible to

assemble self-powered image sensor arrays. As a proof of

concept, a 4 9 4 array device demonstrated UV imaging in

Fig. 9 Hemispherical image sensors: a structural diagram of hemispherical perovskite image sensor fabricated by PAM template.
b SEM images of ionic thermoelectric materials grown in the PAM template. c The images of the blackbody furnace at different
temperatures captured by the device. d An image of the human hand at room temperature captured by the device. e Comparison of
view angle for planar and hemispherical image sensors. Reproduced with permission from Ref. [127]. Copyright 2022, Amer Assoc
Advancement Science
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self-powered mode. Wu et al. reported a self-powered

flexible image sensor based on P-I-N junctions (Fig. 10g).

The high-quality CsPbBr3 QDs were synthesized as pho-

tosensitive material via the CsBr/KBr treatment. Spiro-

OMeTAD and TiO2 were used as p- and n-type conductive

materials, respectively [57]. The operating principle of this

device is shown in Fig. 10h. Under the irradiation of

visible light, electron–hole pairs were generated in the

perovskite layer due to its inherent light absorption. The

generated electrons and holes migrated in opposite direc-

tions, from CsPbBr3 to TiO2 and CsPbBr3 to spiro-OMe-

TAD, and were finally collected by ITO and Ni/Au,

respectively. In the self-powered mode, the device exhib-

ited a stable photoresponse at different wavelengths of light

Fig. 10 Self-powered image sensors: a–c device structure, working principle, and photoswitching characteristic of the self-powered
image sensor fabricated by Se/Si type-II heterojunction. Reproduced with permission from Ref. [131]. Copyright 2022, Wiley–VCH. d–f
Device structure, working principle, and photoswitching characteristic of the self-powered image sensor fabricated by the p-GeSe2/n-
GaN junction. Reproduced with permission from Ref. [132]. Copyright 2022, Elsevier. g–i Device structure, working principle, and
photoswitching characteristic of the self-powered image sensor fabricated by the p-spiro-OMeTAD/i-CsPbBr3/n-TiO2 junctions.
Reproduced with permission from Ref. [57]. Copyright 2020, Wiley–VCH. j–l Device structure, working principle, and photoswitching
characteristic of the self-powered image sensor fabricated by Pt/a-Ga2O3/ITO Schottky junction. Reproduced with permission from
Ref. [133]. Copyright 2023, The Optical Society of America
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(Fig. 10i). All pixels of the device showed a uniform

photoresponse, presenting potential applications in image

sensing. Ye et al. [133] reported a self-powered solar-blind

image sensor by utilizing Pt/a-Ga2O3/ITO vertical Schottky

junction (Fig. 10j). When a-Ga2O3 was in contact with Pt

and ITO respectively, the Fermi levels between them

aligned towards the same plane due to the flow of elec-

trons, resulting in asymmetric back-to-back Schottky

junctions at the Pt/a-Ga2O3 and a-Ga2O3/ITO interfaces

(Fig. 10k). Eventually, two built-in electric fields with

opposite directions were generated. Since, the Schottky

junction at the Pt/a-Ga2O3 interface was significantly

stronger than that at the a-Ga2O3/ITO interface, the net

built-in electric field of this device was mainly controlled

by the Schottky junction at the Pt/a-Ga2O3 interface. The

photocurrent of the device under 254 nm light illumination

increased with the light intensity at a bias voltage of 0 V

(Fig. 10l). The Schottky junction image sensor was proved

to have excellent deep UV imaging capability without the

power supply.

3.2 Neuromorphic vision sensors

Neuromorphic vision sensors enable advanced image

acquisition and data processing superior to conventional

frame-based image sensors [134, 135]. The function of

neuromorphic vision sensors is gradually approaching that

of biological vision systems. This section mainly intro-

duces the significant achievements of neuromorphic vision

sensors in neuromorphic imaging and data processing,

environment adaptation, and ultra-low power consumption.

3.2.1 Neuromorphic imaging and data processing

In the human vision system, image recognition needs to

undergo the following processes [136]. (1) Optical signals

emitted or reflected from an external object enter the

human eyes and are imaged on the retina. (2) Image

information is preprocessed in the retina. (3) Optic nerve

fibers transmit action potentials to the brain. (4) Image

information is further processed by synapses in neural

networks to realize recognition and memory. According to

the characteristics of each part of the above processes, a

variety of bionic neuromorphic vision sensors have been

developed.

In an endeavor that emulates the detection capabilities

of the retina and the memory function of the brain, Shen

and colleagues introduced an artificial visual memory

system by employing UV-stimulated memristors

(Fig. 11a–c) [137]. The memristor consisted of an In2O3-

based image sensor and an Al2O3-based memristor in ser-

ies. When the image sensor was irradiated by UV light, the

memristor changed from the HRS to the LRS, realizing the

memory of UV information (Fig. 11d). Under the action of

reverse voltage, the memristor recovered from the LRS to

the HRS, erasing the optical information. As an artificial

vision system, the array devices achieved UV imaging and

memorizing functions (Fig. 11e, f). Compared with the

conventional image sensor, this device adds the informa-

tion memory function. Inspired by the retinal preprocessing

function, Zhou et al. [75] demonstrated a neuromorphic

vision sensor based on ORRAM. The ORRAM with a

structure of Pd/MoOx/ITO exhibited light-dependent

synaptic plasticity and nonvolatile memory function.

Meanwhile, the ORRAM achieved image preprocessing,

including contrast enhancement and noise reduction,

increasing the efficiency and accuracy of subsequent image

recognition. The simulation results showed that without

ORRAM preprocessing, the recognition rate was low and

reached 0.980 after 2000 training epochs, while with

ORRAM preprocessing, the recognition rate reached 0.986

after only 1000 training epochs. Mimicking the curved

structure and information preprocessing capacity of the

retina, Kim et al. demonstrated curved neuromorphic

vision sensors based on a heterostructure of MoS2 and

poly(1,3,5-trimethyl-1,3,5-trivinyl cyclotrisiloxane)

(Fig. 11g, h) [11]. Derived from charge trapping in the

interface between heterojunctions, this device presented

light-triggered synaptic plasticity and memory behavior

(Fig. 11i). As a curved imaging system, the curved neu-

romorphic vision sensor achieved neuromorphic imaging

from noisy light input with the aid of a plano-convex lens

(Fig. 11j, k). Furthermore, the pre-processed images were

memorized and slowly dissipated, which is similar to the

behavior of biological memory. Beyond conventional

image contour recognition, Parkd et al. demonstrated optic-

neural synapse (ONS) as neuromorphic vision sensors for

color-mixed pattern recognition (Fig. 11l) [138]. The ONS

device consisted of an optical-sensing unit and a synaptic

unit. The whole device was integrated on the same h-BN/

WSe2 heterojunction, where the synaptic device was spe-

cially designed with a weight control layer on h-BN by the

oxygen plasma treatment process (Fig. 11m). The devices

showed different synaptic behaviors when triggered by

different wavelengths of light. By combining device per-

formance parameters with an optic-neural network (ONN),

the recognition tasks of color patterns or mixed-color pat-

terns were successfully realized (Fig. 11n). This research

lays a foundation for building neural networks with the

function of color pattern recognition.

3.2.2 Environmental adaptation

One of the notable features of the human visual system is

that photoreceptors containing rod and cone cells in the

retina can adapt to the external light environment and
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Fig. 11 Neuromorphic vision sensors with the capacity of imaging and data processing: a structural diagram of an artificial visual
memory system based on memristors and image sensors. b The thickness of Al2O3 film in memristor. c Cross-section SEM image of
the memristor. d The changes of resistance states of a memristor with motivated by an image sensor. e, f Original optical pattern and
the corresponding images memorized by the systems. Reproduced with permission from Ref. [137]. Copyright 2018, Wiley–VCH.
g Structural diagram of curved neuromorphic vision sensors based on MoS2 and pV3D3. h Microscopical optical image of the device.
i Synaptic behavior of devices stimulated by optical signals. j, k The optical and electrical signals and the corresponding recognized
images of neuromorphic vision sensors at different times. Reproduced with permission from Ref. [11]. Copyright 2022, Springer
Nature. l Structural diagram of neuromorphic vision sensors for color-mixed pattern recognition. m Cross-section of SEM and TEM
images of the device. n Image recognition situations undergo different training through algorithms. Reproduced with permission from
Ref. [138]. Copyright 2018, Springer Nature
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produce the appropriate level of electrical spikes depending

on the light intensity. There are two cases of biological

visual adaptation: scotopic and photopic adaptation [139].

Mimicking biological visual adaptations to build environ-

ment-adaptable neuromorphic vision sensors can make

them have more accurate imaging ability in tanglesome

light environments.

In pioneer reports, such devices were prepared by log-

ically integrating multiple electronic components. Park

et al. demonstrated an environment-adaptable neuromor-

phic vision sensor by integrating a photovoltaic divider and

an ionotronic synaptic transistor (Fig. 12a) [140]. The

photovoltaic divider consisted of a visible light-sensitive

CdSe photodetector and a visible-light-blind IGZO tran-

sistor, in which the IGZO transistor acted as a load tran-

sistor. The ionotronic synaptic transistor was constructed

by employing a solid electrolyte of Na-doped Al2O3 as the

gate dielectric layer and IGZO films as the channel mate-

rial. By adjusting the resistance ratio of the photodetector

and the load transistor, the photovoltaic divider provided

properly distributed electrical spikes for the gate of the

ionotronic synaptic transistor (Fig. 12b). This device suc-

cessfully demonstrated synaptic plasticity (Fig. 12c). More

importantly, this device realized visual adaptation (pho-

topic and scotopic adaptation) by modulating the load gate

bias. In a bright light environment, image recognition is

required to increase the load gate bias, while faint images

in a dark environment can be recognized by reducing the

load gate bias (Fig. 12d, e). This work opens a precedent

for building environment-adaptable neuromorphic vision

sensors. Through a similar strategy, Seong et al. [141] also

fabricated an environment-adaptable neuromorphic vision

sensor. The structural improvement is that a solid-elec-

trolyte-based indium-zinc-oxide load neurotransistor was

used to replace the IGZO load transistor. The advantage in

terms of performance is the implementation of habitual

visual processing by the introduction of a pulsed load bias,

enabling more accurate image preprocessing and sponta-

neous recovery.

Owing to the complexity of the structure, the existing

environment-adaptable devices based on logic circuits are

not conducive to large-scale integration. To address this

challenge, the gate bias-assisted trapping/de-trapping

mechanism has been introduced into environment-adapt-

able neuromorphic vision sensors. The introduction of

defect states in the environment-adaptable devices endows

it with a non-constant current output under a certain light

intensity. Chai et al. [142] reported an environment-

adaptable neuromorphic vision sensor based on bottom-

gated MoS2 phototransistors. The charge trap states were

intently imported at the interface of MoS2 films through

ultraviolet/ozone treatment. The defect state can trap or de-

trap electrons at different gate voltages, allowing the

conductance of the device to be dynamically modulated

and providing scotopic and photopic adaptation. When

positive bias was applied, the photocurrent of MoS2 pho-

totransistors decreased under repeated strong light stimu-

lation due to the continuous trapping of photogenerated

electrons by the interface defect states. This made the

device insensitive and suitable for bright image recogni-

tion. In contrast, when the reverse bias was applied, the

photoresponse of the device was particularly sensitive and

suitable for recognizing dark images, due to the

stable generation of photogenerated carriers under the

stimulus of weak light input without defect trapping. Cao

et al. [76] demonstrated an InP QDs/InSnZnO neuromor-

phic vision sensor with environment-adaptive capacity

(Fig. 12f). Oxygen vacancy defects in InSnZnO films were

utilized to achieve electron trapping and de-trapping under

bias modulation. In the forward bias, a great deal of elec-

trons were injected into the InSnZnO channel, obtaining

high photocurrent, while the electrons were trapped

simultaneously and the electrostatic field repelled the

injection of electrons, causing photocurrent to decrease

over time (Fig. 12g). Conversely, the electrons were de-

trapped when a reverse bias was applied. The negative gate

bias depleted the free carriers, resulting in an ultra-low

dark current, and the photogenerated carriers continued to

increase in dark environments (Fig. 12h). Based on the

above principle, this device realized image recognition in

bright and dim environments under forward and reverse

bias respectively, demonstrating excellent environment-

adaptive capacity (Fig. 12i, j).

3.2.3 Ultra-low power consumption

Biological synapses have information processing capacity

with low power consumption. For example, the human

brain possessing 1011 neurons and 1015 synapses is known

as the most efficient processor with each synaptic event

consuming only * 1–100 fJ [143, 144]. Currently, some

neuromorphic vision sensors have low-power consumption

characteristics, which are comparable to biological synap-

ses. Huang et al. [73] reported broadband neuromorphic

vision sensors with ultralow power consumption based on

PbS QDs/Pentacene heterostructure (Fig. 13a). The device

achieved an ultra-low power consumption of 0.55 fJ per

spike at a low operating voltage of - 0.01 V (Fig. 13b).

Zhang et al. [145] demonstrated organic field-effect tran-

sistors as ultra-low power neuromorphic vision sensors

(Fig. 13c). This device successfully simulated the response

of visual nerves to external light stimuli with an energy

consumption of 0.07–34 fJ per synaptic event for short-

term plasticity and 0.41–19.87 fJ per synaptic event for

long-term plasticity, both of which are close to the energy

efficiency of biological synapses (Fig. 13d). Hu et al. [146]
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assembled an ultra-low power neuromorphic vision sensor

based on MoS2 layers by indium (In)-induced surface

charge doping (Fig. 13e). The introduction of In layer

enhanced the conductivity of the MoS2 channel and

effectively reduced the power consumption of the synaptic

device. The power consumption per synaptic event of this

device was reduced from 71.69 fJ to 68.9 aJ, which is

much lower than the power consumption of biological

synapses (Fig. 13f). In addition, a novel device structure

with photovoltaic effects allow photonic synaptic devices

to operate without a power supply. Han et al. reported a

self-powered neuromorphic vision sensor based on photo-

voltaic devices and memristive arrays (Fig. 13g) [147].

When stimulated by external light, the solar cell generated

presynaptic signals, and the perovskite-based memristor

conducted further information preprocessing (Fig. 13h).

The experimental results proved that the neuromorphic

Fig. 12 Environment-adaptable neuromorphic vision sensor: a structural diagram of an environment-adaptable neuromorphic vision
sensor fabricated by integrating photovoltaic dividers and ionotronic synaptic transistors. b Equivalent circuit diagram of the device.
c Synaptic behavior of devices stimulated by optical signals. d, e The recognized images of the device under high light intensity and
low light intensity conditions. Reproduced with permission from Ref. [140]. Copyright 2019, Wiley–VCH. f Structural diagram of an
environment-adaptable neuromorphic vision sensor based on gate bias-assisted trapping/de-trapping mechanism. g, h Under different
gate biases, the photocurrent of the device changes with time under bright light and dim light environments. i, j The photopic
adaptation and scotopic adaption behaviors of the devices in different light environments. Reproduced with permission from Ref. [76].
Copyright 2023, Wiley–VCH
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vision sensor without a power supply achieved clear image

perception by contrast enhancement and noise reduction.

4 Conclusions and perspectives

As a crucial module in image recognition systems, imaging

devices are undergoing rapid development. In this review,

we provide an overview of state-of-the-art image sensors

and neuromorphic vision sensors. Conventional image

sensors have made great improvements in device structure,

working mechanisms and functionalities. Neuromorphic

vision sensors not only exhibit basic synaptic behaviors but

also advanced neuronal functions such as image recogni-

tion and adaptability to light environmental conditions.

However, it is essential to acknowledge that both image

sensors and neuromorphic vision sensors have their

imperfections.

(1) The stability of imaging devices in the atmospheric

environment should be paid enough attention. Insta-

bilities often arise from photosensitive materials,

which are highly sensitive to oxygen or moisture in

the atmospheric environment. For instance, the

unpackaged organic–inorganic hybrid perovskite-

based image sensors experience significant perfor-

mance degradation within a short time in the atmo-

spheric environment. Similarly, neuromorphic vision

sensors based on metal oxide films are susceptible to

oxygen in the atmospheric environment. Enhancing

the stability of imaging devices requires the devel-

opment of effective packaging techniques or

Fig. 13 Ultra-low power neuromorphic vision sensors: a structural diagram of the ultra-low power broadband neuromorphic vision
sensor. b Synaptic current and the corresponding power consumption of the device under different bias voltages. Reproduced with
permission from Ref. [73]. Copyright 2023, Wiley–VCH. c Structural diagram of the ultra-low power organic FETs neuromorphic vision
sensor. d The power consumption per spike of this device under different pulse widths. Reproduced with permission from Ref. [145].
Copyright 2022, Wiley–VCH. e Structural diagram of ultra-low power neuromorphic vision sensor based on In-doping MoS2 films. f The
variation of power consumption of synaptic devices as a function of the In coverage. Reproduced with permission from Ref. [146].
Copyright 2021, Wiley–VCH. g, h Structural diagram and the synaptic behaviors of the self-powered neuromorphic vision sensor
based on photovoltaic devices and memristive arrays. Reproduced with permission from Ref. [147]. Copyright 2020, Elsevier
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improvements in the inherent stability of photosensi-

tive materials.

(2) The evolution of flexible imaging devices has

expanded their applications and enhanced user com-

fort, particularly in wearable products. Nevertheless,

signal readout in flexible imaging devices encounters

significant challenges. Presently, signal reading is

predominantly carried out through rigid Si-based

readout circuits. When it is applied to flexible image

sensors, the connection between these rigid circuits

and the flexible image sensor meets considerable

difficulties. The exploitation of flexible readout

circuits and the innovations in interconnection tech-

nology are essential. In recent years, emerging liquid

metals may offer a solution for building fully flexible

systems.

(3) There is an ongoing trade-off between achieving

high-resolution and large-scale assembly due to

limitations posed by semiconductor materials or

device assembly technologies. In this regard, the

fabrication of conventional image sensors is more

mature than neuromorphic vision sensors. CMOS

integrated circuits have made significant contributions

to the construction of large-scale and high-resolution

image sensors. However, the current neuromorphic

vision sensors are only integrated on a small scale. To

overcome this limitation, on the one hand, large-scale

semiconductor material synthesis technology should

be explored, and on the other hand, traditional CMOS

technology can also be applied to the construction of

large-scale and high-resolution neuromorphic vision

sensors.

(4) The application of neuromorphic vision sensors holds

the promise of simplifying the structure and enhanc-

ing the efficiency of image recognition systems.

Although the synaptic behaviors of neuromorphic

vision sensors have been studied extensively, the

actual implementation of neuromorphic networks has

been rarely reported. This bottleneck arises from a

limited understanding of the intricate relationship

between synaptic structure and function. Moreover,

the working principle of current synaptic devices

differs from biological synapses and it may not fully

meet the demands of implementing neural networks.

Solving this challenge necessitates interdisciplinary

collaboration involving experts in materials, physics,

electronics, neuroscience and other fields.

(5) Neuromorphic vision sensors hold potential applica-

tions in the development of artificial eyeballs.

Although various types of neuromorphic vision

sensors have been developed, biocompatible devices

are still rarely reported. Therefore, greater attention

should be given to the biocompatibility of such

devices. Directly using biocompatible materials to

build devices, or using biocompatible materials to

encapsulate existing devices are effective ways to

build biocompatible neuromorphic vision sensors.
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