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HIGHLIGHTS

e Surface/interface engineering can compensate for defects, adjust the bandgap, and develop novel quantum structures, which conse-

quently optimize photovoltaic units and revolutionize optoelectronic devices.

e This review comprehensively elaborates on the surface/interface engineering scheme of micro-/nano-photodetectors from principles,

types, and parameters, and describes the influence of material selection and manufacturing techniques.

e Surface/interface engineering continuously promotes the development of low-dimensional optoelectronic materials and drives the

industrialization of flexible optoelectronic devices.

ABSTRACT Photodetectors can convert light energy into electrical signals, so

are widely used in photovoltaics, photon counting, monitoring, and imaging. Pho-

todetectors are easy to prepare high-resolution photochips because of their small

size unit integration. However, these photodetector units often exhibit poor pho- AR

toelectric performance due to material defects and inadequate structures, which
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greatly limit the functions of devices. Designing modification strategies and micro-/

nanostructures can compensate for defects, adjust the bandgap, and develop novel

quantum structures, which consequently optimize photovoltaic units and revolution-
ize optoelectronic devices. Here, this paper aims to comprehensively elaborate on
the surface/interface engineering scheme of micro-/nano-photodetectors. It starts
from the fundamentals of photodetectors, such as principles, types, and parameters,
and describes the influence of material selection, manufacturing techniques, and ) ) ; o
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post-processing. Then, we analyse in detail the great influence of surface/interface o R\

engineering on the performance of photovoltaic devices, including surface/interface
modification and micro-/nanostructural design. Finally, the applications and prospects of optoelectronic devices in various fields such as

miniaturization of electronic devices, robotics, and human—computer interaction are shown.
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1 Introduction

Light is one of the most important media for the transmis-
sion of information and energy, which is important for
human interaction with the outside world. As a carrier, light
transmits the contents of the environment to human beings,
thus enabling them to establish an interactive system and
make timely responses, which plays an irreplaceable role
for humans. Recently, with the development of computers
and artificial intelligence, light and artificial light detec-
tors have gradually attracted widespread attention. Light
detectors have similar functions to the human eyes and can
convert external light information into electrical signals for
computer demonstration and storage; they can also convert
light energy into electrical energy as an energy converter.
Therefore, the development of high-performance retinal-like
photodetectors is of great significance for future artificial
intelligence, human—computer interaction, and miniaturiza-
tion of electronic devices.

Micro-/nano-optoelectronic devices are the main aims
of photodetector development, which reduce the chip size
by shrinking the optoelectronic unit while improving the
signal information processing speed. However, the small
size of the photodetector unit, especially the corresponding
imaging unit, reduces the dynamic range and fill factor of
the pixel, which is very unfavourable to the image output.
Thus, the development of high-resolution sensors is also
very important [1] (it is worth noting that in this paper, the
resolution referred to is the lateral or longitudinal resolu-
tion based on the physical space, not the optical frequency/
wavelength resolution based on the light wave). However,
high resolution is very difficult to achieve because it implies
more independent units per identical size of the macroscopic
device, i.e. the smaller detector unit. This is usually a com-
plex process involving precise regulation of material growth,
accurate design of microstructures, innovations in photoli-
thography, optimization of coating technology, and so on.
Also, the performance of optoelectronic devices is greatly
affected by defects and mismatches. Therefore, the realiza-
tion of high-resolution micro-/nano-optoelectronic devices
still remains a great challenge.

The small size characteristics of micro-/nano-optoelec-
tronic devices are often based on the microscopic surface/
interface; therefore, the development of surface/interface
engineering is of critical significance for the optimization

© The authors

and innovation of the optoelectronic devices. Surface/inter-
face engineering is mainly divided into two parts: one is
surface/interface modification, mainly through chemical
solvent treatment or functional group modification, so that
the surface passivation or the formation of buffer layer, thus
making the heterogeneous interface or the physical/chemical
properties of the device surface undergoes a large transfor-
mation to modulate its light absorption or electron transport
and improve the optoelectronic performance; it can also be
achieved by branching or coating other substances to modu-
late the device’s characteristics, such as the metal-induced
localized plasma resonance. The second is the microstruc-
ture modulation at the surface/interface, or the setting of
regular patterns with special functions, so the bandgap of
the material or the function of the device is adjusted, so that
the preparation of optoelectronic devices has high control-
lability. Wang et al. enhanced and modulated the localized
plasmon resonance through the setting of metal elliptic-wall
grating nanowires and thus improved the optoelectronic per-
formance [2]. Ren et al. induced the formation of a Pbl, layer
on the surface of CH;NH;Pbl; perovskite films by argon
ion bombardment, which was able to effectively passivate
defects and reduce carrier complexation in perovskite films,
and improved the responsivity of optoelectronic devices by
more than four times [3]. Photodetectors based on hollow
nanorods were also capable of boosting the surface plasmon
resonance and acting as a support, thereby enhancing the
near-infrared wave response of metal-based devices by a fac-
tor of 60 [4]. Therefore, it is necessary to comprehensively
analyse the surface/interface engineering of optoelectronic
devices and their latest progress.

In recent years, significant progress has been made in
surface/interface engineering for optical detection, break-
ing through device performance by precisely controlling
material surface/interface characteristics such as band
structure, defects, carrier transport/recombination, and
light absorption. In 2004, the successful separation of gra-
phene promoted the development of 2D electrons, leading
to research on the correlation between 2D interfaces and
electrical properties [5]. Based on this, building built-in
electric fields to promote carrier separation by stacking
low-dimensional materials or constructing van der Waals
heterojunctions is the most popular interface engineering
solution [6], including 2D MoS,/b-AsP/MoS, heterojunc-
tion photodetectors [7], 2D ZnO/WSe,/graphene heterojunc-
tion photodetectors [8], 1D Bi,S;/2D WS, heterojunction
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photodetectors [9], and 2D ReS,/0D MoS, heterojunction
photodetectors [10]. Nanoscale structures are also com-
monly used to enhance light absorption, including 1D
nanowires, nanogratings, nanogaps, etc. Modifying passi-
vation layers on the surface of materials to compensate for
defects and suppress non-radiative recombination is also a
common modification scheme. In 2009, Japanese scientists
first used organic—inorganic hybrid perovskite materials to
prepare the world’s first perovskite solar cell device [11].
Perovskite, as an excellent photodetector material, is often
optimized through multifunctional passivation due to the
limitation of interface defects. In 2020, Zhao’s team sig-
nificantly improved the stability and performance of Sn Pb
perovskite photodetectors through double-sided passivation,
and expanded their visual applications [12]. Surface plas-
mon enhanced absorption has a long history, and traditional
electromagnetic shielding absorbing materials are achieved
through this effect. Metals with strong conductivity are more
prone to this effect than other materials, and due to their easy
preparation, they are currently widely used [13]. Flexible
optoelectronic devices have great advantages in wearable
applications, but they face the problem of organic/inorganic
interface mismatch, resulting in transport losses, so optimiz-
ing the organic—inorganic interface is also very important. In
2020, Lei et al. reported a solution-based photolithography-
assisted epitaxial growth and transfer method that can pre-
pare single-crystal perovskite on any substrate, promoting
the development of flexible optoelectronic devices [14]. In
the emerging field of photodetector applications, surface and
interface engineering plays a broader role. It can design a
multifunctional interface with light detection, computation,
and storage simultaneously. A deep understanding of the
physical mechanisms of interfaces and the use of machine
learning for multi-parameter collaborative optimization are
an important aspect in promoting the industrialization of
interface engineering [15, 16]. The development of interface
engineering is crucial for breakthroughs in the performance
of photodetectors.

Here, we introduce different types of optoelectronic
devices from the principle of photovoltaic conversion and
their evaluation parameters, which lay the foundation for
the design and fabrication of high-resolution optoelectronic
devices. After that, we introduce various photovoltaic mate-
rials, especially the emerging 2D materials, and show the
advantages of each type of material, which provides guid-
ance for the selection of materials for micro-/nanodevices.

SHANGHAI JIAO TONG UNIVERSITY PRESS

This paper also describes in detail the various optoelec-
tronic device manufacturing processes and post-treatment
programs and evaluates their applicability. Further, we
introduce surface/interface engineering based on modifi-
cation and microstructure design, showing its tremendous
complementary and optimization features for materials and
devices, and analyse its principle of action. Also, we present
the application of photodetectors in many fields. Finally, we
comprehensively analyse the current dilemmas and chal-
lenges faced by high-resolution micro-/nano-photodetectors,
and propose solutions from the perspective of surface/inter-
face engineering and look forward to the future of surface/
interface engineering for optoelectronic devices.

2 Photodetector Fundamentals
2.1 Photodetector Principles

Early last century, based on Einstein’s observation of the
photoelectric effect and Planck’s quantum hypothesis, sci-
entists initially laid the cornerstone of the photodetector
[17]. Over the past one hundred years, with the continuous
development of solid-state physics, semiconductor technol-
ogy and quantum technology, high performance, wide spec-
tral range, large-scale integration of photodetectors mature
products have played a key role in digital communications,
measurement, microelectronic systems, low-power signal-
ling systems and so on. They are almost ubiquitous in the
work and life of modern people.

There are three types of interactions between external
radiation and materials: spontaneous emission, absorption
and stimulated emission as shown in Fig. 1a. Among them,
photodetectors are based on absorption. The radiation energy
is quantized (hv), and during absorption, the energy of the
radiation, hv, can only achieve absorption if it is greater than
the energy level difference between the excited state and the
ground state, also known as the threshold. The thickness of
the material is also a key factor in achieving efficient absorp-
tion and conversion and to reduce losses [17].

Photoelectric effects are divided into two categories:
external photoelectric effects and internal photoelectric
effects [17, 18]. The external photoelectric effect refers to
the photoelectric effect that can cause electrons to escape
from the surface of an object under the action of light, also
known as photoelectric emission. The external photoelectric
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effect is the physical basis of vacuum optoelectronic devices
such as photocathodes and photomultiplier tubes. The differ-
ence between the internal and external photoelectric effects
is that the incident photon does not directly bombard the
photoelectrons from the inside of the optoelectronic mate-
rial, but only excites the electrons inside the photoelectric
material from the low-energy state to the high-energy state.
The internal photoelectric effect includes the photoconduc-
tivity effect and the photovoltaic effect [17].
Photodetectors are electronic devices used to detect elec-
tromagnetic waves of different frequencies. When the photon
energy is greater than or equal to the bandgap of the semi-
conductor material, the electrons jump to a higher energy
level, forming hole—electron pairs, and the conductivity of
the semiconductor material changes as a result. It quanti-
fies the frequency and intensity information of the incident
light through the conductivity changes of the semiconductor
material, thus realizing light detection [18]. Based on the
photoelectric effect, in which a photon or energy quantum
is absorbed by materials and converted into an electron—hole
pair, photodetectors can be divided into three categories,
namely internal photoelectric devices, external photoelectric
devices, and thermal detectors [17]. Internal photoelectric
devices are photogenerated carriers that can form an exter-
nal current loop, but do not produce excitation. When the
energy is high enough, photoexcited electrons can be emitted
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from the material and thus collected or multiplied, which
is the cause of external photoelectric devices (also known
as photoemission devices). Because the emitted photoelec-
trons produce a higher signal intensity with less noise, they
have great potential for distinguishing between device dark
currents and single-photon detection; however, they have
high bias voltage and narrow spectral range. Compared to
them, internal photovoltaic devices have the advantages of
wider applicability, good stability, wider spectral intervals,
and the ability to be prepared in batches. Internal and exter-
nal photodetectors are collectively referred to as quantum
detectors [17]. In addition, thermal detectors are widely used
photodetectors, which realize light detection by dissipating
optical radiation in an absorber to generate heat and measur-
ing it by a temperature sensor. It has a reduced sensitivity
but an increased spectral range compared to photoelectric
devices. Typical examples of photodetectors based on dif-
ferent mechanisms of action are shown in Table 1, and cir-
cuit symbols of some photodetectors are shown in Fig. 1b.
Besides, photon resistance detectors, Golay cell, and photo-
magnetic detectors are some other forms of photodetectors
which indirectly or by using weak interactions achieve light
detection [17]. In this paper, we will mainly discuss inter-
nal photoelectric devices and thermal detectors. For internal
photoelectric devices, the energy of the photon should be
greater than the band gap for absorption to occur.
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Fig. 1 Principles and types of photodetectors. a Three types of interactions between external radiation and materials [17], Copyright 2021, John
Wiley & Sons. b Circuit symbols of some photodetectors: phototube (or vacuum photodiode), photodiode, phototransistor, photo-FET, photo-
MOS, and photoresistance [17], Copyright 2021, John Wiley & Sons. ¢ Photovoltaic effect [18], Copyright 2021, BoD-Books on Demand. d
Photoconductive (left) effect and photogating effect (right) [18], Copyright 2021, BoD-Books on Demand
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The essence of the photodetector is the absorption of
quantized photons; then, carriers are excited to jump and
obtain kinetic energy and migrate induced by the electric
field within the device, generating a potential difference,
thus converting light energy into electrical energy. From
the principle, it can be informed that the detection of the
light is quantized, as long as the sensitivity or precision of
the material or device reaches a certain limit, single-photon
detection is feasible, which requires upgrading of the pho-
todetector or setting up specific operating conditions; from
the principle, it is also possible to modify the material and
design the microstructure, which leads to the adjustment of
the bandgap and the precise manipulation of the working
interval of the photodetector. The principle of photoelectric
conversion plays a guiding role in the design of various types
of photodetectors and also provides a target for each index
of the device, and it is expected that a new type of optical
device with high resolution can be developed from the prin-
ciple, and its controllable design can be carried out.

2.2 Photodetector Types

2.2.1 Photovoltaic Effect

2.2.1.1 Photodiodes The photovoltaic effect refers to the
effect of spontaneous generation of photocurrent in semi-
conductor devices under light. In semiconductor PN junc-
tions, photogenerated electrons and holes are generated at
the junction interface and separated by a built-in electric
field, resulting in the directional generation of photogen-
erated currents, as shown in Fig. 1c [18]. In this type of
photodetector, the detectable wavelength is limited by the
type of semiconductor material, and the detectable wave-
length can be adjusted by heterojunctions. Devices based
on the photovoltaic effect require little external supply due
to the presence of a built-in electric field and have a low
dark current at zero bias, which is favourable to improve the

performance of the detector [19]. Photodiodes are formed
based on ordinary PN junctions with a reverse bias voltage
applied. When illuminated, photons are absorbed and elec-
trons are excited to jump to higher energy levels and can
form hole—electron pairs. Meanwhile, the excess carriers in
the space charge region are rapidly swept under the electric
field, the electrons enter the N region, and the holes enter
the P region, forming a transient photocurrent. The response
speed of the diode is related to the carrier transport speed in
the space charge region [20].

In order to generate larger transient photocurrents, PIN
diodes with a wide space charge region have been designed.
In a PIN diode, the N and P regions are separated by an
intrinsic region, and the width of the intrinsic region is
much wider than that of the space charge region of a normal
diode, so that a larger space charge region is formed when a
reverse bias voltage is applied, which consequently generates
a stronger transient photocurrent.

Unlike homo-junctions, heterojunctions are constituted
when the diode’s nodal layer is composed of different semi-
conductors, i.e. materials with different energy gaps. The
difference in the energy gap between the two sides of the
heterojunction allows the photogenerated hole—electron
pairs to be generally unabsorbed at the high-energy level and
completely transparent, so finally arriving at the low-energy
level side, which enhances the quantum efficiency and the
response speed by reducing the dependence, showing excel-
lent flexibility [17]. Another type of heterojunction is called
Uni-travelling Carrier (UTC) Photodiode, which is created
by inserting a thin P layer with a low-energy gap between the
N region, the intrinsic region, and the P region, so that the
light absorption in the limited frequency band is confined to
the region of the thin layer and is rapidly collected with only
little dissipation [17].

The Schottky photodiode is a photodiode based on a
metal-semiconductor junction. Both the semiconductor
and the metal can be used as the light detection section,

Table 1 Typical examples of photodetectors based on different mechanisms [17]

Number Type Examples

1 Photoemission devices (exter- Vacuum photodiode, pickup tubes, gas photodiode, image intensifiers, photomultiplier and converters

nal photoelectric devices)

2 Internal photoelectric devices ~Semiconductor photodiode, CCDs (charge coupled devices), avalanche photodiode, SPAD (single-
photon avalanche detectors), phototransistor (BJT: bipolar junction transistor, FET: field-effect
transistor), photoresistance

3 Thermal detectors Thermocouple (or photopile), thermistor (or bolometer), uncooled IR FPA, pyroelectric, IR vidicon

SHANGHAI JIAO TONG UNIVERSITY PRESS
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but the metal layer is kept low to minimize reflection losses
[17]. In this type of diode, the junction is very thin, which
facilitates fast response. In addition, there are multispec-
tral photodiodes, which form multiple junctions, each with
a corresponding spectral absorption band, and thus multi-
spectral light detection by growing materials with graded
energy gaps directly in the high-energy and low-energy gap
materials.

2.2.1.2 Avalanche Photodiode Unlike ordinary photodi-
odes, avalanche photodiodes require a reverse bias voltage
that is large enough to operate in the breakdown state and
cause collisional ionization, which allows the photogen-
erated hole—electron pairs to continue to produce hole—elec-
tron pairs and boost the internal gain. The strong internal
electric field promotes the photogenerated electrons and
accelerates them to be able to ionize the lattice, generating
new hole—electron pairs that are further accelerated and pro-
moted for collisional ionization until they enter the cyclic
circuit. When the space charge region reaches the electrode,
punch-through of the junction occurs and a suitable operat-
ing voltage needs to be set to avoid perforation. However,
since both holes and electrons move in the same direction,
a positive feedback is created that attenuates the responsiv-
ity of the device and hence the need to maintain control of
the proper avalanche gain [17]. Currently, a single-photon
avalanche photodiode is being explored. Avalanche diodes
are capable of responding to electromagnetic waves at
microwave frequencies. Bartolo-Perez et al. have designed
the photon trapping structure of a silicon single-photon
avalanche detector to vary the depth of light penetration,
thereby enhancing light absorption and boosting avalanche
gain probability [21]. An integrated avalanche photodetec-
tor for the visible light is shown in Fig. 2.

2.2.1.3 Phototransistors Unlike a photodiode, a transistor
has three regions, the emitting region (E), the base region
(B), and the collector region (C), which provides better
stability and has the ability to control the flow of current
with amplification [22]. The transistor can also be used
as a photodetector. It forms a photocurrent by applying a
reverse bias voltage to the B—C junction, and the larger B-C
junction area facilitates the formation of a stronger photo-
current in the phototransistor. However, its larger junction
area also results in a large increase in junction capacitance
and a lower response frequency. Phototransistors include
bipolar phototransistors, optocouplers, field-effect transis-
tors (FETs), metal-oxide—semiconductor (MOS) FETs, and
photoSCRs, etc. FETs are a commonly used photovoltaic
device, which are voltage-controlled primitives with struc-

© The authors

tural symmetry, large input resistance, and better stability
than typical transistors [23].

2.2.2 Photoconductive Effect

2.2.2.1 Photoconductors Photoconductors include some
light-responsive semiconductor materials that produce
excess carriers in the semiconductor when light is irradi-
ated and the conductivity changes to enable light detection
(photoconductive effect, Fig. 1d: left). However, these sen-
sors usually require an external voltage to separate the pho-
togenerated carriers and move them in a directional manner,
which can have a large dark current and energy consump-
tion [18]. Photoconductor detector devices have unrivalled
advantages in small-signal measurements and new material
development experiments due to their simple structure and
easy control. Photoconductors have demonstrated excellent
performance in industrial applications of single-element
photodetectors, photometric devices, various types of infra-
red detection, imaging, etc. Cadmium sulphide and cad-
mium sulfo-selenide are common visible-light photocon-
ductors; cadmium selenide is similar to cadmium sulphide
but has a better conductivity to red light. Zinc sulphide can
cover the ultraviolet band; lead oxide PbO and lead sulfo-
oxide Pb (S, O) cover the near-infrared band; and doped Si,
Ge, and gallium arsenide are also used as photoconductors.
Currently, lower-cost organic photoconductors are also used
in photodetectors, and they have shown great advantages in
the field of flexible wearables.

The photogating effect is a special kind of photoconductive
effect (Fig. 1d: right). When there are defects in the forbidden
bands of semiconductors, the photogenerated carriers will be
trapped in these regions, thus prolonging the carrier lifetime,
suppressing carrier complexation, and enhancing the photo-
voltaic performance [24]. This phenomenon will be evident in
low-dimensional materials with high specific surface area [18].

2.2.3 Photothermoelectric Effect

2.2.3.1 Photothermal Detector Thermal detectors utilize
the temperature change caused by light absorption, which
is realized by a temperature detector. Compared with direct
photodetectors, its indirect detection process will lead to
a decrease in sensitivity and resolution, but it has a wider
range of light detection interval [26], covering the ultravio-
let to the far-infrared, and in the infrared band to show the
cost advantage of quantum detectors are difficult to reach.

https://doi.org/10.1007/s40820-025-01933-8
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Fig. 2 Integrated avalanche photodetectors [25], Copyright 2021, Nature Communications. a Schematic diagram of detector structure. b Detec-
tor cross-section. ¢ Top view of detector, showing lateral (left) and interdigitated (right) doping, respectively. d Scanning electron microscope of
detector. e, f Detector under an optical microscope, left: the lensed fibre coupling; right: Si avalanche photodetector regions; red line: due to the
scattering of the 685-nm input light. g Measured eye diagrams for the lateral (left) and interdigitated (right) devices (SNR = signal-to-noise ratio)

It consists of two parts: an absorber (power dissipation sec-
tion) and a temperature sensor. The absorber section is usu-
ally a very thin layer in direct contact with the probe of the
temperature sensor. The absorber is usually black in colour
and made of carbon black, precious metals, and other types
of components, but the ultimate goal is to form a uniform
photothermal conversion layer. In order to maintain stable
photothermal conversion performance and improve accu-
racy, the coating process must be tightly controlled and
maintain good adhesion to the substrate. There are typically
three types of temperature sensors: thermocouples, thermis-
tors, and pyroelectric sensors. Thermocouples (Fig. 3a—c)
are based on a temperature difference to generate an elec-
tric current, which in turn detects heat; thermistors (also
known as bolometers) are realized by changing resistance
through temperature changes; and pyroelectric sensors are
based on the special thermoelectric characteristics of pyro-
electric materials (almost all piezoelectric materials), which
are capable of generating a potential difference driven by a

SHANGHAI JIAO TONG UNIVERSITY PRESS

heat source. Thermocouple light detection does not require
the driving of applied electrical energy, and it is extremely
easy to realize self-powered detection devices; however, the
limited amount of photogenerated heat, the lower potential
of thermoelectricity, and the more energy conversion steps
result in more energy consumption, which limits the applica-
tion of this type of detector. A thermistor senses the amount
of light by changing the resistance due to the heat generated
in the radiation of uniform light [27]. In this process, the
photosensitive material absorbs light energy and converts
it into heat. The photothermal effect occurs mainly in the
region of longer wavelengths such as infrared and requires
external power support. Unlike thermocouples, pyroelectric
effects depend on temperature fluctuations rather than gra-
dients and are less controllable [28]. Temperature changes
can cause spontaneous polarization of some materials,
resulting in pyroelectric effects [29]. Pyroelectric materi-
als are usually connected to two conducting electrodes to
form a capacitor, which enables charging and discharging

@ Springer
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[30]. Having a nonzero dipole moment, no centre of sym-
metry and the absence of an axis of rotational symmetry
or the absence of a unique axis of rotational symmetry are
the basic characteristics of pyroelectric materials [30]. The
pyroelectricity and piezoelectricity of a material are some-
what related and influence the physical application of the
material by acting on the electrical, thermal, and mechani-
cal characteristics; pyroelectric materials are also a type of
piezoelectric material [31].

MEMS-based optical power meters are usually realized
with the help of the photothermal effect, which can reflect
the optical power by bending the cantilever beam through
the difference in thermal expansion coefficients of the
bimaterials [32], or by shifting the resonance frequency
and so on through the ultrasensitive heat-absorbing prop-
erty of the resonant cavity, which leads to the broadband
optical power measurement [26].

(b)

2.2.3.2 Superconducting Detector Superconducting
detector is a photothermal detector. When the temperature
is below a critical value (typically 1-10 K), many materi-
als exhibit superconductivity, with resistance dropping to
zero and no scattering losses. At this time, electrons are
bound in Cooper’s pairs, and the bond is broken when the
temperature exceeds the critical temperature. The super-
conducting state is also broken when the current density
is greater than a critical value. The kinetic inductance of
the device prevents this phenomenon, causing a pulse in
the circuit. Indeed, the kinetic inductance is specific to
high-mobility materials like the superconductor [17]. The
superconducting light detector is realized by using this
phenomenon; the process is shown in Fig. 3d. The pulse
waveform can be explored by means of the circuit shown
in Fig. 3e: the circuit is biased by a constant-current gen-
erator, and the pulse is acquired by the load RL and cou-
pled to the superconducting detector. When a photon is
detected, the resistance of the superconducting detector
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bursts from r to R. However, due to the presence of the
inductor, the current does not burst immediately and a
voltage VL equal to the voltage drop across R is gener-
ated at the resistor switch, after which the inductor inter-
acts with R and the current decreases. Also, due to the
presence of the constant-current bias, the pulses will be
very fast. As the current decreases and heat enters the sub-
strate, the device returns to the superconducting state and
the inductance gradually recovers with excellent timing
performance [17]. Superconducting detectors automati-
cally close the absorption of other photons when detect-
ing a single photon and the pulse is unaffected by other
photons, i.e. without photon resolution. Single nanowires
have a very small cross-section that focuses the signal and
obtains optimal efficiency [17]. The absorption efficiency
can be increased by placing the nanowire in a resonant
cavity. Single-mode fibres can be used to connect to the
device from low temperatures to room temperatures.

2.2.4 Other Effects for Photodetector

2.2.4.1 Piezophototronic Effect Piezoelectric materials
can also be used to control carrier generation and compl-
exation through pressure and can improve carrier lifetime in
photodetectors to enhance photodetection [27]. Piezoelec-
tric electronic devices are usually based on PN and Schottky
nodes, which improve carrier transport at the junctions by
introducing piezoelectric ionic charges. The introduction of
the pressure-induced piezoelectric effect leads to a lower-
ing of the junction barrier and carriers can pass through the
junction more easily with enhanced responsivity, while the
opposite situations occur for the tension-induced piezoelec-
tric effect [33].

2.2.4.2 Bulk Photovoltaic Effect Bulk photovoltaic effect
is a nonlinear phenomenon of excitation light polarization
controlled by the quantum geometry in optical leaps [34, 35].
The effect exists in arbitrary non-centrosymmetric systems
and depends only on their Bloch states and energy bands,
the efficiency is not constrained by the Shockley—Queisser
limit, and the semiconductor bandgap does not affect the
open-circuit voltage. Ferroelectric systems, twisted double
bilayer graphene, and others have demonstrated feasibility
in optoelectronic detection, which is of great significance
for the micronanal integration of photodetectors and reduc-
tion of the chip size [34, 36].

Different types of photodetectors have their advantages
and disadvantages. The traditional diode, transistor because
of its low cost, mature process, stability, reliability and other
advantages still occupy a major market. However, other
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types of new photodetectors have outstanding advantages,
which enable them to replace traditional devices and con-
tinue to develop. Avalanche diodes operate in the break-
down state with higher internal gain, thus improving the
photoelectric conversion. Superconducting photodetectors
are capable of single-photon detection and can detect very
low-energy photons, but their operating environment needs
to be controlled at very low temperatures. There are several
types of photothermoelectric detection systems, depend-
ing on temperature difference, thermistors and pyroelectric
materials. Compared to direct photoelectric conversion, pho-
tothermal conversion tends to have more energy loss, but
its efficiency is relatively high because it does not require
photoexcited electron leaps, and even longer wavelength,
lower energy infrared light can be absorbed by the conver-
sion, with a wider absorption band. Piezoelectric materials
can also act on optoelectronic devices by optimizing carrier
complexes and so on. In recent years, with the development
of 2D materials, the body photovoltaic effect also provides
new ideas for the development of new photodetectors. The
development of photovoltaic devices has been advancing in
the process of continuous exploration and clarification of
the principles; new materials and new effects are also very
important for the design of photovoltaic devices, and the
future development and innovation of photovoltaic devices
should be based on the discovery of new phenomena and
exploration of new principles.

2.3 Photodetector Parameters

In order to better compare the performance of different
photodetectors, it is necessary to contrast the parameters of
the devices, so FIGURES OF MERIT OF DETECTORS is
very important. In the photoelectric conversion process, the
absorbed light energy cannot all be converted into electricity,
there are some losses; therefore, the photoelectric conversion
efficiency, i.e. quantum efficiency is a key indicator, that
is, the average ratio of electrons to absorbed photons. The
higher the quantum efficiency, the lower the losses. Photon
loss and surface loss occur near the threshold, so the photo-
electric conversion efficiency of a material gradually devi-
ates from the theoretical value as it approaches the threshold.
Related to this, the ratio of the output current density to the
absorbed light density is the spectral sensitivity. The longer
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the wavelength, the greater the number of photons at the
same energy, so the higher the spectral sensitivity [17].

Photodetectors are affected by noise while outputting a
signal. There are two main sources of noise that are inde-
pendent of each other: one is thermal noise (aka Johnson)
originating from the load resistor; the other is quantum noise
(aka shot noise) originating from the signal current and dark
current. Both bandwidth and noise are key factors to be con-
sidered in the optimization of photodetection performance
and can be appropriately modulated by the load resistance. A
small load resistance is beneficial to increase the bandwidth
of the detector, while a large load resistance can reduce the
total noise fluctuation to improve the sensitivity, so choos-
ing the appropriate load resistance, designing the optimized
equalization circuit structure, and providing the device gain
are the important contents of optimizing the optical detector
[17]. It is important to note that sensitivity is the ability to
detect small signals rather than signal detection quantities.

The two types of noise have variable weightings in dif-
ferent situations. When the quantum noise is greater than
the thermal noise, especially when the signal current is
much smaller than the dark current, the photodetector rec-
ognizes smaller photon absorptions with higher sensitivity,
which means that the load resistance is on a higher order of
magnitude, usually up to the level of G ohms [17]. There
exists a critical signal current (also known as the threshold
of quantum regime), when the signal current is greater than
the threshold value, the signal-to-noise ratio (S/N) reaches
the quantum noise limit of detection, following the Poisson
photon statistic, which has also been called quantum regime.
The lower the critical signal current, the higher the sensitiv-
ity of the detector. Correspondingly, when the signal current
is less than the critical signal current, the noise is mainly
contributed by the load resistance, which is also known as
the thermal regime of detection. Many semiconductors, arti-
ficial superlattices, quantum wells, and other materials with
a targeted bandgap are used for optical detection [37]. Lower
dark current and higher quantum efficiency are favourable to
enhance the S/N of the detector.

The noise equivalent power (NEP) is the ratio of the out-
put noise to the responsivity, and the performance of the
detector is inversely proportional to the NEP, thus defining
the detectivity (D) as the reciprocal of the NEP. D is related
to the detector’s parameters and is affected by the detec-
tor’s area (A) and bandwidth (B), thus defining the detector’s
detectivity [17]:

© The authors

D* = D\V/AB (1)

which is also known as specific detectivity [18].

Background-limited-intrinsic-performance (BLIP limit) is
also an important physical parameter for photodetectors, and
D(BLIP) shows the detection rate limit on a thermal back-
ground. D(BLIP) is dominated by thermal noise, which has a
minimal effect in the visible and near-infrared. It works with
D* at different noise weights, respectively. In single-photon
detection, the noise is mainly affected by the quantum-effi-
cient dark current [17].

In photodetectors, the end-state outcome is present in the
output current, and therefore, the output photocurrent is a
fundamental index [18]:

Ip = Illluminaled - Idark 2)

Iuminated 18 the output current produced by the device when
illuminated; I,,, is the output current of the device when
not illuminated.

Responsivity is then the ratio of the photocurrent to the
incident optical power in the corresponding frequency band
[19],

I

R, ==~ 3
* T PxA ©)

where P is the incident light power density and A is the light
area of the device. A higher response rate indicates that more
of the light energy is converted into electrical energy and
better detection is achieved.

The internal gain (G) is the number of electrons that can
be collected at the electrode by a single photon incidence
[18, 38]:

hc % R

= 2=z )
ne t

h is Planck’s constant, c is the speed of light in a vacuum, 2
is the wavelength of the incident light, n is the external quan-
tum efficiency (EQE) of the device, and R, is the responsiv-
ity of the device. G is essentially the ratio of the hole carrier
lifetime (7) to the electron transfer time (t) [39]. In order to
increase G, we can capture carriers to prolong the carrier
lifetime.

The sensitivity of a detector is the ratio of photocurrent to
dark current, and the sensitivity of a device can be improved
by either boosting the photocurrent or lowering the dark
current. Typically, defect-free, high-quality devices favour
higher photocurrents [18].
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Response/recovery time: For photodetectors, the speed
of detection of incident light and the speed of recovery to
the initial state after the detection is complete are also key
metrics; the faster these speeds are, the faster the response
of the sensor is, and they are largely controlled by the junc-
tion [18]. In addition, series load resistance, junction capaci-
tance, etc., also have an effect on response/recovery time.

Typically, photodetectors require an external power sup-
ply to drive and hold the photogenerated electron holes, so
external energy consumption is also a part of the device
design that needs to be taken into account. Self-supply, zero-
bias, etc., are promising ways to develop energy control [40,
41].

Spectral range: Typically, photodetectors can be catego-
rized into three types: broadband, narrowband, and very
narrowband (i.e. wavelength selective) [18]. Broadband
usually consists of heterojunctions. Wavelength-selective
photodetectors are of two main types: one uses a single
semiconductor as the active material (single bandgap); the
other reflects electromagnetic waves of a specific wave-
length multiple times with the help of an optical micro-
cavity (Distributed Bragg Reflector (DBR)) and enhances
the photocurrent [18]. Wavelength selectivity can also be
achieved in broadband spectral detection with the help of
polar switching phenomena [42].

Standardized parameters are essential for the evalua-
tion of optoelectronic device performance; they not only
reflect device specifications and provide guidance for
device optimization, but also make it easier to compare
various types of photodetectors laterally, thus facilitating
communication between researchers, companies, and dif-
ferent regions. Moreover, many parameters are based on
the device, but the index of material photoelectric per-
formance is usually related to the volume, area, density
and other physical quantities of the material, so the com-
parison of photoelectric parameters based on devices of
different sizes is inappropriate, and the development of
parameters based on the limited physical quantities is also
very valuable. Through these parameter values, we can
more easily determine the advantages and shortcomings
of the device, thus providing guidance for the upgrading
and optimization of high-resolution micro-/nano-optoelec-
tronic devices. Some other photodetector parameters are
shown in Table 2 [17].
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3 Material Choice and Manufacturing
3.1 Material Choice

Silicon-based photodetectors are the most classical and
widely used type, and silicon solar cells have been put into
widespread industrial applications. However, the energy
generation gap of silicon limits it to visible light detec-
tion only, and it is powerless for the infrared band, which
can be improved by integrating germanium on its surface
[18]. Currently, with the discovery and development of
new materials, many substances with excellent optoelec-
tronic properties are used in optoelectronic devices, such
as 2D materials, perovskites, and transition-metal dichal-
cogenides (TMDCs).

3.1.1 Black Phosphorous

As an emerging material, 2D materials have great poten-
tial for the preparation of high-performance nanoelectronic
devices. In photodetection, the small size of 2D materials
facilitates the reduction of dark current, but the ultra-thin
thickness also leads to low light absorption and low quan-
tum efficiency, and it is important to explore 2D materials
and optimize their S/N for photodetectors [37, 43]. Reduc-
ing the preparation cost of 2D materials and simplifying
the processing flow are important for the application of 2D
photodetectors.

2D black phosphorus, a 2D material just discovered in
2014, has high hole mobility and anisotropy, which makes
it an ideal optoelectronic material. Moreover, it can be
designed in different layer stacks with van der Waals force
interactions between the layers, is sensitive to doping and
optical polarization, and has a narrow bandgap that ena-
bles detection in the near infrared [44-46]. However, low
optical absorption limits its quantum efficiency [47]. Long
et al. achieved effective room-temperature infrared detection
and extended the detection wavelength by as doping [48].
Black phosphorus carbides also exhibit broader absorption
spectra and mobility [49]. Their anisotropy also facilitates
optical polarization detection. Its controllable thickness also
facilitates dark current tuning, which enhances S/N [50].
Engel et al. prepared a multilayer black phosphorus photo-
detector capable of operating in the visible and infrared and
obtaining high-resolution, diffraction-limited images [51].
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Table 2 Some other photodetector parameters

Number Parameter Meaning

1 Spectral sensitivity (o): Detection of the relative efficiency of light or other signals as a function of the
frequency or wavelength of the signal; by this parameter, the optimal optoelectronic
material can be selected within the target wave frequency band

2 Active area Photosensitive area; proportional to the reverse current, the junction capacitance and the
cost

3 Dark current The current flowing in optoelectronic devices without light irradiation; improves as the
thresholds of the device and depend on Temperature

4 Barrier capacitance Equivalent capacitance of depletion layer width variation; related to junction area, deple-
tion layer width, dielectric constant of semiconductor, and applied voltage

5 Bias voltage i.e. Vbb: the DC potential of the base to ground of a transistor under static bias condi-
tions

6 Series and parallel resistances Series resistance = substrate resistance + lateral resistance + electrode resistance + con-
tact resistance; the series resistance and the junction capacitance both reduce with
increasing Vbb. The parallel resistance reflects the leakage level of the device; affects
the open circuit voltage, but has little effect on the short circuit current

7 Response uniformity Decreases by 5%-10% near the edge of the active area; also affected by the incident
angle

8 Temperature coefficient =do/odT. The temperature coefficient curve is zero at the peak of quantum efficiency,
and if the wavelength is less than the peak, the temperature coefficient is negative,
otherwise it is positive

9 Temperature range Normal operating temperature range of the device; includes normal temperature range
and the extended range

10 Reproducibility of the characteristics For identical devices, ¢ at the peak of quantum efficiency is + 1%, dark currents
are +50%, temperature coefficient is +0.1%/°C

11 Reliability and MTTF (mean time to failure) Comparable for small-signal diode due to the similar technology, MTTF usually
3-10%10" h

12 Electrostatic damage Ternary photodiodes (InGaAs and GaAsP) are easily damaged by electrostatic discharge

13 Ambient performances Ambient-stress tests by Standards Committees

Conventional photodetectors achieve operating wavelength
tuning through heterogeneous structures with component
coordination during material growth. However, the fabrica-
tion of such devices is complex and the range of adjustment
after moulding is limited, so the development of band-tun-
able photodetectors is of great significance. The bandgap of
black phosphorus has a high strain sensitivity (0.22-0.53
ev), thus enabling reversible, continuous, band-tunable pho-
todetection, as shown in Fig. 4 [52].

3.1.2 Graphene

Graphene is a good absorber that can absorb electromag-
netic waves in a wide range of frequency intervals. How-
ever, its low absorption efficiency and high susceptibil-
ity of carriers require further improvement for practical
applications. By designing quantum dot-like structures or
integrating them with quantum dots, graphene is able to

© The authors

better trap and transport carriers and improve the device’s
ground responsivity [53, 54]. Quantum dot-based photo-
detectors often require special methods to optimize the
functionality and durability of quantum dot structures, but
such treatments are incompatible with conventional semi-
conductor device preparation processes. Ahn et al. were
able to protect quantum dots with the help of conventional
photolithography and dry-etching of graphene monolay-
ers to avoid complex and incompatible treatments [55].
Liu et al. also improved carrier lifetime by designing a
tunnelling layer between the graphene layers to enhance
the response rate [56]. However, both of these methods
slowed down the carrier collection efficiency, resulting in
slow responsivity, which can be improved by using metal-
lic antenna nanoarrays [57]. Currently, the use of 2D gra-
phene combined with a single-crystal silicon substrate
to replace the metal in conventional Schottky nodes is a
promising direction [18].
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Graphene’s excellent light absorption and photother-
mal conversion performance also facilitate light detection
through thermal detection. Good homogeneity and weaken-
ing of external interactions are key to improving the perfor-
mance of thermal detectors. Thermal insulation structures
can optimize photothermal conversion and reduce external
effects [58]. The absorption bands of graphene photodetec-
tors can also be tuned, which is achieved by plasmons in
graphene manipulated by gate voltage [59].

Similar to graphene, there is also a silicene 2D material
that has a similar hexagonal structure to graphene, replacing
carbon with silicon. The photovoltaic conversion proper-
ties of silicene are similar to those of graphene; however,
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its silicon-based qualities favour its combination with the
currently mature silicon chip technology, which has very
promising applications [18].

3.1.3 Perovskite

Perovskites generally have an ABX; structure, where A is
an organic cation (CH;NH;" or MA*, FA™), B is inorganic
cations (Pb™* or Sn**, Ge?"), and X is halide anions (I",
Br~, CI") or a mixed halide [60, 61]. Here, perovskite is also
known as organic—inorganic hybrid perovskite. However,
organic components are easily affected by external factors
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such as light, heat, and humidity. By replacing A in ABX;
with inorganic cations, fully inorganic perovskite materials
can be prepared with better stability [62, 63]. Xu et al. pre-
pared a single-crystal CsPbCl; UV detector using vapour-
phase epitaxy, which has high sensitivity and stability [64].
Lead-based perovskites have made progress in performance,
but their toxicity and stability limit further commercializa-
tion. In order to further enhance the performance of perovs-
kites and reduce toxicity, researchers have prepared lead-
free perovskites using a strategy as shown in Fig. 5 [65].
At present, researchers have also discovered that various
dimensions of perovskite can be used for photodetectors,
including quantum dots (0D), nanowires (1D), nanosheets
(2D), and bulk crystals (3D) [66]. Perovskite oxide also has
excellent performance in the field of optoelectronic detec-
tion. It can be prepared into ultra-thin layered perovskite
oxide nanosheets through multi-step soft chemical exfo-
liation technology, with properties such as photocatalysis,
magnetoresistance, and high-temperature superconductivity
[60]. The optoelectronic properties of perovskite are related
to its surface/interface engineering and micro-/nanostructure
design. Nanowire perovskites with high aspect ratios can
enhance their applications in polarization optics [67]; long
chain organic ligands will limit carrier transport; excessive
specific surface area will result in more material defects
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[68]. Moreover, perovskite polycrystalline thin films have
the advantage of flexibility and are highly advantageous
in the field of preparing flexible optoelectronic devices
[69]. Gu et al. embedded perovskite into PDMS precursors
through inkjet printing, forming perovskite arrays distributed
on PDMS flexible films to prepare wearable optoelectronic
devices [70].

Perovskite is popular in photodetectors for its good light
absorption, tunable bandgap, low cost, good stability, low-
temperature processing, and excellent optoelectronic proper-
ties. However, the ionic bonding in lead halide perovskite
is affected by chemicals, and therefore, it is not possible to
lithograph them using polar solvents, which limits their inte-
gration and the realization of high-resolution detectors [71].

As shown in Fig. 6a—d, Kim et al. take advantage of exist-
ing lithography to synthesize Cs,Pb,Br, with good light
absorption performance by patterning PbBr, to achieve
high resolution [71]. Liang et al. also used ultrathin pack-
age-assisted lithography to prepare photodetector arrays with
vertical crossbar structures with a resolution of up to 317
Pixel per inch and fully incorporated with existing lithog-
raphy, solving the problem of unsuitability of perovskite
polar solvent lithography [72]. Yang et al. also designed
perovskite photodetectors with a resolution of up to 1 pm
[73]. The destruction of perovskite by polar solvents can
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Fig. 5 Two strategies for the formulation of the lead-free perovskite materials [65]
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also be effectively prevented by applying a polymer pro-
tective layer, or with the help of self-assembled monolayer
pattern templates [74, 75]. Some microcrystalline perovs-
kites, such as MAPbBr; microcrystals, have a trap state
inhomogeneous distribution and spatial inhomogeneity of

PbBr, Photoresist coating  Patterned
spin coating and patterning PbBr,

(b)

G
sz

photocurrent, the control of which can further enhance the
performance of chalcogenide photodetectors [73]. Surface
interface engineering also plays a role in the enhancement
of the functionality of perovskite photodetectors. Wang et al.
prepared high-resolution perovskite photodetector arrays
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dipping growth perovskite
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Fig. 6 Perovskite photodetectors. a Process schematic of the PbBr, high-resolution photodetector. b SEM (left: by spinning) and optical micro-
scope (right: by —20 °C iso-propyl alcohol) of PbBr, photodetectors. ¢ Photoluminescence picture of Cs,PbBry array. d Photoluminescence
picture of flexible perovskite photodetector [71], Copyright 2021, Advanced Functional Materials. e Process schematic of the perovskite flexible
photodetector. f Optical image of the perovskite flexible photodetector array. g SEM of Au electrodes. h Schematic of the flexible perovskite
photodetector arrays to detect multipoint light distribution [76], Copyright 2023, Advanced Functional Materials
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on polymer substrates with the help of silica hydrophilic
and hydrophobic treatment process, which maintains good
stability under bending, as shown in Fig. 6e-h [76]. The
quasi-2D perovskite is constituted by incorporating large
organic cations in 3-dimensional perovskites with good sta-
bility, and this composite structure allows the presence of
a large number of quantum wells in the perovskite and has
low binding energy and high deformation resistance, result-
ing in optimized charge transfer properties. However, the
conductivity of quasi-2D perovskite is reduced and needs to
be improved by enhancing the crystallinity and optimizing
the interface [76, 77].

Perovskites have tunable energy bandgaps and thus offer
unparalleled advantages in the preparation of full-colour
light-detection imaging without colour filters. Constructing
continuous structures with graded bandgaps and pixelated
structures with discrete bandgaps are commonly used to
achieve full-colour imaging, with the former being limited
in terms of batch size and the latter requiring fine microcell
design [78, 79]. Zhou et al. prepared self-powered polycrys-
talline perovskite photodetectors, which suppressed the dark
count rate mainly through the reduction of shallow traps’
particle size enhancement effect and surface passivation and
thus dramatically enhance the response to weak light, with
better weak light responsivity than silicon photomultiplier
tubes [80]. The preparation of flexible single-crystal per-
ovskite photodetector devices has been realized [14]. Both
cost and compatibility need to be considered in practical
applications to facilitate the commercialization of perovskite
photodetectors. Mahato et al. developed a MAPbBTr; crystal-
lisation technique through surface/interface engineering that
is capable of generating high-quality single crystals with
improved photogenerated carrier separation and transfer
[81].

3.1.4 Transition-metal Dichalcogenides

Transition-metal dichalcogenides (TMDCs) have tunable
band gaps, high mobility, good stability, easy accessibility,
and Schottky junction photodetectors based on high detec-
tion rates and fast response [82]. Molybdenum disulphide
has a tunable indirect bandgap of about 1.3-1.8 eV and
transforms from an indirect bandgap to a direct bandgap in
a single molecular layer [18]. For molybdenum disulphide,
CVD and mechanically stripped prepared photodetectors
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have better response rates than other methods such as mag-
netron sputtering, liquid exfoliation, solution synthesis, and
so on [18]. Molybdenum disulphide photodetectors are influ-
enced by both photochemical and photoconductive effects.
Its photogating effect is slower, influenced by the trapping
charge at the interface and modulated by the gate voltage,
while the photoconductive effect of it is very rapid and is
caused by structural defects in the material [18]. Monolayer
MoSe, is also a typical material for photo-detecting TMDCs,
with a direct bandgap of 1.5 ev [83]. WS, is also a photo-
detecting material that is photon-energy and the surround-
ing gaseous environment dependent; gas molecules such as
ammonia are able to increase the material’s charge transfer
[84, 85]. 2DWSe, also has good photoconversion capabili-
ties. MaoTe, is a newer 2D photovoltaic material. For TMDC
materials, the reduction of charge impurities and defects is
important for performance enhancement.

3.1.4.1 Re-dichalcogenide Re-dichalcogenides such as
ReS, and ReSe, differ from TMDCs with higher lattice
symmetry [18]. The physical properties of these materi-
als are anisotropic and affect the material properties in
photovoltaic conversion through thickness [86]. The sur-
rounding gas has a great influence on the performance of
this photodetector, which affects the doped carrier migra-
tion through charge transfer and needs to be improved by
encapsulation. However, the dark current of ReSe2 does
not return to its original level after one cycle, which affects
its practical application, a dilemma that can be amelio-
rated by applying a short pulse reset device at the gate
[18, 87]. The anisotropic crystal structure of Re-dichal-
cogenides makes them highly advantageous for detecting
polarized light.

3.1.4.2 Noble Metal Dichalcogenides Noble TMDCs are
a category of TMDC materials composed mainly of Group-
10 noble metal elements. The d electrons of this category of
materials completely occupy the d orbitals, leading to strong
interlayer interactions and p-orbital hybridization [88, 89].
NTMDCs have a small bandgap but a wide tunable range
and gradually overshoot the metallic state with the increase
in the number of layers. They also have high mobility and
environmental stability [18]. Among them, PdS, and PdSe,
have folded pentagonal anisotropic structures, which are
very promising for polarized light detection. Noble metal
dichalcogenides have high mobility at room temperature
with a controllable number of layers, which is highly advan-
tageous in the near-infrared wavelength detection region,

https://doi.org/10.1007/s40820-025-01933-8
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and the performance of the detectors may be enhanced by
plasma treatment, etc. [90].

3.1.5 Other Photoelectric Materials

3.1.5.1 Group III-Nitrides Compared to other semicon-
ductor materials, nitride semiconductor materials are more
environmentally friendly, with non-toxic preparation pro-
cesses [18]. Indium nitride (InN), aluminium nitride (AIN),
and gallium nitride are semiconductor materials with tun-
able bandgap for industrial applications, which are valuable
in photodetectors. However, epitaxial growth and substrate
matching of Group III-Nitrides are still a challenge, also
costs, etc., still need to be further reduced [18].

3.1.5.2 Metal Oxide Metal oxide include titanium dioxide,
tin oxide, zinc oxide, tungsten trioxide, iron trioxide, and
others. Tin oxide is an N-type semiconductor with a strong
oxidizing ability and has a wide range of applications in the
fields of optoelectronics, gas sensing, and catalysis [91]. Tin
oxide has a band gap of 3.7 eV and limited UV absorption,
which can be improved by surface interface modification
and design of components [91].

3.1.5.3 Metallic Materials Metals perform the photoelec-
tric conversion function in photodetectors mainly through
Schottky junctions. Absorption of photons by metals results
in the generation of hot carriers, which are injected into the
semiconductor and form a current at the interface of the
junction through the junction barrier [92]. By adjusting the
size and length-to-diameter ratio of metal nanorods, nano-
particles, heptamer arrays, gratings, etc., the absorption
bands can be tuned to improve the response of the device
[92, 93].

3.1.5.4 Lanthanide Materials Lanthanide crystals have a
high number of discrete energy levels and can trap incident
vortex-wave light and emit visible light, which are known
as upconverting nanocrystals. In order to enhance the light
absorption and conversion of lanthanides, it is crucial to
overcome the low extinction coefficient and small size-
induced surface burst effect [92]. It can also be improved by
designing doping, customizing the core-shell structure, and
introducing photonic and plasmonic crystals [92]. In addi-
tion, 2D materials, especially 2D dielectrics, piezoelectrics,
pyroelectrics and ferroelectrics, and their interactions and
coupling synergies with optoelectronics are of great impor-
tance. Xing et al. have proposed a variety of solutions to
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optimise light detection by comprehensively exploring the
physical coupling mechanisms of these materials [94].

In photodetectors, the material energy gap determines the
band of light that can be detected. Currently, various semi-
conductor materials cover the range from the ultraviolet to
the far-infrared, and corresponding photosensitive materials
can be found for each band [17]. Optimized semiconductor
devices can be discovered by continuously exploring new
materials. Understanding the characteristics and advantages
of various materials can also help us to choose more appro-
priate and ideal materials when preparing optoelectronic
devices, which can inspire the discovery of new optoelec-
tronic materials.

3.2 Manufacturing Process

The preparation of optoelectronic materials is a complex
process involving precise tracking of material evolution,
accurate manipulation of complex units, and a batch pro-
cess that involves many aspects such as cost, energy saving,
environmental protection, and product quality, which is a
key component of high-resolution optoelectronic devices.
High-resolution optoelectronic devices imply smaller feature
sizes, i.e. nodes, which are the smallest individual photovol-
taic units that can be produced by the manufacturing pro-
cess [95]. The higher the resolution, the more optoelectronic
units will be available on the same size chip, reflecting the
optical signal more accurately and utilizing the light energy
efficiently. Intel can only manufacture integrated circuits
with a minimum node of 14 nm [95], the current state-of-
the-art process is a 2-nm feature size chip, and Samsung
plans to put it into production in 2025 [95].

The focus of optoelectronic chip preparation is to com-
bine the circuitry, the optoelectronic material and the
substrate in turn, to form the predefined node distribu-
tions. Typically, wafers (150—450 mm in diameter) or other
substrates are first oxidized and heated in an oxidizing
atmosphere furnace, after which thin-film photovoltaic
materials are deposited on the wafers through various coat-
ing preparation processes; the coatings are then made in
a predetermined pattern through photolithography. This
process involves applying a photoresist to the surface of
the material and then applying a mask with a specific pat-
tern, so the coating is patterned by photolithography. In
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production, different photolithography procedures may be
carried out dozens of times to form the functional struc-
ture. Finally, the photoresist is removed and a metal or

other material is deposited to connect the functional units
[95].

3.2.1 Atomic Layer Deposition

Atomic layer deposition (ALD) is a thin-film preparation
technique based on layer-by-layer atomic-level growth,
which allows for the deposition of ultrathin films of uni-
form, controllable thickness and adjustable composition.
The remaining unreacted precursors have to be blown away
with an inert carrier gas in between the ALD layer and layer,
to avoid gas-phase reactions. Zhang et al. prepared PbS
nanorods vertically on graphene layers via electrochemical

(a)

(c)

Computer Electriochemical

workstation

(d)

ALD, demonstrating superior optoelectronic properties over
layered PbS (Fig. 7) [96]. Jiao et al. also prepared alumina
interfacial layers by ALD to avoid the reaction at the inter-
face of the heterogeneous material, thus improving the opto-
electronic properties [97].

3.2.2 Physical Vapour Deposition

Physical vapour deposition (PVD) refers to the technique of
depositing thin films on the surface of a substrate by physi-
cally vaporizing a material source into gaseous atoms or
molecules, or partially ionizing them into ions, and deposit-
ing them on the surface of the substrate by means of a low-
pressure gas (or plasma) under vacuum conditions. Physical
vapour deposition acts primarily on the surface and includes
magnetron sputtering, molecular beam epitaxy (MBE),
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pulsed laser deposition, and so on. Magnetron sputtering is
a commonly used PVD method. Solovan et al. coated N-type
molybdenum oxide on silicon substrates with nanostructures
to prepare optoelectronic heterojunctions by this method
[98]. MBE has a lower synthesis temperature, is greener,
and has high product quality compared to other vapour
deposition [18]. It grows semiconductor materials epitaxi-
ally and layer-by-layer by precisely controlling the thermal
evaporation of atomic substances to form lattice-matched
2D layers [99]. 1D zinc oxide, etc., can also be obtained by
MBE [100]. Moreover, it is controllable, scalable and highly
advantageous in the preparation of highly pure materials.
With the development of techniques such as plasma-assisted
molecular beam epitaxy (PAMBE), the synthesis time has
been further reduced. Pulsed laser deposition (PLD) is a
means of obtaining thin films by using a laser to bombard
an object and then precipitate the bombarded substances on
different substrates. The structure of the device is shown
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in Fig. 8a, b [101]. Xiao et al. prepared a large-area (10
x 10 mm?) WTe, film by PLD, which has low impurities
and defects, uniformity, and high quality, and is conducive
to photovoltaic properties improvement. WTe, was further
improved after annealing at 400 degrees Celsius [101].
Kang et al. prepared VO,/glass composite membranes with
a titanium dioxide buffer layer by PLD, and the presence of
titanium dioxide improved the original photovoltaic proper-
ties [102]. Zhou et al. prepared stabilized and controllable
nano-bricks on a silicon substrate by high-pressure PLD and
demonstrated great potential for applications in the field of
photovoltaics, as shown in Fig. 8c [103].

3.2.3 Chemical Vapour Deposition

Chemical vapour deposition (CVD) is a widely used tech-
nique for the synthesis of photovoltaic materials, which has a
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matic of WTe, post-annealing treatment [101], Copyright 2024, Surfaces and Interfaces. ¢ Schematic of high pressure PLD (Insert image is
a-CsPbl; nano-brick made by pressure PLD) [103], Copyright 2022, Journal of Colloid and Interface Science
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wide range of applications due to its high controllability and
the ability to prepare large-size 2D materials. Mu et al. pre-
pared tetragonal nano-Schottky heterojunctions of tin oxide
by CVD and modified gold nanoparticles on their surfaces
by further hydrothermal method to enhance the photother-
mal performance through localized plasma oscillations [91].
Deng et al. used plasma-enhanced CVD to prepare gallium
oxide thin films to construct Schottky junction-based photo-
detectors, and the photocurrent was enhanced more than five
times after plasma treatment, as shown in Fig. 9 [104]. Jiang
et al. also prepared nanowire/nanosheet heterostructures for
photodetection by a combination of magnetron sputtering
and CVD [105]. Li et al. used CVD for finely tuned growth
of transition metal dihalides with different compositions to
form lateral heterojunctions with sharp interfaces [106]. In
order to enhance the commercial production compatibility
of high-quality perovskite thin films, Reo et al. prepared
perovskite thin-film transistors through thermal evaporation
method, significantly improving the density and uniformity
of the material and enhancing device performance [107].

Chemical vapour transport (CVT) is also a traditional
method of crystal growth by setting up a quartz furnace with
a strict ratio of platinum and selenium powders and allow-
ing the gas precursor to undergo a vapour reaction and be
deposited elsewhere under high temperatures and vacuum
conditions, with good controllability [90].

3.2.4 Vapor-phase Epitaxy

Vapour-phase epitaxy, a form of CVD, is a common method
for preparing two-dimensional, thin-layer, and high-
quality semiconductor materials. As early as the 1960s,
Maruska et al. used hydride vapour-phase epitaxy to pre-
pare single-crystal gallium nitride layers [108]. In addition,
metal—organic chemical vapour deposition (MOCVD) and
metal-organic vapour-phase epitaxy (MOVPE) have also
been used for the batch preparation of semiconductor layers.
However, the higher reaction temperatures of these prepara-
tion processes lead to stress strains during cooling, resulting
in quality degradation [18].

3.2.5 Spray Pyrolysis

Spray pyrolysis refers to spraying a solution in mist form
into a high-temperature atmosphere, causing evaporation

© The authors

of the solvent and thermal decomposition of the solute,
followed by supersaturation and precipitation of the solid
phase, thus obtaining nanopowders. Its equipment design
is shown in Fig. 10 [109]; Yu et al. improved the traditional
spray pyrolysis method for the preparation of fluorine-doped
tin oxide with low efficiency and high exhaust emission by
adding hydrogen peroxide into the precursor gas. The addi-
tion of hydrogen peroxide not only improved the preparation
process, but also narrowed the band gap and thus regulated
the photoelectric properties [109]. a-Fe,O; was also coated
on the substrate and used for UV photodetection by Kaawash
et al. by scalable spray pyrolysis [110].

3.2.6 Electrohydrodynamic (EHD) Printing

High-resolution optoelectronic detection devices made of
flexible materials are essential for biosensing and soft robot-
ics because of their excellent information recognition, image
acquisition, and ability to cooperate with braking systems.
Flexible optoelectronic devices, especially their large-area
manufacturing, are a formidable challenge, a flexible prepara-
tion process is the basis for the development of flexible opto-
electronic devices. The casting method is difficult to achieve
extremely thin thicknesses, limiting flexible applications [111],
and the self-coating method is difficult to regulate the distri-
bution of detection units in different frequency bands [112],
so accurate and efficient flexible photodetector preparation
processes are important. Electrohydrodynamic printing with
high resolution enables the direct printing of photoresponsive
materials onto the target substrate through liquid mixtures and
the control of crystal growth through appropriate solvents to
reduce defects and improve quality [113]. Wang et al. pre-
pared perovskite photodetector arrays with a resolution of 1
pm, which is the smallest printable feature size for perovskite
applications, with a high responsivity of up to 14.97 A W"!
and a ones detectivity (D*) of 1.41 X 10'27J. Also, the detector
is capable of full-colour light detection without the need for
a colour filter by integrating different chalcogenides with a
variety of spectral responses, as shown in Fig. 11 [113].

3.2.7 Hydrothermal Method and Solvothermal Reaction

The hydrothermal method is a process in which a solid is dis-
solved in water and then precipitated in a sealed container,

https://doi.org/10.1007/s40820-025-01933-8
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Fig. 9 Photodetectors prepared plasma-enhanced CVD [104], Copyright 2022, Applied Surface Science. a, b Oxygen plasma treatment of
B-Ga,0; to make a Ti;C,/p-Ga,0j; self-powered photodetector. ¢ Energy band changes before (left) and after (right) oxygen plasma treatment

which is often used to prepare nanocrystals with special
structures. Liu et al. prepared SnS, nanoflake/CdS nanorod
heterojunction composite photoanodes by a two-step hydro-
thermal method [114]. The solvothermal reaction is based
on the hydrothermal reaction by making an organic solvent
instead of water [100]. Wang et al. also used two-step hydro-
thermal method to enhance the photoelectronic performance
of TiO,~by-BaTiO; surface modification (Fig. 12a—c) [115].

SHANGHAI JIAO TONG UNIVERSITY PRESS

Electrochemical deposition can significantly enhance the
growth rate [100].

The sol-gel method is based on the same principle as the
hydrothermal method and produces a composite of the target
substance with a salt, which needs to be calcined to remove
the salt so has fewer applications [100]. Based on this,
there is also the sol-combustion method, Yang et al. pre-
pared fluorine-doped ZnO membranes by low-temperature
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sol-combustion method, and by regulating the precursor and
doping concentration, photovoltaic membranes with good
crystallinity and 80% light transmittance can be obtained
[116].

Assisted filtration relies on the principle that the vapori-
zation temperatures of oil and water are different under the
same pressure (vacuum). Si et al. prepared molybdenum
disulphide and WSe, nanosheets by liquid-phase stripping
followed by vacuum-assisted filtration to form heterogene-
ous photovoltaic electrodes with optimized photovoltaic
properties [117].

3.2.8 Spin Coating

Perovskites have great potential for optoelectronic devices
due to their ease of preparation and moulding by solution
methods. Coating perovskites on a substrate by spin-coating
on the basis of a precursor is a low-cost, inexpensive and
efficient method [3]. Traditional chemical deposition can
also be used for surface modification and the preparation of
photodetectors, as shown in Fig. 12d, e [118].

3.2.9 Self-assembly

Self-assembly is a technique for assembling disordered nan-
oparticles into ordered and arranged films, which mainly
relies on molecular interaction forces, and the introduction of
an externally induced source can enhance the self-assembly
effect [119]. Liu et al. prepared CuTCPP(Cu)/CuTCPP(Fe)
heterojunctions by electrostatic self-assembly, whose nt—x

© The authors

coupling inhibits carrier recombination and thus improves
the optoelectronic properties [120]. Langmuir—Blodgett
technique is usually used to construct coatings on liquid—gas
interfaces, through which spontaneous assembly of micro-/
nanoparticles can be realized, capable of forming coatings
on liquid—gas interfaces, which is highly advantageous in
the preparation of monolayers or controllable multilayers
[119]. Li et al. achieved dye molecule/polypeptide compos-
ite membranes with good photocurrent through the Lang-
muir-Blodgett self-assembly technique by means of electro-
static, hydrogen bonding, n—x stacking, and other synergistic
effects, which showed potential in alkaline gas sensing and
light detection [121]. Dye molecule/carbon sphere com-
posite membranes prepared by this technique also showed
good photocurrent density and carrier transport [122]. Sui
et al. prepared graded photovoltaic materials by ionic self-
assembly, which were able to respond to redox stimuli, pH
changes, etc., and showed graded features [123]. Guan et al.
also prepared plasmonic interface structure photodetector by
self-assembly, as shown in Fig. 13 [123].

3.2.10 Photolithography

Photolithography is generally only able to etch nodes of the
same wavelength size as itself, and as node sizes decrease,
shorter wavelengths of light are required, so photolithogra-
phy is progressively more limited, requiring techniques such
as electron beam (e-beam) lithography and EUV lithography
to achieve smaller feature sizes [95]. Micro-/nano-printing
based on patterned polymer films has also been used for the
preparation of photodetectors (Fig. 14). Therefore, innova-
tion in lithography is challenging and critical for high-reso-
lution optoelectronic devices.

The properties of 2D materials are greatly influenced by
the preparation process, and it is important to choose the
appropriate manufacturing process according to different
materials. For example, in chemical vapour deposition,
molybdenum disulphide with a large specific surface area
is highly susceptible to adsorption of other impurities in the
gas, which leads to scattering and reduces the performance of
the photodetector [126, 127]. Researchers are also exploring
new preparation processes to improve the quality, micro-nano
control, and size of semiconductor materials. For example,
epitaxial lateral overgrowth can be used to optimise the

https://doi.org/10.1007/s40820-025-01933-8
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semiconductor structure with the help of a buffer layer [18].
Exploring better substrate materials or designing microstruc-
tures of the substrate by quantum confinement is important
for improving the quality of products [18].

Different materials have their own more suitable manu-
facturing process, the choice of the appropriate process can
maximise the advantages of each material, and more precise
preparation technology is also conducive to the realization of
smaller size nano-optoelectronic components. However, the
development of preparation technology is usually limited by
the size, the development of micro-/nanofabrication equip-
ment urgently needs the innovation of related technologies,

u\
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such as photolithography nodes are affected by the wave-
length of light, high-frequency lithography can promote the
development of small-scale optoelectronic devices. In addi-
tion, the post-processing processes, annealing, UV radiation,
etc., are also very critical to improve the performance.

4 Surface/Interface Engineering
Optoelectronic semiconductor devices are often faced

with limited absorption bands, low energy conversion,
fast carrier annihilation, and poor interfacial charge
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transfer due to the limitations of material densities, grain
sizes, preparation processes, and the characteristics of
the materials [128, 129]. In order to improve these defi-
ciencies, it is of great significance to modify the surface/
interface of the optoelectronic device or design the sur-
face/interface micro-/nanostructures through the surface/
interface engineering, to improve the photoelectric con-
version efficiency and broaden the response band, which
is important for the improvement of the performance of
high-resolution optoelectronic devices.

4.1 Surface/Interface Modification
Functional groups and surface defect modifications can

change the physical and chemical properties of the mate-
rials, and for small sizes especially 2D photovoltaics, the

© The authors

impact of such modifications on the photovoltaic properties
of the material can be dramatic [130]. The photoresponse
of metal dichalcogenides such as molybdenum disulphide
and ReS, can be improved by surface modifications such as
oxidation and doping [131]. For high specific surface area
molybdenum disulphide, encapsulation can also reduce its
undesirable adsorption, thereby enhancing mobility and low-
ering contact resistance for improved performance [132]. By
controlling the morphology and defect passivation, the metal
halide perovskite deep traps can be effectively reduced, thus
avoiding the large dark count rate caused by the presence of
deep traps. Zhou et al. reduced the deep traps by morphology
optimisation and surface diphenyl sulphide passivation mod-
ification, so shallow traps play a dominant role in enabling
the photodetectors to achieve a pulse detection probability
of more than 99.8% and an internal quantum efficiency is

https://doi.org/10.1007/s40820-025-01933-8
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also up to more than 90%, with better resolution than com-
mercial silicon photomultiplier tubes at room temperature,
as shown in Fig. 15a—d [80]. Moreover, the addition of Pbl,
to the precursor, and the evaporation of CH;NH;I caused
by over-annealing can also passivate the perovskite [133].
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Due to the defects in a-Ga,0; nanorod array optoelectronic
devices, the optoelectronic performance can be enhanced by
using wide bandgap semiconductor materials such as tita-
nium dioxide and alumina, as passivation layers. In addi-
tion, the type ii staggered-band arrangement between them

@ Springer



95 Page 26 of 55 Nano-Micro Lett. (2025) 18:95

(“.{} Diphenyl sulfide

©Or or

= Ml
-Ga,05NRAs .

? mar

e e

PMMA coating  Graphene film
@ i ...
S0 STitarget Cu etching . -

X Transfer

'c'\\ 4 m' “m

a-Ga,0,/TiO, NRAs

O
i i Grotthuss chain

Ares

-G2a,0;-TiO, NRAs

photoelectric performance

bad

© [oBr*

4 h

CsPbBr;-0

& o

OLA

Fig. 15 Optoelectronic performance optimization through surface/interface modification or passivation. a—d Reducing deep traps by morphol-
ogy optimisation and surface diphenyl sulphide passivation modification. a Surface defect passivation by diphenyl sulphide. b Top-view SEM
of one-step MAPDI; film. ¢ Top-view SEM of two-step MAPbI; film. d Cross-sectional SEM of one-step MAPDI; film [80], Copyright 2023,
Nature. Optoelectronic performance optimization by passivation: e Fabrication of the a-Ga,0; — TiO, core — shell nanorod array solar-blind pho-
todetector with a graphene — Ag NW hybrid film as the top electrode; f Mechanism of humidity on the photoelectric performance [134], Copy-
right 2022, ACS Applied Electronic Materials. Optoelectronic performance optimization by s-triazine and its derivatives surface modification: g
Surface modification for CsPbBr; (TA =trithiocyanuric acid; TZ =s-triazine; CA =cyanuric acid); h TEM of CsPbBr;-0 (left) and CsPbBr;-TA
(right). i TEM of CsPbBr;-TZ (left) and CsPbBr;-CA (right) [141], Copyright 2022, Chinese Chemical Letters

also can effectively separate the photogenerated carriers
and thus promote the photovoltaic conversion [134]. In this
study, humidity also affects the photovoltaic performance
of the device, and in a high humidity environment, strong
chemical bonds are formed between water molecules and
trivalent titanium ions on the surface of the nanorod arrays,

© The authors

generating a large number of plasmons and thus enhancing
the electrical conductivity, as shown in Fig. 15e, f. Taha
et al. systematically illustrated the positive effects of the syn-
ergistic effect of plasma nanostructures, especially metallic
wire structures on light absorption and charge transfer, and
explored the tailoring of such structures [135]. Relying on
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the self-passivation behaviour of TaSe, Wang et al. prepared
highly stable photodetectors capable of resisting oxidation
[136]. Punia et al. also dramatically improved light trapping
through interface engineering by passivating the silicon sur-
face and designing microtextures [137].

With the development of flexible optoelectronic devices,
the mismatch between organic and inorganic interfaces in
optoelectronic devices can lead to a significant weakening
of the optoelectronic performance. To overcome this prob-
lem, Pei et al. introduced Ru-based dye complexes (organic
components) for interface modification, which enhanced the
chemical compatibility between heterogeneous materials
and improved the photovoltaic conversion [138]. Liu et al.
treated indium tin oxide film by supercritical carbon dioxide
fluid which passivated the suspended bonds at the interface
through the dehydration effect and introduced In* ions
in the grain boundaries, resulting in an indium tin oxide-
like structure at the grain boundaries, which modulated the
interfacial defects in the photovoltaic film and improved
the photoelectric conversion [139]. Surface plasma treat-
ment also reduces oxygen vacancy defect states in mate-
rials such as gallium oxide and controls carrier transport,
thereby improving photovoltaic performance [104]. Zeng
et al. treated MoS,/graphene heterojunction FETs by swift
heavy ion irradiation, which led to local annealing of gra-
phene, thereby reducing the resistance and increasing carrier
mobility, and the radiation-generated defects were able to
induce increased light scattering, thereby modulating the
photovoltaic conversion [105]. Inspired by dye-sensitised
solar cells, the photovoltaic properties of devices can also
be improved by modifying dye molecules (e.g. methylene
blue, Rhodamine 6G, etc.) on the surface of the material or
by complexing with them [119]. Yu et al. also optimized the
performance of ZnO:Ga/SiC UV photodetectors by PtNP
coating, by enhancing the photoelectric conversion effi-
ciency, suppressing interfacial defects and capture centres,
etc. [140].

The poor stability of tin-based perovskites limits their
applications, which can be improved by modification or pas-
sivation through surface/interface engineering. Peng et al.
improved the stability of tin-based perovskites by coating the
surface with a 2DSnS mono-molecule layer. This interface
allows for the flow of electrons and the formation of a built-
in electric field, which has an impact on the optoelectronic
performance; moreover, the surface SnS molecular layer also
enhances the light absorption and inhibits iodide migration
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to improve the stability of the perovskites. Yue et al. pro-
posed for the first time the modification of all-inorganic per-
ovskites based on s-triazine and its derivatives. The stabil-
ity of this optoelectronic device is improved by enhancing
the intermolecular n—x interactions of the non-conjugated
organic ligands, which improves the carrier transport and
thus increases the photocurrent by a factor of 20, as shown
in Fig. 15g, h [141]. It is worth noting that the type of sub-
stituents in conjugated organic ligands has an impact on the
photoelectric effect, and better modifying substances should
be explored in the future [141].

MXene, as a 2D conductive material, has demonstrated
its applicability in photoelectric conversion; however, the
disadvantage of its high oxidation susceptibility limits its
application and requires surface/interface engineering for
modification [142]. Wang et al. formed a heterojunction
by in situ growth of a 2D metal-organic framework on the
surface of MXene, which not only inhibits the oxidation of
MXene but also optimizes the photoelectric properties of
MZXene. It is also suitable for surface plasmon resonance
sensitization requirements, which is an excellent optoelec-
tronic interface material and shows great potential for bio-
detection (Fig. 16a—e) [143].

Lead sulphide quantum dots are easy to handle in solu-
tion so are more convenient for their surface modification
[144]. The energy conversion of quantum dot optoelectronic
devices can be improved by introducing ligand exchange
reactions in polar solvents [145]. In addition, in lead sul-
phide quantum dots, passivation through the introduction of
hybrid iodide ions (I-) and the removal of organic ligands
from the surface will enhance the light-to-dark ratio of the
device, which will play a role in the optimization of photo-
voltaic effect [144]. Lead sulphide quantum dots are com-
posed of a lead sulphide core and a lead shell, and through
the above passivation process, the iodide ions replace the
original long-chain organic ligands on the basis of the lead
shell not being oxidized to reduce the spacing between the
quantum dots, which enhances the carrier mobility. In addi-
tion, the replacement can also be carried out through other
halide ions or through other non-long-chain organic ligands
to reduce the polygon lifetime, enhance the mobility and
enhance the electronic coupling, to improve the optoelec-
tronic properties of the quantum dots [146, 147]. Zinc oxide
quantum dots can also be prepared by solution, and it was
shown that with the increase of annealing temperature, the
crystal size increases, the specific surface area decreases,

@ Springer



95 Page 28 of 55

Nano-Micro Lett. (2025) 18:95

MXene@MOF

i
'
gy

“Jl \J

<Y Gold chip
V| <P MXenc@MOF

\dl S \ :

Assembly domain

-SSS-IMVTESSDYSSY-SSS-FHYQRDTPKSYN

Recognizing domain

32.81 0.53
FEOH) (%)
81.13 14.16

{npufty

oo/

domain

Current density (mA/cm”2)

00 01 02 03 04 05 06
Voltage (V)

Fig. 16 Optoelectronic performance optimization through local surface plasmon resonance. Optoelectronic performance optimization by
Mxene @ MOF-enhanced local surface plasmon resonance. a, ¢ The easy oxidation characteristics of MXene. b, d The antioxidant properties of
MXene @MOF. e MXene @MOF-enhanced surface plasmon resonance photodetector structure [143], Copyright 2023, Small. f SEM of before
(above) and after (below) Au nanoparticles enhanced local surface plasmon resonance for SnO, tetragonal nanonails [91], Copyright 2024,
Ceramics International. g Structure of thin-film TiO,/c-Si heterojunction for enhanced local surface plasmon resonance [152], Copyright 2021,

Results in Physics

the responsivity decreases dramatically, and the response
rate decreases, which is not favourable for photovoltaic con-
version [148]. Shmid et al. investigated the improvement
of the photovoltaic properties of germanium quantum dots
on the surface of single-crystal silicon, which showed that
the improvement of such photovoltaic properties is affected
by the mechanical strain between the quantum dots and the
silicon plane. The interfacial strain caused by the presence
of the quantum dots enhances the charge separation distance
and limits the recombination centres, thereby extending the
lifetime of the photogenerated carriers [149].

Localised surface plasmon resonance is the process that
electrons are gathered into regions of positive charge excess
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when a metal is subjected to electromagnetic interference,
then oscillate back and forth at an equilibrium position under
the influence of momentum, charge gravity, and inter-elec-
tron repulsion. Localised plasma resonance improves light
absorption and helps to excite more energetic active elec-
trons, enhancing the optical and photovoltaic performance
of semiconductor optoelectronic devices [91]. The localised
surface plasmon resonance of optoelectronic devices can be
enhanced by introducing precious metals such as gold, sil-
ver, and platinum. After the introduction of gold nanoparti-
cles, the photocurrent density of titanium dioxide nanowire
arrays is enhanced by 16 times, the photocurrent density of
zinc oxide nanorods is enhanced by 11 times [150, 151],
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and the photovoltaic performances of tin oxide tetragonal
nanoparticles are also improved, as shown in Fig. 16f [91].
The grain boundaries of perovskites can also be lowered by
introducing gold nanoparticles to enhance the film quality
[76]. Wang et al. improved the photovoltaic performance
by introducing metal nanowires to enhance the plasmonic
resonance [2]. Krit et al. also used nanoclusters to enhance
the localised plasmonic resonance to improve the photo-
voltaic performance [98]. Schottky junction optoelectronic
devices facilitate the migration of photogenerated carriers,
which can further amplify the amount of photogenerated
electrons by combining with the local plasmon resonance
to enhance the photoelectric conversion; however, this also
simultaneously increases the transfer of hot electrons gen-
erated, which counteracts with the photogenerated carriers,
thus weakening the photocurrent [98]. To address this chal-
lenge, Li et al. designed gold core silver shell/silver iodide
Schottky junction contacts to stabilize the contacts by in situ
growth. By adding a gold core, the localised plasmon res-
onance enhances the photogenerated electrons without
increasing the generation of hot electrons, thus improving
the photovoltaic performance dramatically [98]. Zhao et al.
also enhanced the localised plasmon resonance by silver
nanoparticles, which are confined around the nanometal. By
designing a coupled structure of metal nanoparticles and
titanium dioxide trigonal prisms, it can enhance electron
transport and reduce carrier annihilation and thus improve
the photoelectric performance; also, the presence of metal
nanoparticles leads to light scattering and thus increases the
light propagation distance to enhance the overall absorption,
as shown in Fig. 16g [152]. Peng et al. probed the effect
of gold, silver, and bismuth on the photoelectricity of 2D
perovskites. Bi system has the lowest energy and the most
stable adsorption; also, due to the electron orbital hybridisa-
tion, Bi has better carrier transfer and stronger adsorption,
which implies a better surface polarisation effect and photo-
voltaic conversion [153]. Dong et al. also enhanced quantum
efficiency of the photovoltaic devices through piezoelectric
materials surface acoustic waves generation [154].

The polar structure of ZnO determines that it is more sus-
ceptible to spontaneous polarisation and has good piezo-
electric properties, and research calculations have shown
that polar ZnO (0001) has a smaller interlayer contraction
distance than ZnO (000-1), with absorption peaks shifted
from the visible region to the UV region, and a shift from
an N-type to a P-type semiconductor [155]. By constructing
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and tuning the polar characteristics of zinc oxide, it is pos-
sible to modulate its optoelectronic properties, showing
potential in photodetectors, especially real-time modulated
optoelectronic devices.

Stress also has an impact on the optoelectronic properties
of materials, especially flexible materials. Shi et al. prepared
a widely applicable aluminium nitride film, which can be
stably bonded to surfaces with a variety of morphologies,
and produce piezoelectric photonics effects by bending
stresses, which enhances the responsivity and response rate.
It also has a tunable energy bandgap subject to the bending
curvature of the substrate and has no fracture after cyclic
bending, showing great promise in real-time tunable flexible
photodetection [156].

Smooth surfaces have good self-cleaning properties and
repellency to a wide range of liquids, which is highly sig-
nificant in device protection, including de-icing, corrosion
protection, drag reduction, and fouling prevention [157].
Currently, this is mainly achieved by selecting suitable mate-
rials, designing surface microstructures, hydrophobic coat-
ings, chemical solvent treatment and so on [157-159]. Some
other surface/interface modification schemes are shown in
Fig. 17.

4.2 Design of Micro-/Nanostructures
4.2.1 Two-dimensional Heterostructures

Two-dimensional heterostructures arise from 2D materials,
which can combine different strengths, provide functional
complementarity, be easily integrated, and compensate for
the disadvantages of a single 2D material [18]. Electrostatic
interactions of 2D heterostructures can change the energy
band structure of the material, and the built-in electric field
at the interface can promote carrier separation and reduce
unfavourable annihilation, providing higher charge transfer,
which cannot be obtained by doping [166—-168]. In addi-
tion, there are also sandwich-structured detectors, such as
graphene-encapsulated TMDCs [169-171], which generate
separated asymmetric potentials at the heterogeneous inter-
faces and enhance the response speed. Si et al. enhanced the
charge transfer by improving the carrier lifetimes, which in
turn promotes the photocurrent intensity by preparing van
der Waals’ two-dimensional heterogeneous MoS,/WSe,
photoelectrodes [117]. Li et al. prepared transverse TMDs

@ Springer



95 Page 30 of 55

Nano-Micro Lett. (2025) 18:95

(c) ' DUV

Recombination

Au Surface defect
Ti

Control film L-TEEH-treated film

© Cations (Cs", FA" or MAY) o P

« Halide anions (I'or CI) Tor Cl vacancy PbS-OA

& [\ Hot carriers

(b) o) ol

Au NPs assisted localized
surface plasmon resonance

7 times improved detectivity
7.17 x 104 cmHzV2W-

NIR Laser |:> NIR Laser

Au
Electrodes

=
e &
QL

o NilCH,C00), v ‘
8

O % ey

PbS-EDT PbS-EDT-Ni

A
H
I
Graphene D

Au ¢ Au
SiO,;

MOF
PbS-EDT-Ni-HHTP

PbS@MOF PbS@MOF on FET

Fig. 17 Various surface/interface modification schemes. a WSe,/ReS, photodetector enhanced by surface charge transfer doping [160], Copy-
right 2023, ACS Applied Materials and Interfaces. b Ag,Te photodetector enhanced by Au nanoparticles induced localized surface-plasmon
resonance [161], Copyright 2024, Applied Surface Science. ¢ e-Ga,O; photodetectors enhanced by surface defect passivation [162], Copyright
2023, Materials Today Physics. d MoS, photodetector enhanced by gap-surface-plasmon induced polarization photoresponse [163], Copyright
2023, Nano Research. e Lateral perovskite photodetectors enhanced by L-tryptophan derivative-induced surface passivation [164], Copyright
2023, Chemical Engineering Journal. f QD-MOF photodetectors enhanced by chemical bonding of interfacial engineering [165], Copyright

2023, Advanced Optical Materials

heterojunctions with sharp interfaces and stepwise inter-
faces, respectively, and the comparison revealed that the
sharp interfaces have better photovoltaic properties [106].
Shi et al. prepared nanorods with ZnO/BiOI heterostruc-
tures and constituted p-n heterojunctions to form an internal
electric field, which promotes the electron migration and
enhances the photovoltaic conversion efficiency [106]. Li
et al. implemented in-sensor computing through interface
engineering based on a heterojunction UV photodetec-
tor, which achieves edge detection and part recognition by
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constructing a single-layer neural network sensing array
without the need for extra computational and storage com-
ponents [172].

Liu et al. also generated a large built-in electric field by
setting a bimetallic modulation centre on the heterojunc-
tion, which can effectively promote carrier separation and
drive migration. The nanosheets of this heterojunction also
reduce the migration distance and promote interface match-
ing through n—n coupling, which reduces the interface out
of carrier complexation, thus dramatically improving the
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performance of the photodetector and showing feasibility
in biosensing, as shown in Fig. 18a, b [120].

Ye et al. prepared an electron transport layer for SnO,/
TiO0,/Sn0O, carbon-based perovskite cells with a sandwich
structure, where the mesoporous structure and interlayer
structure enhance the excitation and transfer of electrons,
which improves the photocurrent and the conversion effi-
ciency, as shown in Fig. 18c [173]. Kang et al. also enhanced
the electron transport layer of the carbon-based perovskite
cells by inserting a titanium dioxide buffer layer between the
VO, and the glass substrate, which allows the titanium ions
to diffuse and thus lead to a phase shift in VO,, resulting in
a change in electrical resistance, which has an impact on the
photovoltaic properties of the material [102]. Wang et al.
enhanced the functional connectivity between the substances
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by inserting a graphene buffer layer at the interface of silicon
and ZnO, which led to an increase in the electrical con-
ductivity, and thus to an improvement in the photovoltaic
utilization of the heterojunction [174].

4.2.2 Quantum Well Photodetectors

Quantum well photodetectors are realised by building a
number of quantum wells into the light absorption layer of
the detector, where leaps are generated inside the wells and
are highly tunable as affected by the width and height of
the wells [17]. Extending the carrier lifetime by designing
shallow trap energy levels (i.e. the photogating effect) can
enhance the responsivity of the photodetector [37].
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4.2.3 Surface Texture Design

The surface texture design also has an effect on the opto-
electronic performance, which is due to the correlation
between the microscopic texture size and the wavelength
of light [175]. Silicon is a typical optoelectronic material;
it is important to study the effect of the microtexture of
its surface on the optoelectronic performance. The sur-
face texture also has an effect on the mechanical prop-
erties of optoelectronic devices. Considering the prac-
tical applications, the optoelectronic performance and
mechanical properties should be considered in concert.
Shpeizman et al. designed four texture structures on the
silicon surface, including alkali solution selective etch-
ing of the surface, pyramidal texture, oxidation under the
vanadium pentoxide layer and high-temperature anneal-
ing followed by hydrofluoric acid treatment. It was shown
that the pyramidal texture has the worst strength and that
the alkali solution selective etching is relatively the best
[176]. Kulinich et al. investigated the effect of different
surface textures on the photoelectric properties of InGaAs/
InAlAs diodes, and it was found that on the surface of the
ordered parallel groove diode, either too deep or too shal-
low grooves are not beneficial to the photocurrent genera-
tion, and the optimal depth is shown in Fig. 18d—g, and a
reasonable shape and size should be designed for practical
applications [177]. An ordered surface structure may also
be beneficial to the improvement of photoelectric perfor-
mance, as a uniform material distribution can reduce the
film resistance and have good orientation and better sta-
bility. Han et al. prepared functionalized carbon nanotube
photoelectric coatings with good ordering by the Lang-
muir-Blodgett method, which presented lower impedance
and improvement of photoelectric performance [119].
Singh et al. set up a microcone structure on the silicon
surface, and the responsivity of the device was enhanced
nearly two times, as shown in Fig. 18h [178].

4.2.4 Low-dimensional Structure-Enhanced
Photodetectors

One-dimensional structures such as nanotubes, nanowires,

nanorods, and nanonails are favourable for the directional
transport of carriers and can enhance the carrier migration
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rate and avoid compounding [91, 179, 180]. Nano-needle
arrays perpendicular to the substrate are able to enhance
the effective detection area, reduce reflectivity, and pro-
vide directional fast transport routes for photogenerated
carriers, which is conducive to enhancing photovoltaic
conversion [134]. Jiang et al. designed ZnO nanowire/
molybdenum disulphide nanosheets, which show great
potential in photodetection [181]. Lv et al. designed and
prepared periodic CsPbCl,/CsPbl; nanowire superlattices,
forming one-dimensional heterostructures with uniform
lattice orientation. It has higher responsivity, detectivity,
and Ion/Iggp ratio than non heterostructures [182]. Guan
et al. designed a single-crystal PN junction perovskite
nanowire array to enhance carrier transport through single
crystals and effective carrier separation through PN junc-
tions, thereby improving the sensitivity of photodetectors
[183].

2D materials also have excellent performance in light
detection. Tao et al. prepared 2D independent germanium-
based monosulfide compounds nanoplates, which can
achieve adjustable optical bandgap and electronic band
through low-pressure rapid physical vapour deposition,
and have great potential in the field of controllable polari-
zation optics [184].

The formation of heterostructures by combining 1D nano-
materials such as nanowires with other 2D or bulk materi-
als is also a way to prepare high-performance photovoltaic
materials. Zhao et al. systematically summarised an effective
method to precisely manipulate the growth of ZnO nanow-
ires on other matrices through interfacial engineering tech-
niques, whereby the carrier transport behaviours and energy-
band structures of the ZnO nanowires are tuned to be altered
and applied to different situations [100]. In addition to the
traditional interfacial engineering such as doping, shape
modification, and strain control, the study of overcoming
the dangling bonds and defective states of 1D materials and
mitigating phenomena such as interfacial mismatch is also
an important part of 1D photovoltaic materials. Moreover,
due to the high cost and reagent waste of the traditional epi-
taxial construction method of heterojunctions, the growth
method based on van der Waals interactions shows the
advantages of cost and easy fabrication, and the construction
of heterojunctions with the help of self-assembly and so on
is very promising in optimising the optoelectronic properties
[100]. Liu et al. have also prepared microfloral BaTiO;@
TiO, composite piezoelectric photovoltaic materials with a
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heterogeneous interface, which can promote charge separa-
tion [185].

4.2.5 Functional Structure Enhanced Photodetectors

The performance can also be optimised by designing the
functional structure of the detector. Tordera et al. formed
many heterojunctions on a fingerprint sensor by slot-mode
coating to make a large-area microdetector integrated array
for high-resolution fingerprint recognition, as shown in
Fig. 19a—c [186]. Its bottom gate can not only be used to
increase the transistor current, but also provide light shield-
ing to improve the device stability. Xu et al. also optimised
the detector by designing a bowtie antenna and an aperture
plasma structure, which improves the polarisation selec-
tion of the photodetector and light absorption [187]. The
performance of the photodetector can also be improved by
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increasing the bottom gate configuration, due to the fact that
the bottom gate imposes a large tunnel barrier at ungated
channel regions, which facilitates the lowering of the free-
electron barrier, so the photocurrent is improved while the
dark current is suppressed [188]. Surface materials with
high transmittance cause significant light loss and reduce
light absorption, which is detrimental to the photoelec-
tric conversion efficiency. Extending the light propagation
path distance by designing absorbing structures or multiple
reflections can help to improve the absorption. Wang et al.
generated periodic, uniform reflective gratings on photovol-
taic thin films by ultrasonic vibration-assisted laser irradia-
tion, with a concomitant annealing effect that reduces the
transmission loss, and enhanced local plasmon resonance
with the aid of microstructures, which improves the photo-
voltaic properties of the materials, as shown in Fig. 19d, e
[189]. Borodaenko et al. formed periodic nanogratings on
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Fig. 19 Optoelectronic performance optimization through micro-/nanostructure design. a, b High-resolution integrated optoelectronic finger-
print detection [186], Copyright 2019, Advanced Materials Technologies. d, e Ag/FTO optoelectronic performance optimization by antireflec-
tion grating structures [189], Copyright 2019, Applied Surface Science. f Optoelectronic performance optimization by functional hierarchical
structures induced by different substances/pH [123], Copyright 2019, Colloids and Surfaces A
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PN junction photodetectors with high polarisation sensitivity
to incident radiation by laser light, substantially increasing
the effective area for light absorption [190]. Some semi-
conductor materials have broad absorption, which is very
unfavourable for specific wavelength detection, so require
the use of triple primary colour filter arrays to improve the
optical intensity [1]. Optical gain can also be effective in
improving signal strength [37].

4.2.6 Resonant Cavity-Enhanced Photodetectors

If the thickness of the detector is too small, the light is not
completely absorbed, a reflective layer can be added to the
backside so that the reflected light is further absorbed, thus
enhancing the incident photon absorption, and this type of
photodetector is known as resonant cavity-enhanced pho-
todetectors. If a reflective layer is also provided on the sur-
face of the absorber, the light will be reflected in the cav-
ity between the surface and backside, thus enhancing the
absorption, especially the resonant absorption [17]. Photode-
tectors with pin structure perform the function at the end of
the fibre optic, which is able to process optical information
and RF signals and plays an important role in remote com-
munication [18]. These kinds of Schottky junctions or diode
detectors are able to shorten the working length by regulat-
ing the photons highly coherent and directional through the
resonant cavity and are able to modulate the incident light
to achieve tunable bandwidth and high sensitivity [191]. The
attenuation of efficiency can be improved by Fabry—Perot-
type resonant geometry [192].

Photodiodes are based on the absorption of photons larger
than the energy generation gap (i.e. absorption); lasers are
based on the excitation of electrons to higher substable
energy levels and their release to the initial energy level to
produce laser light (i.e. stimulated emission). They are based
on different principles, so it is usually not possible to realise
the common function of both through the same device [18].
However, a vertical cavity surface-emitting laser (VCSEL)
epitaxial structure is similar to a photodetector, which has
the potential for photodetection enhancement. By combining
a VCSEL with a photodiode, its quantum well active region
can be activated in specific modes, enabling the integration
of lasers and photodetectors, which is highly promising
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in areas such as microwave photonics technology [18]. Its
quantum well active region operates in photovoltaic mode
or reverse bias mode. It has great potential for high-speed
optoelectronic switches, optoelectronic frequency conver-
sion transceiver base stations, etc. [18, 193, 194].

4.2.7 Other Design of Micro-/Nanostructures
Jfor Photodetectors

Ma et al. prepared sea urchin-structured quaternary
nanocrystalline alloys with multimetallic nanomaterials
whose plasmon resonance on the surface could enhance
carrier—hole electron separation and electron transport,
and their multimetallic synergistic effect also enhances the
photovoltaic performance [159]. Li et al. also improved the
carrier-separation rate and shortened the transport distance
of the bulk charge to the surface by a porous silver-oxide
structure, with an improved photovoltaic performance [195].
Zhang et al. prepared clustered and dotted Bi,WO4-CdS
hybrid nanocrystals, both with optimised optoelectronic
properties [196]. The nanoferrite BiFeO; undergoes a
shape change (rhombic to cubic) by doping, which alters
the magnetic and optoelectronic properties, and is an inspi-
ration for the controllable preparation of photodetectors
[197]. Sui et al. developed a photovoltaic material with a
controllable hierarchical structure, which can be modulated
by p-cyclodextrin inclusion, redox stimuli and PH changes,
as shown in Fig. 19f. This is of great significance for photo-
voltaic molecular switching devices [123]. Liu et al. induced
the spreading of SnS, nanosheets and the change of hex-
agonal cadmium sulphide into rods through the glutathione
guiding agent, which increased the light-absorbing area and
photovoltaic conversion, and demonstrated its effectiveness
in photocathode protection [114]. Nanostructures such as
nanoparticles, gratings, and antennas can also enhance quan-
tum efficiency [198-200].

The behaviour of electron—hole pairs at the interface has
a great influence on the optoelectronic performance of the
device, and much interfacial engineering has been carried
out to modulate the mobile behaviour of electron—hole pairs
by modifying the functional dots to achieve better optoelec-
tronic performance [128]. Liao et al. designed photovoltaic
material interfaces containing gold- and nitrogen-doped
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carbon dot components, and it was found that the gold could
increase the electron—hole separation, while nitrogen-doped
carbon dot can increase both the separation and the rate of
carrier pairs, which is very favourable for the enhancement
of photoelectric conversion.

Reducing the thickness of the metal layer of the Schottky
section also increases the responsivity [201]. Optimisation
of various processes is also important for detector perfor-
mance improvement. Enhancing the contact connection
between the device circuits, choosing suitable contact point
materials [86], and reducing the interface resistance are also
important for device performance improvement. Photocur-
rent can be achieved by reducing the complexation of oppo-
site carriers, e.g. reduction of defects, type ii band-aligned
heterojunctions, etc. [18]. Some other surface/interface
structure schemes are shown in Fig. 20.

Usually, surface/interface modification is achieved by
using some functional groups or coatings to prevent material
surface deterioration, which helps the detector maintain good
performance and improve its stability. However, an exces-
sively thick protective layer can block some of the incident
light and reduce light absorption. Therefore, for the surface
modification layer of the photosensitive absorber, it should
be as thin as possible to minimize light loss while protecting
the material. By increasing the specific surface area of the
light absorption layer, the light absorption area can be sig-
nificantly increased, which is beneficial for enhancing pho-
toelectric conversion. However, this structure is also prone to
carrier recombination and annihilation, so appropriate sur-
face roughness should be designed. Reducing deep trap and
enhancing surface light trap through defect passivation are
also an important aspect. Deep trap is not conducive to car-
rier separation, while shallow trap can significantly improve
the photoelectric conversion ratio. The design principle of
surface quantum wells is similar, which enhances photoelec-
tric conversion by improving surface light capture. Surface
plasmon modification utilizes the plasmon resonance effect
to capture photons more efficiently in the absorption layer.
It can be excited with minimal thickness, while excessively
thick coatings can hinder photons from entering the pho-
tosensitive layer. In optoelectronic devices, different parts
may have mismatch due to different materials or crystal
types, resulting in transmission losses, so interface modifi-
cation is needed to reduce losses. In PN junctions or some
designs, special heterostructures are required to promote
carrier separation, generate potential differences in external

SHANGHAI JIAO TONG UNIVERSITY PRESS

circuits, and achieve photoelectric conversion. The design
of surface patterns has diversity, which essentially increases
the specific surface area to enhance light absorption. Some
special patterns, such as planar antennas, can also achieve
selective detection by selecting specific wavelengths. Low-
dimensional photodetectors often have high performance
due to their high uniformity; also, due to their small size,
they are easier to prepare highly integrated optical sensing
arrays, which have outstanding advantages in the fields of
miniaturization and integrated circuits. Some functional
structures/interfaces, such as absorption layers, multiple
reflection layers, and resonant cavities, improve photoelec-
tric conversion efficiency and optimize photodetectors by
enhancing light absorption. These structural designs serve
to assist absorption and reduce light loss, so excessive thick-
ness should be avoided. In a photodetector, there are multi-
ple surfaces/interfaces, such as photosensitive layer, photo-
electric conversion layer, PN junction, and insulation layer.
Different parts require different designs and modifications
based on their functions; moreover, differences in materials
and preparation processes can also lead to variations in the
required interface engineering design. Micro-/nanostructure
design and modification complement each other, exerting
different functions by acting on different positions of materi-
als/devices. In practical applications, interface engineering
design should be carried out based on the specific require-
ments of the detector, and parameters should be adjusted
according to the detector indicators.

Surface/interface engineering plays an important role in
optimising the performance of optoelectronic devices and is
the basis for the development of new optoelectronic devices.
The usual means is to apply protective and passivation layers
on the surface, which in turn protects the internal materials
from deterioration and thus maintains a better photother-
mal performance. In addition, buffer layers, modified ions
or functional groups can be inserted to alleviate mismatches
between different materials. Laser surface treatment, plasma
treatment, UV treatment, etc., can also modify the surface/
interface to achieve the desired effect. Direct metal compo-
sitions are able to modulate and optimise the optoelectronic
properties through local plasma resonance. However, these
treatments are often limited to a particular material and are
not widely applicable, and there is great potential for devel-
oping universal surface/interface modification solutions. The
design of micro-/nanostructures is relatively less restrictive
and is applicable to almost all types of materials. However,

@ Springer
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Fig. 20 Various surface/interface structure design schemes. a Optoelectronic performance optimization by ellipse wall grating-nanowire struc-
ture [2], Copyright 2019, Plasmonics. b Optoelectronic performance optimization by anti reflective surface texture [202], Copyright 2024,
Materials Science in Semiconductor Processing. ¢ Optoelectronic performance optimization by pyramid microstructure [203], Copyright 2024,
IEEE ELECTRON DEVICE LETTERS. d Optoelectronic performance optimization by pyramid/V-groove [204], Copyright 2023, ACS Applied
Materials & Interfaces. e Optoelectronic performance optimization by pyramid-shaped structures [205], Copyright 2023, Advanced Optical
Materials. f Optoelectronic interface mediation by nanowires and inorganic/organic hybrid structure [206], Copyright 2023, Advanced Materials
Interfaces. g Thermoelectric photodetector enhanced by periodic micro-taper array [207], Copyright 2024, Optics and Laser Technology

microstructure processing often requires highly sophisticated
equipment for manipulation. Currently, there are still relatively
few nanostructures designed for photovoltaics, and more func-
tional microstructures need to be developed to enhance light

© The authors

absorption and energy conversion. Some surface/interface
engineering for photodetectors in the past year are shown in
Table 3. The influence of surface/interface engineering on pho-
todetector parameters is shown in Table 4.

https://doi.org/10.1007/s40820-025-01933-8
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Table 4 Influence of surface/interface engineering on photodetector parameters

Number Surface/interface engineering types Parameter changes of photodetectors
Surface modification Improve response uniformity, responsivity and detectivity, light absorption, and stability
2 Passivation Improve response uniformity, responsivity and detectivity; light absorption, carrier
separation, and response speed
Suppress dark current
3 Surface plasmon resonance Improve responsivity and detectivity, and light absorption;
Heterostructure Improve responsivity and detectivity, carrier separation, and response speed
Suppress dark current
5 Quantum well Improve active area, responsivity and detectivity, light absorption, and carrier separation
Suppress dark current
6 Surface texture design Improve active area, responsivity & detectivity, and light absorption
7 Low-dimensional structure Improve active area, and light absorption
8 Resonant cavity Improve responsivity & detectivity, and light absorption
9 Antenna structure Improve spectral sensitivity, responsivity & detectivity, and light absorption

S Applications

Photodetectors can have different signal outputs. Diodes,
photomultipliers, transistors, photoresistors/thermistors, ther-
mocouples, pyroelectrics, etc., output a single element, while
pickup tubes, image intensifiers/converters, cameras, charge-
coupled devices, focal plane arrays, etc., output an image [17].
Photodetectors are available in a wide range of types for dif-
ferent scenarios.

5.1 Thermal Imaging

Thermal imaging based on heat detectors has a wide range
of applications. It can take non-contact tests and verify the
thermal performance of packaged systems such as printed
circuits and power supply devices; it can also monitor
mechanical systems, ionisation systems and detect malfunc-
tions timely; it can assess heat dissipation and air circula-
tion in enclosed/semi-enclosed spaces; it can also visualise
aerodynamic interface interactions; so it plays an important
role in diagnostics, troubleshooting and testing. In the medi-
cal field, thermal imaging can be used for early detection
of breast cancer by comparing tissue activity and detecting
circulatory abnormalities, showing great potential for non-
contact diagnosis and treatment [235]. In thermal imaging
design, surface/interface engineering significantly improves
detection sensitivity by optimizing chip performance. It
can identify small temperature changes and convert them
into image signals. Surface/interface engineering improves
thermal imaging performance by improving detection units

© The authors

and the interconnection between units. It can also reduce
the size of detection units through the development of low-
dimensional materials to enhance resolution.

5.2 Monitoring

Near-infrared short-wave detectors have a wider range of
applications, including communication, remote sensing,
monitoring, identification, etc., due to the fact that near-
infrared light (wavelength range: 1-3 mm) has higher
penetration than visible light, higher energy than far-
infrared, and is suitable for night-time applications [92].
Geum et al. achieved multicolour detection through a
high-throughput epitaxial lift-off process. During the pro-
cess, the visible light-sensitive GaAs were transferred to
the NIR-sensitive InGaAs with the help of a Y,0; bond-
ing layer, and the two were vertically aligned to achieve
multicolour detection [236]. Optoelectronic devices can
convert optical information into electrical signals, which
can be better processed by computer software. However,
nonlinear optoelectronic conversion, analogue-to-digital
conversion, noise, and interconnections can result in
weakened or even failed effective information transfer,
high energy consumption, low accuracy, etc. Chen et al.
designed a fully analogue chip combining electronic and
optical computation, which eliminates the need for ana-
logue-to-digital conversion by directly encoding photo-
currents and feeding them into integrated computational
analogue circuits, with the advantages of low energy con-
sumption and high computational speed, which is of great

https://doi.org/10.1007/s40820-025-01933-8
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importance in the fields of wearable wearable devices,
autonomous driving, and industrial inspection with great
potential [237]. Surface/interface engineering can opti-
mize the performance of monitoring equipment to meet
the needs of medical, mechanical, aerospace and other
fields. Moreover, surface/interface engineering will fur-
ther promote the miniaturization and integration of moni-
toring chips, so enhance monitoring efficiency.

5.3 Catalysis

The use of optoelectronic devices (such as semiconduc-
tor photoelectrodes, photoelectrocatalytic reactors, etc.)
to combine light energy with electrical energy to achieve
"photo-electrical-chemical energy" conversion can pro-
mote chemical reactions [238]. Compared with traditional
photocatalytic reactors, photoelectrocatalytic reactors are
easier to recover and reuse photocatalysts, and the effi-
ciency of catalytic reactions is higher. For example, in the
field of water splitting hydrogen production, the use of
sunlight to split water to produce hydrogen in photoelec-
trochemical cell systems. This method converts unstored
photocurrent into stored energy—hydrogen, which is
considered the best hydrogen production method. Sur-
face/interface engineering can increase the contact area
of reactions and enhance reaction rates by high specific
surface area, thus enhancing catalytic efficiency [239].

5.4 Flexible Equipment

The development of flexible photodetectors with variable
shapes is highly promising with the development of wear-
able electronic devices, digital medicine, flexible medi-
cal facilities, soft robotics, etc. Organic materials are an
effective means of realising flexible photodetection, and
currently, narrow bandgap polymers can be prepared by
various ways [240]. Donor—acceptor structures with nar-
rower energy levels are formed by polymerising acceptors
and donors to achieve 2 new highest occupied molecular
orbital energy levels and 2 new lowest unoccupied molecu-
lar orbital energy levels [92]. Breaking the aromatic unitary
structure and forming double bonds to develop the quinone
structure also favours the formation of a narrower band
gap [92]. Similar to inorganic semiconductor materials,

SHANGHAI JIAO TONG UNIVERSITY PRESS

polymer photodetectors are often designed with heteroge-
neous structures to achieve charge separation, usually with
low bandgap polymers as donors and fullerene derivatives
as acceptors, and doping of the donors and acceptors pro-
motes charge-transfer absorption and extends the absorption
edge [92, 241, 242]. The increase in interfacial area also
favours charge-transfer absorption and is influenced by the
thickness [241]. By preparing heterogeneous mixtures using
phase separation, Gong et al. prepared a continuous inter-
transfer donor—acceptor network, which greatly enhanced
the sensitivity of the polymer photodetector and the spectral
range covered a wide interval from the UV to the NIR [242].
In addition to polymers, organic small molecules have also
been used to realise the photodetection function of electronic
devices, with well-defined structures, easy batch preparation
and high carrier mobility [92]. However, the charge trans-
fer in this kind of substance is extremely weak and difficult
to use for light detection, which can also be improved by
designing microcavity structures [243, 244]. Typically, flex-
ible light detection devices are based on bendable and malle-
able organic materials such as polymers. These materials are
simple to prepare, do not require high temperatures and pres-
sures, can be prepared at low cost over large areas, and have
excellent flexibility, some of which are stretchable, making
them valuable in the preparation of shape-variable thin-film
detector devices [92]. Flexible optoelectronic devices are
usually based on polycrystalline optoelectronic materials,
single-crystalline materials have better optoelectronic prop-
erties compared to them due to higher orientation, low defect
concentration, carrier transport stability, etc. The prepara-
tion of single-crystalline optoelectronic materials, especially
their flexible realisation, has always been a great challenge
[14]. Lei et al. achieved the preparation of single-crystalline
perovskites on an arbitrary substrate by lithography-assisted
epitaxy and transfer, as shown in Fig. 21 [14]. Currently,
bio-interface photodetectors based on surface interface
engineering are a key component in fields such as artificial
intelligence and human—computer interfaces. Wang et al.
comprehensively explored high-performance flexible silicon
for photovoltaics, photodetectors, and bio-interfaces, as well
as its morphology and surface interface engineering [245].
In fact, the development of flexible photodetectors cannot
be separated from surface/interface engineering. Optoelec-
tronic materials are usually inorganic, so it is necessary to
study their adhesion and electrical characteristics with flex-
ible substrates by surface/interface engineering. Moreover,

@ Springer
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flexible materials face interface strain caused by bending,
so surface/interface engineering are essential for flexible
equipment.

5.5 Biochemical Sensing

Visual impairment is a disease that is difficult to over-
come because visual damage is usually irreversible. Many
researchers are exploring the possibility of mimicking the
visual function of the human eye with the help of implant-
able photodetector systems to achieve retinal features and
functions (0.1 visual cells per square micron) with the help
of high-resolution colour recognition units [246]. Implant-
ing photodetectors under the retina also has the potential for
visual restoration, providing a viable option for the improve-
ment and treatment of blindness and weak vision [247]. Gu
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et al. mimicked the function of the retinal photoreceptors
of the human eye by means of a perovskite photovoltaic
nanowire array, with the aid of gas-phase deposition to make
the nanowires perpendicular to the surface of a hemispheri-
cal curved surface, and linking the front-end lens imaging
to the back-end artificial liquid-metal nerve fibres, which
converted the optical information into electronic informa-
tion and display it on a computer, forming an artificial eye
with the function of the human eye [246]. Since both the
nanowire light-sensing units and the liquid-metal nerve units
are independent of each other, this ensures higher informa-
tion transfer speed and lower interference; the extremely
small cross-sectional area of the nanowire allows for more
independent units in the hemisphere, which is conducive to
improving the resolution of the artificial eye. The surface/
interface engineering of biochemical sensing is inspired by
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biological interfaces and biological microstructures. Mate-
rials inspired by gecko foot suction cups can have higher
interfacial adhesion; devices inspired by the microstructure
of lotus leaf surfaces exhibit better hydrophobicity. Surface/
interface engineering is inspired by natural organisms, and
through imitation, optoelectronic devices have functions
comparable to or even surpassing the human eye.

Photodetectors also have several applications in energy
conversion. In recent years, with the development and inno-
vation of low-cost solar cell preparation technology, photo-
detectors also play an important role in the field of photovol-
taics, especially low-cost photovoltaic innovative materials
such as perovskite and copper indium gallium diselenide
(CulnGaSe,). Photodetectors are also used in image print-
ing and copying, where image reproduction is achieved by
means of large-area photoconductors.

Photodetectors can also be used for photocathode protec-
tion. Liu et al. designed and prepared SnS, nanoflake/CdS
nanorod heterojunction photoanodes for the protection of
304 stainless steel [114]. Shi et al. also realised stainless-
steel cathodic protection through ZnO/BiOI p-n nanorod
photoanodes [103].

At present, the surface/interface engineering of micro-/
nano-photodetectors has wide applications. Surface modi-
fication can effectively ensure the stable operation of pho-
todetectors in certain environments, such as high humid-
ity and high oxygen, so play a protective role. Moreover,
interface engineering can optimize light absorption and
improve the performance of light detectors. Interface engi-
neering mainly involves microstructure design and modi-
fication to compensate for material defects and optimize
the performance of photodetectors. Through surface/inter-
face engineering, almost any existing photodetector can be
optimized at the nanometre/micrometre level, making it
suitable for a wide range of fields. For traditional semicon-
ductor photodetectors, surface/interface engineering sig-
nificantly reduces material defects caused by preparation
processes; for low-dimensional photodetectors, surface/
interface engineering not only optimizes device perfor-
mance, but also provides guidance for low-dimensional
device design through various microscopic effects, pro-
moting the development of novel low-dimensional photo-
detectors. In the field of manufacturing, surface/interface
engineering requires finer microstructures and controllable
processes, which can promote continuous innovation in
preparation techniques. Low-dimensional photodetectors
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are easy to design arrays so have great potential in the
field of microchip based high-sensitivity photodetection.
Inorganic or low-dimensional optoelectronic materials can
be combined with flexible substrates for flexible devices,
which have great potential in wearable devices. By apply-
ing hydrophobic surface modification, the photodetector
can operate stably in aquatic environments and is suitable
for underwater detection. In the field of imaging, low-
dimensional high-array large-scale photodetectors are ben-
eficial for improving image resolution. In summary, sur-
face/interface engineering is committed to optimizing the
performance of photodetectors through micro-modification
and structural design, and is suitable for improving the
performance of photodetectors in almost all applications.
However, for specific application areas such as imaging,
wearables, and monitoring, surface/interface engineering
can only assist in the design of light detection functions,
thereby optimizing detection performance.

Photodetectors have a wide range of applications
in different fields due to their unique visual and digital
interaction capabilities, which can be seen in many fields
such as aerospace, remote sensing, maritime, biological,
mechanical, and environmental. However, the cost of high-
resolution photovoltaic devices, especially micro-sized
direct photovoltaic conversion, is still a great challenge.
The photovoltaic devices generate DC, which also lim-
its their applicability. In the future, with the development
of artificial intelligence and computer technology, high-
resolution micro-/nano-optoelectronic devices will play a
more important role.

6 Summary and Outlook

In conclusion, this paper systematically introduces the
principles, types, and parameters of high-resolution opto-
electronic devices, and explains the scope of application of
different types of optoelectronic devices. Afterwards, the
advantages of various types of optoelectronic materials,
especially 2D materials, for light detection applications
are described. Different thin-film preparation processes
and their post-processing methods are described in detail,
aiming at reducing defects and optimising the structure
to enhance the optoelectronic performance. In addition,
we also give solutions to optimise the performance of
photodetectors by surface/interface modification and
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micro-/nanostructure design, and hint at the potential for
the development of innovative structured photodetectors.
Finally, we show the wide range of applications of pho-
todetectors and their future potential in human—computer
interaction.

Based on the principle of photoelectric conversion, the
light-sensing frequency interval of a material strongly
depends on the gap of the substance. The band gap can
be tuned by designing material combinations, and thus,
we can expand the absorption band of the photodetector.
In addition to direct photoelectric conversion devices,
photothermal/thermoelectric devices are also commonly
used light detection strategies, which have lower cost and
optical frequency limitations and high conversion efficien-
cies, showing great potential in the infrared band. Novel
materials such as piezoelectric materials and pyroelectric
materials also have unique electrical effects that modulate
the electron distribution and flow in the device. Thus, it is
also very important to continuously explore new materials
and new optical or electrical effects for the optimisation
and innovation of optoelectronic devices. High-resolution
micro-/nano-optoelectronic devices can improve the short-
comings of traditional devices by constantly discovering
new effects to design novel optoelectronic devices. Moreo-
ver, the establishment of standardised parameter indica-
tors is also very important for the lateral comparison and
upgrading of optoelectronic devices, but the standardisa-
tion of optoelectronic indicators for devices of different
types and sizes is still a long way from being achieved.

With the development of 2D, 1D, and 0D materials,
the size of micro-/nanophotodetectors is reducing, which
is favourable for resolution improvement. Scientists are
also exploring new, low-cost families of optoelectronic
materials, such as perovskite. With the development of
wearable devices, flexible organic optoelectronic materi-
als are also gradually entering the public eye and attract-
ing attention. The preparation processes are also evolving,
and to adapt to flexible substrates, reduce the preparation
cost, and build unique heterostructures without affecting
the photovoltaic performance, milder and faster prepara-
tion schemes are replacing the traditional processes, such
as hydrothermal methods, self-assembly, etc. However,
these methods are affected by electrostatic interactions,
interfacial tension, capillary forces, etc., in the preparation
of small-sized nodes, and lack of stability. Moreover, post-
treatment processes can also be valuable in remedying

© The authors

defects and optimising materials for the improvement of
optoelectronic devices.

Surface/interface engineering of optoelectronic devices
can be carried out during or after the preparation process,
which mainly includes material modification and structural
modification. Material modification protects and modulates
the physical properties of the device by coating or branch-
ing special groups, functional groups, substances or parti-
cles, etc., to optimise light absorption, electron excitation,
electron migration, carrier complexes, etc. Microstructural
modifications have a wider range of applications, including
gratings, resonant cavities, shallow traps, micro-antennas,
and various shapes of 1D materials and nanorods, which can
enhance light absorption, reduce losses, modulate carrier
behaviour, etc., and thus improve photovoltaic conversion.
By studying the lattice and potential wells of materials, inno-
vative microstructures can be explored to compensate for
lattice defects and optimise optoelectronic devices.

Currently, surface/interface engineering still faces chal-
lenges in terms of controllability, preparation, and cost.
The thickness and density of micro modifications require
precise control of reaction dose and time, and even small
differences may cause failure. In addition, the implemen-
tation of microstructures often requires the assistance of
micro-/nano-processing techniques, which require reliable
manufacturing technologies. The interface engineering
can greatly optimize the performance of the photodetec-
tor, but its cost also further increase. In applications, a
balance between performance and cost is needed. Also,
some low-cost technologies can achieve surface/interface
optimization. For examples, some surface treatments only
require simple immersion in lead solution; annealing/heat
treatment/hot isostatic pressing can also significantly
eliminate internal defects. Surface engineering and micro-/
nano-manufacturing technology complement each other;
on the one hand, the implementation of surface/interface
engineering depends on the continuous development and
maturity of micro-/nano-manufacturing technology; on the
other hand, micro-/nanomanufacturing technology will
promote innovative modification and structure design,
thereby enhancing the development of surface/interface
engineering. In the future, surface/interface engineering
will develop in collaboration with micro-/nanomanu-
facturing technology. Moreover, with the development
of integrated circuits and the industrialization of low-
dimensional optoelectronic materials, surface/interface
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engineering will significantly improve the performance
of optoelectronic chips and innovation of optoelectronic
materials. Presently, machine learning neural networks
can be used to construct mathematical-physical models
for surface/interface engineering. Through industrial big
data, models can be promoted, controllable surface/inter-
face engineering design and preparation can be achieved,
further promoting industrialization. Artificial intelligence-
assisted technology can help better achieve literature man-
agement and data statistics.

Photodetectors have a wide range of applications in aero-
space, military, marine, medical, and environmental fields
due to their visual and digital interaction features and have
shown great advantages in the field of green and sustainable
photovoltaics. Moreover, in direct photovoltaic conversion
devices, photogenerated electrons are quantised, so direct
conversion of optical signals to digital signals is feasible,
which will greatly shorten the previous signal transmission
path, so dramatically increase the speed of computation. In
the future, with the development of artificial intelligence and
robotics, photodetectors can not only provide self-supplied
energy, but also capture image information and convert it
into signals that can be processed by computer software, thus
constructing an environment—computer interaction bridge
and realising machine vision functions.
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