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Self-powered photodetectors (SPPDs) are becoming crucial in energy-efficient optoelectronics. They
operate without any external power, utilizing built-in electric fields and photovoltaic effects. Their appli-
cations range from wearable sensors to optical communication. Recent advancements in 2D materials,
perovskites, Janus heterostructures, Schottky junctions, and flexible substrates have significantly improved
their responsivity, broadband absorption, and mechanical flexibility. However, challenges in stability,
large-scale fabrication, and charge transport efficiency remain, hindering their commercial adoption. This
review critically examines the recent progress in heterostructure-based SPPDs, addressing key challenges
in their device performance, material integration, and scalability. While previous researches have explored
individual material platforms, gaps remain in long-term stability, interface defects, and large-area proces-
sing. This study highlights the potential of novel fabrication techniques and doping strategies to enhance
the detection performance by analyzing advances in interface engineering, band alignment, and hybrid
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material systems. Results highlight the promise of self-driven optimization, flexible electronics, and
photodetectors based on quantum materials, offering valuable insights into the future trajectory of self-
powered optoelectronics. This review highlights the existing challenges and opportunities, offering
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1. Introduction

In the realm of modern technology, photodetectors play a
pivotal role, converting optical energy into electronic energy,
which is utilised in various electronic devices."” This techno-
logy is widely used in image processing applications," optical
communication,> and other domains, thereby playing an
indispensable role in our daily lives. Photodetectors are fast
and sensitive devices for efficient light detection at various
wavelengths, enhancing optical communication systems. For
instance, the photodetectors on smartphones enable the
screen to adjust to the surrounding brightness conditions®
automatically. In cameras, charge-coupled devices are used to
ensure that precise images are captured. Night observation
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insights for future advancements in high-performance, self-sustaining photodetection technologies.

and security surveillance require infrared detectors.>®
Additionally, photodetectors are utilized to obtain high-quality
medical images.”® Depending on the device design, photo-
detectors (PDs) often require an external bias to allow the
mobility of photogenerated charge carriers (electrons and/or
holes) for photocurrent generation.”'® However, by adjusting
the energy band gaps of individual materials, it is possible to
establish an internal electric field between them and to utilize
it as the energy for the photodynamic carriers. Self-powered
photodetectors operate without any external bias and are con-
sidered technologically essential for low-power electronics,
such as image sensing and optical communications.'™'* Self-
powered photodetectors (SPPDs) rely on several fundamental
mechanisms that allow them to operate autonomously without
requiring any external power source. The core principle behind
their functionality is the photovoltaic effect, which enables the
conversion of optical energy into electrical energy. In self-
powered devices, photogenerated electron-hole pairs are sep-
arated by built-in electric fields, which drive the flow of car-
riers and generate a photocurrent. For materials like transition
metal dichalcogenides (TMDCs), such as MoS, and WSe,, the

internal electric fields are generated at the interfaces between
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the material and the electrodes, particularly through the for-
mation of asymmetric Schottky junctions. As a result, self-
powered photodetectors not only significantly lower the unit
cost of the device but also drastically reduce the overall system
size.’>'® This is, nevertheless, constrained by the rigorous cri-
teria for excellent performance in portable applications, which
preclude the use of traditional methods involving bulk semi-
conductors in the construction of SPPDs.'” Moreover, new
methodologies and material choices are necessary for state-of-
the-art SPPDs to overcome their limitations and increase their
applicability. The research presented in this review is significant
as it provides a comprehensive overview of the advancements in
self-powered photodetectors, shedding light on their potential
applications and guiding future innovations in the field.

2. Overview of 2D materials for SPPDs

Ultrathin PDs have been used as photo-absorbers employing
two-dimensional materials (2D) such as graphene and
TMDCs."®"® Due to their efficient surface-to-volume ratios and
compatibility with standard lithography techniques in lateral
dimensions, 2D materials can be effectively utilized in elec-
tronics or signal processing applications. Currently, research-
ers are exploring new materials including graphene and other
2D materials, which exhibit strong covalent intralayer bonding
and weak van der Waals (vdW) interlayer bonding. It is further
divided into various material groups such as graphene,
TMDCs (MoS,, WSe,, and MoSe,), semiconducting dichalco-
genides (MoTe, and WTe,), layered semiconductors (GaSe,
Gas, GaTe, and InSe),”**" complex molecular structures such
as perovskites®> and 2D organic molecular crystals (OMCs).>*>*
The 2D materials possess exceptional electrical characteristics,
making them highly promising for advanced photodetectors
due to their flexibility. Due to their excellent mechanical
strength and optical transparency, 2D materials such as gra-
phenes are auspicious for fabricating transparent electrodes
and flexible optoelectronic devices.”® For PDs, graphene is the
first 2D material due to its outstanding electrical properties
including a high mobility up to 200 000 cm”> V" and a band-
width up to 40 GHz.>*>° However, the absence of a bandgap
in graphene and the associated generation of dark current
result in significant noise contributions to the signal, signifi-
cantly limiting its application in further photodetection.
Recently, there has also been considerable interest in 2D
TMDCs"™ due to their high mobility,*® considerable
absorbance,>** and adjustable bandgap.** Furthermore, the
flexibility and transparency of the atomically thin TMDCs are
excellent and, thus, hold great promise for future wearable
photodetectors and machine vision systems.*> TMDCs with
intrinsically passivated surfaces, lacking dangling bonds, offer
a straightforward method for fabricating constructed hetero-
structures. TMDCs have great potential for broad applications
in photodetection across the terahertz (THz), infrared (IR),
visible, and ultraviolet (UV) spectral ranges, with the band
topology adjustable by varying the number of layers.>*~3#
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2.1. Molybdenum disulfide (MoS,)

MoS, has recently garnered much interest among the TMDCs
in photodetection. Due to the multiple layers in 2D materials
like MoS,, the bandgap can be modified, and a small amount
of internal dielectric shielding is present. The group VI
TMDCs contain a layer of transition metal atoms (Mo and W)
sandwiched between two layers of chalcogen atoms (S, Se, and
T).>° An indirect energy band gap of around 1.2 eV'" defines
the bulk electronic structure of MoS,. At the monolayer limit,
like other group VI TMDCs, MoS, modifies its energy band
structure. This adaptation enables a direct electronic transition
from the K and K points of the Brillouin zone and a 1.8 eV
band gap.*® In addition, TMDCs are reported to exhibit large
spin-orbit coupling (SOC),*****" which is related to the d-orbi-
tals of transition metals. The SOC removes the degeneracy at
the valence band, producing two higher energy levels at the K
and K points. A separation of 160 meV in the energy of these
maxima is observed in a monolayer MoS, material.*' There is
broken degeneracy in MoS,, and its potential use in opto-
electronic applications within the scope of valleytronics is
enabled by the presence of this broken degeneracy. This
characteristic makes them suitable as stable carriers in elec-
tronic device applications.**™**

2.2. Molybdenum diselenide (MoSe,)

MoSe, is a new member of the family of TMDC materials. The
bulk exhibits an indirect band gap of 1.1 eV,*” which can be
reduced to 1.5 eV*® through exfoliation to a few layers. This
material shows promise for near-infrared photodetection and
a layered crystal similar to that of MoS, in a monolayer.
However, its broader bandgap distinguishes MoSe, from MoS,,
which affects the properties of its optical absorption and
photoluminescence. The strong PL and high charge carrier
mobility of this material make it a promising candidate for
various optoelectronic applications. MoSe, exhibits favorable
electrical characteristics and efficient light absorption across
visible to near-infrared wavelengths. It has demonstrated sig-
nificant potential for developing advanced devices, including
field-effect transistors, phototransistors, and photodetectors.*”

2.3. Tungsten disulfide (WS,)

Another 2D material, WS,, has attracted significant interest
due to its high surface-to-volume ratio, adjustable bandgap,
and excellent electronic properties.*® This is because the direct
bandgap in the monolayer form is around 2.0 eV, which
explains the remarkable optical characteristics of WS,,
especially the intense absorption in the visible range. As the
thickness increases, it changes to an indirect bandgap of 1.4
eV. For example, in the monolayer form, the quantum yield for
the photoluminescence of WS, is high, and such a material is
highly desirable for optoelectronic applications.*’

2.4. MXene

Two-dimensional transition metal carbides, nitrides, or carbo-
nitrides (MXene) also attracted significant attention as a

This journal is © The Royal Society of Chemistry 2026
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potentially vast family of inorganic materials. They possess a
general formula. M,,,,X, Ty is the general notation of MXene in
which M denotes an early transition metal (by multiples or by
a random sequence), X is the carbon and/or nitrogen element,
and T, is the surface termination (reactive end groups, halo-
gens, and chalcogens). Their metallic conductivity facilitates
efficient charge transport, which is essential for fast response
times in photodetectors. Additionally, the large surface area
and hydrophilic nature of MXenes enable facile integration
with other semiconducting nanomaterials, allowing for the
design of hybrid structures with enhanced light absorption
and improved photogenerated carrier separation. The presence
of surface terminal groups (such as OH, F, and O) can be tai-
lored to modulate the work function, making MXenes versatile
as electrodes, transport layers, or even active materials in self-
powered photodetectors. Their ability to operate over a broad
spectral range, from UV to NIR, further reinforces their role in
next-generation, flexible, and high-performance photodetectors.>

2.5. Black phosphorus (BP)

Another type of 2D material, black phosphorus (BP), is a prom-
ising material for PDs with a broad band owing to its direct
bandgap, which is dependent on the thickness from around
0.3 eV in bulk® to about 2 eV in monolayer.*® This may lead to
high-performance optoelectronic devices in the medium wave-
length infrared (MWIR) region. BP thin films support mono-
lithic integration with conventional electronic materials, such
as silicon, and can be deposited on any substrate, including
typical ones like flexible substrates.’>>* Traditional narrow-
band gap semiconductors with bulk lattices such as mercury
cadmium telluride (CdTe) and indium arsenide (InAs) are not
flexible enough for future system integration. BP thin films
exhibit a small bandgap compared to the zero bandgap, which
gives rise to low dark current and low-noise photodetection.
For example, BP thin films (generally in the order of 10-20 nm
for our photodetectors) possesses a bandgap comparable to
that of the bulk form (~0.3 eV) and superior photon absorp-
tion to 2D single layers of graphenes or transition metal
dichalcogenides.>® However, many BP-based photodetectors
have low responsivity, making it difficult to detect weak optical
signals.

2.6. Perovskites

The development of perovskite materials has transformed the
field of self-powered photodetectors (SPPDs), opening up new
opportunities  for low-energy  optoelectronic  devices.
Perovskites exhibit remarkable optoelectronic characteristics
including effective charge transfer, adjustable bandgaps, and
high light absorption coefficients. The creation of adaptable
and energy-efficient sensing technologies becomes possible
due to these characteristics, which enable photodetection
without the need for external power sources. Specifically,
hybrid organic-inorganic perovskites, which benefit from
straightforward fabrication procedures and substrate versati-
lity, have demonstrated exceptional responsivity and quick
response times in self-powered modes.*>*® Additionally, recent
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developments that combine perovskites with layered hetero-
structures and ferroelectric materials have greatly improved
the stability and detection performance of devices in real-
world scenarios.’>”” These developments position perovskite-
based SPPDs at the forefront of next-generation applications,
such as high-resolution imaging, optical communication, and
wearable electronics.

2.7. Janus materials

Recent discoveries have also revealed that Janus materials offer
enhanced freedom to optically respond anisotropically in
monolayer 2D materials. These 2D Janus materials have asym-
metrical surface characteristics with different functionalities
on the two sides, such as MoSSe.”® This unique structure exhi-
bits outstanding optical characteristics, yielding strong light
absorption, enhancing the nonlinear optical response, and fea-
turing adjustable band gaps. These are exciting properties of
Janus materials for photodetectors and optical systems.
Additionally, their adjustable optical properties enable them to
be developed into optical devices including modulators and
sensors with specific designs tailored to certain purposes.”®

3. Device structure and operation

vdW heterostructures have become a subject of current interest
among researchers for the rapid rise of 2D materials for their
applications in photodetectors.>**®" Fabricating a unique
variety of van der Waals heterostructures (vdWHs) enables the
realization of many optoelectronic devices with highly desir-
able functionalities and performances by circumventing lattice
mismatches.®>®> The interlayer band alignment in 2D vdW
heterojunctions can facilitate interlayer photoexcitation,®”%®
enhance charge separation,’”® and broaden the photo-
excitation spectrum.®®®® vdWHs enable the combination and
enhancement of 2D materials, facilitating the development of
innovative functionalities and performance augmentation in
optoelectronic  devices.®*7> Recently, devices using vdw
materials with variable polarities have drawn intensive atten-
tion. Changing polarity can improve many functions in
specific devices including light-emitting diodes, memory tran-
sistors, and logic circuits.”*””’ Two-dimensional materials
exhibit high responsivity and rapid response times, making
them excellent light detectors.”®”® However, to date, most 2D
material-based photodetectors are designed to operate with an
external power supply, which is utilized by photogenerated car-
riers to generate a photocurrent.®>®! An interesting area of
research for next-generation nanodevices is the development
of self-powered optoelectronic devices that can operate autono-
mously, wirelessly, and sustainably.

Next-generation electrical devices require a special type of
self-powered photodetector that does not use an external
power source, is lightweight, and consumes very little power
despite its small dimensions. This type of PD is currently
being extensively researched. It will increase the flexibility of
devices while reducing their dimensions and weight. On the
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other hand, self-sustainable, junction-based nanotechnologies
enable the development of extremely small, flexible, and
energy-efficient nanosystems. SPPDs possess an inherent elec-
tric field at an intrinsic potential at the p-n junction, offering
improved photodetection characteristics and auto-photo
switching features. Generally, the materials used and the
device’s configuration play a significant role in determining its
self-sustaining capability. Materials with tailored band gaps,
as wide bandgap semiconductors, are the best because they
can generate robust built-in electric fields, have a large surface
area for efficient photon absorption, and collect charges effec-
tively through wide separation at the interface. The detailed
design includes material configuration and electrical connec-
tions to detect the weak optical signal. The performance of
SPPDs can be evaluated by the ratio of photocurrent to dark
current, detectivity, responsivity, and noise equivalent power.
The prospect of utilizing SPPDs to remotely sense, monitor the
environment, and use renewable energy systems is numerous.
They are based on the photovoltaic effect of semiconductors,
that is, the production of electron-hole pairs in them upon
exposure to light. The 2D material-based SPPDs are highly
efficient and versatile, and can be utilized in optoelectronic
devices, photodetectors, and photodiodes. SPPDs work
without external voltage, achieve low dark currents, and
operate with self-powered light sensing. Additionally, they can
rapidly separate electron-hole pairs, exhibit fast optical
response, and possess good photoelectric conversion
efficiency. Moreover, these properties decrease the required
energy consumption and facilitate external circuit design, pro-
viding a promising foundation for the future use of photoelec-
trochemical (PEC)-type devices.®®* The evolution of SPPDs
has followed material innovation, beginning with conventional
silicon-based designs and progressing to graphene, which
offered superior carrier mobility but lacked a bandgap. The
limitations of graphene led to the adoption of TMDCs, which
offer tunable band gaps and improved light absorption.?* The
need for enhanced conductivity and flexibility was introduced
by MXenes,”® while Janus structures addressed the need for
intrinsic asymmetry to internal electric fields.*® Hybrid
systems, particularly those integrating perovskites and PEDOT:
PSS, have further pushed device performance by combining
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the strengths of organic and inorganic systems,*® as shown in
Table 1. Over the past couple of years, several SPPDs utilising
Janus materials have displayed outstanding photodetection
devices, as shown in Table 2. The timeline in Fig. 1 illustrates
the development of SPPDs from 2017 to 2025, highlighting
material advancements and heterostructure
innovations.

This will serve as a systematic analysis of modern SPPDs
and a brief evaluation of various photodetectors as a basis for
innovative device designs in advanced quantum photonics.
For instance, the review will classify SPPD technologies accord-
ing to Schottky-based devices, individual 2D materials (includ-
ing MXenes and p-n junctions in homojunction and hetero
junction configurations), Janus materials, flexible substrates,
and perovskites, and discuss each of the categories individu-
ally. It will also examine the influence of material interfaces
and interlayer coupling on the performance metrics of SPPDs,
particularly in terms of responsivity and response time.
Special emphasis will be placed on the integration potential of
these devices within existing photonic platforms. It will pursue
the characterisation of performance and manufacturing pro-
cedures for each category.

various

4. Preparation and synthesis of self-
powered photodetectors

The fabrication of SPPDs relies on material-specific synthesis
techniques that guarantee superior crystal quality, pristine
interfaces, and scalability of the devices. Multiple methods
have been developed to create junctions that facilitate intrinsic
electric fields for self-powered operation, dependent upon the
dimensionality and chemical capabilities of the active layers,
including 2D TMDCs, MXenes, Janus materials, or perovskites.

4.1 Mechanical exfoliation

Mechanical exfoliation stands out as a highly effective and
commonly employed method for the preparation of 2D layered
materials such as MoS,, WSe,, and graphenes. This technique
involves the careful peeling of high-quality single or few-layer
flakes from a bulk crystal using adhesive tape, followed by

Table 1 Comparison of emerging materials for self-powered photodetector applications

Material type Key features Advantages

Limitations SPPD role

Graphene High mobility, zero Fast carrier transport,

High dark current, low  Transparent electrodes, hybrid

bandgap®® flexibility®” absorption layers”®
TMDCs (MoS,, Tunable bandgap, strong Broad spectral response, good  Lower mobility than Active layer in SPPDs”®
WSe,) light absorption flexibility graphene
MXenes High conductivity, tunable Strong built-in field, hybrid- Sensitive to oxidation Electrodes, light absorbers'®

work function
Asymmetrical structure,

compatible

Janus materials Self-driven separation,

Synthesis complexity Standalone or hybrid photoactive

intrinsic field polarization sensitivity layer'®*
Perovskites High absorption, solution- High EQE, low cost Poor long-term stability ~ Light-harvesting layer in hybrid
processable SPPDs'?
Flexible Conductive polymer Enhances hole transport, Low intrinsic mobility Transport layer, flexibility
materials flexible enhancement'®*'**
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Fig. 1 Evolution of self-powered photodetectors. This figure has been reproduced from ref. 87-95 with permission from ACS Appl. Mater
Interfaces, copyright 2017. Adv. Mater. Interfaces, copyright 2018. ACS Nano, copyright 2019. Nanoscale Horizons, copyright 2020. Nanoscale
Advances, copyright 2021. Nano Energy, copyright 2022. Advanced Optical Materials, copyright 2023. Journal of Colloid and Interface Science,

copyright 2024. Journal of Materials Chemistry C, copyright 2025.

Fig. 2

(a) Schematic of the mechanical exfoliation process, where an adhesive substrate or tape applies a peeling force, causing the layered material

to separate as sheets are detached during the peeling. (b) Optical image showing the exfoliated graphene, including both monolayer and multilayer
regions, with the number of layers indicated numerically. This figure has been reproduced from ref. 139 with permission from the Journal of the

Mechanics and Physics of Solids, copyright 2018.

their transfer onto substrates, commonly SiO,/Si or PET, all
conducted within controlled environments, as shown in Fig. 2.
This technique provides exceptional material quality, few
defects, and well-maintained electronic properties, making it
perfect for fundamental research and proof-of-concept SPPDs.

4.2 Chemical vapor deposition (CVD)

CVD is extensively used for the scalable production of mono-
layer or few-layer TMDCs including MoS,, WS,, and Janus
materials. This approach involves the vaporization of metal
oxides (such as MoO; and WOj3;) and chalcogen precursors
(like Sulphur or selenium) at elevated temperatures, as shown
in Fig. 3, leading to their reaction on substrates to produce

542 | Nanoscale, 2026, 18, 537-574

uniform crystalline films. The use of CVD facilitates improved
control over layer thickness, grain boundaries, and lateral
dimensions, which is crucial for integrating SPPDs into broad
or flexible platforms.

4.3 Solution processing and spin coating

Perovskite-based SPPDs typically depend on low-temperature
solution processing because of the solubility of perovskite pre-
cursors in polar solvents such as DMF and DMSO. Thin films
are produced through the process of spin-coating, which is
subsequently followed by thermal annealing, as shown in
Fig. 4, resulting in uniform and crystalline layers. This method
facilitates the integration with adaptable substrates and

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr03378k

Open Access Article. Published on 17 oktober 2025. Downloaded on 16. 03. 2026 21:58:51.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

Step 1 Step 2
“Q 4 sl
% ¥ ol ¢
5"
.x _d e
4 /
MOO3 +S MOSz + SOz

View Article Online

Review

Step 3

©OSs © 0O 0 Mo

Fig. 3 CVD growth schematic for 2D materials. This figure has been reproduced from ref. 140 with permission from Chemistry of Materials, copy-

right 2020.
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————

Fig. 4 Schematic of the one-step spin coating followed by thermal annealing. This figure has been reproduced from ref. 141 with permission from

Materials Science in Semiconductor Processing, copyright 2020.

enables the formation of heterojunctions using TMDCs or
metal oxides to enhance charge separation.

4.4 MXene synthesis and assembly

MXenes are generally produced through the selective etching
of the “A” layer from MAX-phase precursors (for instance,
TizAlC,) utilising hydrofluoric acid or LiF/HCl. This process
yields 2D sheets containing terminal groups such as -F, -OH,
and -O, as illustrated in the schematics in Fig. 5. The proces-
sing of these nanosheets involves techniques such as vacuum

filtration, spray coating, or spin coating to create conductive
films on semiconductors.

5. Performance metrics

Self-powered photodetectors (SPPDs) play a vital role in energy-
efficient optoelectronics, providing numerous advantages,
including the elimination of external power sources, reduced
system size, and lower energy consumption. To evaluate the

N\

HCI/LiF Delamination
Etching
Al Multilayer- Single/few
Ti,AIC, (MAX) TET. layer-Ti,C,T,

Fig. 5 Scheme of the fabrication procedure of MXenes. This figure has been reproduced from ref. 142 with permission from the Journal of

Materials Chemistry C, copyright 2019.
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effectiveness of these devices, several key performance metrics
are used. These include responsivity, detectivity, rise and fall
times, and quantum efficiency (QE), which are critical for
understanding their capabilities in various applications such
as optical communication, wearable electronics, and environ-
mental monitoring."*?

Recent advancements in materials science have enabled
significant improvements in these metrics, particularly
through the use of 2D materials, which have enhanced the
overall performance of SPPDs.'** The importance of each of
these parameters becomes evident as we examine their indi-
vidual contributions to the device’s functionality and
efficiency. By focusing on improving these performance
metrics, researchers are working towards the development of
next-generation SPPDs that can meet the demands of modern
optoelectronic systems. As the field progresses, innovations
in material selection, fabrication methods, and device archi-
tectures continue to push the boundaries of what is
achievable.'*?

5.1 Responsivity

Responsivity (R) is a key metric used to evaluate how efficiently
a photodetector converts optical power into electrical current.
It measures the photocurrent generated per unit of incident
light power over time in the active area of the photodetector.
The formula for responsivity is given as follows:

R= Light — Idark
Piight - S

where o, represents the current generated by the light, Iyari
is the current in the absence of light, Pjgp, is the light inten-
sity, and S is the area exposed to light. Responsivity is crucial
for understanding how effectively a device converts light into
electrical signals, and its units are typically WA™"."4¢

R is typically dependent on the optical power intensity (P).
At low power levels, self-powered photodetectors such as those
based on MoS, or WSe, exhibit high responsivity due to
efficient photon absorption and minimal recombination
losses. As the optical power increases, the photocurrent gener-
ated by the photodetector increases as well. However, at higher
optical powers, the responsivity decreases due to saturation
effects and charge recombination. This is because, at higher
illumination intensities, the minority carriers may recombine
before contributing to the photocurrent, thereby reducing the
photodetector’s efficiency.

For example, a MoS,-based photodetector may exhibit high
responsivity at lower power densities (e.g., around 431 mAW™*
at 38 mW cm™?) but experience a reduction in responsivity as
the optical power density increases beyond certain
thresholds.'*” This non-linear relationship is crucial for under-
standing the limitations of photodetector performance in real-
world applications where light intensity may vary. Therefore,
optimizing the optical power range in which the photodetector
operates is essential for maximizing performance, especially in
low-power sensing applications.
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5.2 Detectivity (D¥)

Detectivity (D*) measures the ability of a photodetector to
detect weak light signals. It is influenced by both the respon-
sivity and the amount of noise in the system. Detectivity is
defined as follows:

S
(Inoise Af) 12

where S is the detector’s effective area, I, is the total noise
current, and Af is the electrical bandwidth. A higher D* value
indicates a better ability to detect low-light signals. When dark
current dominates, D* is given as follows:

S R
(\/ qudark)
This formula highlights that D* is directly related to respon-

sivity and inversely related to dark current, making it essential
to minimize the dark current for detecting weak light.'*?

D* =

D* =

5.3 External quantum efficiency (EQE)

The External Quantum Efficiency (EQE) quantifies the pro-
portion of incident photons that are converted into charge car-
riers by the photodetector. This metric reflects how effectively
the device uses incoming light to generate electrical output.
Due to material limitations like recombination within the per-
ovskite layer, not all incident photons contribute to the photo-
current. EQE is expressed as follows:

where e is the fundamental charge, 7 is Planck’s constant, and
v represents the frequency of the light. The EQE values range
from 0% to 100%, with some detectors exceeding 100% due to
gain, which amplifies the current relative to the incident light
intensity."*

5.4 Response time

The response time of a photodetector is the time it takes to
react to changes in light intensity, which is essential for high-
speed applications such as optical communication. The
response time is characterized by the rise time (z;) and fall
time (z¢), which are defined by the time it takes for the photo-
current to change from 10% to 90% (rise) or from 90% to 10%
(fall) of its maximum value. Shorter rise and fall times indi-
cate a faster response, which is crucial for detecting rapidly
changing light signals.™*®

Materials such as MoS, and WSe, with their direct band
gaps in monolayer form exhibit fast charge transport, contri-
buting to shorter rise and fall times. The direct bandgap
enables efficient exciton generation and rapid carrier separ-
ation, resulting in low response times. For example, monolayer
MoS, demonstrates rise and fall times in the millisecond
range,'*® making it suitable for high-speed sensing and wear-
able devices. The performance of these devices is further
enhanced by asymmetric Schottky junctions or van der Waals

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr03378k

Open Access Article. Published on 17 oktober 2025. Downloaded on 16. 03. 2026 21:58:51.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

(vdW) interfaces, which minimize recombination losses and
facilitate faster charge separation and transport, ultimately
leading to low rise and fall times.

6. Transferring techniques

The integration of two-dimensional (2D) materials onto sub-
strates is a crucial step in fabricating self-powered photo-
detectors (SPPDs). The transfer process directly affects the per-
formance, scalability, and functionality of the final device.
Given the fragile nature of 2D materials and the precision
required for their placement, the choice of transfer method is
paramount to achieving high-quality and reproducible devices.
Several techniques have been developed to transfer these deli-
cate materials, each offering unique advantages while also
posing certain challenges that need to be addressed.

The methods for transferring 2D materials can be generally
divided into two categories: dry transfer and wet transfer. Dry
transfer techniques typically involve the use of solid materials,
such as polymers or adhesive tapes, to pick up and transfer
the 2D material from its growth substrate to the target sub-
strate. These methods are often favored for their simplicity
and ability to handle fragile materials without the use of sol-
vents or liquids. However, issues such as contamination and
alignment still need to be managed.

However, wet transfer methods rely on liquids or chemical
solutions to facilitate the transfer, often reducing contami-
nation and potential damage to the 2D material. While these
methods can offer superior material quality and scalability,
they are often more complex and require careful handling to
ensure material integrity.

6.1 Dry transfer methods

Dry transfer methods utilize solid materials such as polymers,
adhesive tapes, or metal foils to transfer 2D material flakes
onto target substrates. The techniques in Table 3 are relatively
simple and do not require the use of solvents, making them
ideal for transferring delicate 2D materials without compro-

Table 3 Dry transfer techniques

View Article Online
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mising their properties. However, challenges such as uniform-
ity, adhesion, and contamination still exist.

6.2 Wet transfer methods

Wet transfer methods involve the use of liquids or chemical
solutions to facilitate the transfer of 2D materials onto sub-
strates. These techniques offer distinct advantages, especially
in terms of reducing contamination and minimizing damage
to the delicate 2D material during the transfer process. Wet
transfer can be particularly useful for transferring materials
that are highly sensitive to physical handling or mechanical
stress, as it mitigates the need for direct physical contact
between the 2D material and the target substrate. Additionally,
the wet transfer methods can provide better adhesion and uni-
formity than the dry transfer methods, which is essential for
ensuring the consistency and performance of the final device.

While wet transfer methods are capable of producing high-
quality 2D materials with minimal defects, they suffer from
challenges such as the need for precise control over the solu-
tion’s chemical composition, temperature, and pressure. The
risk of material contamination or degradation also increases if
these factors are not carefully managed. Nonetheless, wet
transfer techniques have seen significant advancements in
recent years, and their versatility makes them a valuable
option for large-area and high-throughput production of 2D
material-based devices. The primary wet transfer techniques
commonly employed for transferring 2D materials are shown
in Table 4.

7. Single TMDC-based SPPDs

TMDCs are layered materials with outstanding structural, elec-
tronic, and optical features. They are widely used in opto-
electronics and photovoltaic systems, e.g., SPPDs.’®'**' MoS,
and WSe, represent the most studied TMDCs due to their
remarkable characteristics."*®

A fundamental characteristic of TMDCs is that they are
affected by electronic property changes through several layers
and external conditions, such as applied strain, electric field,

Method Description

PDMS-assisted transfer

A thin PDMS film is applied to the 2D material, which is then peeled off and transferred to the target substrate. This

method is widely used due to its simplicity and effectiveness.

PC-assisted transfer

A polycarbonate film is used to pick up the 2D material from its growth substrate, which is then transferred to the

target substrate. This method is advantageous for transferring materials onto flexible substrates.

Polymer-assisted

Involves using a polymer layer to facilitate the transfer of 2D materials onto substrates. This method can be combined

Utilizes adhesive tapes to lift 2D materials from their growth substrates and transfer them to target substrates. This

transfer with other techniques to improve transfer efficiency.
Transfer via adhesive
tapes method is simple but may introduce contamination.

Transfer via LCP films

LCP films are used to pick up and transfer 2D materials onto substrates. This method is particularly useful for

transferring materials onto curved or flexible substrates.

Transfer via metal foils

Metal foils are used as carriers to transfer 2D materials onto substrates. This method is suitable for large-area transfer

but may require additional steps to remove the metal foil.

Transfer via GO films

This journal is © The Royal Society of Chemistry 2026

GO films are used to pick up and transfer 2D materials onto substrates. This method can be advantageous due to the
strong interaction between GO and 2D materials.
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Method Description

Water-assisted transfer
and damage to the material.
Chemical-assisted transfer
for different material types and substrates.
Thermal-assisted transfer

Utilizes water to facilitate the transfer of 2D materials onto substrates. This method helps reduce contamination
Involves the use of chemical solutions that assist in the transfer of 2D materials. This method can be customized

Applies heat to the substrate and material to aid in the transfer process. This method can enhance adhesion, but it

requires precise temperature control to prevent damage.

Electrostatic-assisted

Uses electrostatic forces to transfer 2D materials onto substrates, often employed for aligning materials with high

Utilizes capillary forces to transfer 2D materials, beneficial for substrates with complex or irregular topographies,

transfer precision. However, it requires specialized equipment.
Capillary force-assisted
transfer allowing for more uniform material deposition.'>°

or chemical doping, which alter their structure. MoS, and
WSe, are semiconductors with direct band gaps of approxi-
mately 1.8 eV and 1.7 eV, respectively, in their monolayer
form."> The designed assembly can effectively absorb and
emit light, and this direct bandgap is useful for optoelectronic
applications. However, the increasing layers alter the direct
and indirect band gaps of these materials, and this change in
band gap may also affect their performance. Furthermore, the
charge carrier mobility of TMDCs depends upon the material
and thickness of layers.">® For example, monolayer MoS, has
an electron mobility of up to 200 em”> V™' s7, while WSe, exhi-
bits comparable or even higher mobility."”**'>® These are
essential properties for high-speed electronic devices and
efficient photodetectors.

Moreover, the optical characteristics of TMDC are essential
for utilizing the SPPDs. Strong photoluminescence is also
observed in WSe, and MoS,, consistent with their direct band
gap nature."® They are promising candidate materials for
photodetector applications, as they can efficiently absorb
visible and near-infrared light. However, they can also supply a
strong photocurrent in the presence of light and can be
employed in self-powered systems. The optical response of
TMDCs is as nonlinear as their excitons; therefore, the optical
response of TMDCs in this respect is increased. Such tightly
bound excitons are also observed, particularly in MoS, and
WSe,, which have been shown to provide tightly bound exci-
tons and affect their photonic applications. The excitons in
these materials have a binding energy of a few hundred milli-
electronvolts and a strong response to optical excitation."”*>®
In the work by Tang et al,"® a high-performance, flexible
MoS;-based SPPD was fabricated using a simple Au electrode
configuration on a polyethylene terephthalate (PET) substrate,
resulting in high responsivity and a fast response time.'*’
Unlike conventional designs with heterojunctions or asym-
metric metal contacts, the self-powered operation of this
device stems from asymmetric Schottky barriers at the MoS,/
Au interfaces, resulting from the vdW gap difference between
the two interfaces. Fig. 6(a) shows the optical image of the fab-
ricated device with the MoS, flake on two Au electrodes, which
are marked by two white arrows on the PET substrate. The PET
substrate is flexible, which is favorable for wearable appli-
cations, as shown in Fig. 6(b). In Fig. 6(c) above, the I-V curves
of the device under different illumination intensities (38 mW

546 | Nanoscale, 2026, 18, 537-574

em ™2, 96 mW em?, and 439 mW cm™?) are compared to the

dark condition, illustrating that the electrical characteristics
vary under different illumination intensities. Their nonlinear
and asymmetric nature confirms the existence of the Schottky
barriers at the MoS,/Au junctions, which is essential for self-
power operation. There is an increase in photocurrent at zero
bias under illumination, indicating the high sensitivity of the
device and its ability to operate without any external power
source. Fig. 6(c) inset shows the magnified view of the low-
voltage region for which a discernible photocurrent is applied
at a minimal bias.

Fig. 6(d) shows the transient photoresponse of the MoS,
photodetector under switched 450 nm lights with different
power densities at 0 V. The photodetector could detect 450 nm
light continuously at 0 V, indicating that it had excellent appli-
cation prospects for future self-powered photodetectors. Upon
illumination by 450 nm light with a power density of 439 mW
ecm 2, the photocurrent of the photodetector is around 20 nA,
two orders of magnitude higher than that of the dark current.
At irradiation frequencies of 450 nm and 38 mW cm™>, the
photocurrent, responsivity, EQE, and detectivity of the photo-
detector at 0 V are up to 5 nA, 431 mA W', 119% and 2.54 X
10® Jones, illustrating the consistency and stability of the
device under exposure to periodical light with different intensi-
ties. The current remains stable in the dark and exhibits a
steep rise and fall upon illumination, indicating a significant
response and recovery time. The robust and repeatable switch-
ing behavior demonstrates that the asymmetric vdW gaps
function as a built-in electric field to facilitate carrier
transport.

The variation in responsivity with respect to the light power
density at 0 V bias is shown in Fig. 6(e). In comparison, the
curve represents the variation in detectivity with respect to
light power density at 0 V bias. The saturation of trap states
results in decreased responsivity with increased power density,
which encourages charge recombination at higher illumina-
tion levels. However, the minority carrier concentration is still
sufficiently high to ensure high detectivity, making the device
even more suitable for low-power detection. The response
speed depicted in Fig. 6(f) shows an ultra-fast response and
recovery time of 40 ms, proving the photodetector’s ability to
work with high-speed optical signal detection. Moreover, the
change in photocurrent without considerable delay confirms

This journal is © The Royal Society of Chemistry 2026
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(a) OM image of the MoS, photodetector. Two Au electrodes, marked by the left and right white arrows, are probed with a source meter to

study the performance of this photodetector. (b) Photograph of the flexible self-powered MoS2 photodetector at a bending state. (c) I-V curves of
the MoS, photodetector in dark and under the illumination of a 450 nm light with different power densities. The inset shows a partial magnification
of the I-V curves. (d) Time-resolved current responses of the MoS, photodetector measured with different power density values at 0 V. (e)
Responsivity and detectivity at different light power densities. (f) Response time and recovery time of the MoS, photodetector under a 450 nm light.
This figure has been reproduced from ref. 147 with permission from Physical Chemistry Chemical Physics, copyright 2022.

the high-quality interface and efficient charge transport in the
MoS2-based photodetector. This asymmetry induces a built-in
electric field across the device, enabling efficient charge separ-
ation and transport without the need for an external bias,
which is crucial for self-powered operation. Additionally, the
direct bandgap and strong light absorption of monolayer MoS,
enhance exciton generation and photocurrent, while the high-
quality interface reduces recombination, resulting in fast,
stable, and sensitive photoresponses. The MoS,-based photo-
detector operates through asymmetric Schottky junctions,
which create a built-in electric field that facilitates the separ-
ation and transport of photoexcited charge carriers without
the need for an external bias. The direct bandgap of MoS,
enhances exciton generation and light absorption, enabling
efficient photocurrent generation. The two-dimensional nature
of MoS, allows for fast charge transport and high responsivity,
making the device ideal for self-powered and low-power appli-
cations. The combination of these mechanisms ensures a fast,
stable, and energy-efficient photodetector suitable for next-
generation optoelectronic and wearable devices.

Unlike typical bulk materials, WSe, is a material that under-
goes a direct-to-indirect bandgap transition as its thickness
increases, which affects its absorption spectra.'®® This property
places WSe, in an excellent position for photodetectors and,
above all, self-powered devices that operate without an applied

This journal is © The Royal Society of Chemistry 2026

bias voltage.'®! The differences in work functions at the WSe,-

metal interface and the asymmetrical contact structure are key
to producing an intrinsic electric field, which assists in
efficient charge separation and transfer. C. J. Zhou et al.*®" pre-
pared a WSe,-based metal-semiconductor-metal (MSM) photo-
detector with asymmetric contacts, as shown in Fig. 7(a). The
optical microscope picture clearly shows the WSe, flake placed
between two metal electrodes of different contact lengths,
which is the principle for achieving self-driven operation. The
schematics of the device can be seen in Fig. 7(b). This asym-
metry results in different Schottky barrier heights at the two
metal-semiconductor interfaces, enabling charge separation
under illumination without the need for an external bias. The
visible color contrast of the WSe, flake indicates that it is a
multilayer, which leads to the formation of an indirect
bandgap,
carriers.

and it facilitates efficient photogeneration of

The transfer curve of the device was measured over a gate
voltage range of —60 to 60 V to understand its behavior, as
shown in Fig. 7(c). The WSe,-based MSM photodetector shows
n-type prefer ambipolar transport characteristics with an elec-
tron mobility of 26.3 cm® V™' s7', much higher than the hole
mobility of 7.4 ecm® V™' s™". The on/off ratio of the n-type side
is 5.82 x 10, while that of the p-type side is 4.87 x 10°, indicat-
ing more substantial electron conduction. The logIys curve

Nanoscale, 2026, 18, 537-574 | 547


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr03378k

Open Access Article. Published on 17 oktober 2025. Downloaded on 16. 03. 2026 21:58:51.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

(@) (b)

Gold/! Nickelt\
i

y ~_\\§= WSe2

S—o
Semm

.

g

Gold/Nickel

20 pm

~
o
-~
~
()
~

View Article Online

Nanoscale

(c)

10* : . . . .

i 130

-6
s WO | 20<
< - — [T 2
") 1 "]
° )

-
o
o
T
-
o

T
o

60 40 -20 0 20 40 60

>

———ACL=4.5ym
ACL=4 ym
—— ACL=3 ym
——ACL=2ym
54 —acL=1um

Responsivity (A/W)
o

—— ACL=0.5 um
—— ACL=0 ym

—e—405 nm
—a— 650 nm

_400_ Pin increasing: —p—T780 Nnm
Max 270 v -84 —+—980 nm 10
-600 v T T -15+4 T T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
v, (V) vV, (V) Vp (V)

Fig. 7 Schematic device structure of metal-WSe,-metal (MSM) photodetectors: (a) Optical image of the fabricated MSM device with asymmetric
interface architectures. (b) Schematic of the device. (c) Transfer curve of the fabricated WSe, device. (d) /-V curves of the MSM photodetector for
different input powers of 27 pW to 270 nW. The light wavelength is 650 nm. The inset depicts the measurement arrangement. (e) Calculated respon-
sivity of the MSM photodetector. (f) I-V curves of the asymmetric MSM photodetector with different contact lengths. The contact surface between
0.5 and 5 pm is the smallest among two contact lengths. This figure has been reproduced from ref. 163 with permission from Advanced Functional

Materials, copyright 2018.

indicates the presence of a Schottky barrier at the metal-WSe2
interface; charge injection is suppressed at lower gate voltages,
while at higher gate voltages, carrier accumulation increases
conduction.'®® The self-driven photodetection operation is
schematically illustrated in Fig. 7(d), where the current-voltage
(I-V) characteristics of the MSM photodetector are shown
under illumination. The device was tested at 650 nm from a
light-emitting diode (LED) source with a full power density of
5.41 mW mm™?, meaning a total incident power of 270 nW. A
non-zero short-circuit current (I;.) of —31.1 nA and an open-
circuit voltage (V,.) of 0.16 V are observed at zero bias due to
the internal electric field induced by the contact length,
enabling self-powered operation. Rising illumination power
(from 27 pW to 270 nW) results in the exact scaling of photo-
current, which validates the device’s high sensitivity. The non-
linear I-V behavior implies that the carrier transport is due to
a combined effect of photogenerated carriers and Schottky
barrier modulation. This photovoltaic effect, which has been
observed in one-sided Schottky junctions or PN junctions, is
related here to the asymmetry of the electrodes, contrary to
what occurs in symmetric MSM photodetectors, where I, and
Voe are equal to 0 under similar conditions.

The device efficiency is demonstrated in Fig. 7(e), showing
the responsivity at different wavelengths and bias voltages. The
highest responsivity of 11.2 AW™" is obtained at a bias of —1 V

548 | Nanoscale, 2026, 18, 537-574

under low illumination, and a responsivity greater than 2
AW is independently observed at the same bias for all wave-
lengths tested (405 nm, 650 nm, 780 nm, and 980 nm). The
device still possesses appreciable responsivity at the zero bias,
reaching 1.62 A W' at 405 nm, indicating high light absorp-
tion and efficient carrier separation. The increased responsiv-
ity under a negative bias suggests that the direction of the
built-in electric field assists in charge transport, enhancing
photodetection performance. Fig. 7(f) plots the influence of
contact length asymmetry (ACL) on the I-V characteristics of
the device. The various curves represent devices with increas-
ing asymmetries (ACL = 0 to 4.5 pm) where one contact length
is changed and the other is fixed at 5 pm. As the ACL
increases, varying from —0.6 pA to approximately —1 p4, it is
evident that a more pronounced contact asymmetry generates
a stronger built-in electric field, enabling stronger photocur-
rents. This indicates that contact geometry substantially influ-
ences the self-powered performance of WSe,-based MSM
photodetectors. By incorporating asymmetric contact geome-
tries, the proposed MSM WSe, photodetector can realize self-
driven, bias-free operation. The device exhibits high responsiv-
ity (2.31 A W' at 0 V), ultra-low dark current (~1 fA), and
excellent detectivity (9.16 x 10'" Jones). This behavior is pri-
marily attributed to the asymmetric contact lengths, which
induce different Schottky barrier heights at the metal-WSe,

This journal is © The Royal Society of Chemistry 2026
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interfaces, generating a built-in electric field that effectively
drives charge separation. The multilayer structure of WSe,,
which transitions from a direct to an indirect bandgap as the
layers increase, enables improved light absorption and more
efficient carrier generation. The varying contact lengths at the
electrodes enhance this electric field, thereby improving
charge transport and expanding the device’s sensitivity. This
setup enables the photodetector to operate self-powered, with
efficient charge separation and a quick response to light. The
deliberate contact geometry further strengthens the internal
field, contributing to the device’s high responsivity and
reliable self-powered operation.

7.1 Graphenes and TMDC heterostructures

vdW heterostructures, which consist of vertically stacking 2D
materials, have been exploited to create photodetectors. These
heterostructures combine the unique electronic and optical
properties of their single components to fully optimise charge
separation and broaden responsivity.'®*'®> With the excep-
tional electrical conductivity, high carrier mobility, and broad-
band optical absorption, graphene is an ideal transparent con-
ductive electrode in these heterostructures.'>>¢%167

A heterostructure of graphene with TMDCs develops a built-
in electric field at their junction, allowing efficient charge
transfer and self-powered operation. The WS,-based hetero-

(b)

N
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junctions exhibit enhanced optoelectronic functionality by
strongly coupling light with matter, while offering flexible
options for doping n- or p-type materials. The heterojunction
shown in Fig. 8(a) utilizes graphene/WS,/LaVO; to create self-
powered, high-speed, broadband photodetection devices for
various photodetection applications. The incorporation of
LaVO; perovskite structures with graphene/TMDC hetero-
structures facilitates better photocarrier generation and
separation.'®®'7° Triethylenetetramine (TETA) doped graphene
with a transparent conductive electrode (TCE) that combined
high conductance capability with visible light transmission
through its TETA doping process. Such geometric arrange-
ments of different materials within heterojunctions increased
the responsivity, detectivity, and operational efficiency.”>"*
The TETA-Gr/WS,/LavO; nanoparticle heterojunction exhi-
bits its optoelectronic characteristics through the measure-
ments in Fig. 8(b), as shown in the current density-voltage (J-
V) characteristics. The built-in potential at the WS,/LavO,
interface is crucial for carrier separation, as it enables rectify-
ing behavior. The device produces a distinctive photocurrent
under illumination at 600 pW ¢cm™> using 600 nm light due to
its effective light absorption and charge transport behavior.
The maximum photocurrent response was observed at a LaVO;
thickness of 200 nm, since this value represents an optimal
balance between the device optical absorption and charge
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Fig. 8

(a) Schematic device structure. (b) J-V behaviors of TETA-Gr/WS,/LaVOz PD as a function of thickness (t) under darkness and illumination.

(c) Detectivity (D*) evaluation performed on different t-dependent PD structures under zero-bias conditions. (d) Schematic structure of the device.
(e) Photoresponse speed of the Gr/WSe,/NbSe, vdWH photodetector at V45 = 0 V. (f) Wavelength dependence of R and D*. This figure has been
reproduced from ref. 105 and 106 with permission from the Journal of Materials Science & Technology, copyright 2025. Current Applied Physics,

copyright 2025.
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transport abilities. The photocurrent reaches saturation levels
for device thicknesses beyond 200 nm because transfer resis-
tance and recombination losses increase. The efficiency
improvement of self-powered broadband photodetectors
depends on optimising heterojunction structures and material
thicknesses when using 2D/3D material interfaces. The
TETA-Gr/WS,/LavVO; heterojunction exhibits the detectivity
(D*) spectrum, which is shown in Fig. 8(c) as the LaVvO; thick-
ness varies. The designed device exhibits detectivity capabili-
ties spanning from 300 nm to 850 nm wavelengths, with a
peak sensitivity of 2.1 x 10'° Jones at a LaVO; thickness of
200 nm. The device achieves maximum light absorption
efficiency at this specific thickness and preserves efficient
charge transfer to minimise recombination losses. The detec-
tivity reaches a long-term balance when measuring beyond
200 nm due to resistance issues that prevent further improve-
ment in photocurrent generation. The crucial effects of con-
trolling the thickness emerge as essential factors to maximise
photodetector operational performance.

Research on this heterojunction emphasizes how interface
development, combined with material modification, enables
the fabrication of self-powered broadband photodetectors. The
built-in electric field at the WS,/LavO; interface facilitates
efficient carrier separation, eliminating the need for external
power, while TETA-doped graphene enhances conductivity and
light transmission. Optimizing the LaVOj; thickness allows
maximum light absorption and efficient charge transport,
reducing recombination losses. The graphene/TMDC/LaVO;
heterojunction operates through a built-in electric field at the
interface between WS, and graphene, enabling efficient charge
separation and self-powered operation. The inclusion of the
LavO; perovskite enhances photocurrent generation and
charge transport, while TETA-doped graphene improves con-
ductivity and light transmission. The optimal LaVOj; thickness
of 200 nm strikes a balance between light absorption and
charge transport, thereby minimizing recombination losses
and maximizing detectivity. This structural optimization
allows the device to efficiently detect wavelengths from 300 nm
to 850 nm, making it ideal for high-speed, energy-efficient
photodetection in emerging optoelectronic applications.

Li et al.”® demonstrated that integrating NbSe, with TMDCs
significantly enhances charge transport and photodetection
efficiency in SPPDs. NbSe, is a suitable contact material for
various applications due to its superconducting properties and
high work function (~5.52 eV)."”> These heterostructures,
made with WSe, and MoS,, along with NbSe,, create effective
carrier separation channels due to the electric fields that
develop across their junction region.'”® Band structure engin-
eering in NbSe, produces contact surfaces free of dangling
bonds, while preventing Fermi-level pinning and enhancing
charge injection and extraction due to its flattened interface.
He et al.'® demonstrated an SPPD offering low power con-
sumption and high integration density. The photodetector
built with Gr/WSe,/NbSe, heterojunctions is shown in
Fig. 8(d). The device includes Gr electrodes and NbSe, electro-
des, with WSe, as the channel between them. A difference in
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Schottky barrier heights occurs when asymmetric material
contacts form at the interfaces between Gr/WSe, and NbSe,/
WSe,, resulting in the generation of a built-in electric field.

A time-based assessment of the Gr/WSe,/NbSe, heterojunc-
tion photoresponse of the photodetector occurs at zero bias
while illuminating 405 nm light, according to Fig. 8(e). The
ultrafast photoresponse speed of this device occurs over 80 ps
for the rise time and 72 ps for the decay time. The photodetec-
tion characteristics of the Gr/WSe,/NbSe, photodetector are
displayed in Fig. 8(f), according to the wavelength. The device
shows a variation in R and D* values throughout wavelength
measurements from 405 nm to 980 nm. The collected data
demonstrates the excellent photodetection functionality of the
device throughout a wide wavelength range, with deteriorating
performance observed at higher wavelengths. This normal
phenomenon occurs in photodetectors because extended wave-
lengths reduce the absorption capabilities of the detector. The
heterostructure excels due to asymmetric contacts, which
create a built-in electric field for efficient charge separation
without the need for an external bias. NbSe, provides a clean,
low-resistance interface that improves charge transport.
Ultrafast response and broad spectral sensitivity, with a peak
at 708 nm, set it apart from typical TMDC photodetectors.
This combination of speed, wide wavelength range, and high-
quality contacts makes it ideal for advanced low-power, high-
speed optoelectronic applications.

8. MXene-based self-powered
photodetectors

MXenes demonstrate remarkable appeal as 2D materials due
to their combination of electrically conductive properties with
strong structural integrity and adjustable surface character-
istics, which enable their use in various optoelectronic
systems, especially SPPDs.”*'”> The manufacture of MXenes
involves an etching process that removes “A” elements from
MAX phases to produce material structures with functional
surface attachments, including -OH, -F, and -O groups that
enable interface tuning and surface modification.'”® Mxene
significantly improves the performance of photodetectors
because these materials offer efficient carrier transport pro-
perties alongside UV spectrum transparency and high conduc-
tivity in SPPDs."””"'7° Furthermore, MXenes function as trans-
parent electrodes and form van der Waals (vdW) heterojunc-
tions with semiconductors like GaN, thereby enhancing the
device photocurrent and responsivity.'*>'®® Yu Ding et al'®'
demonstrated the production of MXene/GaN van der Waals
Schottky UV photodetectors, as shown in Fig. 9(a). A built-in
electric field is generated when an MXene (Ti;C,T,) film con-
tacts GaN to form a Schottky junction, facilitating the separ-
ation of photogenerated electron-hole pairs. This device con-
trols the flow of electricity through asymmetric electrodes that
combine MXene with fundamental Ti/Al/Ni/Au alloy contacts,
thereby achieving self-powered functionality. The MXene-GaN
Schottky contact enables photocurrent generation from an

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Device design and material characterization: (a) structural diagram of MXene/GaN vdW UV photodetector. (b) /-V transfer curves of the
MXene/GaN photodetector operating on a logarithmic scale under dark conditions and illumination at 260, 300, and 360 nm. The three applied UV
lights have the powers of 0.08 uW, 0.28 pW, and 1.08 pW. (c) Responsivity and EQE of the self-powered mode at different light power densities. The
figure contains five detector devices whose average values represent each point. (d) Schematic of the MXene/ZnO/Si device. (e) I-V curves of the
MXene/ZnO/Si device under light at different wavelengths. (f) Corresponding /-t curves at 625 nm. The inset represents the response time plot of
the MXene/ZnO/Si device. This figure has been reproduced from ref. 182 and 183 with permission from Ceramics International, copyright 2024.

Applied Physics Reviews, copyright 2025.

intrinsic electric field at the junction, eliminating the need for
an external bias voltage, and thereby, achieving high efficiency
in detecting UV photons.

The I-V curve exhibits asymmetric rectification patterns,
demonstrating Schottky junction behavior at the MXene and
GaN interface, as shown in Fig. 9(b). At 0 V bias, the photo-
detector produced substantial light-induced currents, which
are 7.5 nA, 108.9 nA, and 808.9 nA under 260 nm, 300 nm, and
360 nm UV illumination, respectively, demonstrating robust
photoactivity. The recorded photocurrents (Iizh) exceed all
dark current values (I4a. = 3.7 pA) by multiple orders of mag-
nitude. The photo-to-dark current ratio (fjgn¢/Iaark) achieved
approximately 2.4 x 10°, thus indicating outstanding UV light
sensitivity under dark conditions. The MXene/GaN photo-
detector achieved a significantly superior performance to Au/
GaN Schottky photodetectors under equivalent conditions,
due to its elevated photo-to-dark current ratio. Fig. 9(c) demon-
strates the linear response of the MXene/GaN photodetector
photocurrent in the self-powered mode. The obtained data
indicate that photodetectors maintain high-performance con-
sistency at different light intensities and provide an average
responsivity of 610 mA W~' combined with an EQE of 210%
and a specific detectivity reaching 6.8 x 10" Jones. The excel-
lent performance of the MXene/GaN photodetector arises from
the strong built-in electric field at the MXene/GaN Schottky

This journal is © The Royal Society of Chemistry 2026

junction, which efficiently separates photogenerated carriers
without any external power. Intrinsic high electrical conduc-
tivity and tunable surface chemistry of MXenes enhance the
charge transport and reduce recombination losses, improving
the sensitivity of the device. Unlike conventional metal con-
tacts, MXenes form a more effective interface with GaN, result-
ing in significantly higher photocurrent and stability. The
MXene/GaN Schottky photodetector works by creating a
Schottky junction between MXenes and GaN, generating a
built-in electric field at the interface. This field efficiently sep-
arates photogenerated electron-hole pairs when exposed to UV
light, enabling self-powered operation without the need for an
external bias. The high conductivity and tunable surface chem-
istry of MXenes enhance charge transport and reduce recombi-
nation losses, thereby improving the device’s sensitivity and
performance. The van der Waals heterojunction between
MXenes and GaN creates an effective interface for charge sep-
aration, resulting in superior photocurrent generation and
stability, making it ideal for UV photodetection.

Another study conducted by Lingling Chu et al.'® utilizes
ZnO as the light-absorbing layer in combination with MXenes
and Si. The device structure of the MXene/ZnO/Si pyramid
photodetector is shown in Fig. 9(d). ZnO, a wide-bandgap
semiconductor with excellent light absorption properties, is
crucial in the development of high-performance photo-
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detectors. ZnO has a wide range of applications in opto-
electronics due to its robust UV photoresponse and high
exciton binding energy.'”>'’* The device comprises three key
layers, arranged as follows: MXene on top, ZnO in the middle,
and Si at the bottom. The Si at the bottom undergoes an
etching treatment to create a pyramid arrangement that
increases light scattering and absorption abilities. The func-
tioning of the device relies on ZnO as an intermediate light
absorber, and MXenes provide efficient charge transport
through their high conductivity and mobility capabilities. This
heterojunction structure enables self-powered operation
through the automatic generation of an electric field to control
charge separation without any external powering.

The I-V curves for the MXene/ZnO/Si pyramid photo-
detector exposed to different wavelengths are shown in
Fig. 9(e). The photodetector device exhibits its photocurrent
response for multiple wavelengths, ranging from 405 nm to
810 nm, including 530 nm, 625 nm, 730 nm, and 810 nm. The
maximum photocurrent occurs strictly at a wavelength of
625 nm, indicating peak performance in terms of sensitivity
and responsivity at this wavelength. Fig. 9(f) presents the
current-time plots for the MXene/ZnO/Si pyramid photo-
detector when it receives 625 nm illumination at different light
intensities. The device demonstrated its technical capability to
capture weak light signals through its high on/off ratio, which
reaches 10" even at reduced light intensity levels. As the light
intensity increases, the photocurrent value exhibits a direct
relationship, indicating superior photoresponsivity of the
device. This photodetector achieves a photo detectivity of 6.77
x 10" Jones, a responsivity of 8.6 mA W', and an external
quantum efficiency of 1.72% when illuminated at 625 nm with
incident light without external biasing. The device exhibits
response characteristics with a 77.6 ms rise time and a
77.1 ms fall time, owing to the high charge mobility of
MXenes, efficient light absorption by ZnO, and the increased
surface area provided by the Si pyramid structure. The built-in
electric field at the heterojunction between MXenes, ZnO, and
Si promotes efficient charge separation and reduces recombi-
nation, leading to faster switching behavior. The strong per-
formance of the MXene/ZnO/Si pyramid photodetector is due
to its carefully designed heterojunction structure, where ZnO
serves as an efficient light absorber, MXene provides fast
carrier transport, and the Si pyramid base enhances light scat-
tering and absorption. Microstructured interfaces improve
light absorption, while the carefully designed material hetero-
structure reduces carrier recombination and facilitates
efficient charge extraction. This combination of structural and
electronic optimization allows consistent performance under
different lighting conditions, providing stable signals and
rapid response times in a self-powered configuration.

MXene nanosheets enhance the spontaneous ferroelectric
polarization of the material, thereby strengthening the built-in
electric fields at heterojunctions.'®*'%*> BaTiO; (BTO), a ferro-
electric material, is recognized for its exceptional spontaneous
polarization and robust pyroelectric and piezoelectric pro-
perties, rendering it ideal for optoelectronic applications.'”?
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The joint application of these elements utilizes the ferro-pyro-
phototronic effect to enhance the device more effectively at
sensing low light intensities. The research by Shulin Sha
et al.'®® fabricated a BTO@MXene/4H-SiC heterojunction, as
illustrated in Fig. 10(a). This schematic represents the photo-
detector’s structural design, showing BaTiO; nanocrystals
(BTO) on which the MXene nanosheet coating is used as a
core-shell material, while mounted on top of a 4H-SiC (silicon
carbide) wafer. The 4H-SiC (silicon carbide) wafer serves as the
hole-transporting layer, whereas the BTO@MXene core-shell
composite remains attached to it. The BTO nanocrystal modifi-
cation with MXene nanosheets yields improved spontaneous
ferroelectric polarization, thereby reinforcing the built-in elec-
tric field at the BTO@MZXene and 4H-SiC heterojunctions. The
photodetector functions autonomously by utilizing enhanced
polarization and strengthened internal electric fields, which
facilitate efficient charge separation and light detection at the
junction.

The [~V characteristic curves obtained with the
BTO@MXene/4H-SiC device are presented in Fig. 10(b). Both
measurement scales include logarithmic and linear plots.
Research shows that BTO@MXene/4H-SiC heterojunction
devices exhibit rectifying characteristics under dark con-
ditions, with a rectification ratio exceeding 10 within the
voltage range from —4 V to +4 V. A Schottky contact forms at
the BTO@MXene composite interface with the 4H-SiC semi-
conductor. While wunder 310 nm illumination, the
BTO@MXene/4H-SiC  photodetector exhibits measurable
responsivity and detectivity, as depicted in Fig. 6(c) and (d),
respectively. These results demonstrate that the device can
effectively convert UV lights to electric signals with high
efficiency and sensitivity. The BTO@MXene/4H-SiC hetero-
structure outperforms the undoped BTO/4H-SiC device, as its
responsivity and detectivity increase until reaching saturation
at elevated light power levels. The optimized BTO@MXene/
4H-SiC photodetector reaches a maximum responsivity of
187.74 mAW™', an external quantum efficiency of 75.07%, and
a detectivity of 6.52 x 10"® Jones while surpassing earlier BTO-
based self-powered photodetectors by at least two orders of
magnitude, as shown in Fig. 10(c and d). The BTO@MXene/
4H-SiC photodetector exhibits a photoresponse with a rise
time of 74.3 ps and a fall time of 122.7 ps when illuminated by
310 nm light, as illustrated in Fig. 10(e). Fig. 10(f) represents
the wavelength-dependent photocurrent response of the
BTO@MXene/4H-SiC photodetector, demonstrating its remark-
able spectral selectivity in the ultraviolet range. The device
achieves an optimal photoresponse at 310 nm, exhibiting a
UV-to-visible photocurrent ratio above 10°, hence validating its
exceptional sensitivity to ultraviolet light while minimizing
responses to visible wavelengths. The enhanced UV selectivity
is ascribed to the synergistic effects of ferroelectric polariz-
ation and hot-carrier multiplication enabled by the MXene
nanosheets. The device exhibits outstanding operational stabi-
lity with repetitive and steady performance throughout con-
secutive cycles. Operating at a high speed with exceptional
efficiency, the BTO@MZXene/4H-SiC photodetector offers an

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic structure of the BTO@MXene/4H-SiC heterojunction device. (b) /-V measurements of BTO@MXene/4H-SiC heterojunction

devices with both logarithmic and linear scales under dark condition. (c) R and (d) D* as a function of incident light intensity at 0 V bias. (e) Transient
photoresponse of the BTO@MXene/4H-SiC detector under a 310 nm LED illumination at O V bias (irradiance frequency of 1000 Hz). (f) Wavelength-
dependent photoresponse of the BTO@MXene/4H-SiC device at 0 V bias. This figure has been reproduced from ref. 186 with permission from ACS

Photonics, copyright 2024.

optimal solution for UV detection due to its extended oper-
ational stability, making it suitable for deployment in UV wire-
less communication systems.

The BTO@MXene/4H-SiC photodetector exhibits superior
performance due to its high ferroelectric polarization and
interface band engineering. The spontaneous polarization of
the BTO is enhanced by the MXene nanosheets, thereby inten-
sifying the internal electric field of the heterojunction, lower-
ing the potential barrier, and accelerating the separation of
the photo-excited carriers. The ferro-pyro-phototronic effect
encompasses electric, thermal, and optical feedback, enabling
the device to capture low-intensity UV luminescence with high
sensitivity. Through self-powered rapid operation, the novel
design, which utilizes charge-dipole interactions and intrinsic
Schottky junctions, exhibits high responsivity and detectivity,
distinguishing it from conventional photodetectors.

9. PN junction-based self-powered
photodetectors

SPPDs built upon PN junctions operate autonomously since
they utilize PN junction characteristics to convert photon
impacts into electric signals without requiring external power

This journal is © The Royal Society of Chemistry 2026

sources. The interface of p-type and n-type semiconductors
results in carrier diffusion across borderlines caused by the
concentration gradient at the contact zone. A space charge
region forms after carrier diffusion, allowing the p-side to
become negatively charged while the n-side becomes positively
charged to create a built-in electric field extending across the
complete n-region to p-region.'®” These devices function
through self-power because photon interaction with the junc-
tion produces charge carriers (electrons and holes) that perform
as the power source. The photogenerated carriers are efficiently
separated through the built-in electric field, facilitating rapid
current generation. The spectral response of PN junction-based
SPPDs extends from visible to infrared wavelengths, serving
different types of optical applications. These devices offer excep-
tional noise characteristics, compact physical dimensions, and
outstanding energy efficiency, making them suitable for use in
various applications, including general scientific research, tele-
communication systems, industrial operations, and outdoor
environments. These photodetectors exist in two structural
types: heterojunction and homojunction devices.'®®

9.1 Homojunction-based self-powered photodetectors

The unique electrical characteristics of 2D semiconductor
homojunctions make them essential for SPPD applications

Nanoscale, 2026, 18, 537-574 | 553
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due to their distinctive structural properties. Self-generated
p-type and n-type regions develop inside one material due to
carrier concentration modifications through 2.'*' The quick
charge propagation enabled by 2D semiconductors results
from their thin nature, thereby reducing recombination losses,
which enhances the device efficiency.'®® The built-in electric
field in the photodetector enables self-powered operation, as it
propels photogenerated carriers without requiring any external
power source. This wide spectral sensitivity range, extending
from UV to visible to infrared light, enhances the versatility of
these materials for use in optoelectronic applications. These
applications are enabled by the superior carrier mobility of 2D
semiconductors, combined with their adjustable bandgap fea-
tures and exceptional mechanical properties.’*”'** This work
investigates WS2 homojunction-based SPPDs by assessing the
distinctive properties of WS2 that enable high-performance
photodetection.”" This TMDC stands out because its mono-
layer form demonstrates direct bandgap properties that opti-
mize light absorption. Due to its 2D structure, WS2 exhibits
superior carrier mobility and flexibility, making it ideal for
next-generation optoelectronic devices.'*>'** Jian et al.'*" fab-
ricated a p-n WS, homojunction. Fig. 11(a) shows the optical
device image exhibiting two marked regions using red dotted
boxes to display WS,, while white boxes show the h-BN encap-
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sulation area. A dual-field-effect-transistor (FET) structure
forms the homojunction within the device when the p-area of
WS, connects to electrodes E1 and E2, with the n-area connect-
ing to electrodes E2 and E3. The power density graph in
Fig. 11(b) presents the decisive information about responsivity
(R) and detectivity (D*) for a self-powered homojunction photo-
detector. The resistivity exhibits stable behavior across all
power densities, as indicated by the black curve data points in
the figure, and detectivity maintains a steady state throughout
the entire power density range. The device demonstrates its
ability to detect weak light signals simultaneously with high
sensitivity, regardless of changes in light intensity. The device
can switch states because its light-on/off ratio reaches 8 x 10*.
The device photocurrent shown in Fig. 11(b) demonstrates log-
arithmic power density dependence, having an exponent (a) of
0.94 approaching the perfect value of 1, thus achieving high
photo-capture efficiency.

The homojunction self-powered photodetector exhibits a
rise time (z,) of 17.9 ms and a decay time (z4) of 15.9 ms, as
shown in Fig. 11(c). The fast-switching capability of this photo-
detector is evident in its rise time, which measures the device
response speed to light, and its decay time, which tracks the
recovery to dark conditions. The performance of the device
demonstrates its superior capabilities in operations that
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(a) Optical image of the WS, p—n homojunction. (b) Change in R and D* depending on the light power density at zero bias when using a

635 nm illumination. (c) Response speed of the device at a power density of 78.87 mW cm™2. The WSe, homojunction photodetector schematic
depicts TiN and Ni electrodes that provide doping to the metal contacts. (d) /4—V4 curves of a TIN-WSe,-Ni device under different gate biasing con-
ditions. The insets shows the SEM image and /4—Vj plot of the device. (e) R/EQE plots of the device at 520 nm. (f) Time-resolved photocurrent of
the TWN diode with the laser on. This figure has been reproduced from ref. 121 and 194 with permission from Applied Physics Letters, copyright

2024. Advanced Functional Materials, copyright 2023.
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require swift reactions due to its rapid response times. The
device demonstrates dependable performance because its fast
light and dark-state transitions operate within an extensive
linear dynamic range. The photodetector demonstrates effec-
tiveness in applications requiring simultaneous speed and
high sensitivity due to its rapid response and signal detection
capabilities.

Another researcher demonstrated that metal doping
enables effective hole and electron injection for WSe, lateral
homojunctions grown by CVD, as illustrated in Fig. 11(d)
using TiN/Ni contact metals. Li et al'®* employed the IR-
heating chemical vapor deposition (CVD) method, which
enabled the rapid growth of WSe, thin films in two dimen-
sions. The maximum V,. of 620 mV indicates that the device
has an extensive built-in electric field that effectively separates
generated charge carriers. The device demonstrates high
efficiency in converting light exposure into electricity, achiev-
ing a power conversion efficiency (PCE) threshold of 15%. The
device is an outstanding self-powered photodetector that
detects illumination ranging from visible light to near-infrared
wavelengths. The material exhibits outstanding photo-
responsivity above 0.5 A W', which is complemented by its
rapid photoresponse of 10 ps under 520 nm illumination, as
shown in Fig. 11(e). The photodiode shows an immediate
response to a 520 nm laser, as shown in Fig. 11(f). The
TiN-WSe,-Ni (TWN) photodiode exhibits superior performance
due to its enhanced photoresponsivity, rapid photoresponse
time, and high efficiency in converting light into electric
current signals. The device exhibits exceptional temporal per-
formance and high-speed photodetection capability, making it
suitable for various optoelectronic applications.

The high performance of the device is significantly bene-
fited by the asymmetric Schottky barriers of the Ni and TiN
contacts, which generate strong internal fields for expedited
carrier separation. The metal doping and WSe, homojunctions
grown by CVD yield clean interfaces and expedite the transport
of charges. Efficient high photoresponse and high open-circuit
voltage result from optimally aligned bands and minimized
recombination, enabling broad-spectrum, high-speed, self-
powered detection with high efficiency, surpassing convention-
al photodetectors in both spectral and time-domain
performances.

9.2 Heterojunction-based self-powered photodetectors

Heterojunctions are integrated in SPPDs because these devices
utilize built-in electric fields to create efficient electron-hole
pair separation, leading to enhanced photoresponsivity and
rapid detection at zero applied voltage. The performance out-
comes of the optoelectronic devices have been improved
through various material and technological combinations.'** %%
Due to their capacity to detect UV, as well as visible and infra-
red radiation, the optoelectronic applications of these
materials become more versatile. The superior mechanical pro-
perties, adjustable bandgap ranges, and high carrier mobility
of 2D semiconductors enable their utilization in various appli-
cations including wearable devices and enhanced
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photodetectors.’®*?% In the study by Wang et al.,*** a hetero-
junction between PN MoS,/Sb,Te; structures for high-perform-
ance detection operations was fabricated. Fig. 12(a) shows the
optical image of the final Sb,Te;/MoS, heterostructure-based
device structure. The vdW heterojunction shows the stacking
of a blue-colored monolayer MoS, flake above a purple Sb,Te;
layer. The device uses gold (yellow regions) as source and
drain electrodes to connect the heterostructure for charging
operations and photocurrent generation. The combination of
MoS, and Sb,Te; generates a built-in electric field at their
interface when integrated, as both materials possess distinct
electronic properties, being a TMDC and a topological insula-
tor (TIs), respectively. The interfacial layer between MoS, and
Sb,Te; plays a key role in separating electrical charges,
enabling successful self-powered photo-detection operation.
The heterojunction works effectively for broadband high-sensi-
tivity photodetection because MoS, exhibits strong light
absorption and high carrier mobility of Sb,Te;.

The responsivity measurement of the Sb,Te;/MoS, vdW het-
erojunction photodetector at 700 nm occurs under different
optical power conditions, as shown in Fig. 12(b). The inset
shows the PN junction formation at the interface, which shows
the I-V characteristics of the device. The heterojunction
detects dark current at 2.38 pA with the zero bias and 1.16 nA
with 1 V applied bias because it effectively blocks leakage cur-
rents. By measuring the I-V characteristics while illuminating
at 500 nm, 700 nm, and 900 nm, the PV effect strengthens due
to a built-in electric field that enables self-powered photodetec-
tion. The results show a direct relationship between the optical
power input and the generated photocurrent, which proves the
carrier separation mechanism. A positive bias application in
the device enables efficient charge collection, increasing
responsivity from 1.5 to 3 times higher. The broad-spectrum
light detection capability of the device becomes apparent in
the significant broadband photocurrent response shown in
Fig. 12(c), thus making it ideal for diverse optoelectronic appli-
cations. At a wavelength of 660 nm, the device exhibits a
maximum zero-bias responsivity of 170 mA W™, according to
the normalized data on a shared scale. The photodetector
obtains maximal efficiency for transforming light energy to
electrical current at this specific wavelength. The high respon-
sivity of the PD in the 600-700 nm range is primarily due to
strong optical absorption by monolayer MoS, near its excitonic
peak around 600 nm, where it efficiently generates electron-
hole pairs. Additionally, the built-in electric field at the Sb,Te;/
MoS, heterojunction enhances carrier separation and trans-
port, resulting in greater photocurrent and improved respon-
sivity at these wavelengths. Unlike conventional photodetectors,
this device offers broadband detection, high zero-bias respon-
sivity, and ultra-low dark current. Its integration of TMDC and
TI materials delivers fast, efficient, and low-power photodetec-
tion, making it ideal for advanced optoelectronic applications.

In general, heterojunction-based SPPDs achieve a self-
powered functionality through the interfacial potential differ-
ence that naturally arises when two materials with distinct
band structures are joined. This potential gradient drives
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(a) Optical microscopic image of the PN junction device. (b) Measured photoresponsivity at 700 nm wavelength under -1 to 1 V bias

voltage. When the device is operated at zero bias, the photoresponsivity responded clearly to the optical power using a linear pattern. (c)
Normalized responsivity reveals a wide wavelength response under 0-bias conditions by sweeping from 500 to 900 nm with 10 nm steps. (d) Device
layout, presenting the heterojunction structure of CdPSes/MoS,, while the photoelectric response measurement of the CdPSe; photodetector (CPS)
occurs under applied bias conditions (e) Photoelectric response test of the CM device. |-V curves of CM under 365, 425, and 515 nm illumination.
The insets shows a schematic diagram of the CM device and zoomed-in /-V curves. (f) Calculated R and D* values at 0 V bias voltage illuminated by
different light intensities of the 425 nm laser diode. This figure has been reproduced from ref. 201 and 202 with permission from Nanophotonics,

copyright 2022. ACS Applied Materials & Interfaces, copyright 2024.

photoexcited carriers in opposite directions, producing a
photocurrent even in the absence of an external supply. Such a
mechanism not only reduces energy consumption but also
enhances device stability, since the detection process relies on
internal fields rather than the applied bias. By carefully select-
ing material pairs with complementary optoelectronic pro-
perties, heterojunction designs can therefore be tailored to
deliver efficient and sustainable self-powered photodetection.
Building on the advancements in van der Waals hetero-
structures, Yang et al.>°> designed a photodetector containing
a Type-II heterostructure of CdPSe;/MoS2 heterojunction to
enhance the light response capabilities while maintaining
exceptionally low dark current. The photodetector device
employs a Type-II heterojunction vdW heterostructure that
integrates CdPSe; with MoS,. The built-in electric field at the
interface emerges because p-type CdPSe; joins n-type MoS,
semiconductors. Type-II heterostructures are preferred due to
their excellent carrier mobility, tunable bandgap features, and
efficient charge separation capabilities.”®® Under illumination,
photoexcited electrons and holes separate due to the internal
electric field, which results in higher responsivity and lower
recombination losses. A built-in mechanism provides these
materials with independent energy capabilities, requiring no

556 | Nanoscale, 2026, 18, 537-574

external power source, which enables their use in low-energy
optoelectronic systems. Fig. 12(d) demonstrates the CdPSes/
MoS, heterojunction structure and explains the charge transfer
mechanism. Light exposure causes the production of electron—
hole pairs that occur at the interface. The built-in electric field
causes electrons to flow toward MoS, and simultaneously
drives holes to CdPSe;, resulting in effective charge separation.

The device was tested under different light wavelengths,
including 365 nm, 425 nm, and 515 nm, as well as under dark
conditions, as presented in Fig. 12(e). Under 425 nm illumina-
tion conditions, the device generates a substantial photo-
current, demonstrating its highest light sensitivity in this wave-
length range. The device structure is presented in the inset
image. The heterostructure exhibits performance enhance-
ment because the built-in electric field enables efficient carrier
separation, while the single-material CdPSe; device lacks this
feature. The results in Fig. 12(f) demonstrate a direct relation-
ship between the applied 425 nm light power density and
photocurrent response. The CdPSe;/MoS, heterostructure
photodetector reached its peak response of 91.12 mAW ™" com-
bined with 1.74 x 10" Jones detectivity while operated at 5 V
bias under 425 nm illumination. Due to its low dark current
operating within the pA range, the device maintained excellent
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signal-to-noise capability. The distinct electronic structures of
p-type CdPSe; and n-type MoS, result in staggered energy
bands that facilitate charge transfer and extraction. The
intense light absorption arises from the complementary band
gaps of the two materials, enabling excitation of electron-hole
pairs over a broad spectral range. Additionally, the low intrin-
sic defect density reduces trap-assisted recombination, further
enhancing charge carrier lifetime and device sensitivity.

The CdPSe;/MoS, heterostructure illustrates how Type-II
band alignment facilitates directional charge flow, where elec-
trons and holes are naturally directed to different layers. This
built-in separation minimizes recombination and supports
high detectivity without relying on the external bias. Such
interfacial design strategies illustrate the potential of vdW
heterostructures for efficient and energy-saving self-powered
photodetection.

10. Janus and their heterostructure-
based self-powered photodetectors

Photodetectors based on self-powered Janus materials utilize
their built-in asymmetry between surfaces to transform light
into electrical signals, functioning independently of external
power sources. The different atomic structures on the top and
bottom sides of Janus materials automatically break inversion
symmetry, resulting in an internal electric field. The built-in
field enables efficient charge separation along with transpor-
tation, thus allowing autonomous photodetection functions
without any external power supply.

Janus-based SPPDs operate in a self-powered mode, where
light absorption leads to the generation of photogenerated
charge carriers. Due to the asymmetry-induced internal polar-
ization field separating photo-generated electron-hole pairs,
attracting electrons toward one layer and directing holes
toward the opposite layer become possible. When separated,
charge carriers automatically generate a photocurrent, leading
to highly efficient light detection. The devices demonstrate
widespread spectral sensitivity combining visible and near-
infrared wavelengths, thus enabling their use across polariz-
ation-sensitive imaging, optoelectronic sensing, and quantum
optical communication.

10.1 Intrinsic Janus-based SPPDs

In Janus materials, there also exist compounds that naturally
have intrinsic asymmetry without heterostructure engineering,
capable of being self-standing active SPPD layers. Intrinsic
Janus monolayers exhibit a straightforward yet extremely
efficient self-powered photodetection platform, resulting from
spontaneous internal polarization fields and distinctive opto-
electronic features.

CrSBr stands out among these materials because it demon-
strates layered vdW semiconductor qualities, including struc-
tural anisotropy, air stability, and polarization-sensitive behav-
ior. The unique combination of characteristics present in
Janus-based CrSBr devices produces exceptional functionality
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for position-sensitive and polarization-resolved self-powered
binary photodetection.?®*

Panda et al."*’ constructed single Janus-based CrSBr (SPPD)
by fabricating a Schottky junction that uses asymmetric Au-
CrSBr-Au interfaces. The electrical charge separation mecha-
nism at metal-semiconductor interfaces generates a built-in
potential, enabling photodetection independently of external
power sources. Fig. 13(a) displays the structure of the CrSBr
photodetector, including Schottky junctions that develop
between gold (Au) electrodes on the CrSBr surfaces. The device
operates without any external power vig built-in electric fields
at Au-CrSBr junctions on a SiO,/Si substrate.

The nonlinear diode behavior in the device I-V character-
istics demonstrates Schottky junction formation at the Au-
CrSBr interface, as shown in Fig. 13(b). The asymmetric curve
confirms that the device contains an internal electric field,
enabling self-powered operation in the photodetector. The
inset image shows an optical image of the fabricated device,
which shows transparent electrodes combined with a proper
CrSBr flake arrangement to facilitate efficient charge move-
ment. High responsivity and detectivity can be achieved using
the Schottky junction configuration to efficiently separate
photo-generated carriers. The photodetector data in Fig. 13(c)
reveal that the photodetector reaches a steady state in 52 ms
while decaying in the following 38 ms, indicating its high-
speed photodetection through fast carrier dynamics. The
photodetector requires a quick response time for carrying out
real-time optical sensing as well as imaging and communi-
cation applications. Under 514 nm excitation at ambient con-
ditions, the photodetector exhibits high photoresponsivity,
reaching ~0.26 mA W™ with detectivity of 3.4 x 10® Jones. The
asymmetry induces an internal polarization field, further
enhancing the charge separation efficiency. The material’s air
stability ensures durability, while its mixed chalcogen-halide
composition facilitates strong light absorption in the visible
range. Together, these properties enable CrSBr photodetectors
to operate with high responsivity, rapid response speed, and
excellent polarization sensitivity, making them highly suitable
for next-generation optoelectronic applications.

The key advantage of Janus-based SPPDs lies in their intrin-
sic polarity, which creates a natural driving force for carrier
separation without complex device engineering. This built-in
asymmetry ensures efficient photodetection while maintaining
structural simplicity, allowing devices like CrSBr photo-
detectors to combine stability, rapid response, and polariz-
ation sensitivity within a single self-powered platform.

Following the advancements with CrSBr, Xiong et al.?® fab-
ricated a self-powered broadband photodetector using continu-
ous WS, oSe;; films that achieved excellent performance
throughout the UV-Vis-NIR spectral region. The device design
with Ag/WS, oSe; 1/Ag layers produced a photodetector with
high responsivity, fast response time, and excellent detectivity.
The constructed device deposits silver (Ag) electrode layers on
a WSpoSe;; film, on a SiO,/Si substrate, as depicted in
Fig. 13(d). This device design enables effective light absorption
as well as efficient charge separation.
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Fig. 13

(a) Measurement setup design and (b) self-biased optoelectronic properties of an 82 nm CrSBr flake. I-V characteristics of the device under

dark condition. The inset contains an optical image of the device. (c) Photoresponse time and recovery time of the CrSBr device. (d) Cross-section
of the photodetector Ag/WSq 9Se; 1/Ag. (e) Photocurrent responsiveness of the devices and the relationship between specific detectivity and light
intensity. (f) Response time at 80 kHz. This figure has been reproduced from ref. 205 and 206 with permission from Optical Materials, copyright

2023. ACS Applied Materials & Interfaces, copyright 2023.

An advantage of the WS, oSe; ; photodetector over conven-
tional materials includes its ability to detect a wide range of
wavelengths while conducting self-powered operation at fast
speeds with high sensitivity. The bandgap tunability of this
material makes it suitable for detecting light waves between
UV and NIR wavelengths. At 365 nm, the device achieves a
high level of responsivity, reaching 1.5 A W™, with a specific
detectivity measurement of 1.20 x 10" Jones, indicating high
sensitivity to faint light signals. The device operates indepen-
dently of external power, utilizing its built-in electric field to
separate charges. The photocurrent increases proportionally
with light intensity, as shown in the I-V curves. The device
operates as a self-powered system because its I-V character-
istics produce different asymmetries depending on the illumi-
nation intensity. The responsivity value decreases as the light
intensity increases due to saturation effects at high power den-
sities, as shown in Fig. 13(e). Response time measurements
demonstrate that the device rapidly generates and decays
photocurrent, indicating its high-speed operation capability.
The photodetector exhibits fast response times of 1.92 ps for
rising signals at 80 kHz, while the fall time reaches 4.06 ps, as
shown in Fig. 13(f). The device uses bandgap tunability and
internal polarization from the Janus asymmetry to achieve
enhanced light-matter interaction and broad-spectrum
absorption. The device offers stable broadband detection capa-
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bilities, enabling applications across various optoelectronic
systems for imaging, sensing, and communication technologies.
The broadband efficiency of the WSy.oSe;.; photodetector
arises from the combined effects of bandgap tunability and
intrinsic asymmetry, which establish strong internal fields for
carrier separation. These features enable the device to main-
tain high responsivity across a wide spectral range while ensur-
ing rapid response times, underscoring the advantages of
Janus-based films for versatile, self-powered photodetection.

10.2 Janus heterostructure-based SPPDs

Janus-based heterostructures produce powerful SPPDs through
their asymmetric structure, which generates built-in electric
fields that assist charge separation and minimize charge
recombination.’*® The engineering process of bandgap allows
researchers to extend the device range from UV to near-infra-
red light absorption.®” The strong connection between hetero-
structures improves carrier transport while increasing the
responsivity and detectivity levels of the device.>°® The vdw
interactions in these heterostructures decrease dark current
levels and enhance device stability for suitable use in future
low-power sensitive optoelectronic applications.>*® A self-
powered photodetector, GaN/SnS,/SnSSe heterostructure, with
photodetection capabilities covering the ultraviolet spectrum,
was fabricated by Maity et al.>®” The device configuration in

This journal is © The Royal Society of Chemistry 2026
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Fig. 14 (a) Schematic of the final device under UV radiation. (b) Intensity-dependent photo-switching occurring when the device is operated at

3-volt fixed bias. (c) Intensity-dependent EQE for different device configurations. (d) Schematic of the WSe,/Ta,NiSes/WSe, vdW DHJ device (e)
Comparison of the photoelectric performance of the DHJ device with an SHJ device photodetector. EQE as a function of light power density under
a 635 nm illumination at 0 V in DHJ and SHJ devices. (f) Rise and decay times at 635 nm wavelength (24 mW) when operating in the self-powered
mode. This figure has been reproduced from ref. 128 and 207 with permission from ACS Applied Materials & Interfaces, copyright 2023. Nanoscale

Horizons, copyright 2024.

Fig. 14(a) demonstrates a vertically arranged heterojunction
between SnS,/SnSSe layers on a GaN base, creating a vdW
interface for efficient carrier separation and charge transport.
Various measurements show the performance of this photo-
detector during electrical and optical examinations. The device
exhibits stable and rapid photoresponsive characteristics in
response to multiple UV light pulses, as illustrated in
Fig. 14(b), demonstrating its excellent detection capabilities
and consistent behavior. The fast detection capabilities of this
device are shown by its quick switching time, with a rise time
of 2.15 seconds and a fall time of 3.913 seconds. The GaN/
SnS,/SnSSe heterostructure shows a better external quantum
efficiency (EQE) than that of other configurations because it
maintains a high EQE value at low light intensity levels. The
heterostructure exhibits exceptional photon-to-electron conver-
sion capability under 365 nm illumination at an intensity of
150 nW cm™2, achieving an external quantum efficiency upon
biasing at 3 V, as shown in Fig. 14(c). The exposure of the
device to 365 nm illumination enables an outstanding respon-
sivity of 314.96 AW, along with a specific detectivity of 2.0 x
10" Jones. Using SnSSe as a material allows researchers to
expand the photodetection range alongside improved respon-
sivity and detectivity performances. This heterostructure con-
sistently enhances light absorption and charge transport,

This journal is © The Royal Society of Chemistry 2026

making it a promising candidate for future bias-free opto-
electronic systems. This intrinsic mechanism supports high
responsivity and low dark current while extending detection
across a broad spectral range, underscoring the promise of
Janus heterostructures for next-generation self-powered opto-
electronic devices.

In another study conducted by Zheng et al,'*® a high-
efficiency self-powered photodetector was fabricated using a
WSe,/Ta,NiSes/WSe, vdW dual heterojunction (DHJ). Light
absorption and charge separation occur within the sandwich-
like structure shown in Fig. 14(d) due to opposing built-in elec-
tric fields between heterojunction interfaces. The spectral
response of the DHJ photodetector extends from 400 to
1550 nm, making it practicable for multi-wavelength detection
applications. The device performance was exceptional under
635 nm illumination because it obtained an ultrahigh EQE of
85.5% accompanied by a power conversion efficiency (PCE) of
1.9%, as shown in Fig. 14(e), which surpassed the performance
of the single heterojunction device. The response times for
both the rise time (420 ps) and the decay time (640 ps) were
recorded using the DHJ photodetector, as shown in Fig. 14(f),
demonstrating its high-speed optical detection capability.

The WSe,/Ta,NiSes/WSe, DHJ offers exciting prospects as a
potential future optoelectronic and imaging technology solu-
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tion because of its high efficiency, broadband operation, and
polarization-sensitive properties. Its superior performance
originates from the dual built-in fields formed at the two het-
erointerfaces, which reinforce carrier separation and suppress
recombination. This synergistic mechanism, together with the
anisotropic characteristics of Ta,NiSes, enables broadband
sensitivity, polarization-dependent detection, and stable self-
powered operation across multiple wavelengths.

11. Flexible substrate-based SPPDs
and heterostructures

SPPDs fabricated on flexible substrates are gaining attention
due to their lightweight, mechanical durability, and suitability
for integration into deformable wearable electronic systems."*'
High-performance photodetection functions thrive in devices
built on polyethylene terephthalate (PET) or polydimethylsiloxane
(PDMS) polymeric substrates due to their stretchable and curved
capabilities.”' These flexible substrates offer significant benefits
for next-generation technologies due to their inherent flexibility,
which enables their application in bio-integrated sensors, fold-
able electronics, and conformal imaging systems.>''?'?

Nguyen et al.'** demonstrated the fabrication of a flexible
SPPD with optical signal encryption capabilities using a

View Article Online

Nanoscale

Tiz;C,T, MXene-based platform. A heterostructure composed of
TizC,T,/Al,03/Zn0O/Ti;C,T,/ITO/PET serves as a device that
leverages MXene’s superior charge transport capabilities and
transparency properties. Fig. 15(a) illustrates a layered struc-
ture that utilizes an MXene film as a Schottky barrier and a
charge-transporting layer.

The photodetector exhibits a rapid photoresponse behavior
with a rise time of 8 ps and a fall time of 30 ps, as illustrated
in Fig. 15(b). The MXene layer and distinctive binding between
Al,O3 and ZnO layers enable efficient charge transport, thus
leading to fast response times. The device utilizes two photo-
detection effects simultaneously through photoconductivity
and pyroelectricity, as demonstrated in Fig. 15(c). The device
becomes more effective at detecting weak optical signals due
to fluctuations in light intensity, because of the pyroelectric
contribution. The superior detection sensitivity of this device
stems from responsivity and detectivity values of 0.34 A W*
and 1.4 x 10" Jones, respectively. The performance of the
device is defined by its flexibility and high optical transpar-
ency, exceeding 68%. The device performs exceptionally well
in wearable and optoelectronic communication systems due to
its transparency and mechanical flexibility. The structural
stability of the device was tested through repeated bending to
demonstrate its durability when applied to flexible devices.
MXenes exhibit high surface conductivity and rich functional
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(a) Schematic of the device with E-TizC,T,, and a digital image of the measurement setup, where a light wavelength of 365 nm is used, (b)

Performance of the TizC,T,/Al,03/ZnO/TizC,T,/ITO/PET TPD including photo-response speed (c) and responsivity. (d) Schematic of the Ga,O; MW/
MXene photodetector. (e) Photoelectric characteristics and energy band diagram of the Ga,O; MW/MXene photodetector. Spectral responsivity
obtained at zero bias (f) Iohoto and lyark Of the device at different bending cycles (bending angles = 60°). This figure has been reproduced from ref.
215 and 216 with permission from Nano Energy, copyright 2023. CrystEngComm, copyright 2023.
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terminations (-OH, -F, -O), which facilitate efficient charge
transport and strong interfacial bonding with oxide layers,
such as Al,O3; and ZnO, thereby minimizing trap states and
enhancing carrier mobility. Moreover, the layered structure
enables smooth charge flow and allows for transparent light
entry, while the flexible PET substrate ensures mechanical
durability under bending. The simultaneous use of photocon-
ductive and pyroelectric effects, enabled by the polar crystal
structure of ZnO, enhances the device’s sensitivity to weak and
fluctuating light signals, distinguishing it from conventional
SPPDs. This performance stems from the coupling of polariz-
ation-induced internal fields with interfacial charge transport,
where MXene’s surface terminations facilitate efficient carrier
mobility while minimizing trap states at oxide interfaces. These
synergistic effects ensure the rapid and stable generation of
photocurrents. When integrated on PET substrates, they pre-
serve self-powered functionality under bending, establishing a
reliable pathway toward flexible and wearable optoelectronics.

Furthermore, Tang et al'®® fabricated a flexible self-
powered solar-blind photodetector that utilizes Ga,O; micro-
wires (MW) connected to MXenes. The schematic (Fig. 15(d))
of the device shows its configuration with a Ga,0; MW/MXene
junction that efficiently separates charges due to the strength
of its built-in electric field at the contact point. The device
design enables high-sensitivity detection of solar-blind UV
light. The photodetector achieved a powerful responsivity of
0.25 mA W', with a detectivity reaching 4 x 10° Jones under
254 nm UV irradiation, as shown in Fig. 15(e). The photo-
detector demonstrates efficient operation within the solar-
blind spectrum because conventional detectors fail due to
interference from visible light.

The photodetector demonstrated reliability based on cyclic
bending tests, which reached 300 cycles without showing any
significant changes in photocurrent or dark current levels, as
presented in Fig. 15(f). Repeated mechanical bending does
not affect this material’s photoresponse, indicating its excel-
lent potential to work in flexible electronic applications. The
ultra-wide bandgap of Ga,O; (~4.9 eV) enables it to absorb
only deep-UV photons, blocking visible light and allowing for
high spectral selectivity. Meanwhile, the MXene contact forms
a low-barrier junction, promoting rapid carrier extraction due
to its high conductivity and work function alignment.
Moreover, the built-in electric field at the Ga,03;/MXene inter-
face efficiently separates photogenerated carriers, and the
microwire geometry ensures localized, directed charge trans-
port with minimal recombination.

The Ga,0; MW/MXene photodetector derives its perform-
ance from the synergy between Ga,O;’s ultra-wide bandgap,
which ensures deep-UV selectivity, and the built-in electric
field at the heterojunction that drives efficient carrier separ-
ation. The MXene contact provides a low-barrier pathway for
rapid extraction, while the microwire geometry suppresses
recombination through directed transport. These combined
mechanisms enable solar-blind detection with high spectral
selectivity and mechanical durability under repeated bending,
outperforming conventional rigid detectors.*'*

This journal is © The Royal Society of Chemistry 2026
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11.1 Heterostructures on flexible substrates

Research on 2D heterostructures combined with flexible
materials has led to the fabrication of efficient self-powered
photodetectors (SPPDs).>'” These layered materials, built from
van der Waals (vdW) components, including MoS,, WS,, gra-
phenes, and h-BN, enable wearability and elasticity through
their adjustable band edges and strong light-interaction
characteristics.>'*?'® The optoelectronic properties of these
materials change in response to strain applications, leading to
performance improvements that include faster response times,
improved mechanical stability, and higher responsivity. Self-
powered photodetection becomes feasible through a combi-
nation of built-in electric fields or asymmetric Schottky junc-
tions, eliminating the need for external power. Next-generation
soft electronics, bio-integrated sensors, and intelligent
imaging systems will use 2D heterostructures as fundamental
materials.”"®

Jang and Choi et al.'*' developed an SPPD device that uti-
lizes a trifluoromethanesulfonyl-amide (TFSA)-GR/WS, vertical
heterostructure as a semitransparent, flexible photodetector
device. The device in Fig. 16(a) combines fast charge carriers
of graphene with intense light-matter coupling of WS, to
create a powerful van der Waals heterostructure. Doping gra-
phene with trifluoromethanesulfonyl-amide (TFSA) helps
control the built-in electric field in the device, enabling it to
operate without requiring an external power source. This
enables efficient self-powered performance by enhancing the
charge separation and transport within the device.

The photoresponse characteristics of the TFSA-GR/WS,
photodetector reveal impressive performance across a broad
ultraviolet-to-visible (UV-Vis) spectrum. The responsivity (R)
achieves 0.14 AW ™" together with an EQE of 40% and a detec-
tivity (D*) of 2.5 x 10° Jones at 400 nm, as shown in Fig. 16(b).
The heterostructure exhibits exceptional light absorption capa-
bilities, serving as a key performance indicator. The device has
an extended absorption range, allowing it to detect a wide
bandwidth during photodetection operations. The device’s re-
sistance to mechanical bending was examined through
repeated tests, as shown in Fig. 16(c). Twice-daily bending of
the heterostructure through 3000 cycles demonstrated that the
photodetector output retained 88% of its original detection
capabilities, indicating excellent long-term durability for wear-
able electronics applications. The excellent performance of the
device stems from TFSA doping, which enhances the built-in
electric field of graphene for efficient charge separation, com-
bined with the strong light absorption of WS, across the
UV-Vis spectrum.

The TFSA-GR/WS, heterostructure highlights how doping-
induced modulation of graphene’s built-in field, combined
with the intense light-matter interaction of WS,, enables
efficient charge separation and broadband absorption without
any external bias. The vdW interface ensures rapid carrier
transport with minimal recombination, while the flexible plat-
form sustains high performance under extensive bending.
Together, these mechanisms establish a durable, self-powered,
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(a) Schematic of the TFSA-GR/WS, photodetector. Band diagrams of the PD (b) spectral responsivity and EQE at zero bias. (c) Repeated on/

off switching behaviors of current density at zero bias for various light powers. (d) Schematic of vertical heterostructures for flexible photodetector
arrays. (e) Variations in photocurrent for different power densities and strain values. (f) Photocurrent for different strained photodetectors under
increasing illumination power densities. This figure has been reproduced from ref. 131 and 221 with permission from the Journal of Alloys and

Compounds, copyright 2022. Nano-Micro Letters, copyright 2025.

and spectrally versatile photodetector ideally suited for next-
generation wearable and conformal optoelectronics.

Tang et al.>*°
vertical heterostructure composed of GaN nanorod arrays
(NRAs), MoS,, and PEDOT:PSS. The 1D GaN NRAs constructed
on 2D MoS, increase light absorption and carrier separation,
as depicted in Fig. 16(d). The PEDOT:PSS layer functions as a
hole transport layer because this structure enhances the extrac-

reported a flexible photodetector based on a

tion of charges. The device functions autonomously, with a UV
illumination responsivity of 1.47 AW~ and a detectivity of 1.2
x 10" Jones, and has response times of 54/71 ps. The response
and detection abilities decrease progressively as the power
density increases due to recombination effects, as shown in
Fig. 16(e). The application of a compressive strain of —0.78%
induces piezo-polarization charges, improving both device
responsivity to 2.47 AW™" and detectivity to 2.6 x 10*" Jones.
Fig. 16(f) shows that the device maintains a stable photo-
current after undergoing 300 bending cycles, indicating its
strong mechanical durability. The device exhibits a strain-
dependent response, verifying the phenomenon known as
piezophototronics, which enhances charge separation per-
formance under compressive strain conditions. The photo-
detector offers real-time UV sensing and imaging capabilities,
making it suitable for wearable UV monitoring and flexible
imaging applications. The superior performance of the device

562 | Nanoscale, 2026, 18, 537-574

arises from GaN nanorods enhancing light absorption and
charge separation with MoS,, while PEDOT:PSS aids efficient
hole transport. Compressive strain induces piezoelectric polar-
ization in GaN, enhancing the built-in electric field and
improving responsivity and detectivity. Its strain-tunable
photoresponse and mechanical durability after bending cycles
make it ideal for flexible, wearable UV sensing, outperforming
traditional rigid photodetectors.

12. Schottky junction-based SPPDs
and their heterostructures

SPPDs that use Schottky junctions extract power from metal-
semiconductor built-in electric fields to split charges based on
the metal-semiconductor interface.””> The Schottky barrier
established between a semiconductor and a metal drives
photogenerated carrier movement through the device, leading
to efficient operation and high-speed response in addition to
very low dark current.””* The combination of heterostructure
Schottky SPPDs with 2D materials, such as MoS,, WS,, and
graphenes, alongside bulk semiconductors or metals, yields
devices that offer superior photoresponsivity and broadband
detection capabilities, as well as adjustable band
alignments.>*>?** Thanks to their strong light-matter inter-

This journal is © The Royal Society of Chemistry 2026
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actions combined with rapid carrier transport, these hetero-
structures perform exceptionally well in optoelectronic devices,
wearable systems, and transparent sensors. Recent break-
throughs in SPPDs have emerged through band engineering,
doping methods, and the implementation of flexible sub-
strates, making efficient large-scale SPPD designs possible.

Tong et al.>*® fabricated a photodetector composed of asym-
metric van der Waals (vdW) contacts connected through gra-
phene/WSe,/graphene (Gr/WSe,/Gr), as shown in Fig. 17(a). A
dry-transfer integration process couples different thickness
graphene electrodes with monolayer WSe, while minimizing
defects and suppressing Fermi-level pinning at interfaces. The
charge-carrier separation and collection improved because the
asymmetric Schottky barriers formed by the graphene electro-
des function in the device.

The photodetector achieves superior performance charac-
teristics through its 20.31 mA W™ responsivity, along with an
open-circuit voltage of 0.37 V and a light-to-dark ratio of 10°,
as shown in Fig. 17(b). The device responds strongly to visible
wavelengths following illumination at 488 nm, 532 nm, and
633 nm and performs better at shorter wavelengths. The
observed pattern proves that the device can detect broadband
light signals with adjustable response behaviors. The device
exhibits rapid photodetection, with a rise time of 42.9 ps and a

View Article Online
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decay time of 56.0 ps, as shown in Fig. 17(c). Repeated switch-
ing tests verify that the Gr/WSe,/Gr photodetector exhibits
dependable operation properties for practical implementation.
The results showed that graphene-based heterostructures offer
excellent prospects for developing next-generation opto-
electronic equipment, such as wearable sensors, imaging
systems, and optical communication technologies. Repeated
switching tests confirm the reliable performance of the Gr/
WSe,/Gr photodetector for practical applications. The strong
van der Waals bonding between graphene and WSe, creates
clean, defect-free interfaces that facilitate efficient charge
transfer. In contrast, the high carrier mobility of graphene
ensures rapid response and low recombination losses. These
factors, when combined, result in stable and consistent oper-
ation. This combination of excellent interface quality and fast
carrier dynamics makes graphene-based heterostructures
especially promising for advanced optoelectronic devices such
as wearable sensors, imaging systems, and optical communi-
cation systems, which outperform many conventional rigid
devices with slower response times and less mechanical
flexibility.

Building on advancements in Janus and 2D material-based
photodetectors, Ghanbari et al.>*® fabricated a geometrically
asymmetric p-type 2D molybdenum diselenide (GA-MoSe,)
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(@) Schematic of the Gr/WSe2/Gr photodetector. Inset shows the OM image of the Gr/WSe,/Gr photodetector (red dotted lines and black

dotted lines show multilayer WSe, and Gr, respectively). (b) R under three laser wavelengths (488, 532, and 633 nm) at V45 = 0 V. (c) 7, and z4 of the
photodetector. (d) Schematic of the GA-MoSe, photodetector device with drain—source voltage (V) and gate—source voltage (V). (€) Responsivity

(R) and detectivity (D*) of the photodetector at several bias voltages with

the same light intensity of 0.73 mW cm™2. (f) /-t characteristics of the

GA-MoSe, device at a light intensity of 0.73 mW cm™2, V4 = 3V, and different gate biases of Vgs = —15-15 V. This figure has been reproduced from
ref. 226 and 227 with permission from Advanced Optical Materials, copyright 2024. ACS Applied Materials & Interfaces, copyright 2023.
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photodiode with Cr/Au asymmetric electrodes, as shown in
Fig. 17(d). The asymmetric interfaces between MoSe, and
metal layers establish built-in Schottky barriers, improving
charge separation and rectification responses. A high rectifica-
tion ratio of around 10* allows this device to perform diode
functions while detecting light signals through self-powered
photodetection. The photodetector achieved its highest
responsivity level at 430 mA W™, while displaying a detectivity
value of 1.96 x 10" Jones at a bias of 3 V, as illustrated in
Fig. 17(e). The application of gate bias resulted in an electro-
static doping effect, which increased the responsivity to
1615 mA W', The measured response time reached 2.3 ms,
indicating suitability in high-speed optoelectronic applications.

The response of the photocurrent over time occurs under
different gate voltages, Vg, for 470 nm illumination, as shown
in Fig. 17(f), demonstrating the performance stability of the
photodetector across various electrical excitation conditions.
The quick response time of 2.3 ms proves its suitability in
high-speed optoelectronics applications. The simple fabrica-
tion process, high rectification ratio, and strong photoresponse
position GA-MoSe, photodiodes as promising candidates for
next-generation self-powered and flexible photodetectors. The
built-in electric field at asymmetric Schottky junctions drives
effective separation of photogenerated electron-hole pairs,
minimizing recombination losses. Moreover, the layered struc-
ture of MoSe,, with its intense light absorption and tunable
electronic properties, contributes to high sensitivity and stability.

13. Perovskites and their
heterostructures for self-powered
photodetectors

Perovskite materials and related heterostructures have gar-
nered considerable interest in self-powered photodetection
due to their high absorption coefficients, long carrier diffusion
lengths, and adjustable bandgaps.**® Due to their combination
of these characteristics, perovskites are suitable for broadband,
low-power photodetection.”****® By combining perovskites
with substances such as metal oxides or 2D TMDCs, hetero-
structure-based self-powered perovskite photodetectors can
enhance carrier separation and reduce recombination loss.***

The device exhibits high responsivity, detectivity, and
speedy response times, and has been further improved
through advances in band engineering and interface optimiz-
ation. In addition, flexible perovskite-based SPPDs have been
developed for wearable and transparent electronics, exhibiting
good mechanical strain resistance and a long lifetime under
environmental exposure. Perovskite heterostructures are prom-
ising next-generation energy-efficient optoelectronic devices
built upon these advancements.

13.1 Perovskite-based self-powered photodetectors

Zhao et al'® developed a self-powered 2D perovskite

Pb,Nb;0;, photodetector with a layered structure, enabling
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effective charge transport and light absorption. Fig. 18(a)
shows the device that consists of a thin Pb,Nb;0,, flake with
strong optical absorption and high carrier mobility. Self-
powered operation is possible without any external bias, which
is achieved through the rapid separation of charges due to the
intrinsic built-in electric field within the material. The transi-
ent photoresponse at different wavelengths is shown in
Fig. 18(b), exhibiting a rise time of 0.2 ms and a decay time of
1.2 ms, making the device suitable for high-speed opto-
electronic applications. Furthermore, Fig. 18(c) shows that the
photodetector’s responsivity reaches up to 2.8 AW, and its
detectivity is 1.2 x 10" Jones. Its broadband detection in the
range of 300 to 500 nm is confirmed by the spectral response
curve that demonstrates the strong absorption of the device in
the range of ultraviolet to visible.

The Pb,Nb;0;, photodetector is also stable with repeated
illumination cycles and durability. Together, high responsivity,
rapid response time, and self-powered operation make this
device a promising candidate for next-generation UV photode-
tection, environmental sensing, and optical communication
applications. Guo et al.>*? fabricated a self-powered UV photo-
detector based on a 2D perovskite ferroelectric layer for charge
separation using its intrinsic electric field. Fig. 18(d) shows the
layered perovskite integrated device with an ITO electrode,
guaranteeing the strong light absorption and efficient charge
transport. Ferroelectric polarization enhances the internal
electric field, leading to self-powered operation without any
external bias. Strong UV detection at 360 nm, as shown in
Fig. 18(e), suggests that efficient carrier separation is observed.
As shown in Fig. 18(f), it achieves an ultrahigh responsivity of
891.7 AW " and a detectivity of 10'* Jones, exceeding all other
reported wideband photodetectors in terms of sensitivity. The
responsivity and detectivity variations over the power density
also show that it performs well under various light conditions.
This photodetector offers high responsivity, fast response
times, and excellent stability by combining the ferroelectric
properties and the perovskite structure. The operation of per-
ovskite-based SPPDs fundamentally relies on their intrinsic
polarization fields and long carrier diffusion lengths, which
enable efficient charge separation without any external bias. In
layered perovskites, such as Pb,Nb;0;,, strong absorption and
high mobility enhance broadband responsivity. In contrast,
ferroelectric perovskites utilize spontaneous polarization to
amplify the built-in field, achieving ultrahigh sensitivity. These
synergistic mechanisms, coupled with the structural tunability
of perovskites, establish them as versatile platforms for scal-
able, self-powered photodetection across UV-visible ranges
with potential for integration into flexible and wearable
electronics.

13.2 Perovskite heterostructure-based self-powered
photodetectors

SPPDs based on perovskite heterostructures exhibit unique
properties including high light absorption, long carrier
diffusion lengths, and tunable band gaps. Integration with
organic materials, 2D materials, and metal oxides further

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr03378k

Open Access Article. Published on 17 oktober 2025. Downloaded on 16. 03. 2026 21:58:51.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Review
C
(a) (b) ()
— 450NM = 400NM w— 350nm B v rae |

0.8} e ey eal 3 OV Responsivity] 1.2_

M 3 OV Detectivity =

<06} <5 1098

) > =

- 9 ZF

G 0.4 2 0.6

= 4 £ 5

O 0.2} ﬂ - 03>

G b )

x 3

0.0 —Jﬂur‘u § . . . . : : 00&

0 50 100 150 200 250 300 350 300 350 400 450 500 550 600
Time (s) Wavelength (nm)
(d) (e) (f)
O.')

A aaa BN A = gaI 127.3 1001 . F5 8
5666 ES00 666 o =1 ot 636.9 | D’ ot ~@= e ol
2 4@ . 5 % % z 14 i - . . 9
M%’_ ;;\ N AN A — 2.7 ?2;370 Z/ ; 80+ D photo+pyro RV’C“"W" 20

~\ - —— 63.6 : o)
PC61BM B ok % 0.0- Z | < S|
= Z = 601 r15 >
& 2 Z
Perovskite film é -0.1 g 40+ r 10%
3 &) 8
TON I ’ -0.24 204 5 ®
04 L
-0‘3< T T T T T oy p - - oy 0
-1.0 -0.5 0.0 05 1.0 0.1 1 10 100 1000
Voltage (V) Power Density (uW cm)

Fig. 18 Photodetection performance of the Au-PNO-Ti device. (a) Optical microscopic photograph of the Au-PNO-Ti device. (b) Photodetection
performance of the Au-PNO-Ti device at 350 nm under 0 V. /-t curves for the device under different light illumination conditions. (c) Responsivity
and detectivity for the Au-PNO-Ti device. (d) Schematic showing the device structure. Inset: chemical structure of BA* and BDA2". (e) I-V character-
istics under a 360 nm laser with different power densities ranging from 0 to 1273 pW cm™2. (f) Corresponding detectivities and responsivities of the
PD as a function of the power density. This figure has been reproduced from ref. 136 and 232 with permission from the Journal of Materials Science
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enhances the carrier separation efficiency by suppressing
recombination losses and improving detection sensitivity.>*®
Yan et al.*** then reported a large area 2D perovskite oxide/
organic heterojunction in a study to realise a self-powered UV
photodetector of improved sensitivity and stability. The vertical
heterojunction structure was formed by combining the
Ca,Nb, 5Tay 5059 (CNTO) perovskite oxide nanosheets and
PC71BM organic semiconductors, as shown in Fig. 19(a).

Fig. 19(b) illustrates the device, which features a fast rise
time of 0.97 ms and a decay time of 8.5 ms. Furthermore, a
responsivity of 60 mA W™ at zero bias under 290 nm illumina-
tion is also shown for the photodetector in Fig. 19(c). It sig-
nifies efficient charge transport through the built-in electric
field in the heterojunction. By incorporating the organic layer
into the perovskite film, the organic layer filled the pinholes in
the perovskite film, suppressing the dark current by 100 000
times and simultaneously improving the charge carrier mobi-
lity, resulting in excellent photodetection efficiency.
Additionally, this work demonstrates the promise of hybrid
perovskite oxide/organic heterojunctions for high-perform-
ance, self-powered UV photodetectors in wearable opto-
electronics, UV communication, and next-generation sensor
devices.

In another study, Gedda et al.™*® developed a high-speed,
self-powered 2D perovskite photodetector with excellent

This journal is © The Royal Society of Chemistry 2026

ambient stability, utilizing planar nanocavity engineering to
enhance light absorption and carrier extraction. As depicted in
Fig. 19(d), the device featured a multi-layer architecture com-
prising an ITO electrode, a Ag/Mg interlayer, and a perovskite
active layer. The nanocavity structure, which dramatically
enhances light confinement, significantly improved the high
responsivity and photodetection performance.

Under different conditions, the device’s performance was
evaluated by measuring the responsivity (R) and detectivity
(D*). Due to its higher optical absorption, the photodetector
with a cavity structure in Fig. 19(e) exhibits a significantly
higher responsivity than that of the device without a cavity
structure, particularly in the visible region (~450 nm). An
experimental setup image is shown in the inset of the figure
for the real-time evaluation of the device’s response. It
suggests that the photon utilization efficiency can be increased
by using a nanocavity integrated into the device structure.

Additionally, Fig. 19(f) displays the time-resolved photo-
current measurements, which feature a fast response time of
30 ns, essential for high-speed photodetection. The spectral
response analysis also confirms that the nanocavity design is
versatile for increasing responsivity and maintaining consist-
ent responsivity over a wide spectral range. These studies high-
light how perovskite heterostructures achieve efficient self-
powered photodetection by combining intrinsic material pro-
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Fig. 19

(a) Schematic of the photodetector charge separation and transportation process based on CNTO/PC71BM. (b) Device's response time at 0

V. (c) Responsivity and EQE of the device at 0 V. The device has the CNTO/PC71BM hybrid as the photosensitive layer. (d) Schematic of the device
with the inset showing the absorption distribution of a 10 nm perovskite film with an SnO, spacer. (e) Spectral responsivity and specific detectivity of
the PD, comparing results with and without the cavity structure. The inset shows the digital photograph of the PD under operation. (f) Time-resolved
photoresponse of the 2D perovskite photodetector exhibits a response time of 30 ns. The inset highlights a 70% absorption enhancement with the
nanocavity structure. This figure has been reproduced from ref. 86 and 233 with permission from Materials Science and Engineering: R: Reports,

copyright 2025. Advanced Functional Materials, copyright 2024.

perties with structural engineering. In CNTO/PC71BM devices,
the built-in electric field at the oxide-organic interface pro-
motes charge separation while the organic layer suppresses
dark current and enhances mobility. In nanocavity-engineered
perovskites, light confinement maximizes photon absorption
and accelerates carrier extraction, enabling ultrafast response.
Together, these mechanisms demonstrate that hybrid and
engineered perovskite heterostructures can couple high sensi-
tivity with speed and stability, positioning them as leading
candidates for next-generation self-powered optoelectronics.

14. Challenges, solutions, and future
perspectives

SPPDs offer significant advantages in optoelectronics, primar-
ily due to their energy efficiency, adaptability, and capability
for integration into low-power applications such as wearable
electronics and optical communication systems. Nonetheless,
numerous significant challenges hinder the wide-ranging
applications of these devices. A key concern is the stability of
materials used in perovskite-based and flexible photo-
detectors. Perovskite materials exhibit great potential due to
their high absorption coefficients and adjustable band gaps;
however, they are highly susceptible to environmental con-
ditions such as moisture and oxygen, leading to degradation
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over time. Flexible SPPDs, commonly used in wearable devices,
encounter issues related to mechanical stability, as the
materials employed must endure repeated deformation while
maintaining performance integrity. To address these stability
challenges, it is crucial to explore new encapsulation methods,
develop more stable material formulations, and innovate in
flexible electronics that ensure long-term reliability in practical
applications.

Alongside material stability, the effectiveness of charge
transport in SPPDs remains a challenge. Defects at material
interfaces can considerably impair the performance of these
devices, resulting in elevated dark currents and poor charge
separation. To address this challenge, investigations have
focused on the application of 2D materials such as graphenes,
TMDCs, and MXenes, which offer high charge mobility and
transparency, thereby facilitating more efficient photodetec-
tion. These materials have the potential to create hetero-
structures that facilitate charge separation, minimise recombi-
nation, and boost the overall performance of the device.
Moreover, the incorporation of Janus materials, characterized
by their asymmetric properties, has demonstrated potential in
advancing self-powered devices that exhibit improved polariz-
ation sensitivity. Furthermore, the scalability of SPPDs con-
tinues to pose a significant challenge, as existing fabrication
techniques for 2D materials are currently limited to small-area
production. Innovations in scalable fabrication methods, such

This journal is © The Royal Society of Chemistry 2026
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as roll-to-roll processing, combined with hybrid strategies that
integrate conventional semiconductor fabrication with new 2D
materials, may offer a solution to this challenge.

In the future, SPPDs will be integrated into next-generation
optoelectronic systems due to their advancements in device
engineering, fabrication methods, and materials science.
Utilizing machine learning (ML) and artificial intelligence (AI)
holds great promise for accelerating the discovery of new
materials and enhancing the device performance. The
implementation of these technologies can enhance the design
of innovative heterostructures, inform material choices, and
improve fabrication methods, ultimately leading to more
efficient and resilient SPPDs. Moreover, incorporating SPPDs
into wireless sensor networks (WSNs) and the Internet of
Things (IoT) presents novel opportunities for real-time
sensing, environmental monitoring, and health diagnostics.
Self-powered devices such as SPPDs have the potential to
reduce dependence on external power sources, making them
excellent candidates for use in remote sensing and portable
systems.>** The integration of flexible substrates, improved
material characteristics, and self-sufficient functionality will
allow SPPDs to play a crucial role in wearable electronics and
biomedical devices, leading to advancements in sustainable
and energy-efficient optoelectronic systems.

15. Conclusion

Self-powered photodetectors (SPPDs) hold the promise of trans-
forming next-generation optoelectronics by providing energy-
efficient, high-performance devices suitable for various appli-
cations including wearable electronics and optical communi-
cation. Despite considerable progress in materials and device
engineering, challenges such as material stability, environmental
degradation, fabrication scalability, and charge transport
efficiency still need to be addressed to unlock their full potential.
The incorporation of cutting-edge materials such as 2D
materials, perovskites, MXenes, and Janus heterostructures
demonstrates potential for improving the device performance;
however, additional optimization is required to overcome current
challenges related to response time and dark current. The
ongoing advancement of scalable fabrication methods, along
with breakthroughs in interface engineering and material
design, will be crucial for the broad commercialization of SPPDs.
Anticipating future developments, the integration of self-powered
photodetectors into wireless sensor networks, IoT devices, and
biomedical applications presents interesting opportunities for
real-time sensing and energy harvesting systems, setting the
stage for sustainable, next-generation optoelectronic devices.
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