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Abstract 

Self-powered photodetectors (SPPDs) are becoming crucial in energy-efficient 

optoelectronics. They operate without external power, utilizing built-in electric fields and 

photovoltaic effects. Their applications range from wearable sensors to optical communication. 

Recent advancements in 2D materials, perovskites, Janus heterostructures, Schottky junctions, and 

flexible substrates have significantly improved responsivity, broadband absorption, and 

mechanical flexibility. However, challenges in stability, large-scale fabrication, and charge 

transport efficiency remain, hindering commercial adoption. This review critically examines 

recent progress in heterostructure-based SPPDs, addressing key challenges in device performance, 

material integration, and scalability. While previous research has explored individual material 

platforms, gaps remain in long-term stability, interface defects, and large-area processing. This 

study highlights the potential of novel fabrication techniques and doping strategies to enhance 

detection performance by analyzing advances in interface engineering, band alignment, and hybrid 

material systems. The 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 insights for future advancements in high-performance, self-sustaining 

photodetection technologies.

Page 2 of 80Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
ok

tó
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 2
1.

10
.2

02
5 

18
:0

9:
14

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR03378K

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


3

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 [1-3]. This technology 

is widely used in image processing applications [1, 2], optical communication [3, 4], and other 

domains, where it plays 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 [8] automatically. In cameras, charge-coupled 

devices are used to ensure that precise images are captured. Night observation and security 

surveillance require infrared detectors [5, 6]. Additionally, photodetectors are utilized to obtain 

high-quality medical images [7, 8]. Depending on the device design, photodetectors (PDs) often 

require external bias to allow mobility of photogenerated charge carriers (electrons and/or holes) 

for photocurrent generation [9, 10]. However, by adjusting the energy band gaps of the individual 

materials, it is possible to establish an internal electric field between them and to utilize it as energy 

for the photodynamic carriers. Self-powered photodetectors operate without an external bias and 

are considered technologically essential for low-power electronics, such as image sensing and 

optical communications [11, 12]. Self-powered photodetectors (SPPDs) rely on several 

fundamental mechanisms that allow them to operate autonomously without requiring an 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 separated by built-in electric fields, which drive the flow of 

carriers and generate a photocurrent. For materials like Transition Metal Dichalcogenides 

(TMDCs), such as MoS₂ and WSe₂, the internal electric fields are generated at the interfaces 

between the material and the electrodes, particularly through the formation 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 [13-16]. This is, nevertheless, constrained 

by the rigorous criteria for excellent performance in portable applications, which preclude the use 

of traditional methods involving bulk semiconductors in the construction of SPPDs [17]. 

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 
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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 using two-dimensional materials (2D), such as 

graphene and TMDCs [18, 19]. Due to their efficient surface-to-volume ratio and compatibility 

with standard lithography techniques in lateral dimensions, 2D materials can be effectively utilized 

in electronics or signal processing applications. Currently, researchers 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 the graphene, TMDCs (MoS2, WSe2, MoSe2, etc.), semiconducting dichalcogenides 

(MoTe2, WTe2, etc.), layered semiconductors (GaSe, GaS, GaTe, InSe, etc.), [20, 21] complex 

molecular structures such as perovskite [22] and 2D organic molecular crystals (OSCs) [23, 24], 

and many more. 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 graphene are auspicious for fabricating 

transparent electrodes and flexible optoelectronic devices [25]. For PDs, graphene was the first 2D 

material due to its outstanding electrical properties, including a high mobility of up to 200,000 cm² 

V ¹ and a bandwidth of up to 40 GHz [26-29]. However, the absence of a bandgap in graphene and 

the associated generation of dark current result in significant noise contributions to the signal, 

significantly limiting its application in further photodetection. Recently, there has also been 

considerable interest in 2D TMDCs [13] due to their high mobility [30], considerable absorbance 

[31-33], and adjustable bandgap [34]. 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 [35]. TMDCs with intrinsically passivated surfaces, 

lacking dangling bonds, offer a straightforward method for fabricating constructed 

heterostructures. 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 [36-38].
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2.1. Molybdenum disulfide (MoS2): MoS2 has recently garnered much interest among the 

TMDCs in photodetection. Due to the multiple layers in 2D materials like MoS2, 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, W) sandwiched between two layers of 

chalcogen atoms (S, Se, T) [39]. An indirect energy band gap of around 1.2 eV [11] defines 

the bulk electronic structure of MoS2. At the monolayer limit, like other group VI TMDCs, 

MoS2 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 [40]. In addition, TMDCs 

are reported to exhibit large spin-orbit coupling (SOC) [30, 39, 41], which is related to the d-

orbitals 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 MoS2 material [41]. The broken degeneracy in MoS2 

and its potential use in optoelectronic applications within the scope of valleytronics is enabled 

by the presence of this broken degeneracy. This characteristic makes them suitable as stable 

carriers in electronic device applications [42-44]. 

2.2. Molybdenum diselenide (MoSe2): MoSe2 is a new member of the family of TMDC 

materials. The bulk exhibits an indirect band gap of 1.1 eV [45], which can be reduced to 1.5 

eV [46] through exfoliation to a few layers. This material shows promise for near-infrared 

photodetection and a layered crystal similar to that of MoS2 in a monolayer. However, its 

broader bandgap distinguishes MoSe2 from MoS2, which impacts 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. MoSe2 exhibits 

favorable electrical characteristics and efficient light absorption across visible to near-infrared 

wavelengths. It has demonstrated significant potential for developing advanced devices, 

including field-effect transistors, phototransistors, and photodetectors [47].

2.3. Tungsten disulfide (WS2): Another 2D material, WS₂, has attracted significant interest due 

to its high surface-to-volume ratio, adjustable bandgap, and excellent electronic properties 

[48]. This is because the direct bandgap in the monolayer form is around 2.0 eV, which 

explains the remarkable optical characteristics of WS₂, especially the intense absorption in 

the visible range. As the thickness increases, it changes to a 1.4 eV indirect bandgap. For 
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example, in monolayer form, the quantum yield for the photoluminescence of WS₂ is high, 

and such a material is highly desirable for optoelectronic applications [49]. 

2.4. MXene: 2D transition metal carbides, nitrides, or carbonitrides (MXene) also attracted 

significant attention as a potentially vast family of inorganic materials. They possess a general 

formula. Mn+1XnTx is the general notation of MXene in which M denotes an early transition 

metal (by multiples or by a random sequence), X is carbon and/or nitrogen elements, and Tx 

is surface terminations (reactive end groups, halogens, 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 tailored 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 [50].

2.5. Black Phosphorus (BP): Another type of 2D material, Black phosphorus (BP), is a promising 

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 [51] to about 2 eV in monolayer [36]. This may lead to 

high-performance optoelectronic devices in the medium wavelength infrared (MWIR) region. 

BP thin films support monolithic integration with conventional electronic materials, such as 

silicon, and can be deposited on any substrate, including typical ones like flexible substrates 

[52, 53]. 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 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) possess a bandgap comparable to 

that of the bulk form (∼0.3 eV) and superior photon absorption to 2D single layers of graphene 

or transition metal dichalcogenides [54]. However, many BP-based photodetectors have low 

responsivity, making it difficult to detect weak optical signals.
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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 versatility, have demonstrated 

exceptional responsivity and quick response times in self-powered modes [55, 56]. 

Additionally, recent developments that combine perovskites with layered heterostructures and 

ferroelectric materials have greatly improved the stability and detection performance of 

devices in real-world scenarios [55, 57]. 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 asymmetrical surface characteristics with different functionality on the two 

sides, such as MoSSe[58]. This unique structure exhibits outstanding optical characteristics, 

yielding strong light absorption, enhancing nonlinear optical response, and featuring 

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 [59].

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 [34, 60, 61]. Fabricating a unique 

variety of van der Waals heterostructures (vdWHs) enables the realization of many optoelectronic 

devices with highly desirable functionality and performance by circumventing lattice mismatches 

[62-65]. The interlayer band alignment in 2D vdW heterojunctions can facilitate interlayer 

photoexcitation [67, 68], enhance charge separation [69-73], and broaden the photoexcitation 

spectrum [66-68]. vdWHs enable the combination and enhancement of 2D materials, facilitating 
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the development of innovative functionalities and performance augmentation in optoelectronic 

devices [69-72]. Recently, devices using vdW materials with variable polarity have drawn 

intensive attention. Changing polarity can improve many functions in specific devices, including 

light-emitting diodes, memory transistors, and logic circuits [73-77]. 2D materials exhibit high 

responsivity and rapid response times, making them excellent light detectors [78, 79]. However, 

to date, most 2D material-based photodetectors are designed to operate with an external power 

supply, which is utilized by photogenerated carriers to generate a photocurrent [80, 81]. An 

interesting area of research for next-generation nanodevices is the development of self-powered 

optoelectronic devices that can operate autonomously, 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 other hand, self-

sustainable nanotechnology junction-based towards highly minute, flexible, and energy-efficient 

nano systems for development. SPPDs possess an inherent electric 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 effectively through wide 

separation at the interface. The detailed design includes material configuration and electrical 

connections 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. 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, providing a 
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promising foundation for the future use of Photoelectrochemical (PEC)-type devices [82, 83]. 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 [84]. The need for enhanced conductivity and flexibility was introduced 

by MXenes [93], while Janus structures addressed the need for intrinsic asymmetry to internal 

electric fields [85]. Hybrid systems, particularly those integrating perovskites and PEDOT: PSS, 

have further pushed device performance by combining the strengths of organic and inorganic 

systems [86] 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 Figure (1) illustrates the development of SPPDs from 2017 to 2025, highlighting various 

material advancements and heterostructure innovations.

Figure 1: Evolution in 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.
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Table 1: Comparison of Emerging Materials for Self-Powered Photodetector Applications.

Material Type Key Features Advantages Limitations SPPD Role

Graphene High mobility, zero 
bandgap[96]

Fast carrier transport, 
flexibility [97]

High dark current, low 
absorption 

Transparent electrodes, 
hybrid layers[98]

TMDCs (MoS₂, WSe₂) Tunable bandgap, strong 
light absorption

Broad spectral response, 
good flexibility

Lower mobility than 
graphene Active layer in SPPDs[99]

MXenes High conductivity, tunable 
work function

Strong built-in field, hybrid-
compatible Sensitive to oxidation Electrodes, light 

absorbers[100]

Janus Materials Asymmetrical structure, 
intrinsic field

Self-driven separation, 
polarization sensitivity Synthesis complexity Standalone or hybrid 

photoactive layer[101]

Perovskites High absorption, solution-
processable High EQE, low cost Poor long-term stability Light-harvesting layer in 

hybrid SPPDs[102]

Flexible Materials Conductive polymer Enhances hole transport, 
flexible Low intrinsic mobility Transport layer, flexibility 

enhancement[103, 104]

Table 2: Assessment summary of numerous SPPDs

Performance
Category Material Wavelength

         (nm)
Response Time 

[τr/τd] [μs]
Responsivity

[A W−1] D* [Jones] EQE 
[%]

Bias 
[V]

R
Re
f.

Gr/WSe2/NbSe2 405-980 80/72 0.287 5.3 × 1011 8
8

0
0

[
105]

TETA-Gr/WS2/LaVO3 300-850 / 435 2.1 × 1010 0 [
106]Graphene-

based SPPD

WS2/Graphene/MoS2 405 44/52 220 1.2 x 1013
6

.7 x 
10^4

2
.5

[
107]

GeSe/WS2/MoS2 2400/5200 0.014 7.3 × 108 4
.1 0 [

108]

CuI/MoS2 405–1010 0.386 0 [
109]

PVA–MoS2/n-Si 365, 395, 
590, 850 0.48 5.71 × 1012 1

00.8
-

2
[

110]

MoSe2/n-GaN (NIR, 5V) Near Infrared 1.6 1.26 × 108 5 [
84]

NbOI2/MoSe2 0.1013 0 [
111]

GeSn-Ge MQW HPT 1550 81.3/73.1 1.3 2.6 × 1010 2 [
112]

PtSe2/MoS2vdW 405-980 20000 0.0334 1
880 0 [

113]

TMDC-based 
SPPD

MnS/MoS2
Visible (532 

nm) 20000 / 30000 1.31 3
16 0 [

114]
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Au-MoS2/WO3
UV-Visible-

NIR 55000 / 48000 0.72 2
26 2 [

115]

Te/Mxene 368–1006 12200 / 26500 1.84 4.83 × 1012 0 [
116]

CsPbCl3@Ti3C2Tx UV 1.47 / 1.52 1.71 × 1011 0 [
[117]

MXene/GaN UV 31000 / 29000 0.081 0 [
118]

Nb2CTx/AlGaN 254 21000/22000 0.10185 0 [
50]

BiVO4/MXene 447 8000/14000 0.7902 0 [
119]

Mxene-based 
SPPD

MXene/GaN 382 48.6 5.9 × 10¹² 5
43 0 [

120]

WS2 5.8 x 1011 0 [
121]

WSe2 550-80 0.2167 0 [
121]

Homojunctio
n PN 

Junction-
based SPPD

MoTe2 660 3.87 × 10¹¹ 0 [
122]

MoS2/PdSe2/WSe2 405-1550 190/74 0.56 5.63 × 1011 0 [
123]

NbSe₂/MoSe₂ 405-980 180/80 64.92 at 650 
nm 2.39 × 10¹⁴ 0 [

93]

TaSe₂/WS₂/TaSe₂ 488, 532, 633 43/54 0.292 2.43 × 10¹¹ 5
7 0 [

94]

Bi₂Se₃ / Ga₂O₃ 254/1000 <50 0.175 mA/W 
at 365 nm 1.58 × 10¹⁰ 0 [

124]

Heterojunctio
n PN Junction 
based SPPD

In₂Se₃/WSe₂/ReS₂ 250% faster than 
In₂Se₃/WSe₂ 438 0 [

125]

PdSe₂/2H–MoTe₂ 532 7.3 × 10³ 8.5 × 10¹² 5
6.73 0 [

126]

CrSBr 514 0.26 3.4 × 10⁸ 0 [
127]

WSe₂/Ta₂NiSe₅/WSe₂ 400 – 1550 420 / 640 8
5.5

[
128]

Janus-based 
SPPD

GeSe/WS₂/MoS₂ 2400 / 5200 14 7.3 × 10⁸ 4
.1 0 [

108]

GaN/SnS₂/SnSSe 365 314.96 2.0 × 10¹⁴
1

0.7 × 
10⁴

0 
3

[
129]

CdTe/MoS₂ 44.8 / 134.2 270.3 5.84 × 10¹¹ 0 [
130]

TFSA-Doped Gr/ WS₂ UV to 
Visible 0.14 2.5 × 10¹⁵ 4

0 0 [
131]

Flexible 
Substrate-

based SPPD

a-Ga2O3/ 75 GSM paper UV to 
Visible 65,000 / 67,000 20.96 1.04 × 10¹⁰ 9

.79 0 [
132]
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Pt-MoS₂ 447 – 940 52,600 µs 2.09 × 10¹² 0 [
133]

PtSe₂/InP 940 4.35 / 5.66 0.718 4.37 × 10¹² 0 [
134]

Schottky 
junction-

based SPPD

WSe₂ 405, 808, 
1064

6.35 × 10¹², 
5.9 × 10¹¹, 
1.4 × 10⁹

0 [
[135]

Au-Pb₂Nb₃O₁₀-Ti 350 200/1200 2.8 1.1 × 10¹² 0 [
136]

(BDA₀. ₇(BA₂) ₀.₃) (EA)₂Pb₃Br₁₀ 360 >93 2.5 × 10¹⁵ 4
80 0 [

137]
Perovskite-
based SPPD

PEA2PbI₄ 2.12 [
138]

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 according to Schottky-based devices, 

individual 2D materials (including MXene and p-n junctions in homojunction and hetero junction 

configurations), Janus materials, flexible substrates, and perovskites, and discuss each of the 

categories individually. 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 

procedures for each category. 

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.

Mechanical Exfoliation

Mechanical exfoliation stands out as a highly effective and commonly employed method for the 

preparation of 2D layered materials such as MoS₂, WSe₂, and graphene.  This technique involves 

the careful peeling of high-quality single or few-layer flakes from a bulk crystal using adhesive 

tape, followed by their transfer onto substrates, commonly SiO₂/Si or PET, all conducted within 
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controlled environments as shown in Figure (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.

Figure 2: (a) Schematic representation 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) An optical image showing 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 Journal of the Mechanics and Physics of Solids, copyright 2018.

Chemical Vapor Deposition (CVD)

CVD is extensively used for the scalable production of monolayer or few-layer TMDCs, 

including MoS₂, WS₂, and Janus materials.  This approach involves the vaporization of metal 

oxides (such as MoO₃ and WO₃) and chalcogen precursors (like Sulphur or selenium) at elevated 

temperatures as shown in Figure (3), leading to their reaction on substrates to produce uniform 

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

platforms.

Figure 3: CVD growth schematic for 2D materials. This figure has been reproduced from ref [140] with 

permission from Chemistry of Materials, copyright 2020.

Solution Processing and Spin Coating

Perovskite-based SPPDs typically depend on low-temperature solution processing because of the 

solubility of perovskite precursors 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 int the Figure (4), resulting in uniform and crystalline layers.  This method 

facilitates the integration with adaptable substrates and enables the formation of heterojunctions 

using TMDCs or metal oxides to enhance charge separation.
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Figure 4: Schematic illustration of one-step spin coating and then thermal annealing. This figure has been 

reproduced from ref  [141] with permission from Materials Science in Semiconductor Processing, copyright 

2020.

MXene Synthesis and Assembly

MXenes are generally produced through the selective etching of the “A” layer from MAX-

phase precursors (for instance, Ti₃AlC₂) 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 Figure (5).  The processing of these nanosheets involves techniques such as vacuum 

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

Figure 5: Scheme of the fabrication procedure of MXene.This figure has been reproduced from ref [142] 

with permission from Journal of Materials Chemistry C, copyright 2019.
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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 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 environmental monitoring 

[143]. 

Recent advancements in material science have enabled significant improvements in these 

metrics, particularly through the use of 2D materials, which have enhanced the overall 

performance of SPPDs [144]. The importance of each of these parameters becomes evident as we 

examine their individual 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 architectures 

continue to push the boundaries of what is achievable [145].

Responsivity

Responsivity (R) is a key metric used to evaluate how efficiently a photodetector converts 

optical power into an 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:

𝑅 =
𝐼𝑙𝑖𝑔ℎ𝑡 ― 𝐼𝑑𝑎𝑟𝑘

𝑃𝑙𝑖𝑔ℎ𝑡. 𝑆

Where Ilight represents the current generated by the light, Idark is the current when no light is present, 

Plight is the light intensity, 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⁻¹ [146].

R is typically dependent on the optical power intensity (P). At low power levels, self-powered 

photodetectors, such as those based on MoS₂ or WSe₂, exhibit high responsivity due to efficient 
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photon absorption and minimal recombination losses. As the optical power increases, the 

photocurrent generated 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 MoS₂-based photodetector may exhibit high responsivity at lower power densities 

(e.g., around 431 mA/W at 38 mW/cm²) but experience a reduction in responsivity as the optical 

power density increases beyond certain thresholds [147]. This non-linear relationship is crucial for 

understanding 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.

Detectivity (D*)

Detectivity (D*) measures the ability of a photodetector to detect weak light signals. It is 

influenced by both the responsivity and the amount of noise in the system. Detectivity is defined 

as:

𝐷∗ =  
𝑆

(𝐼𝑛𝑜𝑖𝑠𝑒 𝛥𝑓)1/2

Where S is the detector's effective area, Inoise is the total noise current, and Δf is the electrical 

bandwidth. A higher D* value indicates a better ability to detect low-light signals. When dark 

current dominates, D* is given by:

𝐷∗ =  
𝑆.𝑅

2𝑞𝐼𝑑𝑎𝑟𝑘

This formula highlights that D* is directly related to responsivity and inversely related to dark 

current, making it essential to minimize dark current for detecting weak light [143]. 

External Quantum Efficiency (EQE)

External Quantum Efficiency (EQE) quantifies the proportion of incident photons that are 

converted into charge carriers by the photodetector. This metric reflects how effectively the device 

uses incoming light to generate electrical output. Due to material limitations like recombination 
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within the perovskite layer, not all incident photons contribute to the photocurrent. EQE is 

expressed as:

𝐸𝑄𝐸 =  
𝐼𝑙𝑖𝑔ℎ𝑡

𝑃ℎ𝑣

Where e is the fundamental charge, h is Planck’s constant, and ν represents the frequency of the 

light. 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 [146].

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 like optical communication. The response 

time is characterized by the rise time (𝜏𝑟) and fall time (𝜏𝑓), which are defined by the time it takes 

for the photocurrent to change from 10% to 90% (rise) or from 90% to 10% (fall) of its maximum 

value. Shorter rise and fall times indicate faster response, which is crucial for detecting rapidly 

changing light signals [148].

Materials such as MoS₂ and WSe₂, with their direct band gaps in monolayer form, exhibit fast 

charge transport, contributing to shorter rise and fall times. The direct bandgap enables efficient 

exciton generation and rapid carrier separation, resulting in low response times. For example, 

monolayer MoS₂ demonstrates rise and fall times in the millisecond range [149], making it suitable 

for high-speed sensing and wearable devices. The performance of these devices is further enhanced 

by asymmetric Schottky junctions or van der Waals (vdW) interfaces, which minimize 

recombination losses and facilitate faster charge separation and transport, ultimately leading to 

low rise and fall times.

Transferring techniques
The integration of two-dimensional (2D) materials onto substrates is a crucial step in fabricating 

self-powered photodetectors (SPPDs). The transfer process directly affects the performance, 

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 

delicate materials, each offering unique advantages while also posing certain challenges that need 

to be addressed.
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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 substrate. These methods are often favored for their simplicity and ability to handle 

fragile materials without the use of solvents or liquids. However, issues such as contamination and 

alignment still need to be managed.

On the other hand, wet transfer methods rely on liquids or chemical solutions to facilitate the 

transfer, often reducing contamination 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.

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 compromising their properties. However, challenges such as uniformity, adhesion, and 

contamination still exist. 

Table 3: Dry Transfer Techniques 

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 
Transfer

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

Transfer via 
Adhesive Tapes

Utilizes adhesive tapes to lift 2D materials from their growth substrates and 
transfer them to target substrates. This method is simple but may introduce 
contamination.
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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

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.[150]

Wet Transfer Methods

Wet transfer methods involve the use of liquids or chemical solutions to facilitate the transfer of 

2D materials onto substrates. 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, wet transfer methods can provide 

better adhesion and uniformity compared to 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 come with challenges such as the need for precise control over the solution’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.

Table 4: Wet Transfer Techniques

Method Description

Water-Assisted 
Transfer

Utilizes water to facilitate the transfer of 2D materials onto substrates. This 
method helps reduce contamination and damage to the material.
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Chemical-Assisted 
Transfer

Involves the use of chemical solutions that assist in the transfer of 2D 
materials. This method can be customized for different material types and 
substrates.

Thermal-Assisted 
Transfer

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 
Transfer

Uses electrostatic forces to transfer 2D materials onto substrates, often 
employed for aligning materials with high precision. However, it requires 
specialized equipment.

Capillary Force-
Assisted Transfer

Utilizes capillary forces to transfer 2D materials, beneficial for substrates 
with complex or irregular topographies, allowing for more uniform material 
deposition.[150]

Single TMDC-based SPPDs
TMDCs are layered materials with outstanding structural, electronic, and optical features. They 

are widely used in optoelectronics and photovoltaic systems, e.g., SPPDs [19, 151]. MoS₂ and 

WSe₂ represent the most studied TMDCs due to their remarkable characteristics [133].

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, or 

chemical doping, which alter their structure. MoS₂ and WSe₂ are semiconductors with a direct 

band gap of approximately 1.8 eV and 1.7 eV, respectively, in their monolayer form [152]. 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 [153]. 

For example, monolayer MoS₂ has an electron mobility of up to 200 cm²/Vs, while WSe₂ exhibits 

comparable or even higher mobility [154, 155]. 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 WSe₂ and MoS₂, consistent with their direct band gap 

nature [156]. 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 
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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 MoS₂ and 

WSe₂, which have been shown to provide tightly bound excitons and impact their photonic 

applications. The excitons in these materials have a binding energy of a few hundred meV and a 

strong response to optical excitation [157, 158]. In the work by Tang et al. [159], a high-

performance, flexible MoS₂-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 [159]. Unlike conventional designs with heterojunctions or asymmetric metal contacts, the 

self-powered operation of this device stems from asymmetric Schottky barriers at the MoS₂/Au 

interfaces, resulting from the vdW gap difference between the two interfaces. Figure 6(a) is the 

optical image of the fabricated device with the MoS₂ 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 applications, as shown in Figure 6(b). In Figure 6(c) above, the I-V curves of the device 

under different illumination intensities (38 mW/cm², 96 mW/cm², and 439 mW/cm²) 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 MoS₂/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 an external power source. Figure 6(c) inset shows a magnified view of 

the low-voltage region for which a discernible photocurrent is applied at minimal bias.

As shown in Figure 6(d), the transient photoresponse of the MoS2 photodetector under 

switched 450nm lights with various power densities at 0 V. The photodetector could detect 450 

nm light continuously at 0 V, indicating that it had excellent application prospects for future self-

powered photodetectors. Upon illumination by 450 nm light with the power density of 439 mW 

cm−2, the photocurrent of the photodetector is around 20 nA, two orders of magnitude higher than 

the dark current. At the irradiation frequency of 450 nm and 38 mW cm−2, the photocurrent, 

responsivity, EQE, and detectivity of the photodetector at 0 V are up to 5 nA, 431 mA W−1, 119% 

and 2.54 × 108 Jones, illustrating the consistency and stability of the device under exposure to 

periodical light with different intensities. The current remains stable in the dark and exhibits a 

steep rise and fall upon illumination, indicating a significant response and recovery time. The 
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robust and repeatable switching behavior demonstrates that the asymmetric vdW gaps function as 

a built-in electric field to facilitate carrier transport.

Variation in responsivity with respect to light power density at 0 V bias is shown in Figure 

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 illumination 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 Figure 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 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 separation 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 

MoS₂ enhance exciton generation and photocurrent, while the high-quality interface reduces 

recombination, resulting in fast, stable, and sensitive photoresponse. The MoS₂-based 

photodetector operates through asymmetric Schottky junctions, which create a built-in electric 

field that facilitates the separation and transport of photoexcited charge carriers without the need 

for an external bias. The direct bandgap of MoS₂ enhances exciton generation and light absorption, 

enabling efficient photocurrent generation. The two-dimensional nature of MoS₂ allows for fast 

charge transport and high responsivity, making the device ideal for self-powered and low-power 

applications. The combination of these mechanisms ensures a fast, stable, and energy-efficient 

photodetector suitable for next-generation optoelectronic and wearable devices.
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Figure 6: OM image of the MoS2 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 MoS2 photodetector 

in the dark and under the illumination of 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 MoS2 photodetector 

were measured with different power density values of 0 V. (e) Responsivity and detectivity at various light 

power densities. (f) Response time and recovery time of the MoS2 photodetector under 450 nm light. This 

figure has been reproduced from the ref [147] with permission from Physical Chemistry Chemical Physics, 

copyright 2022.

Unlike typical bulk materials, WSe2 is a material that undergoes a direct-to-indirect bandgap 

transition as its thickness increases, which affects its absorption spectra [160]. This property places 

WSe₂ in an excellent position for photodetectors and, above all, self-powered devices that operate 

without an applied bias voltage [161]. The difference in work functions at the WSe₂-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. [161] prepared a WSe₂-

based Metal-Semiconductor-Metal (MSM) photodetector with asymmetric contacts, as shown in 

Figure 7(a). The optical microscope picture clearly shows the WSe2 flake placed between two 

metal electrodes of different contact lengths, which is the principle for achieving self-driven 
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operation. The schematics of the device can be seen in Figure 7(b). This asymmetry 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 

WSe2 flake indicates that it’s a multilayer, which leads to the formation of an indirect bandgap, 

and it facilitates efficient photogeneration of carriers.

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 Figure 7(c). The WSe₂-based MSM photodetector shows n-

type prefer ambipolar transport characteristics with an electron mobility of 26.3cm² (Vs) ⁻¹, much 

higher than the hole mobility of 7.4cm² (Vs) ⁻¹. The on/off ratio of the n-type side is 5.82 × 10⁴, 

while that of the p-type side is 4.87 × 10³, indicating more substantial electron conduction. The 

log Ids curve 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 [162]. The self-driven photodetection operation is schematically illustrated 

in Figure 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-2, meaning a total incident power of 270 nW. A 

non-zero short-circuit current (Isc) of -31.1 nA and an open-circuit voltage (Voc) 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 photocurrent, which validates the device's high sensitivity. The nonlinear 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 Isc and Voc are equal to 0 under similar conditions.

The device efficiency is demonstrated in Figure 7(e), showing the responsivity at different 

wavelengths and bias voltages. The highest responsivity of 11.2 A W⁻¹ is obtained at a bias of -1 

V under low illumination, and a responsivity greater than 2 AW⁻¹ is independently observed at the 

same bias for all wavelengths tested (405 nm, 650 nm, 780 nm, and 980 nm). The device still 

possesses appreciable responsivity at zero bias, reaching 1.62 A W-1 at 405 nm, indicating high 

light absorption and efficient carrier separation. The increased responsivity under negative bias 
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suggests that the direction of the built-in electric field assists charge transport, enhancing 

photodetection performance. Figure 7(f) plots the influence of contact length asymmetry (ΔCL) 

on the I-V characteristics of the device. The various curves represent devices with increasing 

asymmetry (ΔCL = 0 to 4.5 μm) where one contact length is changed and the other is fixed at five 

μm. As ΔCL increases, varying from -0.6 pA to approximately -1 μA, it is evident that a more 

pronounced contact asymmetry generates a stronger built-in electric field, enabling stronger 

photocurrents. This indicates that contact geometry substantially influences the self-powered 

performance of WSe₂-based MSM photodetectors. By incorporating asymmetric contact 

geometries, the proposed MSM WSe2 photodetector can realize self-driven, bias-free operation. 

The device exhibits high responsivity (2.31 A/W at 0 V), ultra-low dark current (~1 fA), and 

excellent detectivity (9.16 × 10¹¹ Jones). This behavior is primarily attributed to the asymmetric 

contact lengths, which induce different Schottky barrier heights at the metal-WSe₂ interfaces, 

generating a built-in electric field that effectively drives charge separation. The multilayer 

structure of WSe₂, 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 
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further strengthens the internal field, contributing to the device’s high responsivity and reliable 

self-powered operation.

Figure 7: Schematic device structure of metal-WSe2-metal (MSM) photodetectors (a)Optical Image of a 

fabricated MSM device with asymmetric interface architectures. (b) Schematics of the device. (c) Transfer 

curve of the fabricated WSe2 device. (d) I–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) 

The calculated responsivity of the MSM photodetector. (f) I–V curves of the asymmetric MSM 

photodetector with various contact length differences. The contact surface between 0.5 and 5 µm is the 

smaller of the two contact lengths. This figure has been reproduced from ref [163] with permission from 

Advanced Functional Materials, copyright 2018.

Graphene and TMDC Heterostructure

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 [164, 165]. With the exceptional electrical conductivity, high carrier mobility, and 

broadband optical absorption, graphene is an ideal transparent conductive electrode in these 

heterostructures [125, 166, 167].
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A heterostructure of graphene with TMDCs develops a built-in electric field at their 

junction, allowing efficient charge transfer and self-powered operation. The WS₂-based 

heterojunctions 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 Figure 8(a) utilizes graphene/WS₂/LaVO₃ to create self-powered, high-speed, broadband 

photodetection devices for various photodetection applications. Incorporating LaVO₃ perovskite 

structures with graphene/TMDC heterostructures facilitates better photocarrier generation and 

separation [168-170]. Triethylenetetramine (TETA) doped Graphene with transparent conductive 

electrode (TCE) that combined high conductance capability with visible light transmission through 

its TETA doping process. Such geometric arrangements of different materials within 

heterojunctions increased the responsivity, detectivity, and operational efficiency [170, 171].

The TETA-Gr/WS₂/LaVO₃ nanoparticle heterojunction exhibits its optoelectronic 

characteristics through the measurements in Figure 8(b), as shown in the current density-voltage 

(J-V) characteristics. The built-in potential at the WS₂/LaVO₃ interface is crucial for carrier 

separation, as it enables rectifying behavior. The device produces a distinctive photocurrent under 

illumination at 600 μW/cm² using 600 nm light due to its effective light absorption and charge 

transport behavior. The maximum photocurrent response was observed at a LaVO₃ thickness of 

200 nm, since this value represents an optimal balance between device optical absorption and 

charge transport abilities. The photocurrent reaches saturation levels for device thicknesses beyond 

200 nm because transfer resistance 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/WS₂/LaVO₃ heterojunction exhibits the detectivity (D*) spectrum, which is shown in Figure 

8(c) as the LaVO₃ thickness varies. The designed device exhibits detectivity capabilities spanning 

from 300 nm to 850 nm wavelengths, with a peak sensitivity of 2.1 × 10¹⁰ Jones at a 200 nm 

LaVO₃ thickness. The device achieves maximum light absorption efficiency at this specific 

thickness and preserves efficient charge transfer to minimise recombination losses. The detectivity 

reaches a long-term balance when measuring beyond 200 nm due to resistance issues that prevent 

further improvement in photocurrent generation. The crucial effects of controlling thickness 

emerge as essential factors to maximise photodetector operational performance.
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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 WS₂/LaVO₃ interface facilitates efficient carrier separation, 

eliminating the need for external power, while TETA-doped graphene enhances conductivity and 

light transmission. Optimizing the LaVO₃ thickness allows maximum light absorption and 

efficient charge transport, reducing recombination losses. The graphene/TMDC/LaVO₃ 

heterojunction operates through a built-in electric field at the interface between WS₂ and graphene, 

enabling efficient charge separation and self-powered operation. The inclusion of LaVO₃ 

perovskite enhances photocurrent generation and charge transport, while TETA-doped graphene 

improves conductivity and light transmission. The optimal LaVO₃ 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. [93] demonstrated that integrating NbSe₂ with TMDCs significantly enhances 

charge transport and photodetection efficiency in SPPDs. NbSe₂ is a suitable contact material for 

various applications due to its superconducting properties and high work function (~5.52 eV) 

[172]. These heterostructures, made with WSe₂ and MoS₂, along with NbSe₂, create effective 

carrier separation channels due to the electric fields that develop across their junction region [173]. 

Band structure engineering in NbSe₂ 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. [105] demonstrated an SPPD offering low power consumption and high 

integration density. The photodetector built with Gr/WSe₂/NbSe₂ heterojunctions is shown in 

Figure 8(d). The device includes Gr electrodes and NbSe₂ electrodes, with the WSe₂ as the channel 

between them. A difference in Schottky barrier heights occurs when asymmetric material contacts 

form at the interfaces between Gr/WSe₂ and NbSe₂/WSe₂, resulting in the generation of a built-in 

electric field.

A time-based assessment of the Gr/WSe₂/NbSe₂ heterojunction photoresponse of the 

photodetector occurs at zero bias while illuminating 405 nm light, according to Figure 8(e). The 

ultrafast photoresponse speed of this device occurs over 80 μs for the rise time and 72 μs for the 
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decay time. The photodetection characteristics of the Gr/WSe₂/NbSe₂ photodetector are displayed 

in Figure 8(f) according to wavelength. The device shows a variation of 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 wavelengths 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. NbSe₂ 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.

Figure 8: (a) Schematic device structure. (b) J-V behaviors of the TETA-Gr/WS2/LaVO3 PD as a function 

of thickness (t) under dark and illumination. The detectivity (D∗*) evaluation is performed on different t-

dependent PD structures under zero-bias conditions. (d) The schematic structure of the device. (e) 

Photoresponse speed of the Gr/WSe2/NbSe2 vdWH photodetector at Vds = 0 V. (f) The wavelength 
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dependence of R and D*. This figure has been reproduced from ref [105, 106] with permission from Journal 

of Materials Science & Technology, copyright 2025. Current Applied Physics, copyright 2025.

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 

characteristics, which enable their use in various optoelectronic systems, especially SPPDs [174, 

175]. 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 [176]. Mxene significantly 

improves the performance of photodetectors because these materials offer efficient carrier 

transport properties alongside UV spectrum transparency and high conductivity in SPPDs [177-

179]. Furthermore, MXenes function as transparent electrodes and form van der Waals (vdW) 

heterojunctions with semiconductors like GaN, thereby enhancing the device photocurrent and 

responsivity [120, 180]. Yu Ding et al. [181] demonstrated the production of MXene/GaN van der 

Waals Schottky UV photodetectors, as shown in Figure 9(a). A built-in electric field is generated 

when an MXene (Ti₃C₂Tx) film contacts GaN to form a Schottky junction, facilitating the 

separation of photogenerated electron-hole pairs. This device controls 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 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 Figure 9(b). At 0V bias, the photodetector 

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 (Ilight) exceed all dark current values (Idark = 3.7 pA) by multiple orders of 

magnitude. The photo-to-dark current ratio (Ilight/Idark) achieved approximately 2.4 × 105, thus 

indicating outstanding UV light sensitivity in dark conditions. The MXene/GaN photodetector 

achieved a significantly superior performance compared to Au/GaN Schottky photodetectors 

under equivalent conditions, due to its elevated photo-to-dark current ratio. Figure 9(c) 

Page 31 of 80 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
ok

tó
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 2
1.

10
.2

02
5 

18
:0

9:
14

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR03378K

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


32

demonstrates the linear response of the MXene/GaN photodetector photocurrent in self-powered 

mode. The obtained data indicate that photodetectors maintain high performance consistency at 

different light intensities and provide an average responsivity of 610 mAW−1 combined with an 

EQE of 210% and specific detectivity reaching 6.8 × 1013 Jones. The excellent performance of the 

MXene/GaN photodetector arises from the strong built-in electric field at the MXene/GaN 

Schottky junction, which efficiently separates photogenerated carriers without external power. 

Intrinsic high electrical conductivity and tunable surface chemistry of MXenes enhance the charge 

transport and reduce recombination losses, improving device sensitivity. Unlike conventional 

metal contacts, MXene forms a more effective interface with GaN, resulting in significantly higher 

photocurrent and stability. The MXene/GaN Schottky photodetector works by creating a Schottky 

junction between MXene and GaN, generating a built-in electric field at the interface. This field 

efficiently separates photogenerated electron-hole pairs when exposed to UV light, enabling self-

powered operation without the need for external bias. The high conductivity and tunable surface 

chemistry of MXene enhance charge transport and reduce recombination losses, thereby 

improving the device’s sensitivity and performance. The van der Waals heterojunction between 

MXene and GaN creates an effective interface for charge separation, resulting in superior 

photocurrent generation and stability, making it ideal for UV photodetection.

Another study conducted by Lingling Chu et al. [193] utilizes ZnO as the light-absorbing 

layer in combination with MXene and Si. The device structure of the MXene/ZnO/Si pyramid 

photodetector is shown in Figure 9(d). ZnO, a wide-bandgap semiconductor with excellent light 

absorption properties, is crucial in the development of high-performance photodetectors. ZnO has 

a wide range of applications in optoelectronics due to its robust UV photoresponse and high 

exciton binding energy [173, 174]. 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 raises light scattering and absorption abilities. The 

functioning of the device relies on ZnO as an intermediate light absorber, and MXene provides 

efficient charge transport through its 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 external powering.
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The I-V curves for the MXene/ZnO/Si pyramid photodetector exposed to different 

wavelengths are shown in Figure 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. Figure 9(f) presents 

the current-time plots for the MXene/ZnO/Si pyramid photodetector 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 104 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 × 1011 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 MXene, 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 

MXene, ZnO, and Si promotes efficient charge separation and reduces recombination, leading to 

faster switching behavior. The strong performance 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 scattering 

and absorption. Microstructured interfaces improve light absorption, while the carefully designed 

material heterostructure 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.

Page 33 of 80 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
ok

tó
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 2
1.

10
.2

02
5 

18
:0

9:
14

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR03378K

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


34

Figure 9: Device design and material characterization. (a) Structural diagram of MXene/GaN vdW UV 

photodetector. The I–V transfer curves of the MXene/GaN photodetector operate on a logarithmic scale 

under dark conditions and with illumination at 260, 300, and 360 nm. The three applied UV lights have 

powers of 0.08 μW, 0.28 μW, and 1.08 μW. (c) Responsivity and EQE of the self-powered mode at different 

light power densities, respectively. The figure contains five detector devices whose average values represent 

each point. (d) Schematic diagram of the MXene/ZnO/Si device. (e)  The I-V curves for the MXene/ZnO/Si 

device under light with different wavelengths. (f) The corresponding I-t curves under the 625 nm. The inset 

represents the response time plot of the MXene/ZnO/Si device. This figure has been reproduced from ref 

[182, 183] with permission from Ceramics International, copyright 2024. Applied Physics Reviews, 

copyright 2025.

MXene nanosheets enhance the spontaneous ferroelectric polarization of the material, 

thereby strengthening the built-in electric fields at heterojunctions [184, 185]. BaTiO3 (BTO), a 

ferroelectric material, is recognized for its exceptional spontaneous polarization and robust 

pyroelectric and piezoelectric properties, rendering it ideal for optoelectronic applications [173]. 

The joint application of these elements utilizes the ferro-pyro-phototronic effect to enhance the 

device more effective at sensing low light intensities. The research by Shulin Sha et al. [186] 

fabricated a BTO@MXene/4H-SiC heterojunction, as illustrated in Figure 10(a). This schematic 

represents the photodetector's structural design, showing BaTiO3 nanocrystals (BTO) on which 
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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. BTO nanocrystal 

modification with MXene nanosheets yields improved spontaneous ferroelectric polarization, 

thereby reinforcing the built-in electric field at the BTO@MXene 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 I-V characteristic curves obtained with the BTO@MXene/4H-SiC device are 

presented in Figure 10(b). Both measurement scales include logarithmic and linear plots. Research 

shows that BTO@MXene/4H-SiC heterojunction devices exhibit rectifying characteristics under 

dark conditions, with a rectification ratio exceeding 103 within the voltage range from -4 V to +4 

V. A Schottky contact forms at the BTO@MXene composite interface with the 4H-SiC 

semiconductor. While under 310 nm illumination, the BTO@MXene/4H-SiC photodetector 

exhibits measurable responsivity and detectivity, as depicted in Figures 6(c) and 6(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 heterostructure 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 mA/W, an external quantum efficiency of 75.07%, and a 

detectivity of 6.52 × 1013 Jones while surpassing earlier BTO-based self-powered photodetectors 

by at least two orders of magnitude, as shown in Figure 10(c, d). The BTO@MXene/4H-SiC 

photodetector exhibits a photoresponse with a rise time of 74.3 μs and a fall time of 122.7 μs when 

illuminated by 310 nm light, as illustrated in Figure 10(e). Figure 10(f) represents the wavelength-

dependent photocurrent response of the BTO@MXene/4H-SiC photodetector, demonstrating its 

remarkable spectral selectivity in the ultraviolet range. The device achieves optimal photoresponse 

at 310 nm, exhibiting a UV-to-visible photocurrent ratio above 10³, 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 polarization and hot-

carrier multiplication enabled by the MXene nanosheets. The device exhibits outstanding 

operational stability with repetitive and steady performance throughout consecutive cycles. 
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Operating at high speed with exceptional efficiency, the BTO@MXene/4H-SiC photodetector 

offers an optimal solution for UV detection due to its extended operational stability, making it 

suitable for deployment in UV wireless 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 intensifying the internal electric field of the 

heterojunction, lowering 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.

Figure 10: (a) Schematic structure of the BTO@MXene/4H-SiC heterojunction device. (b) Under Dark 

I–V measurements of BTO@MXene/4H-SiC heterojunction devices with both logarithmic and linear 

scales. (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 310 nm LED illumination at 0 V bias (irradiance frequency of 
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1000 Hz). (f) Wavelength-dependent photoresponse of the BTO@MXene/4H-SiC device at a 0 V bias. This 

figure has been reproduced from ref [186] with permission from ACS Photonics, copyright 2024.

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 

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 [187]. These devices function through self-power because photon interaction with the 

junction 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 

exceptional noise characteristics, compact physical dimensions, and outstanding energy efficiency, 

making them suitable for use in various applications, including general scientific research, 

telecommunications systems, industrial operations, and outdoor environments. These 

photodetectors exist in two structural types, heterojunction and homojunction devices [188].

Homojunction-based Self-Powered Photodetectors

The unique electrical characteristics of 2D semiconductor homojunctions make them 

essential for SPPD applications 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 [121]. The quick charge propagation enabled by 2D semiconductors results from their thin 

nature, thereby reducing recombination losses, which enhances device efficiency [189]. The built-

in electric field in the photodetector enables self-powered operation, as it propels photogenerated 

carriers without requiring an 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 features and exceptional mechanical 

properties [190, 191]. This work investigates WS2 homojunction-based SPPDs by assessing the 
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distinctive properties of WS2 that enable high-performance photodetection [121]. This TMDC 

stands out because its monolayer form demonstrates direct bandgap properties that optimize light 

absorption. Due to its 2D structure, WS2 exhibits superior carrier mobility and flexibility, making 

it ideal for next-generation optoelectronic devices [192, 193]. Jian et al. [121] fabricated a P-n WS2  

homojunction. Figure 11(a) shows the optical device image exhibiting two marked regions using 

red dotted boxes to display WS2, while white boxes show the h-BN encapsulation area. A dual-

field-effect-transistor (FET) structure forms the homojunction within the device when the p-area 

of WS2 connects to electrodes E1 and E2, with the n-area connecting to electrodes E2 and E3. The 

power density graph in Figure 11(b) presents the decisive information about responsivity (R) and 

detectivity (D*) for a self-powered homojunction photodetector. 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 

8×104. The device photocurrent shown in Figure 11(b) demonstrates logarithmic power density 

dependence, having an exponent (α) of 0.94 approaching the perfect value of 1, thus achieving 

high photo-capture efficiency.

The homojunction self-powered photodetector exhibits rise times 𝜏𝑟 of 17.9 ms and decay 

times 𝜏𝑑 of 15.9 ms, as shown in Figure 11(c). The fast-switching capability of this photodetector 

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 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 effectiveness 

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 WSe2 lateral homojunctions grown by CVD, as illustrated in Figure 11(d) using 

TiN/Ni contact metals. Li et al. [194] employed the IR-heating chemical vapor deposition (CVD) 

method, which enabled the rapid growth of WSe2 thin films in two dimensions. The maximum Voc 
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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, achieving 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 photoresponsivity above 0.5 A/W, 

which is complemented by its rapid photoresponse of 10 µs under 520 nm illumination, as shown 

in Figure 11(e). The photodiode shows an immediate response to a 520 nm laser as shown in Figure 

11(f). The TiN-WSe2-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 performance and high-speed 

photodetection capability, making it suitable for various optoelectronic applications.

The high performance of the device is significantly benefited by the asymmetric Schottky 

barriers of the Ni and TiN contacts, which generate strong internal fields for expedited carrier 

separation. The metal doping and WSe₂ homojunctions grown through 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-
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speed, self-powered detection with high efficiency, surpassing conventional photodetectors in both 

spectral and time-domain performance.

Figure 11: (a) Optical image of the WS2 p-n homojunction. (b) The change in R and D* depends on light 

power density at zero bias when using 635 nm illumination. (c) The response speed of the device at the 

power density of 78.87 mW/cm2. The WSe₂ homojunction photodetector schematic depicts TiN and Ni 

electrodes that provide doping to the metal contacts. (d) Id–Vd curves of a TiN-WSe2-Ni device under 

different gate biasing conditions. The insets shows SEM image and Id–Vg plot of device. (e) R/EQE plots 

of the device at 520nm. (f) Time-resolved photocurrent of the TWN diode with Laser on. This figure has 

been reproduced from the ref [121, 194] with permission from Applied Physics Letters, copyright 2024. 

Advanced Functional Materials, copyright 2023.

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 outcomes of the optoelectronic devices 

have been improved through various material and technological combinations [195-198]. Due to 

their capacity to detect UV, as well as visible and infrared radiation, the optoelectronic applications 

of these materials become more versatile. The superior mechanical properties, adjustable bandgap 
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ranges, and high carrier mobility of 2D semiconductors enable their utilization in various 

applications, including wearable devices and enhanced photodetectors [199, 200]. In the study by 

Wang et al. [201], a heterojunction between PN MoS2/Sb2Te3 structures for high-performance 

detection operations is fabricated. Figure 12(a) shows an optical image of the final Sb₂Te₃/MoS₂ 

heterostructure-based device structure. The vdW heterojunction shows the stacking of a blue-

colored monolayer MoS₂ flake above a purple Sb₂Te₃ 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 MoS₂ and Sb₂Te₃ generates a built-in electric field 

at their interface when integrated, as both materials possess distinct electronic properties, being a 

TMDC and a topological insulator (TIs), respectively. The interfacial layer between MoS₂ and 

Sb₂Te₃ plays a key role in separating electrical charges, enabling successful self-powered photo-

detection operation. The heterojunction works effectively for broadband high-sensitivity 

photodetection because MoS₂ exhibits strong light absorption and high carrier mobility of Sb₂Te₃.

The responsivity measurement of the Sb₂Te₃/MoS₂ vdW heterojunction photodetector at 700 nm 

occurs under various optical power conditions, as shown in Figure 12(b). 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 zero bias and 1.16 nA with 1 V applied bias 

because it effectively blocks leakage currents. By measuring 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 photodetection. The results show a direct relationship between optical power 

input and 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 Figure 12(c), thus making it ideal for 

diverse optoelectronic applications. At a wavelength of 660 nm, the device exhibits a maximum 

zero-bias responsivity of 170 mA/W, according to normalized data on a shared scale. The 

photodetector obtains maximal efficiency for transforming light energy to electrical current at this 

specific wavelength. The high responsivity of the PD in the 600–700 nm range is primarily due to 

strong optical absorption by monolayer MoS₂ near its excitonic peak around 600nm, where it 

efficiently generates electron-hole pairs. Additionally, the built-in electric field at the 

Sb₂Te₃/MoS₂ heterojunction enhances carrier separation and transport, resulting in greater 
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photocurrent and improved responsivity at these wavelengths. Unlike conventional 

photodetectors, this device offers broadband detection, high zero-bias responsivity, and ultra-low 

dark current. Its integration of TMDC and TI materials delivers fast, efficient, and low-power 

photodetection, making it ideal for advanced optoelectronic applications.

In general, heterojunction-based SPPDs achieve self-powered functionality through the interfacial 

potential difference that naturally arises when two materials with distinct band structures are 

joined. This potential gradient drives 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 applied bias. By carefully selecting material pairs with complementary optoelectronic 

properties, heterojunction designs can therefore be tailored to deliver efficient and sustainable self-

powered photodetection.

Building on the advancements in van der Waals heterostructures, Yang et al. [202] designed a 

photodetector containing a Type-II heterostructure of CdPSe3/MoS2 heterojunction to enhance 

light response capabilities while maintaining exceptionally low dark current. The photodetector 

device employs a Type-II heterojunction vdW heterostructure that integrates CdPSe₃ with MoS₂. 

The built-in electric field at the interface emerges because p-type CdPSe₃ joins n-type MoS₂ 

semiconductors. Type-II heterostructures are preferred due to their excellent carrier mobility, 

tunable bandgap features, and efficient charge separation capabilities [203]. 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 external power source, which enables their use in 

low-energy optoelectronic systems. Figure 12(d) demonstrates the CdPSe₃/MoS₂ 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 MoS₂ and simultaneously drives holes to CdPSe₃, resulting in effective charge separation.

The device was tested under various light wavelengths, including 365 nm, 425 nm, and 515 nm, 

as well as in dark conditions, as presented in Figure 12(e). Under 425 nm illumination conditions, 

the device generates a substantial photocurrent, demonstrating its highest light sensitivity in this 

wavelength range. The device structure is presented in the inset image. The heterostructure exhibits 
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performance enhancement because the built-in electric field enables efficient carrier separation, 

while the single-material CdPSe₃ device lacks this feature. The results in Figure 12(f) demonstrate 

a direct relationship between the applied 425 nm light power density and photocurrent response. 

The CdPSe₃/MoS₂ heterostructure photodetector reached its peak response of 91.12 mA/W 

combined with 1.74 × 10¹¹ Jones detectivity while operated at 5V bias under 425 nm illumination. 

Due to its low dark current operating within the pA range, the device maintained excellent signal-

to-noise capability. The distinct electronic structures of p-type CdPSe₃ and n-type MoS₂ 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 intrinsic defect density reduces trap-

assisted recombination, further enhancing charge carrier lifetime and device sensitivity. 

The CdPSe₃/MoS₂ heterostructure illustrates how Type-II band alignment facilitates directional 

charge flow, where electrons and holes are naturally directed to different layers. This built-in 

separation minimizes recombination and supports high detectivity without relying on external bias. 

Such interfacial design strategies illustrate the potential of vdW heterostructures for efficient and 

energy-saving self-powered photodetection.
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Figure 12: (a) The optical microscope image of the PN junction device. (b) The measured 

photoresponsivity at 700 nm wavelengths under −1 to 1 V bias voltage. When the device operated at zero 

bias, the photoresponsivity responded clearly to optical power using a linear pattern. (c) The normalized 

responsivity reveals a wide wavelength response under 0-bias conditions by sweeping from 500 to 900 nm 

with 10 nm steps. (d) The device layout presents the heterojunction structure of CdPSe3/MoS2, while the 

photoelectric response measurement of the CdPSe3 photodetector (CPS) occurs under bank voltage 

conditions (e) 5V. The figures and calculated properties show optical power-dependent R and D* values at 

0 V bias voltage from different light intensities of the 425 nm laser diode (f). Calculated R and D* values 

at a 0 V bias voltage illuminated by different light intensities of the 425 nm laser diode. This figure has 

been reproduced from ref [201, 202] with permission from Nanophotonics, copyright 2022. ACS Applied 

Materials & Interfaces, copyright 2024.

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 transportation, thus allowing autonomous 

photodetection functions without an external power supply.

Page 44 of 80Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
ok

tó
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 2
1.

10
.2

02
5 

18
:0

9:
14

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NR03378K

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


45

The operating mechanism of Janus-based SPPDs functions through self-power, as light absorption 

causes the appearance of photogenerated charge carriers. Due to the asymmetry-induced internal 

polarization field separating photo-generated electron-hole pairs, attracting electrons toward one 

layer and directing holes toward the opposite layer becomes 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 polarization-sensitive imaging, optoelectronic sensing, 

and quantum optical communication.

Intrinsic Janus-based SPPD

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 optoelectronic 

features.

CrSBr stands out among these materials because it demonstrates layered vdW 

semiconductor qualities, including structural anisotropy, air stability, and polarization-sensitive 

behavior. The unique combination of characteristics present in Janus-based CrSBr devices 

produces exceptional functionality for position-sensitive and polarization-resolved self-powered 

binary photodetection [204].

Panda et al. [127] constructed a single Janus-based CrSBr (SPPD) by fabricating a Schottky 

junction that uses asymmetric Au-CrSBr-Au interfaces. The electrical charge separation 

mechanism at metal-semiconductor interfaces generates a built-in potential, enabling 

photodetection independently of external power sources. Figure 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 external power via built-in electric fields at Au-

CrSBr junctions on a SiO₂/Si substrate.

The nonlinear diode behavior in the device I-V characteristics demonstrates Schottky 

junction formation at the Au-CrSBr interface, as shown in Figure 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 
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transparent electrodes combined with a proper CrSBr flake arrangement to facilitate efficient 

charge movement. High responsivity and detectivity can be achieved using the Schottky junction 

configuration to efficiently separate photo-generated carriers. The photodetector data in Figure 

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 

communication applications. Under 514 nm excitation in normal room conditions, the 

photodetector reaches a high level of photoresponsivity at ~0.26 mA/W with a detectivity rating 

of 3.4 × 10⁸ Jones. The asymmetry induces an internal polarization field, further enhancing 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 intrinsic 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 photodetectors to combine stability, rapid response, and polarization sensitivity 

within a single self-powered platform.

Following the advancements with CrSBr, Xiong et al. [205] fabricated a self-powered 

broadband photodetector using continuous WS0.9Se1.1 films that achieved excellent performance 

throughout the UV-Vis-NIR spectral region. The device design with Ag/WS0.9Se1.1/Ag layers 

produced a photodetector with high responsivity, fast response time, and excellent detectivity. The 

constructed device incorporates silver (Ag) electrode layers deposited on WS0.9Se1.1 film that rests 

on a SiO2/Si substrate, as depicted in Figure 13(d). This device design enables effective light 

absorption as well as efficient charge separation.

An advantage of the WS0.9Se1.1 photodetector over conventional 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 
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responsivity, reaching 1.5 A/W, with a specific detectivity measurement of 1.20 × 10¹¹ Jones, 

indicating high sensitivity to faint light signals. The device operates independently 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 characteristics produce different asymmetries depending on 

illumination intensity. The responsivity value decreases as light intensity increases due to 

saturation effects at high power densities, as shown in Figure 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 μs for rising signals at 

80 kHz, while the fall time reaches 4.06 μs, as shown in Figure 13(f). The device uses bandgap 

tunability and internal polarization from Janus asymmetry to achieve enhanced light–matter 

interaction and broad-spectrum absorption. The device offers stable broadband detection 

capabilities, enabling applications across various optoelectronic systems for imaging, sensing, and 

communication technologies.

The broadband efficiency of the WS₀.₉Se₁.₁ 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 maintain high responsivity across a wide 

spectral range while ensuring rapid response times, underscoring the advantages of Janus-based 

films for versatile, self-powered photodetection.
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Figure 13 (a)The measurement setup design appears as figure (a) and shows self-biased optoelectronic 

properties of an 82 nm CrSBr flake in figure (b). I–V characteristics of the device under dark conditions. 

The inset contains an optical image of the device. (c) Photoresponse time and recovery time of the CrSBr 

device. (d) cross-section of photodetector Ag/WS0.9Se1.1/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, 206] with permission from Optical Materials, copyright 2023. ACS 

Applied Materials & Interfaces, copyright 2023.

Janus Heterostructure-based SPPD

Janus-based heterostructures produce powerful SPPDs through their asymmetric structure, which 

generates built-in electric fields that assist charge separation and minimize charge recombination 

[128]. The engineering process of bandgap allows researchers to extend the device range from UV 

to near-infrared light absorption [207]. The strong connection between heterostructures improves 

carrier transport while raising device responsivity and detectivity levels [208]. The vdW 

interactions in these heterostructures decrease dark current levels and enhance device stability for 

suitable use in future low-power sensitive optoelectronic applications [209]. A self-powered 

photodetector, GaN/SnS₂/SnSSe heterostructure, with photodetection capabilities covering the 

ultraviolet spectrum, was fabricated by Maity et al. [207]. The device configuration in Figure 14(a) 
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demonstrates a vertically arranged heterojunction between SnS₂/SnSSe layers on a GaN base, 

creating a vdW interface for efficient carrier separation and charge transport.

Various measurements show the performance of this photodetector during electrical and optical 

examinations. The device exhibits stable and rapid photoresponsive characteristics in response to 

multiple UV light pulses, as illustrated in Figure 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 

heterostructure of GaN/SnS₂/SnSSe shows better external quantum efficiency (EQE) than other 

configurations because it maintains a high EQE value at low light intensity levels. The 

heterostructure exhibits exceptional photon-to-electron conversion capability under 365 nm 

illumination at an intensity of 150 nW/cm², achieving an external quantum efficiency while being 

biased at 3V, as shown in Figure 14(c), while being biased at 3V. The device's exposure to 365 

nm illumination enables an outstanding responsivity of 314.96 A/W, along with a specific 

detectivity of 2.0 × 10¹⁴ Jones. Using SnSSe as a material allows researchers to expand the 

photodetection range alongside improved responsivity and detectivity performance. This 

heterostructure consistently enhances light absorption and charge transport, making it a promising 

candidate for future bias-free optoelectronic 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 

optoelectronic devices.

In another study conducted by Zheng et al. [137], a high-efficiency self-powered photodetector 

was fabricated using a WSe₂/Ta₂NiSe₅/WSe₂ vdW dual heterojunction (DHJ). Light absorption 

and charge separation occur within the sandwich-like structure in Figure 14(d) due to opposing 

built-in electric 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 when using 635 nm illumination because it 

obtained ultrahigh EQE of 85.5% accompanied by a power conversion efficiency (PCE) of 1.9%, 

as shown in Figure 14(e), which surpassed the performance of the single heterojunction device. 

The response times for both the rise time (420 μs) and the decay time (640 μs) were recorded by 
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the DHJ photodetector, as shown in Figure 14(f), demonstrating its high-speed optical detection 

capability.

The WSe₂/Ta₂NiSe₅/WSe₂ DHJ offers exciting prospects as a potential future 

optoelectronic and imaging technology solution 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 heterointerfaces, which reinforce carrier separation and suppress 

recombination. This synergistic mechanism, together with the anisotropic characteristics of 

Ta₂NiSe₅, enables broadband sensitivity, polarization-dependent detection, and stable self-

powered operation across multiple wavelengths.

Figure 14 (a) Schematic of the final device under UV radiation. (b) The intensity-dependent photo 

switching occurs when the device operates under a 3-volt fixed bias. (c) Intensity-dependent EQE for 

different device configurations. (d)  Schematic illustration of the WSe2/Ta2NiSe5/WSe2 vdW DHJ device 

(e) Comparison of photoelectric performance of the DHJ device with an SHJ device photodetector. EQE as 

a function of light power density under 635 nm illumination at 0 V in DHJ and SHJ devices. (f) Rise and 

decay time under 635 nm wavelength (24 mW) when operating in self-powered mode. This figure has been 

reproduced from ref [128, 207] with permission from ACS Applied Materials & Interfaces, copyright 2023. 

Nanoscale Horizons, copyright 2024.
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Flexible Substrate-Based SPPDs and Heterostructures
SPPDs fabricated on flexible substrates are gaining attention due to their lightweight 

nature, mechanical durability, and suitability for integration into deformable wearable electronic 

systems [131]. High-performance photodetection functions thrive in devices built on polyethylene 

terephthalate (PET) or polydimethylsiloxane (PDMS) polymeric substrates due to their stretchable 

and curved capabilities [210]. These flexible substrates offer significant benefits for next-

generation technologies due to their inherent flexibility, which enables their application in bio-

integrated sensors, foldable electronics, and conformal imaging systems [211, 212].

Nguyen et al. [213] demonstrated the fabrication of a flexible SPPD with optical signal encryption 

capabilities using a Ti₃C₂Tx MXene-based platform. A heterostructure composed of 

Ti₃C₂Tx/Al₂O₃/ZnO/Ti₃C₂Tx/ITO/PET serves as a device that leverages MXene's superior 

charge transport capabilities and transparency properties. Figure 15(a) illustrates a layered 

structure that utilizes MXene film as a Schottky barrier and a charge-transporting layer.

The photodetector exhibits a rapid photoresponse behavior with a 8 μs rise time and a 30 

μs fall time, as illustrated in Figure 15(b). The MXene layer and distinctive binding between Al₂O₃ 

and ZnO layers enable efficient charge transport, thus leading to fast response times. The device 

utilizes two photodetection effects simultaneously through photoconductivity and pyroelectricity 

as demonstrated in Figure 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 × 10¹³ Jones, respectively. The device's performance is defined by its flexibility and high 

optical transparency, 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. MXene exhibits high surface conductivity and rich functional 

terminations (–OH, –F, –O), which facilitate efficient charge transport and strong interfacial 

bonding with oxide layers, such as Al₂O₃ 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 photoconductive and pyroelectric effects, enabled by the polar 
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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 

polarization-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 preserve self-powered functionality under bending, establishing a reliable 

pathway toward flexible and wearable optoelectronics.

Furthermore, Tang et al. [159] fabricated a flexible self-powered solar-blind photodetector 

that utilizes Ga₂O₃ microwires (MW) connected to MXene. The device schematic (Figure 15(d) 

shows its configuration with a Ga₂O₃ 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 powerful responsivities 

of 0.25 mA/W, with detectivity reaching 4 × 10⁹ Jones under 254 nm UV irradiation, as shown in 

Figure 15(e). The photodetector 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 Figure 15(f). Repeated mechanical bending does not affect this material's photoresponse, 

indicating its excellent potential to work in flexible electronic applications. The ultra-wide 

bandgap of Ga₂O₃ (~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 Ga₂O₃/MXene interface efficiently separates 

photogenerated carriers, and the microwire geometry ensures localized, directed charge transport 

with minimal recombination. 

The Ga₂O₃ MW/MXene photodetector derives its performance from the synergy between Ga₂O₃’s 

ultra-wide bandgap, which ensures deep-UV selectivity, and the built-in electric field at the 

heterojunction that drives efficient carrier separation. 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 
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selectivity and mechanical durability under repeated bending, outperforming conventional rigid 

detectors[214].

Figure 15: (a) Schematic diagram of the device with E-Ti3C2Tx and a digital image of the measurement 

setup, where a light wavelength of 365 nm was used (b) Performance of the 

Ti3C2Tx/Al2O3/ZnO/Ti3C2Tx/ITO/PET TPD includes photo-response speed (c) responsivity. (d) Schematic 

diagram of the Ga2O3 MW/MXene photodetector (e) Photoelectric characteristics and energy band diagram 

of the Ga2O3 MW/MXene photodetector. Spectral responsivity obtained at zero bias (f) Iphoto and Idark of the 

device at different bending cycles (bending angles = 60°). This figure has been reproduced from ref [215, 

216] with permission from Nano Energy, copyright 2023. CrystEngComm, copyright 2023.

Heterostructures on Flexible Substrates:

Research on 2D heterostructures combined with flexible materials has led to the fabrication of 

efficient self-powered photodetectors (SPPDs) [217]. These layered materials, built from van der 

Waals (vdW) components, including MoS₂, WS₂, graphene, and h-BN, enable wearability and 

elasticity through their adjustable band edges and strong light-interaction characteristics [213, 

218]. 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 
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combination of built-in electric fields or asymmetric Schottky junctions, eliminating the need for 

external power. Next-generation soft electronics, bio-integrated sensors, and intelligent imaging 

systems will use 2D heterostructures as fundamental materials [219].

Jang and Choi et al. [131] developed an SPPD device that utilizes a 

trifluoromethanesulfonyl-amide (TFSA)-GR/WS₂ vertical heterostructure as a semitransparent, 

flexible photodetector device. The device in Figure 16(a) combines fast charge carriers of graphene 

with intense light-matter coupling of WS2 to create a powerful van der Waals heterostructure. 

Doping graphene 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 charge separation and transport within the 

device.

The photoresponse characteristics of the TFSA-GR/WS₂ photodetector reveal impressive 

performance across a broad ultraviolet-to-visible (UV-Vis) spectrum. The responsivity (R) 

achieves 0.14 A/W together with EQE of 40% and detectivity (D*) of 2.5 × 10⁹ Jones at 400 nm, 

as shown in Figure 16(b). The heterostructure exhibits exceptional light absorption capabilities, 

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 resistance to mechanical 

bending was examined through repeated tests, as shown in Figure 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 wearable 

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, combined with the 

strong light absorption of WS₂ across the UV-Vis spectrum. 

The TFSA-GR/WS₂ heterostructure highlights how doping-induced modulation of 

graphene’s built-in field, combined with the intense light–matter interaction of WS₂, enables 

efficient charge separation and broadband absorption without external bias. The vdW interface 

ensures rapid carrier transport with minimal recombination, while the flexible platform sustains 

high performance under extensive bending. Together, these mechanisms establish a durable, self-

powered, and spectrally versatile photodetector ideally suited for next-generation wearable and 

conformal optoelectronics.
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Tang et al. [220] reported a flexible photodetector based on a vertical heterostructure 

composed of GaN nanorod arrays (NRAs), MoS₂, and PEDOT: PSS. The 1D GaN NRAs 

constructed on 2D MoS₂ increase light absorption and carrier separation, as depicted in Figure 

16(d). The PEDOT: PSS layer functions as a hole transport layer because this structure enhances 

the extraction of charges. The device functions autonomously, with a UV illumination responsivity 

of 1.47 A/W and a detectivity of 1.2 × 10¹¹ Jones, and has response times of 54/71 µs. The response 

and detection abilities decrease progressively as power density increases due to recombination 

effects, as shown in Figure 16(e). The application of a compressive strain of -0.78% induces piezo-

polarization charges, improving both device responsivity to 2.47 A/W and detectivity to 2.6 × 10¹¹ 

Jones.

Figure 16(f) shows that the device maintains a stable photocurrent 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 performance under compressive strain conditions. The photodetector 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 arises from GaN nanorods 

enhancing light absorption and charge separation with MoS₂, while PEDOT: PSS aids efficient 

hole transport. Compressive strain induces piezoelectric polarization 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.
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Figure 16: (a) Schematic TFSA-GR/WS2 photodetector diagram. 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 illustration 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, 221] with permission from Journal of Alloys and Compounds, copyright 2022. 

Nano-Micro Letters, copyright 2025.

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 [222]. The Schottky barrier established 

between a semiconductor and metal drives photogenerated carrier movement through the device, 

leading to efficient operation and high-speed response in addition to very low dark current [222]. 

The combination of heterostructure Schottky SPPDs with 2D materials, such as MoS₂, WS₂, and 

graphene, alongside bulk semiconductors or metals, yields devices that offer superior 

photoresponsivity and broadband detection capabilities, as well as adjustable band alignments 

[223, 224]. Thanks to their strong light-matter interactions combined with rapid carrier transport, 

these heterostructures perform exceptionally well in optoelectronic devices, wearable systems, and 

transparent sensors. Recent breakthroughs in SPPDs have emerged through band engineering, 
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doping methods, and the implementation of flexible substrates, making efficient large-scale SPPD 

designs possible.

Tong et al. [225] fabricated a photodetector composed of asymmetric van der Waals (vdW) 

contacts connected through graphene/WSe₂/graphene (Gr/WSe₂/Gr), as shown in Figure 17(a). A 

dry-transfer integration process couples different thickness graphene electrodes with monolayer 

WSe₂ 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 electrodes function in the device.

The photodetector achieves superior performance characteristics through its 20.31 mA/W 

responsivity, along with an open-circuit voltage of 0.37 V and a light-to-dark ratio of 10⁶, as shown 

in Figure 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 

the device can detect broadband light signals with adjustable response behaviors. The device 

exhibits rapid photodetection, with a rise time of 42.9 μs and a decay time of 56.0 μs, as shown in 

Figure 17(c). Repeated switching tests verify that the Gr/WSe₂/Gr photodetector exhibits 

dependable operation properties for practical implementation. Results showed that graphene-based 

heterostructures offer excellent prospects for developing next-generation optoelectronic 

equipment, such as wearable sensors, imaging systems, and optical communication technologies. 

Repeated switching tests confirm the reliable performance of the Gr/WSe₂/Gr photodetector for 

practical applications. The strong van der Waals bonding between graphene and WSe₂ 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 operation. 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 

communication technologies, which outperform many conventional rigid devices with slower 

response times and less mechanical flexibility.

Building on advancements in Janus and 2D materials-based photodetectors, Ghanbari et al. [226] 

fabricated a geometrically asymmetric p-type 2D molybdenum diselenide (GA-MoSe₂) 

photodiode with Cr/Au asymmetric electrodes, as shown in Figure 17(d). The asymmetric 
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interfaces between MoSe₂ and metal layers establish built-in Schottky barriers, improving charge 

separation and rectification response. A high rectification ratio of around 10⁴ 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 × 10¹¹ Jones at a 3 V bias, as illustrated in Figure 17(e). The application of gate bias 

resulted in an electrostatic 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, Vgs, for 470 nm 

illumination, as shown in Figure 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 fabrication process, 

high rectification ratio, and strong photoresponse position GA-MoSe₂ 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 structure of MoSe2, with its intense light 

absorption and tunable electronic properties, contributes to high sensitivity and stability.
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Figure 17: (a) Schematic diagram of the Gr/WSe2/Gr photodetector. Inset shows the OM image of the 

Gr/WSe2/Gr photodetector (red dotted lines and black dotted lines show multilayer WSe2 and Gr, 

respectively) (b) R under three laser wavelengths (488, 532, 633 nm) at Vds = 0 V (c) τr and τd of the 

photodetector. (d) Schematic illustration of a GA-MoSe2 photodetector device with drain-source voltage 

(Vds) and gate-source voltage (Vgs) (e) The responsivity (R) and detectivity (D*) of the photodetector at 

several bias voltages with the same light intensity of 0.73 mW cm−2 (f) The I–t characteristics of the GA-

MoSe2 device at the light intensity 0.73 mW cm−2, Vds = 3 V, and different gate biases of Vgs= −15−15 V. 

This figure has been reproduced by the ref [226, 227] with permission from Advanced Optical Materials, 

copyright 2024. ACS Applied Materials & Interfaces, copyright 2023.

Perovskites and Their Heterostructures for Self-powered Photodetectors
Perovskite materials and related heterostructures have garnered considerable interest in self-

powered photodetection due to their high absorption coefficients, long carrier diffusion lengths, 

and adjustable bandgaps [228]. Due to their combination of these characteristics, perovskites are 

suitable for broadband, low-power photodetection [229, 230]. By combining perovskites with 

substances such as metal oxides or 2D TMDCs, heterostructure-based self-powered perovskite 

photodetectors can enhance carrier separation and reduce recombination loss [231].
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The device exhibits high responsivity, detectivity, and speedy response times, and has been further 

improved through advances in band engineering and interface optimization. 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 promising next-generation energy-efficient optoelectronic devices built upon 

these advancements.

Perovskite-Based Self-Powered Photodetector

Zhao et al. [136] developed a self-powered 2D perovskite Pb₂Nb₃O₁₀ photodetector with a layered 

structure, enabling effective charge transport and light absorption. Figure 18(a) shows the device 

that consists of a thin Pb₂Nb₃O₁₀ flake with strong optical absorption and high carrier mobility. 

Self-powered operation is possible without an external bias and is achieved through the rapid 

separation of charge due to the intrinsic built-in electric field within the material. The transient 

photoresponse at different wavelengths is shown in Figure 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 optoelectronic applications. 

Furthermore, Figure 18(c) shows that the photodetector's responsivity reaches up to 2.8 A/W, and 

its detectivity is 1.2 × 10¹² 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 Pb₂Nb₃O₁₀ photodetector is also stable with repeated illumination cycles and durable. 

Together, high responsivity, rapid response time, and self-powered operation make this device a 

promising candidate for next-generation UV photodetection, environmental sensing, and optical 

communication applications. Guo et al. [232] fabricated a self-powered UV photodetector based 

on a 2D perovskite ferroelectric layer for charge separation using its intrinsic electric field. Figure 

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 an external bias. Strong UV 

detection at 360 nm, as shown in Figure 18(e), suggests that efficient carrier separation is observed. 

As shown in Figure 18(f), it achieves an ultrahigh responsivity of 891.7 A/W and detectivity of 

10¹² 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 
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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 perovskite-based SPPDs fundamentally relies on their intrinsic polarization fields and 

long carrier diffusion lengths, which enable efficient charge separation without external bias. In 

layered perovskites, such as Pb₂Nb₃O₁₀, 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 scalable, self-powered 

photodetection across UV–visible ranges with potential for integration into flexible and wearable 

electronics.

Figure 18: Photodetecting performance of the Au-PNO-Ti device. (a) Optical microscope photograph of 

the Au-PNO-Ti device. (b) Photodetecting performance of the Au-PNO-Ti device at 350 nm under 0 V. I–

t curves for the device under different light illumination conditions. (c) The responsivity and detectivity for 

the Au-PNO-Ti device, respectively. (d) The schematic diagram shows the device structure. Inset: chemical 

structure of BA+ and BDA2+. (e) I–V characteristics under 360 nm laser with different power densities 

ranging from 0 to 1273 µW cm−2. (f) Corresponding detectivities and responsivities of the PD as a function 

of the power density. This figure has been reproduced from the ref [136, 232] with permission from Journal 

of Materials Science & Technology, copyright 2023. Advanced Materials, copyright 2023.
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Perovskite Heterostructure-based Self-powered Photodetector.

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 enhances carrier separation efficiency by 

suppressing recombination losses and improving detection sensitivity [228]. Yan et al. [233] 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 Ca₂Nb₂. ₅Ta₀. ₅O₁₀ (CNTO) perovskite oxide nanosheets 

and PC71BM organic semiconductor as shown in Figure 19(a). 

Figure 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 mAW − 1 at zero bias under 290 nm illumination was 

also shown for the photodetector in Figure 19(c). It signifies 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 mobility, resulting in excellent 

photodetection efficiency. Additionally, this work demonstrates the promise of hybrid perovskite 

oxide/organic heterojunctions for high-performance, self-powered UV photodetectors in wearable 

optoelectronics, UV communication, and next-generation sensor devices. 

In another study, Gedda et al. [131] developed a high-speed, self-powered 2D perovskite 

photodetector with excellent ambient stability, utilizing planar nanocavity engineering to enhance 

light absorption and carrier extraction. As depicted in Figure 19(d), the device featured a multi-

layer architecture comprising an ITO electrode, an 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 

responsivity (R) and detectivity (D*). Due to its higher optical absorption, the photodetector with 

a cavity structure in Figure 19(e) exhibits a significantly higher responsivity than the device 

without a cavity structure, particularly in the visible region (~450nm). An experimental setup 

image is shown in the inset of the figure for the real-time evaluation of the device’s response. It 
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suggests that photon utilization efficiency can be increased by using a nanocavity integrated into 

the device structure.

Additionally, Figure 19(f) displays the time-resolved photocurrent 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 consistent responsivity over a wide spectral range. These studies highlight how 

perovskite heterostructures achieve efficient self-powered photodetection by combining intrinsic 

material properties with structural engineering. In CNTO/PC71BM devices, the built-in electric 

field at the oxide–organic interface promotes 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 sensitivity with speed and stability, positioning them as leading candidates for 

next-generation self-powered optoelectronics.

Figure 19: (a) Schematic diagram of the photodetector charge separation and transportation process based 

on CNTO/PC71BM. (b) The device's response time is at 0 V. c) The responsivity and EQE of the device 

are at 0 V. The device is based on the CNTO/PC71BM hybrid as the photosensitive layer. (d) Schematic 

depiction of the device with the inset showing the Absorption distribution of a 10 nm perovskite film with 

SnO2 spacer  (e) Spectral responsivity and specific detectivity of the PD, comparing results with and without 
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the cavity structure. The inset shows a digital photograph of the PD under operation. (f) The 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 the ref 

[86, 234] with permission from Materials Science and Engineering: R: Reports, copyright 2025. Advanced 

Functional Materials, copyright 2024.

Challenges, Solutions, and Future Perspectives 
SPPDs offer significant advantages in optoelectronics, primarily 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 broad adoption of these devices.  A key concern is the stability of materials 

used in perovskite-based and flexible photodetectors.  Perovskite materials exhibit great potential 

due to their high absorption coefficients and adjustable band gaps; however, they are highly 

susceptible to environmental conditions such as moisture and oxygen, leading to degradation 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 graphene, TMDCs, and 

MXenes, which offer high charge mobility and transparency, thereby facilitating more efficient 

photodetection.  These materials have the potential to create heterostructures that facilitate charge 

separation, minimise recombination, 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 polarization 

sensitivity. Furthermore, the scalability of SPPDs continues 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 as roll-to-roll processing, combined with hybrid 
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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 

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 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 [235].  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.
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Conclusion
Self-powered photodetectors (SPPDs) hold the promise of transforming next-generation 

optoelectronics by providing energy-efficient, high-performance devices suitable for various 

applications, including wearable electronics and optical communication.  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 potential fully.  The incorporation of cutting-edge materials such as 2D materials, 

perovskites, MXenes, and Janus heterostructures demonstrates potential for improving 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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