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Advancements in transition metal dichalcogenides
(TMDC:s) for self-powered photodetectors:
challenges, properties, and

functionalization strategies

Alka Rani, Arpit Verma 2 and Bal Chandra Yadav 2 *

This paper presents a comprehensive overview of the current landscape of self-powered
photodetectors, emphasizing the emerging role of transition metal dichalcogenides (TMDCs) as
promising materials for addressing their growing need in this field. The importance of self-powered
photodetectors in a range of applications is highlighted in the introduction, which also sets the scene
for the debate. The difficulties with TMDC-based photodetectors are then discussed, highlighting the
necessity for creativity. A thorough investigation is conducted into the characteristics of TMDCs that are
relevant to self-powered photodetectors, such as their high carrier mobilities, mechanical flexibility,
thermal conductivity, strong spin-valley coupling, optical qualities, and electrical characteristics. Because
of these intrinsic qualities, TMDCs are attractive options for self-powered photodetectors. This review
paper then explores different functionalization approaches to induce self-powered properties in TMDCs,
including surface functionalization, covalent functionalization, non-covalent functionalization, strain
engineering, doping, and photoinduced charge transfer for optoelectronic property modulation. A
detailed discussion of each method is provided, highlighting its potential to improve TMDCs
performance. Simultaneously, various device architectures used as self-powered photodetectors,
emphasizing the benefits and drawbacks of each, including avalanche photodiodes, bipolar junction
transistors, and metal-semiconductor—metal (MSM) combinations have been discussed.
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1. Introduction

A great deal of research has been conducted on single-layer two-
dimensional materials since the discovery of single-layer gra-
phene a few years ago." As a result of this interest, both known
and new 2D materials were discovered, including metal dichal-
cogenides and boron nitrides. The creation of optical devices
based on 2D materials has advanced significantly. Optoelec-
tronic devices have shown impressive performance with the
introduction of TMDCs, including strong photoluminescence,
a high current ON-OFF ratio, and acceptable carrier mobility as
detailed in Table 1.> Since unsaturated d-orbital transition
metals are present in TMDCs, they can vary from semiconduc-
tors to semimetals:* MoS,, WS,, selenium (Se) based TMDCs
like MoSe, and WSe,, and tellurium (Te) based TMDCs like
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MoTe, and WTe,.>® The type of metal and chalcogen atoms
employed can affect the characteristics of TMDCs. TMDCs, like
MoS, and WS,, have a layered structure with a metal atom
sandwiched between two chalcogen atoms and only one or a
few atomic layers of thickness.” Fig. 1 shows the periodic table
highlighting the possible metals and chalcogens to form 2D
TMDCs.® The study of photodetection is one of the most
promising fields for TMDC research. Photodetectors are tools
that turn light into electrical signals. They have a wide range of
uses in fields like sensing, imaging, and telecommunications.’
Because of their many benefits, self-powered photodetectors
are crucial in the field of optoelectronics. By capturing and
transforming incident light into electrical power, they provide
energy-efficient solutions by lowering the need for external
power sources like batteries and boosting energy efficiency.'”
By reducing electrical waste and the carbon footprint, this not
only increases the operating life of electronic products but also
supports environmental sustainability goals. Greater conveni-
ence in mobility can be achieved by the development of wear-
able, lightweight, and portable devices, which are made
possible by these detectors.'' Additionally, they are useful in
difficult and distant locations where traditional power sources
might not be available. TMDCs possess the capability to gen-
erate multiple excitons upon absorbing a single photon of light
with energy exceeding the forbidden gap of materials. Photo-
detectors utilizing heterojunctions such as SnSe,/MoS,, MoSe,/
WSe,, and WSe,/MoS, have demonstrated inherent self-driven
photo-switching capabilities."” Jing Zhong et al. demonstrated
that a photodetector utilizing a 9.5 nm thick a-MoSe, thin film
achieves the highest photocurrent of 4.60 pA, a photo-to-dark
current ratio (PDCR) of 3067, and a photoresponsivity of
0.94 mA W™ at zero bias."® MoS,-based photodetectors exhibit
elevated photoresponsivity and rapid photo response speed,
and their photon absorption is predominantly confined to the
UV-visible region. This constraint arises from MoS,’s wide
bandgap, approximately 1.83 eV for monolayer MoS,, limiting
its utility in broadband photodetection.'* Near-infrared the
(NIR) photodetectors have significant importance in various
military and civilian domains, encompassing optical telecom-
munication, target imaging, remote sensing, time surveillance,
and environmental monitoring. Given its relatively small band-
gap, PtSe, shows promise for potential applications in NIR
detection.”® 2D TMDCs emerge as promising candidates for
ultralow-intensity photodetection. Nevertheless, the perfor-
mance of these photodetectors is often hindered by rapid
degradation induced by ambient conditions and slow response
due to long-lived charge trapping, resulting in a substantial
persistent photocurrent upon switching off the light source.
To address these challenges, the functionalization of TMDCs
with other materials is explored. Krishna Murari et al. devel-
oped a device using this approach by presenting an ITO/
WSe,/SnSe,-based device that exhibits responsivity exceeding
1100 AW~ ' and achieves a rapid transient response time on the
order of 10 ps.'® The strong spin valley coupling feature of
TMDCs represents a strong coupling between the spin and
valley states of charge carriers, presenting significant benefits.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Advantages of TMDCs for self-powered photodetectors

Advantages of 2D TMDCs for
self-powered photo-detectors

Explanation

High electron mobility

Mechanical flexibility

Thermal conductivity

Strong spin valley coupling

Wide range of optical properties

Band gap

Transparency

TMDCs have high carrier mobility with a crucial property for high-speed transistors. MoS, exhibits
intrinsic mobility of around 1 em” V™' s~ " when lacking high k dielectric gate materials. Incorporating
HfO, as the top-gate layer significantly boosts this value to a promising ~150 cm> V™' s™' at room
temperature.”

TMDCs with high mechanical flexibility empower the photodetector to form curved surfaces,
expanding its adaptability for various applications such as conformal imaging devices and wearable
electronics.

The absorption of photons by the material, coupled with phonon interactions, can increase the tem-
perature of the photodetector, inducing a conductivity change. For TMDC-based photodetectors
operating exclusively in the NIR and visible spectral regimes, this effect is likely negligible.*®

The advantageous presence of robust spin valley coupling of TMDCs enhances the sensitivity and
effectiveness of photodetectors significantly.

Enhanced photodetection efficiency can be readily attained through the integration of TMDCs with
other semiconductors, resulting in increased optical absorption and improved charge separation
TMDCs’ variable band gaps play a key role in the absorption of light, exerting a direct influence on
their optical characteristics.

The majority of monolayer TMDCs exhibit optical transparency, having 85% transmission, with light
absorption levels in the range of 5% to 10% within the visible range.
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Fig. 1 Periodic table highlighting the possible metals and chalcogens to form 2D TMDCs.

It improves light-matter interactions and allows for the exact
control and modification of these carriers in response to
external stimuli, leading to better light absorption and photo
response. A critical property of 2D materials such as TMDCs is
carrier mobility, which can affect the performance of electronic
components such as transistors and photodetectors.'” Compar-
ing TMDC materials to their bulk counterparts, significant
carrier mobility is common. This is because smaller dimen-
sions of the material result in less scattering of electrons and
holes by phonons, impurities, and defects. Furthermore, the
TMDCs’ comparatively low dielectric constant makes it possible
for electrons and holes to interact with one another more
strongly, which improves their mobility."® Yet, several ele-
ments, including impurities, and the presence of a substrate,
can have an impact on carrier mobility in TMDCs. Impurities,
flaws, or a substrate can serve as electron and hole scatterers
and lower carrier mobility.'® Moreover, the type and thickness
of a particular TMDC can affect the carrier movement. For
instance, although other TMDCs like MoSe, and WSe, have
lower electron mobility, MoS, and WS, have comparatively
high electron mobility.*® High-speed electrical devices and

© 2024 The Author(s). Published by the Royal Society of Chemistry

high-performance optoelectronic devices like photodetectors
can both benefit from the high carrier mobility of TMDCs.>!
To obtain high carrier mobility and maximize their perfor-
mance in electrical and optoelectronic devices, quality and
purity of TMDC materials must therefore be under good
control."”*" TMDC materials are highly reactive and ideal for
use in catalytic and sensing applications because of their huge
surface area to volume ratio.”” Electrons may pass through 2D
materials with ease because of their high electron mobility. Due
to this characteristic, TMDC materials can be used in electrical
components like transistors and field-effect transistors.>® Due
to the reduced dimensionality of the materials and their
comparatively low dielectric constant, which permits a higher
Coulomb interaction between electrons and holes, this feature
results.>* The exciton binding energy of monolayer WS, is large
(0.7 eV).*® For MoS,, MoSe,, WS, and WSe, semiconductors,
the theoretically expected carrier mobilities are significant
(354, 269, 1739, and 1083 cm® V' s ' for each semi-
conductor).”* 2D TMDCs have comparatively low hole mobility
compared to their great electron mobility. Strong Coulomb
interactions between holes, which result in a higher scattering

Mater. Adv.,, 2024, 5, 3535-3562 | 3537
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Table 2 Carrier mobility of transition metal dichalcogenides (TMDCs)
compared with wide bandgap semiconductors such as ZnO, GaN,
Ga,Os3, AlN, ZnS, GaAs, etc.

Materials Charge carrier mobility (cm®> V™' s77) Ref.
ZnO 137 58
GaN 800 59
BGa,0, 150 60
AIN 300 61
ZnS 100-300 62
GaAs 1150 63
MosS, 50-200 64
ZrTe, 1.8 x 10* at 2 K 65
ZrSe, 2316 at room temperature 66
7rS, 1250 67
HfS, 1800 68
HfSe, >2000 69
NbS, 2.68 x 10° 70
TaTe, 1400 71
WSe, 1000 72
MoTe, 200 73
WS, 100 74

rate and a lower mobility, are to blame for this.>® Due to their
low dimensionality and high excitonic binding energy, 2D
materials have a strong light-matter interaction. Due to this
characteristic, 2D materials can be used in optoelectronic
components like solar cells and photodetectors®””*® as shown
in Table 2. TMDCs have strong light absorption properties and
can absorb up to 5-10% of incident sunlight in as little as 1 nm
of thickness, several orders of magnitude higher than that of
Si and GaAs.”® An excellent example of this is a monolayer
MoS, photodetector which can have a photoresponsivity of
880 A W '.*° Due to the anisotropic nature of 2D TMDCs’
transport capabilities, multiple transport behaviors may be
seen depending on the direction in which a material is mea-
sured. 2D TMDCs’ electronic characteristics can be adjusted
using this anisotropy to tailor them to certain uses. Transport
features of 2D TMDCs are temperature-dependent, which
means that as the temperature changes, so can the behavior
of the devices. If the temperature drops, for instance, the
electron mobility of 2D TMDCs typically rises while the hole
mobility falls.>* A substantial anisotropy in the electrical and
optical characteristics of TMDC materials can result from
broken inversion symmetry, and this anisotropy affects the
behavior of the material.®> TMDC materials have a large
excitonic binding energy, causing the creation of excitons to
result in a significant absorption of light (bound electron-hole
pairs). It is possible to exploit this attribute to modify the
optical characteristics of TMDC materials. 2D TMDCs exhibit
a quantum confinement effect, which means that the materials’
reduced dimensionality affects transport characteristics of the
material. The electronic band structure and electronic density
of states may change as a result of these quantum confinement
effects, which may change the transport properties of the
material.*®> Other types of scattering, such as scattering by
phonons, impurities, and defects, can also have an impact on
the transport characteristics of 2D TMDCs. These scattering
processes have the potential to change the electrical band
structure as well as the mobility of carriers. Because of their
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many unique qualities, these materials may be used in a wide
range of applications in electronics, optoelectronics, and spin-
tronics. These qualities may be controlled and altered by
varying the synthesis conditions, material thickness, and the
kind of metal and chalcogen atoms used. These properties are
essential for comprehending the electronic behavior of 2D
TMDCs and enhancing their performance in electrical devices.

Transition metals and chalcogen atoms are shown in Fig. 1
by highlighted colors. Materials based on the four group Iv(d2),
V(d3), vI(d4), and VII(d5) metals form a layered structure, while
non-layered materials are usually derived from the eighth group
VIIIa-VIIIc (d6-d8) metals. It is easy to modulate the photo-
electric response of TMDCs, regardless of the semiconductor or
near metal they are made from. The number of layers in TMDC
materials influences their optical properties based on their
energy band structures. Since nanopores based on the atom-
ically thin medicine of TMDCs may give a quick, accurate
approach for high-resolution DNA sequencing, it has been
demonstrated that TMDCs offer great potential for biophysical
applications, including DNA sequencing and personalized
medicine.'® A photodetector is a device capable of transforming
an electrical signal into an optical signal. In recent times,
numerous researchers have made significant advancements
in the field by creating photodetectors that rely on transition
metal dichalcogenides. In 2017, Wenzhi Yu et al. introduced
near-infrared photodetectors that utilize a MoTe,/graphene
heterostructure, and these photodetectors exhibit remarkable
performance matrices, including a notably high responsivity of
approximately 970.83 A W', a substantial photoconductive
gain of 4.69 x 10% and an impressive detective value of
1.55 x 10'' cm Hz'* W~ '.3* In 2019, Pratik Pataniya et al.
introduced a paper-based flexible photodetector that has
enhanced the functionalization of WSe, nanodots. This photo-
detector demonstrates an outstanding response time of
0.68 s. Additionally, it boasts a high responsivity value of
17.78 mA W, along with a detectivity of 5.68 x 10'° Jones.*
The majority of photodetectors necessitate an external power
source to facilitate the movement of the charge carrier. Unfor-
tunately, this requirement contributes to the enlargement of
the overall device size and enforces a dependence on additional
external equipment. Self-powered photodetectors represent a
category of devices that operate without the need for an external
power supply. These photodetectors have the potential to hold
significant importance in applications such as the Internet of
Things and optical sensor networks.*®

This review aims to comprehensively estimate the perfor-
mance, characteristics, and applications of self-powered photo-
detectors based on TMDCs. Additionally, it identifies current
challenges and outlines future prospects for this promising
technology. The properties of TMDCs that make them suitable
for self-powered photodetectors have been explained, along
with an exploration of how these properties can be enhanced
through various functionalization strategies. It explores into
the optical, electrical, and electronic properties of TMDCs and
explores their societal impact. To gain a better understanding
and enhance the overall performance of the photodetector, we

© 2024 The Author(s). Published by the Royal Society of Chemistry
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provide an in depth explanation of the device structure of the
self-powered photodetector and how these materials are used
in different types of photodetectors like phototransistors and
photodiodes. Additionally, we have presented various TMDC-
based self-powered photodetectors, organized in table form,
highlighting their parameters.

2. Need for self-powered
photodetectors

Photodetectors are devices which transform light into an
electrical signal. Self-powered photodetectors represent a novel
category of photodetectors that facilitate photodetection with-
out relying on external power sources.”® This concept has
gained momentum due to the increasing popularity of wearable
photodetectors. They are utilized in numerous fields, such as
data storage, sensing, imaging, and communications. The
capacity of photodetectors to detect light with high sensitivity
and low noise is one of their key features.””' To detect and
enhance light signals conveyed across optical fibers, photode-
tectors are employed in fiber-optic communication systems.
Digital cameras, camcorders, and other imaging equipment
employ photodetectors to turn light into an electrical signal
that can be processed and saved as an image.’® UV commu-
nication has significant advantages over optical wireless com-
munication methods due to its inherent benefits of resistance
to interference and interception. It appears that using self-
powered photodetectors as optical receivers will improve the
integration and mobility of UV communication systems.*!
A variety of sensing applications, including gas sensing, envir-
onmental sensing, and biometric sensing, use photodetec-
tors.*>** Flexible self-powered photodetectors are a significant
component of flexible self-powered electronic systems, encom-
passing biosensors, nanogenerators, and photodetectors. Nota-
bly, these systems operate without the requirement for external
energy sources, utilizing the photovoltaic effect even at zero
voltage. This eliminates the necessity of developing a supple-
mentary power supply system.**

Photodetectors are used to read and write data on data
storage devices such as CDs, DVDs, and Blu-ray discs. Using
graphene, Mohit et al. developed photon-triggered, self-biased
electronic circuits in 2021.*° These circuits included a variety of
parts, including switches, transistors, logic gates, and lateral
p-n and n-p homojunctions. Local probe measurements vali-
dated these advances.”> To transform X-ray and gamma-ray
photons into an electrical signal, photodetectors are employed
in medical imaging devices like X-ray and CT scanners. Photo-
detectors are utilized in systems like motion sensors and
burglar alarms. Photodetectors are used in spectroscopy to find
the light that a sample emits or absorbs. Self-powered ultra-
violet photodetectors hold immense promise in optical com-
munication, smart security systems, and space exploration by
enabling photodetection without the need for external power
sources. In conclusion, photodetectors are crucial components
of contemporary technology. From Fig. 2, we can see that they

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Applications of TMDC photodetector devices.

are widely utilized in a variety of applications that call for the
detection and conversion of light into an electrical signal. 2D
TMDCs have been investigated as photodetectors due to
their unique optical and electrical properties, such as their
high absorption coefficient, high on/off ratio, and high
responsiveness.*®

3. Current challenges and potential
solution to address these challenges
in TMDCs for photodetectors

Photodetectors must be able to recognize weak signals while
using the least amount of power possible.?” Fig. 3 represents
the properties and challenges associated with TMDCs. Photo-
detectors must be able to detect a variety of light intensities
without being saturated. Also, they recognize and react to
quickly changing lighting conditions. Photodetectors must be
able to function under a variety of circumstances without
deteriorating over time. Researchers are creating new kinds of
photodetectors that may perform better than conventional
silicon-based devices. Examples of these include those based
on novel materials. For mass manufacture and commercializa-
tion, photodetectors must be reasonably priced and cost-
effective.*® TMDCs can be readily synthesized by mechanically
transferring and stacking various combinations of TMDC mate-
rial heterojunctions. The absence of lattice mismatch issues,
attributed to the van der Waals forces between layers, coupled
with a more complex energy band structure, enhances the
potential of photodetectors based on TMDC heterojunctions,
offering extensive application possibilities. To enhance the
photocurrent, the conductivity of TMDCs can be elevated
through methods such as doping or creating heterojunctions
with compatible conductive materials. Enhancing the photo-
luminescence intensity and quality of monolayer TMDCs pre-
sents a noteworthy challenge, critical for achieving low
threshold lasers and high quantum efficiency LEDs. The exam-
ination of excitonic dynamics, which shows the fundamental
mechanisms leading to excitonic formation and emission

Mater. Adv., 2024, 5, 3535-3562 | 3539
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Fig. 3 Properties and exciting challenges associated with TMDCs.

processes, is considered an effective tool for evolving the optical
properties of TMDCs.*® Conventional photodetectors employ-
ing photosensitive materials face several challenges, including
lattice mismatch, complex engineering processes, difficulties in
incorporation with complementary metal oxide semiconductor
devices, issues of toxicity, and high costs.>® The discovery and
utilization of TMDCs in optoelectronic devices have prompted
the development of a growing array of photodetectors using
these materials. These advancements, enabled by diverse tech-
nology, have showcased outstanding performance skills.

4. Properties of TMDCs relevant to
self-powered photodetectors

4.1. High carrier mobilities

TMDCs with high carrier mobilities are essential for self-
powered photodetectors because they facilitate effective charge
transport, minimize carrier recombination, improve responsiv-
ity, speed up response times, and reduce noise, all of which
improve signal-to-noise ratios.”">*> Together, these characteris-
tics make photodetectors extremely responsive, sensitive, and
able to precisely transform incident photons into electrical
signals. They are therefore ideal for many uses, including
optical communication, sensing, and imaging systems. Carrier
mobility, which gauges how quickly electrons or holes may pass
through a substance, is a critical component in determining
how effectively electrical devices work.>® In 2D TMDCs, the
carrier mobility is influenced by impurities as well as the
strength of the contacts between the carriers and the lattice
of the material.>® Due to the presence of a suitable bandgap in
the material, 2D TMDCs typically have substantially higher
carrier mobility than other two-dimensional materials like
graphene. High on/off ratios are produced in field-effect tran-
sistors as a result, enabling effective field-effect control of the
carrier density. Reduced impurities and defects in the material
as well as the use of substrates with high levels of crystalline
perfection can further increase the carrier mobility of 2D
TMDCs. For instance, minimizing the contact between the 2D
material and the substrate by employing hexagonal boron nitride
(h-BN) as a substrate can dramatically increase the carrier
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mobility of MoS,.>> For 2D TMDCs, the maximum carrier
mobility reported is typically in the range of 104 cm* V' s '
for MoS,, WSe,, and MoSe, and 103 cm?® V' s™' for WS,.”®
These values are far greater than those of other 2D materials like
graphene, but they are still less than those of traditional semi-
conductors like silicon and GaAs. Carrier mobilities of some
TMDCs are given in Table 2. It is important to note that
temperature, humidity, and strain can all have an impact on
how mobile TMDCs are. The quality of the samples also plays a
role; samples developed using MBE or CVD typically have higher
mobilities than samples grown using exfoliation or solution-
based techniques.’”*** Fig. 4(a—c) depict the distribution
of mobility derived using peak transconductance for various
channel widths of MoS, and WS,, respectively. The schematic
depiction of PMMA (poly methyl methacrylate) aided wet trans-
fer of monolayer TMDC is shown together with its device
construction and SEM picture.”” When the channel width is
scaled from 5 pm to 100 nm, the mobility of both materials
varies from 23.9 cm®> V' s7! to 3.6 cm®> V! 57! for MoS, and
29em®>V s 't02.7em® V' 57! for WS,. Both materials display
considerable reliance on the channel width. For MoS, and WS,,
Fig. 4(d and e) display the total resistance with respect to the
channel width, and Fig. 4(f and g) display the distribution of
contact resistance. Contact-gating is responsible for a reduction
in contact resistance with increased carrier density (7s), since the
back-gate voltage modulates the Schottky barrier (SB) width at
the metal/2D interface. The combined contribution of channel
resistance and contact resistance with respect to channel width
is shown in Fig. 4(h and 1i).

4.2. Mechanical flexibility

Mechanical flexibility is crucial for self-powered photodetectors
for a number of reasons. Firstly, it enables the photodetector
to adapt to curved or uneven surfaces, which increases its
versatility for a range of uses, including conformal imaging
devices and wearable electronics.”® The ability of photodetec-
tors to withstand mechanical stress or strain during handling
or operation can be enhanced by mechanical flexibility. For
flexible displays and medical sensors, for instance, where the
photodetector may be twisted or stretched, this characteristic is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic representation of PMMA assisted wet transfer of monolayer TMDCs with their device structure and SEM image. (b) and (c)

Distribution of mobility extracted using peak transconductance for different channel widths of MoS, and WS,. (d) and (e) Total resistance with respect to
the channel width for MoS, and WS,. (f) and (g) Distribution of contact resistance for MoS, and WS,. (h) and (i) Total contribution of contact resistance and

channel resistance with respect to the width of the channel. Reprinted with

quite helpful.”®”” All things considered, mechanical flexibility
is an essential characteristic that raises the robustness and
potential uses of photodetectors that run on their own energy.
2D TMDCs are known for their mechanical flexibility,”® or their
capacity to bend and deform without breaking.”® Weak van der
Waals interactions between layers of the material are to blame
for this characteristic. By evaluating the flexibility of products
created from the material, such as transistors or solar cells, it is
possible to determine the mechanical flexibility of 2D TMDCs.
The bending radius or maximum strain that these devices can
sustain before breaking or performing poorly is often used to
gauge their flexibility. Thinner layers are more flexible than
larger ones, hence the mechanical flexibility of 2D TMDCs is
also correlated with their thickness.®® For instance, although
multi-layer MoS, can withstand up to 0.5% strain, a single-layer
MoS, has been claimed to be flexible up to 1.5% strain.®* The
WSe, photodetector with graphite electrodes and h-BN encap-
sulation is schematically shown in Fig. 5(a). The optical image
of the device is shown in Fig. 5(b), and the HR-TEM cross-
sectional image is shown in Fig. 5(c). The illumination of the
light on the WSe, photodetector is shown in Fig. 5(d). Yixuan
Zou et al. investigated the photoelectric properties of WSe,
photodetectors.®® The IV, transfer curve changed higher
over a range of gate bias values when exposed to white light
at 20 °C, showing positive photoconductivity (PPC), as seen in
Fig. 5(e). Remarkably, white light at 400 °C shifted the transfer
curve to the left, with the shift increases with increasing light

© 2024 The Author(s). Published by the Royal Society of Chemistry

permission from ref. 57 Copyright of Nature 2021.

intensity; this is seen in Fig. 5(f). PPC was more prevalent in the
N branch compared to NPC (negative photoconductivity) in the
P branch. At 400 °C, Iy rose by setting Vg at 3 V, converting
the WSe, device into a PPC photodetector (Fig. 5d). On the
other hand, I4s dropped at 0 V, indicating that it was an NPC
photodetector (Fig. 5e). The substrate on which the material is
formed and the technique utilized to manufacture the material
can both have an impact on the mechanical flexibility of 2D
TMDCs. For instance, flexibility can be increased by growing it
on a flexible substrate like polyethylene terephthalate (PET).*"
A wide variety of flexible electronic applications, including
flexible sensors, displays, and energy storage devices, can
benefit from the mechanical flexibility of 2D TMDCs.** Further-
more, stretchable and wearable electronic devices can be
created using flexibility of TMDCs. It is important to note that
building heterostructures of TMDCs, where the mechanical
characteristics of the layers may be modified by altering the
composition of the layers, can also improve the mechanical
flexibility of TMDCs.

4.3. Thermal conductivity

The characteristic that characterizes the capacity to conduct
heat is called thermal conductivity. It affects how heat is
dissipated during operation, which affects the device’s thermal
management. Maintaining the photodetector’s stability and
performance requires effective heat control. Elevated thermal
conductivity can disperse surplus heat, averting overheating

Mater. Adv., 2024, 5, 3535-3562 | 3541
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(a) Schematic view of the WSe, photodetector with h-BN encapsulation and graphite electrodes. (b) Optical image of the device. (c) HR-TEM

cross-sectional image of the device. (d) WSe; photodetector under illumination. (e) /ys—Vqgs characteristics under dark and illumination at 20 °C. (f) lqs—Vgs
characteristics under dark and illumination at 400 °C. (g) /4s—V4s characteristics Vs = 3 V. (h) lgs—Vgs characteristics Vg = 0 V and at 400 °C. (i) Schematic
view of the mechanism for the photodetection. Reprinted with permission from ref. 82 Copyright of Nature 2022.

and possible harm to the apparatus.®* The photodetector’s total
energy efficiency may be impacted by thermal conductivity.
High thermal conductive materials may effectively move heat
away from the active areas of the device, minimizing energy
losses from unintended heat dissipation and enhancing overall
performance.®® Certain devices, like thermo photodetectors,
may purposefully alter their heat conductivity in order to
improve their functionality. These devices work by turning
incoming photons into heat, which is subsequently recognized
as an electrical signal. As seen in Fig. 6(a), FETs on CVD-grown
monolayer MoS, are constructed in a back-gated form. Fig. 6(b)
depicts the back-gated transistor as it was manufactured. The
Raman spectra show that the in-plane (E,,) and out-of-plane
(A1¢) Raman modes are separated by around 19 cm™ ", as seen in
Fig. 6(c). This is done to confirm that the channel is thick MoS,
in a single layer. Optimizing the efficiency of these detectors
requires controlling the thermal conductivity. The internal
phonon scattering processes in 2D TMDCs control the thermal
conductivity of the substance.®® Due to the weak van der
Waals forces holding the layers together, 2D TMDCs have a

3542 | Mater. Adv,, 2024, 5, 3535-3562

lower thermal conductivity than bulk materials. The out-of-
plane thermal conductivity, which is typically in the range of
1-5 Wm™ ' K ', plays a major role in explaining the poor
thermal conductivity of 2D TMDCs.®” Defects, contaminants,
and strain can all be added to a material to further diminish its
thermal conductivity. For thermoelectric applications, where a
low thermal conductivity is sought to increase the thermo-
electric figure of merit, this may be advantageous.®® Moreover,
the crystalline quality can be increased, the number of layers
can be decreased, and substrates with high thermal conductiv-
ity, like h-BN, can be used. It is important to note that
temperature, humidity, and strain can all have an impact on
the thermal conductivity of 2D TMDCs. The quality of the
samples can also have an impact on the thermal conductivity
of 2D TMDCs; samples developed by CVD or MBE often have
higher thermal conductivities than samples formed by exfolia-
tion or solution-based techniques. Guangqgian Ding et al. inves-
tigated the Seebeck coefficient (S) for monolayer ZrSe, and
HfSe, at various temperatures (400, 600, 800, and 1000 K).*°
At lower temperatures, both materials show identical S values;

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma01152f

Open Access Article. Published on 05 April 2024. Downloaded on 1/26/2026 7:58:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

_ «——19cm’ >
380 390 400 410
Raman shift (cm-')

40
370

View Article Online

Review

Top view

(d) e LA (e) o T

=iela dz;ﬁc’eep o LA

15 - -ZA 0.6 & L VA

—=— total 2 — o — ZA :

3 o I

= 10 w= 0.4% >°° :

§ SN 1

i o 5 003 00000000%90000 :

5 4 4 000090 0.2 ‘\AA&DAA %0-6.6. 6.0 600008 :
/& Ke N

P o gassa @ YO 1

A 28 A%A&A %00.0_ i e SUNVOUUN !

# g s |

0 FO 1 ;AA_X_X - 3 0 0 1 2. 3'

10 10 10 10 10 10 10 107

1

T (K)

T (K)

Fig. 6

(a) Schematic diagram of a back-gated transistor. (b) Optical image of the photodetector device. (c) Raman spectrum of the MoS, channel with a

peak separation of 19 cm™! confirming the monolayer. Reprinted with permission from ref. 90. Copyright of Nature 2023. (d) The temperature
dependence of in-plane thermal conductivity of LA, TA and ZA branches of monolayer WSe;. (e) The relative contribution of spectral phonons to in-plane
thermal conductivity in monolayer WSe,. Reprinted with permission from ref. 91 Copyright of Nature 2015.

however, a bipolar effect is seen at higher temperatures and
lower carrier concentrations. Excitable electrons cause S peaks
to drop and shift in the direction of increasing carrier concen-
trations. For a wide range of carrier concentrations, both
materials show high S values (>200 puv K '), with n-type S
showing some slight superiority. Monolayer HfSe, exhibits a
higher § value of 660 pV K~ at 600 K. Power factors indicate
that n-type doping leads to improved thermoelectric perfor-
mance, with HfSe, beating ZrSe,. In the range of ideal carrier
concentration, these power factors exhibit modest temperature
dependency, suggesting that they are temperature-adaptable.
While bulk ZrSe, and HfSe, show larger power factors with
narrower band gaps and lower optimum carrier concentrations,
monolayer MoSe, and ZrSe, have similar electrical transport
capabilities. In Fig. 6(d), the thermal conductivities of the LA,
TA, and ZA branches in WSe, with a 1 um size demonstrate a
proportional relationship at low temperatures due to linear

© 2024 The Author(s). Published by the Royal Society of Chemistry

dispersion close to the I'-point. However, at high temperatures,
they exhibit a 1/T behavior that points to phonon-phonon
scattering. Fig. 6(e) displays the contributions of spectral
phonons to thermal conductivity in monolayer WSe,. The
contributions of ZA phonons are the most prominent and
increase with temperature. At room temperature, ZA phonons
provide approximately 80% more than monolayer MoS,.

4.4. Strong spin-valley coupling

For materials such as TMDCs, strong spin-valley coupling is an
essential characteristic, especially in the field of self-powered
photodetectors.®® Strong spin-valley coupling is beneficial for
creating extremely sensitive and effective photodetectors
because of this feature as well as its potential for valleytronics
applications and high quantum efficiency.”® Due to the reduced
dimensionality of the material and the presence of a substrate
in 2D materials, broken inversion symmetry can happen.

Mater. Adv,, 2024, 5, 3535-3562 | 3543


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma01152f

Open Access Article. Published on 05 April 2024. Downloaded on 1/26/2026 7:58:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Inversion symmetry breaking in 2D materials has significant
effects on such electrical and optical characteristics.”® For
instance, it results in a phenomenon known as a strong spin-
valley coupling, where the degrees of freedom associated with
spin and valley of an electron are closely connected. Due to
the high levels of spin polarization and valley polarization
produced by this strong spin-valley coupling, 2D materials
are well suited for spintronic applications including magnetic
memory and logic circuits. For instance, the electrical anisotropy
of 2D materials can be exploited to regulate the functionality of
electronic components like transistors and photodetectors.”® In
conclusion, broken inversion symmetry is a crucial characteristic
of 2D materials that may be exploited to tailor and control their
electrical and optical characteristics for a variety of applications in
electronics, optoelectronics, and spintronics.

4.5. Optical properties

In the field of self-powered photodetectors, optical charac-
teristics play a crucial role in determining how materials
interact with light.*® These characteristics include the bandgap
energy, refractive index, photoluminescence, photoconductiv-
ity, absorption spectrum, nonlinear optical phenomena, and
polarization sensitivity. Photodetectors’ sensitivity to various
light wavelengths may be precisely tuned by adjusting their
bandgap energy and absorption spectrum, which makes them
sensitive to certain light sources and applications.”” Optimizing
light absorption with techniques like total internal reflection or
antireflection coatings requires control over the refractive
index. Moreover, photoluminescence may be used for sensi-
tive light detection, and photoconductivity allows absorbed
photons to be converted into electrical impulses. Advanced
signal processing can be facilitated by nonlinear optical phe-
nomena, and polarization sensitivity makes it possible to
identify polarized light sources. Self-powered photodetectors
require careful design and performance optimization of these
optical features for a range of applications. For a variety of
optoelectronic applications, the remarkable optical properties
of MoS,, WS,, and MoSe, have sparked a lot of interest.”®
Because of their unique optical characteristics, these materials
are interesting choices for a variety of optoelectronic applica-
tions, including solar cells, photodetectors, LEDs, and more.
Because of strong absorption coefficients of MoS, in the visible
and near-infrared parts of the spectrum, it is a great option for
solar cells and photodetectors. Because of its high excitonic
binding energy, light is significantly absorbed, especially in the
near-infrared range, and excitons are produced. Because of its
intense photoluminescence (PL), MoS, is also an excellent
material to employ in light-emitting diodes (LEDs) and other
optoelectronic devices. Polarization dependence and aniso-
tropy enable it to have unique optical features. Two optical
properties shared by WS, and MoS, include strong absorption
in the visible and near-infrared spectra and a high excitonic
binding energy leading to considerable light absorption.
A further characteristic of WS, that makes it a desirable choice
for LEDs and other optoelectronic devices is its strong photo-
luminescence in the visible region. Strong anisotropy and

3544 | Mater. Adv, 2024, 5, 3535-3562
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polarization dependency, which are characteristics of its optical
properties, allow for the customization of its optical behavior.”
Notably, because of its strong excitonic absorption in the near-
infrared spectrum, WS, is especially well-suited for near-
infrared imaging and detection. MoSe, performs exceptionally
well in optoelectronic applications and provides a wide range of
optical characteristics. Maciej R. Molas et al. reported room-
temperature photoluminescence (PL) and reflectance contrast
(RC) spectra of an exfoliated MoS, monolayer before and after
four successive bis(trifluoro methane) sulfonamide (TFSI) pas-
sivation such as shown in Fig. 7(a-c)."® The first passivation
leads to a two-fold increase in PL intensity, a 30 me V blue shift
of the A exciton emission line as in Fig. 7(a), and similar blue
shifts in RC spectra for A- and B-exciton resonances, accom-
panied by increased intensity and reduced linewidth. These
changes illustrate a significant impact of super acid treatment
on the optical properties of MoS,. Fig. 7d displays normalized
PL spectra obtained from distinctively dosed areas within a
monolayer MoSe, crystal. The green trace represents an unal-
tered region of the crystal, exhibiting distinct peaks at approxi-
mately 1.55 eV and ~ 1.77 eV, corresponding to the A- and
B-excitations, respectively.'®" MoSe,, like MoS, and WS,, has
strong photoluminescence and a high excitonic binding energy,
which make it useful in optoelectronic devices. Numerous
methods, including chemisorption and physisorption doping,
can be used to modify intensity of the photoluminescence and
spectral properties. The material’s optical band gap may
change with temperature. Hsiang-Lin Liu et al. discovered that
when temperature increased, the resonance linewidth and peak
locations of A and B excitons in monolayer TMDCs expanded to
lower energies.'®> An exciton peak location was used to calcu-
late the optical band gap, which is the amount of energy
required to produce an exciton by optical absorption. Varia-
tions in chemical composition, including electronegativity,
caused this gap to fluctuate. It dropped as the temperature
increased. The Bose-Einstein model explains this redshift in
the optical band gap with increasing temperature. The band
gap of TMDCs ranges from 1.0 to 2.1 eV; presented in Table 3.

4.6. Electronic properties

Fundamental characteristics of materials called electronic
properties have a significant influence on the effectiveness
and operation of self-powered photodetectors.'®®> These attri-
butes cover a wide range of traits pertaining to the behavior of
electrons, including energy levels, band structure, doping,
recombination processes, carrier lifespan, electron and hole
mobility, and density of states. Quantum efficiency may be
maximized by comprehending recombination processes, and
doping can be used to adjust conductivity and spectral sensi-
tivity. Additionally, effective charge extraction and device
design depend on an understanding of energy levels and band
alignment. The development of high-performance self-powered
photodetectors depends critically on tailoring these electrical
features to the unique needs of photodetection applications.
MoS,, WS,, and MoSe, are examples of TMDCs, a family of
materials recognized for their varied and useful electrical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of successive bis(trifluoroethane) sulfonamide passivation on (a) photoluminescence and (b) reflectance spectra of the MoS, monolayer.
Reprinted with permission from ref. 100, Copyright of Nature 2019. (c) Photoluminescence (PL) photoluminescence excitation (PLE) and absorbance
characterization of WS,. Reprinted with permission from ref. 103, Copyright of Nature 2019. (d) PL spectra of MoSe, corresponding to the A exciton and
B exciton. Reprinted with permission from ref. 101. Copyright of Nature 2016. (e)—(h) Temperature-dependent optical band gap of monolayer MoS,,
MoSe,, WS,, and WSe;: spectroscopic ellipsometry and first-principles calculations. Reprinted with permission from ref. 102. Copyright of Nature 2020.

Table 3 The optical band gap of transition metal dichalcogenides'®*

S monolayer S bulk Se monolayer Se bulk Te monolayer Te bulk

Mo 1.8-2.1 1.0-1.3 1.4-1.7 1.1-1.4 1.1-1.3 1.0-1.2
W 1.8-2.1 1.3-1.4 1.5-1.7 1.2-1.5 ~1.03 Metal
Ti ~0.65 ~0.3 ~0.51 Metal ~0.1 Metal
Zr ~1.2 ~16 ~0.7 ~0.8 ~0.4 Metal
Hf ~1.3 ~1.6 ~0.7 ~0.6 ~0.3 Metal
vV ~11 Metal Metal Metal Metal Metal
Nb Metal Metal Metal Metal Metal Metal
Ta Metal Metal Metal Metal Metal Metal
Ni ~0.6 ~0.3 ~0.12 Metal Metal Metal
Pd ~1.2 ~11 ~11 ~1.3 ~0.3 ~0.2
Pt ~1.9 ~18 ~1.5 ~1.4 ~0.8 ~0.8

characteristics. For example, MoS, has a distinct set of proper-
ties that affect its electrical conductivity, such as a band gap
that is 1.8 eV for single-layer versions and 1.2 eV for multilayer
ones. In addition, its high electron mobility allows for effective
electron flow, which makes it a perfect fit for electrical compo-
nents like transistors."%° Its strong light-matter interaction also
makes it suitable for use in light-emitting diodes (LEDs) and
photodetectors due to its low dimensionality and high excitonic
binding energy. Because of its significant anisotropy, which
allows for customization of its electrical and optical character-
istics, MoS, exhibits great potential in the field of spintronics.*’
Similarly, band gaps and electron mobility are two electrical
properties that WS,, another TMDC, has in common with
MoS,."%” But unlike MoS,, WS, shows a clear direct band gap
of 2.0 eV for single-layer WS, and an indirect band gap of
1.3 eV.”” Due to its high electron mobility, it may be used in

© 2024 The Author(s). Published by the Royal Society of Chemistry

electrical components such as field-effect transistors and tran-
sistors. Because of its high excitonic binding energy and low
dimensionality, WS, exhibits a strong light-matter interaction,
making it suitable for use in LEDs and photodetectors. Similar
to MoS,, WS, has a strong spin-valley coupling and is adaptable
for a range of applications due to its ability to change its
electrical and optical characteristics depending on anisotropy.
Furthermore, MoSe,, with its electrical characteristics, broad-
ens the range of TMDCs. Electrical properties of MoSe, are
influenced by its direct and indirect band gap features. For a
variety of applications, it is essential to comprehend these band
gaps’ locations and how they affect conductivity. Like its
siblings, MoSe, demonstrates anisotropy in its optical and
electrical characteristics, significant spin-valley coupling, and
light-matter interactions. All things considered, these TMDCs,
MoS,, WS,, and MoSe,, with their particular and customized
electrical properties, lead to a multitude of opportunities in
electronics, optoelectronics, and spintronics, each providing
special benefits and features for certain applications. As shown
in Fig. 8(a), Xin-Gang Zhao et al.'%® were systematically studied
three forms of heterostructured superlattices [(A),~(B)10-n]: type
A, which consists of A and B with the same transition metal M
but different chalcogens X; type B, which consists of A and B
with the same chalcogen X but different transition metal M;
and type C, which consists of A and B with distinct chalcogen X
and transition metal M, within 10-layer periodic unit cell.
Fig. 8(b) and (d) show the band structures of 10-layer stacked
MoSe, and MoTe,. These band structures show indirect band-
gaps. Conversely, a [(MoSe,),~(MoTe,)s] heterostructure is

Mater. Adv., 2024, 5, 3535-3562 | 3545
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of the device, (i) the photoresponsivity of the device, and (j) photoresponsivity with respect to gate voltages. Reprinted with permission from ref. 109,

Copyright of Wiley 2023.

depicted in Fig. 8(c) that displays a direct bandgap at the K
point, signifying a transition from an indirect to a direct
bandgap. As seen in Fig. 8(e), direct bandgaps of 0.27 and
0.32 eV are obtained when n is 1 and 2 in [(MoSe;),~
(MoTe,)10_n]- Fig. 8(f) shows the schematic illustration of room
temperature iodine-doped synthesis of CuS with their AFM
surface topology. Taechun Kim et al. fabricated a CuS-I/MoS,
phototransistor with reduced contact barriers demonstrating
enhanced phototransistor performance such as shown in
Fig. 8(g).'% Its photoresponsivity exhibits a linear relationship
with incident power and surpasses the CuS/MoS, phototransis-
tor under all gate biases (Fig. 8h—j). Notably, a high photore-
sponsivity of 2.25 x 10* A W' is achieved, and a maximum
detectivity (D*) of 1.16 x 10" Jones is attained under negative
back-gate voltages.

5. Functionalization strategies to
induce self-powered properties

By combining them, atom-thin TMDC materials may be pro-
duced separately and layered to create van der Waals-bonded
heterostructures, which open up surprisingly new possibilities
for functional devices."'® Functionalization means the modifi-
cation of the surface and structure of these materials with
various functional groups or molecules. Parameters of a photo-
detector such as responsivity and detectivity are enhanced in
these materials after functionalizing them with other suitable

3546 | Mater. Adv, 2024, 5, 3535-3562

materials. For TMDCs to be incorporated into future electronic
devices, doping becomes a crucial first step.***

5.1. By doping

TMDC-based photodetectors using doping can be used to
provide self-powered properties through optoelectronic beha-
vior and electronic structure modification of the material.!
TMDCs may be doped to become either n-type (electron-
donor) or p-type (hole-donor) by carefully adding certain impu-
rities or foreign atoms. This will change their carrier concen-
tration and produce an inherent potential. Because of its
intrinsic potential, the photodetector can produce electricity
on its own when light strikes it, making it a self-sufficient
gadget that does not require an external power source.''?
The required doping effects may be achieved by a variety of
doping processes, including chemical vapor deposition, ion
implantation, and chemical functionalization. This versatility
makes TMDCs an excellent platform for the development of
self-powered photodetectors with customized optoelectronic
features. Noble metals are particularly advantageous due to
their resistance to environmental corrosion and oxidation,
making them ideal candidates for enhancing the properties of
TMDCs.""*'' Stable doping is required for the incorporation of
TMDCs into durable device manufacturing. Hu et al. verified
that an electric field may adjust the Schottky barrier at the
graphene/MoS, interface, converting the n-type into the p-type
and creating an Ohmic contact.’™® A functionalized TMDC

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MoS,(1.x)Se,x/graphene heterostructure with excellent quality,
tunable structure, and electrical characteristics was recently
reported by Yue et al This heterostructure is crucial for
phototransistors.'*® The electrical performance of monolayer
MoS, can be enhanced by Sm doping. It is done by an atmo-
spheric pressure chemical vapor deposition method. Sm ions
introduced in monolayer MoS, led to an increase in the thresh-
old voltage (from —12 to 0 V) for an Sm-doped MoS, field effect
transistor. Furthermore, by doping of Sm, the electrical perfor-
mance of the FET has been improved by 500%, with a 40%
increase in mobility of the FET.""” MXene nanoflake-doped WS,
has a five-fold increase in PL efficiency, which is higher than
that observed with electrical or plasma doping.'’® Ren-Jie
Chang et al. reported the post growth alteration of WS,, which
was grown through chemical vapor deposition."'® By employing
a SnS precursor to introduce metallic Sn dopants, a variety of
Sn/W/s composite 2D materials are produced. Fig. 9(a) reported
by Shisheng Li et al. illustrates how substituting neighbouring
elements (Re, V, or Nb) for the Mo and W atoms in group VI
TMDCs can alter the electrical properties of the TMDCs."?° This
substitutional doping affects the band structure and electrical
characteristics of 2D TMDCs. The methods for making mixed
salt solutions for doping are depicted in Fig. 9(b), starting with
the preparation of source precursors (Na,MoO,, Na,WO,,
NaReO,4, and NaVOj;). These are used to produce mixed salt
solutions with precise control over the doping concentration,
such as XReMo, XVMo, XReW, and XVW. Fig. 9(c) provides
details of the synthesis of Re- and V-doped TMDC monolayers.
These doped monolayers are created by sulfurizing or selenizing
the mixed salts using an ambient-pressure thermal chemical
vapor deposition (CVD) process, following the spin-coating of
the mixed salt solutions onto sapphire substrates. Fig. 9(d and e)
shows typical transport curves illustrating the electrical behavior of
Re- and V-doped MoS, and WS, monolayers. Fig. 9(f) schematically
depicts Au or Pd contacts and includes an optical image of the
device that may display the experimental setup. Fig. 9(g) compares
the transport characteristics of WS, field-effect transistors (FETSs)
with those of Au, Pd, and V-doped WSe, to provide insight into the
electrical performance of these materials. The projected density of
states (PDOS) of WSe, monolayers is shown in Fig. 9(h), which
shows details of the electronic structure of these doped materials.

5.2. Tuning by strain engineering

Applying strain engineering can also enhance the performance
of self-powered photodetectors based on TMDCs.'*' TMDCs’
optoelectronic characteristics may be deliberately strained
to maximize self-powered photodetection. Tensile strain may
be deliberately used to raise the bandgap of TMDCs in self-
powered photodetectors, increasing their sensitivity to particu-
lar light wavelengths.'®* Higher photoresponsivity and spec-
trum selectivity can be attained as a result. Furthermore, by
optimizing the strain, charge separation and transport mechan-
isms may be strengthened, increasing the photodetectors’ self-
sustainability and energy conversion efficiency.'>® In order to
modify TMDCs’ characteristics for self-powered photodetec-
tion, strain engineering is essential. This allows researchers
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to create photodetectors that are not only light-sensitive but
also capable of producing electricity from incident photons,
which removes the requirement for an external power source.
Strain in the crystal lattice modifies orbital interactions, cou-
pling between neighboring atoms, and lattice constants to
design the physical characteristics of a solid. The majority of
early TMDC monolayers may have their electrical and magnetic
characteristics changed by strain engineering, creating further
opportunities for optoelectronic and spintronic applications
down the road. Utilizing a CVD-grown technique for carrier
mobility adjustment, strain control may be used to optimize 2D
electronic devices. For group IVB TMDCs, the band gap rises
with tensile strain; however, for ZrX, and HfX,, the band gap
begins to drop at strain, ranging from 6-8%.'** Group VB
TMDCs can undergo ferromagnetism either because of tensile
strain or because it enhances the existing ferromagnetism.'**
With the exception of CrTe,, TMDCs experience a direct to
indirect band gap transition upon application of the tensile
strain group VIB.'****” Frisenda’s group investigates the short-
term modulation of single-layer TMDCs’ reflectance by biaxial
strain. Calculations using density functional theory indicate
that the electronic bandgap and other electrical characteristics
of many early TMDCs are significantly influenced by the tensile
strain. For group IV B TMDCs (TiX,, ZrX,, and HfX,), the
increasing tensile strain causes the bandgap to grow, whereas
for X =S, Se, the bandgap increases and begins to decrease.'?® It
has already been demonstrated that atomic layered TMDCs can
be engineered by using a variety of strain-engineering strate-
gies, such as mechanical bending using a flexible substrate
heated with a focused laser or applying a different force on a
monolayer of MoS,."*° MoS, exhibits a high Young’s modulus
and has a much higher mechanical strength than many high-
tensile materials. This makes MoS, an ideal material for
microelectronic applications.”*® MoS, is a promising micro-
electronic and straintronic material that can be manipulated by
the application of strain to regulate its carrier density, effective
mass, and mobility. Fig. 10(a) depicts the development of a
flexible p—n photodetector by Junli Du et al. employing few-layer
WSe, and ZnO nanobelts."*" It provides a schematic represen-
tation of the steps involved in creating this photodetector as
well as the arrangement of the materials and components.
Fig. 10(b) displays an optical image of the flexible photodetec-
tor under tensile stress. An inset of this image displays a close-
up of the photodetector. It provides the observer with a visual
representation of the real device by displaying the electrodes,
ZnO nanobelts, and few-layer WSe,. Fig. 10(c) provides a sche-
matic illustration of the operation of the flexible p-n photo-
detector using the few-layer WSe,~ZnO nanobelt. It makes it
easier to comprehend how the device transforms light into an
electrical signal. Fig. 10(d) schematically displays the WSe,-
ZnO photodetector installed on a flexible PET substrate along
with the structural arrangement of the device. Fig. 10(e-i)
displays the current-voltage (I-V) curves on both linear and
logarithmic scales for the flexible WSe,-ZnO diode at 0%
strain. These graphs give insight into the electrical behavior
of the diode at various voltage levels as well as the I-V

Mater. Adv,, 2024, 5, 3535-3562 | 3547
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Fig. 9 (a) Partial periodic table showing substitutional Re and V doping to TMDCs, (b) mixed salt solutions with different NaReO,4 and NaVOs, (c) spin

coating and the conditions employed in the CVD growth of Re and V doped TMDC monolayers, (d) and (e) typical transport curves of Re and V doped
MoS, and WS, monolayers, (f) schematic of Au or Pd contacts and optical image of the device, (g) comparison of transport properties of WS, FETs
with Au, Pd and V-doped WSe,, and (h) projected density of states (PDOS) of WSe, monolayers. Reprinted with permission from ref. 120, Copyright of

Wiley 2021.

characteristics of the WSe,-ZnO photodetector at 0% strain
under various optical light intensities.

5.3. Surface functionalization

One key tactic in creating self-powered photodetectors based
on TMDCs is surface functionalization."*> By changing their
surface properties, such as WSe, or MoS,, TMDCs can perform
better in self-powered photodetection applications. Surface

3548 | Mater. Adv., 2024, 5, 3535-3562

functionalization can be utilized to attach certain molecules
or ligands, which will improve the TMDCs’ interaction with
incident light and boost their photoresponsivity and capacity to
absorb light.’** Enhancing charge separation and transport by
functionalization can also result in more effective energy con-
version. Furthermore, TMDC-based photodetectors may be
made more reliable and stable by surface functionalization,
which improves their suitability for real-world uses. All things

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic fabrication process of the p—n photodetector with a WSe,-ZnO nanobelt, (b) optical image of the device under tensile strain,

(c) device operation mechanism of the photodetector device, (d) schematic diagram of the device on the flexible PET substrate, (e) current-voltage
characteristics under 0% strain, (f) current—voltage characteristics under different illumination intensities, (g) photovoltaic effect mechanism for self-
powered photodetector device, and (h) and (i) photocurrent and responsivity with respect to the illumination intensities. Reprinted with permission from

ref. 131 Copyright of Elsevier 2019.

considered, surface functionalization in TMDCs is essential for
adjusting their surface characteristics to produce extremely
sensitive, self-powered photodetectors for a variety of optoelec-
tronic uses. In donor/acceptor interfaces, PCT occurs as a result
of photon absorption. In this way, PCT is linked to all other
excited-state decay processes and is therefore kinetically related

© 2024 The Author(s). Published by the Royal Society of Chemistry

to their thermodynamics."** Monolayer TMDC semiconductors
are characterized by excitonic transitions of the Brillouin
zone K point, which dominate with their optical and optoelec-
tronic properties.'*>'*® TMDCs are capable of modulating
excitonic transitions by altering their carrier concentrations,
thereby controlling their optical properties.”*” According to
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Jungwook et al. TMDCs can be modulated by chemical species
adsorption. For example, when p-type dopants such as 2,3,5,6-
tetrafluoro-7,7,8,8-tetracyanoquonodimethane (FATCNQ) are
interfaced with monolayer MoS, and WS,, excess electrons
are decreased from these TMDCs such that their PL intensity
increases by reducing negatively charged excitons and
thus enhancing excitonic recombination."*®'*® When cesium
carbonate (electron donating) is interfaced with monolayer
MoS,, charge excitons are increased, such that PL intensity
decreases.'*® An examination of the photodetection character-
istics of Ag-WS,/Si heterojunction-based devices at various
power intensities is presented by Meswa Patel et al'*" The
time-resolved photoresponse at a constant 2 V bias is shown
in Fig. 11(a), which shows that current significantly increases
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upon illumination and drops upon turning off the light.
Exciton production at the Ag-WS,/Si interface is responsible
for this. As light intensity rises, photocurrent increases, as may
be seen in Fig. 11(b). The photoresponse is limited by carrier
entrapment, as given by the relationship of I, oc P*®%.
Fig. 11(c) shows the variations in detector parameters with
light intensity. At 532 nm, 0.1 mW cm ™~ illumination, and
—2 V bias, the maximum of responsivity, detectivity, and
external quantum efficiency (EQE) are reached. The time-
resolved photoresponse, with measured tise and Tqecay, iS
displayed in Fig. 11(d). Because of biomolecular adsorption
on defect sites, Tqecay 1S SOmewhat greater, extending the life-
span of the charge carrier. Under white light, photocurrent
fluctuation with bias voltage is shown in Fig. 11(e), in which
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Fig. 11

(a) Time dependent photo response of the Ag—WS, photodetector device at different illumination intensities, (b) photocurrent with respect to

the illumination intensities, (c) responsivity, detectivity and EQE of the photodetector device, (d) rise and decay time constant, (e) photocurrent with
respect to the applied bias potential and (f) time dependent photo response under an applied bias potential of 0 V. Reprinted with permission from
ref. 141, Copyright of Elsevier 2021.
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photocurrent rises in three stages, linearly. The self-powered
time-resolved photoresponse with notable photoresponsivity,
detectivity, and EQE is displayed in Fig. 11(f) as a result of
n-Ag-ws, and p-Si forming a type-II interface and junction.
Furthermore, the Ag-WS,/Si spectral photoresponse is com-
pared to WS,/Si heterojunctions, demonstrating higher photo-
current values for Ag-WS,/Si, particularly at 532 nm because of
Ag nanoparticle surface plasmon resonances.

5.4. Covalent functionalization

A particular technique for surface functionalization of TMDCs
is called covalent functionalization, which entails the creation
of robust covalent connections between the functional groups
and the TMDC surface.** The optimization of TMDCs’ perfor-
mance in self-powered photodetection can be achieved by
covalent functionalization. Covalent functionalization enables
exact control over the insertion of certain molecules or
chemical groups on the TMDC surface for self-powered photo-
detectors based on TMDCs. It is possible to modify these
covalently bound groups to improve photoresponsivity, charge
separation, and transport efficiency in addition to its light-
absorbing capabilities.'*® In photodetection applications, cova-
lent functionalization offers a stable and long-lasting alteration
of the TMDC surface, guaranteeing long-term performance and
dependability. TMDCs’ optoelectronic characteristics may be
precisely tuned to increase their sensitivity to incoming light
and their ability to produce electrical energy from absorbed
photons by carefully attaching the right functional groups
through covalent bonds. This strategy may result in the crea-
tion of self-powered, incredibly effective photodetectors with
specialized performance traits. Duo O. Li et al. demonstrated
the direct covalent functionalization of semiconducting MoS,."*
Mild chemistries are needed to allow for the direct covalent
functionalization of semiconducting TMDC surfaces. It has been
possible to covalently functionalize the basal plane of unaltered
semiconducting MoS, using moderate conditions and aryl diazo-
nium salts. This allows for the covalent binding of a range of
functional groups to the surface of MoS,."*®

5.5. Non-covalent functionalization

An additional method for surface modification in TMDCs for
self-powered photodetection is non-covalent functionaliza-
tion."*® In this way, specific molecules or functional groups
are linked to the TMDC surface by weaker, non-covalent inter-
actions such as hydrogen bonds, van der Waals forces, or
electrostatic interactions.’®” Reversible changes and the pre-
servation of TMDCs’ inherent features are two benefits of non-
covalent functionalization. Non-covalent functionalization
enables accurate adjustment of the TMDC surface charac-
teristics to improve its interaction with light in the context of
self-powered photodetection. Adsorbed functional groups, such
as organic compounds or polymers, can enhance the efficiency
of charge separation, light absorption, and photoresponsivity
on the TMDC surface. Increased photodetection sensitivity may
result from this. Moreover, through charge transfer and other
interactions at the interface, non-covalent functionalization

© 2024 The Author(s). Published by the Royal Society of Chemistry
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might make it easier to assemble layered structures or hetero-
structures using TMDCs and other materials, which may
increase photodetection performance. The reason for non-
covalent functionalization is appealing is that it preserves the
inherent characteristics of TMDCs and may be reversed, mean-
ing functional groups can be added or removed as needed.
With this flexibility, the structural integrity and electrical
characteristics of TMDCs may be preserved while optimizing
their qualities for self-powered photodetection. Non covalent
interactions play a crucial role in customizing the character-
istics of nanomaterials. The initial exploration of this concept
was carried out with graphene.'*® Subsequently, this approach
was extended to inorganic counterparts, including black phos-
phorus and MoS,,"* as the representative of TMDCs. Nonco-
valent functionalization of TMDCs has primarily been achieved
on surfaces, with only a few exceptions.'*® Non-covalent mole-
cular functionalization of materials revolves around properties
arising from electrostatic forces, dipole-dipole interactions,
induced dipole interactions, hydrogen bonding, and van der
Waals forces. These methods of non-covalent interaction
enable convenient surface modification without necessitating
particular molecule-substrate bonds."" In recent years, the
scientific community has directed its focus toward molecular
methods that intricately adjust the characteristics of 2D mate-
rials. This is achieved by harnessing the extensive range of
available molecular systems. The integration of these materials
with photo responsive molecular systems offers a captivating
and demanding avenue, holding the potential for revolutionary
technologies in multifunctional optoelectronic applications."

6. Device structures for self-powered
photodetector devices

6.1. Phototransistor devices

When used in phototransistor mode, bipolar junction transis-
tors (BJTs) may be set up to function as self-powered photo-
detectors. Fig. 12(a) shows the high responsive MoS, photo-
transistors based on charge trapping HfO, dielectrics and
Fig. 12(b) shows the avalanche photo diode, whereas Fig. 12(c)
shows the integrated MoS, phototransistors. Incident light causes
electron-hole pairs to form in the base area, affecting the base
current, while operating in the active zone, where the base-emitter
junction is forward-biased. Consequently, this regulates the col-
lector current, thereby increasing the photocurrent. Because they
may give better gain and enhanced sensitivity when compared
to solo photodiodes, phototransistors are highly valued for their
intrinsic sensitivity to light. They are appropriate for applications
needing quick light detection because of their comparatively quick
reaction times. While BJTs do not produce energy on their own,
they can be incorporated into systems that do, like photovoltaic
cells or piezoelectric elements, to produce self-powered photo-
detectors that capture light and turn it into electrical signals for a
variety of light-sensing uses. Bipolar junction transistors serve as
the foundation for the type of photodetector known as a photo-
transistor (BJT). It has a light-sensitive area where the absorption

Mater. Adv.,, 2024, 5, 3535-3562 | 3551
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Fig. 12 (a) High responsivity in MoS, phototransistors based on charge trapping HfO, dielectrics,

phototransistors. Reprinted with permission from ref. 157.

of light creates electron-hole pairs, which in turn modify the
current passing through the transistor. It is made up of a p-n—p
or n-p-n type semiconductor structure. An intrinsic (i-type) semi-
conductor, an n-type semiconductor, and a p-type semiconductor
make up the three layers of a phototransistor, a form of photo-
detector based on a bipolar junction transistor (BJT). An alternative
to this device is a phototransistor based on 2D transition metal
dichalcogenides (TMDCs), which uses 2D TMDC materials as the
semiconductor layers. The n-type layer of a phototransistor made
of 2D TMDC:s is often made of a 2D TMDC material doped with
impurities like phosphorus or nitrogen, whereas the p-type layer is
typically made of a 2D TMDC material doped with impurities like
boron or aluminum.'>* Typically, the intrinsic layer is made of an
impurity-doped 2D TMDC material. A light that enters the intrinsic
layer of the phototransistor and is absorbed there produces
electron-hole pairs that modify the current that passes through
the component. Both the detection of light and the production
of an electrical signal can be accomplished by modulating the
current. The phototransistor based on 2D TMDCs offers many
benefits, including high sensitivity, quick response times, and
minimal noise. The device also has strong light-matter interaction
and high electron mobility, which can improve its performance as
a photodetector, thanks to the use of 2D TMDCs as the semicon-
ductor layers. However, the phototransistor based on 2D TMDCs
also has some constraints, such as the requirement to synthesize
superior, homogenous 2D TMDC layers and the requirement to
design the device structure and the doping. However, 2D TMDC-
based phototransistors also have several drawbacks, including the
necessity to construct high-quality, homogenous 2D TMDC layers
as well as the need to design the structure of the device and doping
levels to achieve good performance. These tools have been exten-
sively employed in a wide range of applications, including sensing,
imaging, and spectroscopy. They are also frequently utilized in the
detection of electromagnetic radiation in the ultraviolet, visible,
and infrared spectra as well as light-sensitive components in
optical communication systems, such as fiber-optic networks.
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(b) avalanche photo diode,**® and (c) MoS,

Kaixi Shi et al. present a comprehensive overview of an InP@
ZnS-MoS, hybrid energy transfer system and associated photo-
detector devices."> Fig. 13(a) offers a schematic representation of
the energy transfer mechanism. Fig. 13(b) provides a structural
diagram of the photodetector device, illustrating its physical
layout. Fig. 13(c) and (d) show I4-Vys characteristics for the
InP@ZnS-MoS, phototransistor and MoS, phototransistor, respec-
tively, under various backgated voltages, revealing their current
responses to different voltage conditions. Fig. 13(e) displays the
gating response (Igs~Vgs) for a fixed Vg, showcasing how current
changes with gate-source voltage. Fig. 13(f) highlights the photo-
transistors’ photocurrent as a function of laser power density,
while Fig. 13(g) demonstrates the photoresponsivity of the photo-
transistors under specific voltage and gate conditions as a function
of laser power, offering insights into their light-detection capabil-
ities and performance.

6.2. Heterostructured photodetectors

Innovative devices known as heterostructured self-powered
photodetectors utilize the potential of mixing several semi-
conductor materials to enable improved light detection and
self-sufficient functioning. These photodetectors have a
thoughtfully constructed stack of several materials or layers,
each selected for certain qualities. One of the semiconductor
layers absorbs photons and produces electron-hole pairs when
exposed to incoming light. Effective charge separation takes
place at the interface between these materials, preventing these
carriers from recombining. In order to convert the produced
electron-hole pairs into electrical energy, the heterostructure
can include energy-harvesting elements like solar cells or piezo-
electric materials. Because of their clever design, which com-
bines specialized materials and components for effective
energy collecting and conversion, heterostructured devices
are self-powered. Through the heterostructure combination of
diverse semiconductor materials and energy conversion com-
ponents such as thermoelectric modules, photovoltaic cells, or

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of the InP@ZnS-MoS, hybrid energy transfer system, (b) a structural diagram of the photodetector device, (c) /gs—Vas

characteristics under different backgated voltages for the InP@ZnS-MoS, phototransistor, (d) /4s—V4s characteristics under different backgated voltages
for the MoS; phototransistor, (e) gating response (l4s—Vgs) for Vs = 1V, (f) photocurrent of the phototransistors devices with laser power density and
(9) photoresponsivity of the phototransistors at V4 = 1V and Vs = 40 V as a function of laser power. Reprinted with permission from ref. 154, Copyright of

American Chemical Society 2020.

piezoelectric components, these devices can independently
convert a variety of energy sources, including mechanical
stress, light, and temperature gradients, into electrical power.
Electrical current is produced when created electron-hole pairs
do not recombine because of the intrinsic charge separation at
material surfaces. Self-powered devices in the semiconductor
sector are included in the study of Wanhui Wu et al'®®
Epitaxially connected TMDCs’ lateral heterojunctions show
promise for self-powered devices due to their quick electron-
hole separation. The photovoltaic light sensors based on the
monolayer MoS,-WS, in-plane heterostructure exhibit a spec-
tral responsivity (R;) of 4.36 mA W' and a detectivity (D*) of
4.36 x 10" Jones under 28.64 mW cm @532 nm. Because
these devices use the inherent potential at the interface, they
are interesting candidates for future applications in 2D hetero-
structures. A schematic representation of the MoS, and WS,
heterostructures is shown in Fig. 14(a), and an optical picture of
the apparatus is shown in Fig. 14(b). Fig. 14(d) shows the
enlarged I-V characteristics close to 0 V of applied bias,
whereas Fig. 14(c) shows the logarithmic I~V characteristics of

© 2024 The Author(s). Published by the Royal Society of Chemistry

the device at various illumination intensities. I-¢ characteristics
for on-off switching are displayed in Fig. 14(e), and the out-
standing self-powered photovoltaic mode at 0 V of applied
bias potential is displayed in Fig. 14(f). A mixed-dimensional
vertical heterostructure with a photovoltaic effect was created
by Lixiang Han et al. by stacking 2D WS, nanosheets over 1D
Te microwires; Fig. 14(g) shows the schematic of the hetero-
structure of that photodetector device."® This self-powered
photodetector, when exposed to light at 635 nm, has excep-
tional photoresponsivity (471 mA W), external quantum
efficiency (91%), and detectivity (1.24 x 10> Jones) with a
maximum open-circuit voltage of around 0.2 V. The transfer
curve of the device is shown in Fig. 14(h), and its output
characteristics are shown in Fig. 14(i). The I-V characteristics
under both dark and light conditions are displayed in Fig. 14(j).
Fig. 14(k) displays the photoresponsivity and net photocurrent
in relation to illumination intensity, while Fig. 14(1) show-
cases its exceptional EQE and detectivity. The time-dependent
photocurrent is shown in Fig. 14(m). It features low dark
current (sub-pA level), fast reaction times, and a high Igne/Igark

Mater. Adv,, 2024, 5, 3535-3562 | 3553


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma01152f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 05 April 2024. Downloaded on 1/26/2026 7:58:04 PM.

(cc)

View Article Online

Review Materials Advances

== Dark
(C) (.34 mW/cm’ o 2
2 =
10" = 3.71 mW/cm g
| 8 ——1.75 mW/em® /'/

——1263mW/cm/

Current (nA)

LA & & B &N &N §B &N &R §B N §N §B N N ]
<
=]
=
=
[}
[
pis
<
-’
L B B B N B B B B B B _§B §B §B B B N |

—
>
S W

-20-15-10-5 0 5 10 15 20 2

10" T T T
% 2 0 2 4
——Dark
24 =——12.63 mW/em* (d) / g | oy
P _~ 3
« ~_~
z. 2 g L[
= - = C
g 24 /’ oc g g ; ;
= 4 = G ek o
o Isc (3 Q ;“ ;“ Im
1
I S 2 o w2 o s 0 20 40 60 80 40 60 80
l Valtaoa (V) Time (<) Time (s)
L B N B BN N N B B B B B &8 B B &8 &N §B &R B _§B _§B & _§B &8 & & §B §B & &8 §N §B § |
| 40 . 30-
I (g) sl—1 /1 _=52,v =2v (l WS,-Te microwire
on' off ? Vs
30 —20V
I 25] 01 —ov
| 20 g 151V,—ov
1 15] 210 ——-10V
1 ! —-20V
| 5]

|
|
|
|
|
|
|
V() v (V) |
2 ds
.
80 — (k) 5 ( ) 1000 o
h P s S AR =68mm, v, =2V 1 r=esamv,=2v |0 ]
| e N I
of =——24.. m’ ‘cm’ . S~ —~
I? 20. —o— 44.88 mW/cm® ! s 1 10-8 ) e\e 6001 =— é I
I £ z 3{=— e < ; 400 S I
4 £ = 2
- i w 28 T
g 200{ o {10" 2l
i z.1° 10" |
n
I 20 -15 -10 05 00 2 157 1 10 0.1 1 10 1
I Vo V) Light power intensity (mW- cm™) Light power intensity (mW- cm‘z) l
1 "
I 1204 3. =635 nm 44.88 - V,=-2V (0)5 Deviation is less than 5% I
= Laser on| I
100 Laser on
— GJ 20
L s o ~f-  (m) e I
I*é ; Decay time e < 159 I
E 60 I+ 9.1 ms Rise tinje 5 10-
I_‘? 9.6 E : 9.5 ms — I
I'= 40 0.74 * E Laser off = 5
201mW/cm s RN 01 1/ =1.48x 10° 1
I P ] ] . ] . =K Light' I>::l I
1 1 2 3 456 7 8 0.0 0.1 0.2 0.3 04 0.5 0.6 200 590 600 1
Time (s) Time (s) Time (s)

L8 B B B B B § §B &R § § §B B § § § N §B B &8 8 §B &R B &8 N &R &8 B B B §B B |}

Fig. 14 (a) Schematic diagram of the heterostructures of MoS, and WS,, (b) optical image of the device, (c) logarithmic /-V characteristics of the device
under different illumination intensities, (d) the magnified /-V characteristics near 0 V of applied bias, (e) /-t characteristics for on—off switching and
(f) self-powered photovoltaic mode at O V of applied bias potential. Reprinted with permission from ref. 158, Copyright of Elsevier 2018. (g) Schematic
diagram of the heterostructure photodetector device, (h) the transfer curve of the device, (i) output characteristics of the device, (j) /-V characteristics
under dark and illumination conditions, (k) photoresponsivity and the net photocurrent as a function of illumination intensity, () EQE and detectivity of the
device, (m) time dependent photocurrent of the device, (n) time dependent photo response of the device and (o) stability of the photodetector device
over 200 cycles. Reprinted with permission from ref. 159, Copyright of Royal Society Chemistry 2021.

ratio (104). These characteristics make 1D Te-2D WS, mixed- photoresponse is displayed in Fig. 14(n), and the outstanding
dimensional heterostructures promising for high-perfor- stability of the photodetector after 200 cycles is verified in
mance photovoltaics and photodetectors. The time-dependent  Fig. 14(o).
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6.3. Metal-semiconductor-metal (MSM) and Schottky
photodetectors

A photodetector known as a metal-semiconductor-metal
(MSM) photodetector detects light using a metal-semiconduc-
tor-metal construction. A transition metal dichalcogenide, for
example, often makes up the semiconductor layer in an MSM
photodetector based on 2D materials (TMDC). The two metal
layers, one on top and one at the bottom of the 2D material
serve as electrodes to measure the photocurrent produced
by light absorption. The Schottky contact between the semi-
conductor and the metal in an MSM photodetector creates an
internal electric field that separates electron-hole pairs created
by light absorption in the semiconductor layer. The schematic
device construction of the photodetector with the MoS, active
layer and Ti/Au electrodes is shown in Fig. 15(a), whereas
Fig. 15(b) displays the I-V characteristics measured in the
voltage range of —5 to +5 V.'® Fig. 15(c) shows the responsivity
of this device with different light intensities and Fig. 15(d)
exhibits the responsivity with respect to applied bias at differ-
ent illumination intensities. A current that can be measured as
an output signal is produced as a result of the movement of
electrons and holes. The advantages of MSM photodetectors
based on 2D materials are high sensitivity, high responsivity,
and quick response times. Moreover, the high electron mobility
of the device and robust light-matter interactions, which can
improve its performance as a photodetector, are made possible
by the use of 2D TMDCs as the semiconductor layers.'®!
The need for high-quality metal-semiconductor interfaces, as
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well as the need to design the device structure and the doping
levels to achieve good performance, are some of the limits of
MSM photodetectors based on 2D materials. Spectroscopy,
imaging, and sensing are just a few of the many applications
that MSM photodetectors based on 2D materials are utilized in.
They are also frequently utilized in the detection of electro-
magnetic radiation in the ultraviolet, visible, and infrared
spectra as well as light-sensitive components in optical com-
munication systems, such as fiber-optic networks. Moreover,
a new generation of photomultipliers, which are extremely
sensitive light detectors, has been developed using these
technologies. MSM (metal-semiconductor-metal) based TMDC
photodetectors are a class of photodetectors that use TMDCs as
the active component. These photodetectors have a wide band-
gap, high carrier mobility, and a high absorption coefficient,
which provide them several benefits over conventional silicon-
based photodetectors. The ability to detect light with extremely
high sensitivity is one of the key benefits of TMDC-based MSM
photodetectors. They are suitable for high-speed optical com-
munication applications because of their quick response times,
which are on the order of picoseconds. The ability to function
at extremely low light levels, which makes them suited for low-
light imaging applications, is another benefit of TMDC-based
MSM photodetectors. The range of applications for these
devices is also increased by the fact that they can function
at a broad range of wavelengths, including in the ultraviolet
and infrared sections of the spectrum. The need for high-
quality TMDC materials and the necessity of adequate device
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(a) Lateral device schematic structure of the photodetector, (b) /-V characteristics measured in the voltage range of the photodetector,

(c) responsivity of the device with different light intensities and (d) responsivity with respect to applied bias at different illumination intensities. Reprinted

with permission of ref. 160, Copyright of Nature 2016.
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construction and encapsulation to reduce environmental
degradation are some of the difficulties faced by TMDC-based
MSM photodetectors. Overall, TMDC-based MSM photodetec-
tors are a promising technology with many potential uses, but
more study and development are required to properly tap into
their potential. Table 4 summarizes some functionalized TMDC
MSM photodetectors with their important parameters. The
absorption of light by the TMDC material, which results in
the formation of electron-hole pairs, is the basis for the
operation of TMDC-based MSM photodetectors. The internal
electric field of the device then divides these electron-hole
pairs, with the electrons going to the n-type contact and the
holes to the p-type contact.'®® As a result, the device generates a
current flow that may be monitored to find the existence of
light. The TMDC material is commonly sandwiched between
two metal contacts in MSM photodetectors based on TMDCs,
thus the term “metal-semiconductor-metal” (MSM). In addition
to acting as the device’s electrical contacts, the metal contacts
also combine with the TMDC material to form a Schottky
barrier that aids in separating the electron-hole pairs and
boosts the effectiveness. With TMDC-based MSM photodetec-
tors, light can be absorbed through various methods, such
as excitonic absorption, indirect inter-band transition, and
direct inter-band transition. Depending on the type of TMDC
materials utilized and the light wavelength being absorbed, a
certain mechanism will occur. TMDC-based MSM photodetec-
tors are renowned for their quick response times, which are on
the order of picoseconds due to the high carrier mobility in
TMDC materials, in addition to the aforementioned mecha-
nism. The general operating principle of TMDC-based MSM
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photodetectors is based on the light absorption by the TMDC
material, which generates electron-hole pairs, and the separa-
tion of these charges by the integrated electric field, which
yields a current flow that can be measured to detect the
presence of light."®® The signal produced by a photodetector,
which in the case of TMDC-based MSM photodetectors is a
current flow arising from the absorption of light, is amplified
using the photomultiplication process. By increasing the
signal-to-noise ratio of the detector, photomultiplication aims
to make it more sensitive and capable of detecting weaker
signals.'®* The employment of a cascade of amplifiers, each of
which amplifies the signal before it is sent on to the next stage,
is one method of achieving photomultiplication in TMDC-
based MSM photodetectors. Trans-impedance amplification,
the name given to this sort of photomultiplication, is achieved
by cascading several trans-impedance amplifiers (TIAs). Using
an approach known as “avalanche photodetection,” which
accelerates the electron-hole pairs created by the absorption
of light to crash with other atoms and produce additional
electron-hole pairs, is another method for achieving photo-
multiplication in TMDC-based MSM photodetectors. Impact
ionization has the capacity to increase the number of charge
carriers and, consequently, the current flow, producing a
stronger signal. Remember that to prevent noise and satura-
tion, both procedures would need to be carefully planned.
It is important to note that MSM photodetectors based on
TMDCs have demonstrated great responsiveness and quick
response times, making them appropriate for low-light imaging
applications and high-speed optical communication applica-
tions even without the usage of photomultiplication. In some

Table 4 Summary of the literature data for photodetectors based on two-dimensional transition metal dichalcogenides. The table contains some

benchmark parameters (responsivity, EQE, and detectivity)

Materials Device type Bias/incident light (V utW ™" ecm™®)  Responsivity (AW™')  Detectivity (Jones)  EQE (%) Ref.
WSe,/PANI MSM 15/1.0 x 10* 0.056 5.8 x 10° — 165
GeSe/MoS, Diode 0/3080 0.105 1.46 x 10'° 24.2 166
WS,/AlL/Ge Diode 0/42 0.634 4.3 x 10" 50 167
WS,/Si Diode 0/16.5 0.290 2.6 x 10™ — 168
WS,/GaAs Diode 4/1.7 x 102 0.527 1.03 x 10™* — 169
WS,/Gr MSM —/10 8.050 2.8 x 10° 1.8 x 10° 170
Si/Si0,/WS, Diode 0/0.27 2.31 9.16 x 10 22 171
p-WSe,/n-Si Diode 0/— 0.67 1.59 x 10" 85 172
SWCNT/MoS, MSM 1/10 2.01 x 10° 3.2 x 102 — 173
Bi,0,Se/MoTe, Diode 60/— 4.96 3.84 x 10" 7.21 174
MoOS;(1—x)S€zx Phototransistor ~ 0/1.73 x 10’ 0.311 10" — 175
n-WS,/Si Diode —1/— 0.87 1.8 x 10" 161 176
ZnO-WS,/Si Diode —2/200 9.48 10" 1758 177
WSe,/Si Diode — 1.15 10" 134 178
WSe,/MoS, Phototransistor ~ 20/5 x 10° 2700 5 x 10! — 179
WS,/Polycrylamide ~ MSM —/50 1.3742 1.52 x 10" 465.93 52

Au-MoS,/Si MSM —/792 0.128 1.32 x 10*° ~1.2 x 10® 180
WS, MSM — 1093.1 2.6 x 102 2.1 x 10° 181
MoS,/i-Ge MSM — 0.7 — 56.1 182
WS,/AlO,/Ge MSM —/42 0.634 4.3 x 10M 50.8 167
Graphene/WS,/Ge ~ MSM 0/0.86 x 10° 7.55 3 x 102 — 183
MoS,-Gr-MoS,, Phototransistor ~ 0.5/— 0.030 10° — 184
ZnO/WSe, Phototransistor — 0.541 4.23 x 10° — 185
ReS, Phototransistor ~ —/0.47 10° 10" — 186
GaTe Phototransistor  5/0.29 x 10° 274.3 10" — 187
Te/WS, Phototransistor ~ 0/— 0.033 1.57 x 10° — 188
MosS, Phototransistor ~ 0/— 10* 10" — 189
3556 | Mater. Adv., 2024, 5, 3535-3562 © 2024 The Author(s). Published by the Royal Society of Chemistry
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circumstances, photomultiplication is another method that can
be utilized to boost the sensitivity of the detector.

The performance of a self-powered photodetector depends
on various parameters, including responsivity, detectivity, NEP,
on-off ratio, LDR, EQE etc. These parameters are influenced by
the properties of materials used. The photodetector’s operation
is based on three distinct stages: light harvesting, separation of
photocarriers, and the subsequent transport of charges. The
light absorption capacity significantly impacts the performance
of optoelectronic devices. To attain optimal results, light cap-
ture technology has been developed to extend the effective path
length of light propagation and enhance the efficiency of
photon collection.’®® Following photon absorption, the genera-
tion of charge carriers is crucial, and the superior separation
and collection of these carriers contribute to the improved
performance of the photodetector. TMDCs may be doped to
become either n-type (electron-donor) or p-type (hole-donor) by
carefully adding certain impurities or foreign atoms. This will
change their carrier concentration and produce an inherent
potential. Because of its intrinsic potential, the photodetector
can produce electricity on its own when light strikes it, making
it a self-sufficient gadget that does not require an external
power source."> By changing their surface properties, such
as WSe, or MoS,, TMDCs can perform better in self-powered
photodetection applications. Surface functionalization can be
utilized to attach certain molecules or ligands, which will
improve the TMDCs’ interaction with incident light and boost
their photoresponsivity and capacity to absorb light."””" In
photodetection applications, covalent functionalization offers
a stable and long-lasting alteration of the TMDC surface,
guaranteeing long-term performance and dependability. Tobias
Scharl et al. investigated WS, through exfoliation and com-
bined it with perylene diamides (C3sH,oNO), which absorb
visible light and accept electrons, creating adaptable electron-
donor acceptor hybrids.'> Following the discovery of graphene,
a variety of TMDCs have surfaced, showcasing remarkable
performance utilized in photodetectors. However, despite their
potential, TMDCs based photodetectors encounter numerous
challenges. To achieve high performance and superior photo-
detectors, several approaches can be pursued: refining the
preparation techniques for TMDCs to yield high quality out-
puts, and designing and optimizing antenna structures to align
with detected wavelengths, thereby enhancing the photodetec-
tor sensitivity.

The significant possibility of TMDCs to transform the next
generation of photodetectors, image sensors, optical transcei-
vers, spectrometers, etc., depends on the successful develop-
ment of initial prototypes. The awareness of this potential
depends on advancing both technology and manufacturing
willingness levels, achieved through concerted efforts between
researchers, semiconductor foundries, and key industrial com-
panies. The introduction of novel materials, such as TMDCs,
holds the promise of enhancing the efficiency of self-powered
photodetectors through the improvement of the open circuit
voltage. Sustained investigation of creative nanostructures that
facilitate effective separation of photogenerated electron hole

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pairs through simple and reliable fabrication methods remains
a fundamental avenue for future research. With the introduction
of high-performance semiconductor materials like TMDCs, there
exists a significant opportunity to elevate performance of self-
powered photodetectors by advancing both material design and
device testing methodologies. Inspired by the popularity of wear-
able photodetectors in recent years, the next generation of photo-
detectors must be manufactured to represent greater adaptability
and with improved intelligence. This naturally involves new
criteria for the design, dimensions, and efficacy of both materials
and structures.

7. Conclusions

With an emphasis on the potential of TMDCs to satisfy the
market for high-performance photodetector devices, this ana-
lysis concludes with a thorough summary of the current status
of self-powered photodetectors. Setting a systematic and beau-
tiful scene, the introduction emphasized the significance of
self-powered photodetectors in a range of applications and the
ongoing research and innovation required in this area. The
difficulties encountered by scientists in creating TMDC-based
autonomous photodetectors were carefully investigated. These
problems range from the synthesis and characterization of
materials to the engineering and optimization of devices,
underscoring the need for innovative and practical solutions
in the years to come. The intrinsic qualities of TMDCs, which
make them attractive options for self-powered photodetectors,
were thoroughly examined in this study. High carrier mobili-
ties, mechanical flexibility, thermal conductivity, strong spin-
valley coupling, and advantageous optical and electronic prop-
erties are just a few of these attributes, which together highlight
TMDCs’ potential to meet the stringent requirements for self-
powered photodetector applications. Furthermore, different
functionalization strategies were covered in detail, including
surface, covalent, and non-covalent functionalization, as well
as avenues like doping, strain engineering, and photoinduced
charge transfer for modulating optoelectronic properties.
Taken together, these tactics offer a path forward for improv-
ing the efficiency of TMDC-based photodetectors. The use of
TMDCs in self-powered photodetectors has great promise, and
continued study and development in this area should result in
ground-breaking discoveries that have an influence on a broad
variety of applications, including communications, healthcare,
and other fields. Exciting opportunities exist for the creation
and application of effective, environmentally friendly, and
multipurpose photodetector devices in the future. Currently,
enhancing information exchange between humans and tech-
nology is crucial, particularly in fields such as communication,
healthcare, and environmental monitoring. The demand for
improved electronic products has grown, emphasizing the
necessity for self-powered devices with straightforward struc-
tures; these devices offer practical advantages, including mini-
mal maintenance requirements, low or no external power,
wireless functionality, self-sustainability, and a prolonged
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lifespan, aiming to reduce complications and dependencies.
The absorption of weak optical signals is delayed by the
photogenerated carriers, necessitating an additional mecha-
nism to enhance both the depletion region width and the
electric field at the P-N junction within the self-powered
photodetector. Consequently, addressing these challenges in
self-powered photodetectors involves TMDCs under investigation.
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