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Abstract

Following a significant number of graphene studies, other two-dimensional (2D)
layered materials have attracted more and more interest for their unique structures
and distinct physical properties, which has opened a window for realizing novel
electronic or optoelectronic devices. Here, we present a comprehensive review on
the applications of 2D-layered semiconductors as photodetectors, including
photoconductors, phototransistors, and photodiodes, reported in the past five years.
The device designs, mechanisms, and performances of the photodetectors are
introduced and discussed systematically. Emerging techniques to improve device
performances by enhancing light-matter interactions are addressed as well. Finally,
we deliver a summary and outlook to provide a guideline of the future development
of this rapidly growing field.

1. Introduction

Two-dimensional (2D) layered materials refer to a class of mate-rials artificially
derived from layered van der Waals solids,!'?! in which the atoms are held together
by tight covalent or ionic bonds along 2D (in-plane) directions to form atomic
layers, while the atomic layers are bonded together by weak van der Waals
interactions along the third-dimensional (out-of-plane) direction.>* Such weak van
der Waals interactions between neighboring layers make it possible to cleave the
layered mate- rials into individual freestanding few-atom thick—or even single-
atom thick—Ilayers via mechanical>®! or liquid phase exfoliation!”:8! techniques.
Discovered in 2004, graphene, composed of a single layer of carbon atoms bonded
together in a hexagonal honeycomb lattice, is the most famous 2D layered
material®! and has plenty of appealing electronic, optical, mechanical, and thermal
properties.['"12] For example, graphene is gapless and semi-metallic, allowing it to
interact with light over a broad bandwidth from terahertz (THz) to ultra-violet (UV)
wavelengths!!*!4 and rendering it a promising material for various photodetectors
over a wide spectral range.

However, despite its high absorption coefficient,!'>] single-layer graphene can
absorb only 2.3% of incident visible and infrared (IR) light due to its thinness, [1¢-!7]
which is undesirable for high performance photodetectors that require strong light
absorption. Graphene’s gaplessness also leads to short photocarrierlifetime in pure
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graphene, which is unfavorable for efficient photocurrent generation. [18-21 Tn
addition to graphene, this family of materials contains an extremely large range of
other 2D-layered materials that have recently attracted much research interest.[!-?]
Similar to graphene, being atomically thin, these materialsexhibit a wide range of
unique electrical, optical, thermal, and mechanical properties that can never be seen
in their three-dimensional (3D) bulk counterparts due to the dimensionality
confinement effect and modulation intheir band structures.[?!-*2] These 2D-layered
materials can be metals, semiconductors, insulators, superconductors, topological
insulators, or paramagnetic, diamagnetic, ferromagnetic, or anti-ferromagnetic,
etc., depending on their composition and phases.[>*2*1 Among these materials,
particular attention hasbeen paid to 2D layered semiconductors thanks to their
unique electronic!>?4-26] and optoelectronic properties,!?’-?%) which arise from their
appreciable bandgaps ranging from IR to UV and throughout the visible range.

The optical and optoelectronic properties of 2D layered semiconductors are strongly
dependent on their number of layers due to the quantum confinement effects in the
out-of-plane direction and changes in symmetry.?>3% This layer-dependent
modulation of physical properties, such as bandgap structure,is particularly
evident in the semiconducting transition metal dichalcogenides (TMDs)!?7-29-31.32]
and few-layer black phosphorus (BP).[33-3 Another effect induced by vertical
quantum confinement is the increased absorption efficiency, which results from the
strongly bound excitons due to the reduced thick- ness.[?%-33-36] The atomic thickness
of a 2D layered semiconductor also leads to high transparency®”l and good
mechanical flexibility,3® properties of particular interest for novel device applications
such as flexible, wearable, or portable electronics. Despitetheir high transparency,
2D layered semiconductors can strongly interact with incident light, leading to
enhanced photon absorption and electron—hole creation due to the existence of Van
Hovesingularities in their electronic density of states.*?! It has also been reported
that 2D layered materials possess extraordinary elastic modulus and large strain
(>10%) before rupture,***1 which allow for tuning their electronic and optical
properties via strain engineering and the implementation of novel device
architectures such as wearable, bendable devices and devices with novel
functionalities. Moreover, the van der Waals inter- actions between neighboring
layers without surface dangling bonds enable the integration of materials with
properties beyondthe limitation of lattice matching 4441 or their direct growth on
a variety of substrates. (46471 This paves the way for designing various functional
heterostructures with fundamentally different properties and understanding the
underlying mechanisms. Further band engineering of these heterostructures is
achievable due to the diversity of 2D layered materials with different bandgaps and
work functions. In addition, the ultimate thickness of 2D layered materials offers
us the ability to tune their carrier densities, band alignments, and polarities via
electrostatic 2>*84 or chemical 2! doping, providing an alternative way to
construct functional heterostructures. The wide range of tunable material
properties, along with the possibilities for creating various functional
heterostructures, render 2D-layered semiconductors promising candidates for future
high-performance optoelectronic applications, including various photodetectors



covering awide spectral range from IR to UV wavelengths.

Photodetectors that can convert light signals into electrical signals are significant
in the development of a multitude of innovative technologies in modern society
from a practical perspective. These technologies include video and biomedical
imaging, optical communication, environment monitoring, military, security
checks, night vision, scientific research, and industrial processing control, among
others.['5-17:37] Currently, high-performance photodetectors made from crystalline
silicon (Si) with a detection range at visible and near- infrared (NIR) dominate the
photodetection market, while longer-wavelength photodetectors beyond the
detection limit of Si-based products are primarily constructed with materials such
as InGaAs and related heterostructures. However, these detectors usually suffer
from severe drawbacks, including thick material usage, expensive fabrication
processes, strictly controlled fabrication conditions, and rigorous operation
demands. These materials in bulk form are also very brittle, making the detectors
unsuitable for some novel device concepts, such as transparent, flexible, and
bendable applications. Therefore, there is an increasing demand for new
materials that can provide high absorption efficiencies in broadband wavelengths,
high transparency and flexibility, and can be processed using cost-effective
techniques with simplified device geometries to overcome the limitation of bulk Si
for photo- detection. The emergence of 2D layered semiconductors with appealing
properties such as high transparency, strong light- matter interactions, good
flexibility, ease of processing, etc., complements the shortages of current Si
technologies and affords great promise towards the realization of high-performance
photodetectors.

In this paper, we comprehensively review the photodetection applications of 2D
layered semiconductors beyond graphene in recent years, as depicted in Figure
1. Photodetectors based on graphene have already been reviewed in several papers
and are thus not covered in detail in this paper. [1>"'7TWe first give a brief
introduction of the most commonly used synthetic methods for preparing 2D
layered materials along with the basic sensing mechanisms and important
performance parameters in photodetection. We then review photoconductors and
phototransistors based on a variety of2D layered semiconductors and their hybrids.
Next, photodiodes, another type of photodetector based on these 2D layered
semiconductors, and their artificial heterostructures are discussed. Some emerging
techniques for light-matter inter- action enhancement to improve device
performance are also addressed. Finally, the existing techniques are summarized
and outlooks are provided to shed light on the future development of this research
area.

2.Device Fabrication and Physics
2.1. Synthesis Methods for 2D Layered Materials

The preparation of high-quality 2D layered materials with scalable and cost-
effective approaches is of significant importance for the realization of high-
performance photodetectors based on 2D layered materials. Recently, many



methods have been developed for synthesizing 2D layered materials, which can be
generally categorized into two types: top-down methods and bottom-up methods.[?!-2?]
Top-down methods, including techniques such as mechanical exfoliation, liquid
phase exfoliation, and so forth, refer to the synthesis of 2D layered materials by
breaking apart asingle or few atomic layers from the bulk layered materials with the
aid of external energy (mechanical or ultrasound energy).In contrast, bottom-up
methods are those where atoms or molecules are assembled on a substrate via
thermal and/or chemical reactions for the synthesis of 2D layered materials.
Processes such as chemical vapor deposition, van der Waals epitaxial growth, and
hydrothermal synthesis fall into this category. In this section, a brief description of
the most commonly used synthetic methods for the production of 2D layered
materials will bepresented, and the advantages and limitations of each approach
will be discussed. For a more detailed description of the preparation of 2D layered
materials, interested readers should refer to other related review papers. [21:22:26,46,53]
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Figure 1. Timeline showing the development of the applications of graphene and other 2D
layered semiconductors in photodetectors based on different principles. Reproduced with
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2.1.1. Mechanical Exfoliation

The mechanical exfoliation method, invented by A. Geim and K. Novoselov to
cleave graphene from highly oriented pyrolytic graphite in 2004, is a traditional
technique for obtaining atomical and few-layer thick flakes of 2D layered inorganic
materials.[”) Following the isolation of graphene, this approach has been successful
for obtaining single or few layers of other non-carbonaceous 2D layered materials,
such as TMDs (Mo0S2,2! MoSe»,’4 WS,,[331 WSe,,61 etc.), h-BNP7I (hexagonal
boron nitride) and few-layer BP.[**! In a typical process, Scotch tapeis used to
repeatedly stick and peel apart layered solid flakes into thinner layers until single-
or few-layer flakes are attained on the tape. The flakes are washed with acetone
and transferred onto an oxidized Si substrate. The number of layers in the exfoliated
flakes can be determined by optical microscopy, atomic force microscopy (AFM)
height profiles, scanning tunneling microscopy (STM), and high-resolution
transmission electron microscopy (HRTEM). The obtained 2D flakes, which
maintain the crystal structure of the bulk form, can remainstable in ambient
conditions for days to months. Mechanical exfoliation is a low cost and convenient
method for 2D layered materials production and is highly suitable for fundamental
research where 2D flakes with structural integrity, high crystallinity, minimal
defects are desired. However, scalable production is highly challenging due to the
low throughput from this process. In addition, this method lacks controllability in
uniformity, size, and thickness of the peeled flakes, and thus does not meet the
requirements for practical applications.

2.1.2. Liquid Phase Exfoliation

An alternative method to obtain single- or few-layer 2D materials is based on
liquid-phase exfoliation, which can be dividedinto solvent exfoliation and chemical
exfoliation. Solvent exfoliation generally involves the processes in which bulk layered
crystals or powders are dispersed in a suitable organic solventand sonication is
employed as a source of external energy tocleave the bulk materials into atomically
thin sheets. Afterwards, the resultant dispersion is centrifuged to separate large
crystals; critical parameters that dictate the quality of the dispersion are sonication time
and centrifugation rate. Also, the selection of an appropriate solvent is another key
factor, and it has been suggested that solvents with surface tension similar to the
surface energy of 2D layered materials can not only minimize the energetic cost of
exfoliation but also facilitate the sheet separation.*!**) A variety of 2D layered
materials such as MoS,, WS,, MoSe,, MoTe,, NbSe,, TaSes, NiTes, VS,, and h-BN
have been successfully synthesized using this method in some common solvents,
including NMP  (N-methyl-2-pyrrolidone), DMF (dimethylformamide), DMSO
(dimethyl sulfoxide), IPA (isopropyl alcohol), cyclohexyl-pyrrolidinone, Ndodecyl-
pyrrolidone, NVP.[838-621 Ugually, this method yields single- and few- layer 2D
nanosheets with micrometer dimensions dispersed homogeneously in a solvent. A
density gradient ultracentrifugation method can be used to separate single layers from
few- layers, which has proved to be an effective means of separating single-layer



graphene oxide from the solution.[®3]

However, despite the low-cost, large-scale production ability of this method, it
faces drawbacks such as poor uniformity in layer thickness and low yields of large
flakes and single-layers, which are highly desired for electronic and optoelectronic
applications. To address this issue, a chemical exfoliation method has been
developed. In a typical process,the interlayers of a bulk layered material are
intercalated with small ions such as lithium ions, which break the interlayervan der
Waals bonding with external agitation and separate the layers. [2-341 A suspension
of single layers is readily obtained after washing with a suitable solvent to remove
excess lithium and other organic residues. This method has been successfully
applied for obtaining single layers of 2D TMDs, such as MoS 7641 and WS,.[6%]
Lithium-based intercalation exfoliation is a highly desirable and versatile process
that facilitates the low cost and large scale production of single layers of 2D
materials. However, some challenges still exist, such as homogeneous dispersion of
2D single layers and precise control of the layer size. Moreover, residual lithium
ions physically absorbed at the surface of the single layers are inevitably
incorporated in a lithium-based intercalation process, which deteriorate the
electricaland thermal properties of the final products. Another reported drawback
is the phase transition in MoS; caused by the lithium intercalation, which can be
reversed by performing an additional thermal annealing process.[”!

Furthermore, with the aid of electrochemical systems, Zhang’s group has
developed an electrochemical lithium-based intercalation and exfoliation
method.[®6¢7] Briefly, they used a bulk layered crystal as cathode and a lithium foil
anode in a lithium ion battery setup. During the discharge process, lithiumions are
intercalated into the interlayers of the crystal. Thelithium reacts with water or
ethanol to generate H» gas, which facilitates the separation of adjacent layers.
Finally, nanosheets hundreds of nanometers in size, homogeneously dispersed in
a solvent, are obtained under vigorous agitation by sonication. Various 2D layered
materials, including MoS>, WS, TiS», TaS»,ZrS>, NbSez, WSe», SbaSes, BixTes, h-
BN, and graphene single-layers have been successfully prepared by this method.
166,671 Compared with common lithium intercalation, this method can provide good
control over the degree of lithium intercalationby monitoring the discharge curve.
This means the amount of inserted lithium can be optimized to avoid insufficient or
excessive lithium intercalation.

2.1.3. Chemical Vapor Deposition

The chemical vapor deposition (CVD) technique has been extensively employed to
synthesize large-area homogeneous2D TMDs with controllable thickness and
excellent proper-ties. Compared with the above discussed top-down methods, this
bottom-up method has many distinct advantages. In addition to the scalable size
and controllable thickness of the final products, the growth instruments are
inexpensive and versatile. Moreover, the preparation process is compatible with
current semiconductor technology. As an example, we describe thegrowth of 2D
MoS: to introduce the synthesis of 2D TMDsvia the CVD method. The most
commonly used CVD method involves MoO3s and sulfur powders as starting



materials to deposit single- or few-layer MoS: on an SiO»/Si substrate. 47681 At
high temperature under an inert atmosphere, MoO; powders are reduced by the
sulfur vapor to form volatile suboxide MoO;_x, which diffuses to the substrate and
reacts with sulfurvapor to grow MoS: layers with lateral sizes up to 2 mm. The
substrate can also be pretreated with graphene-like molecules, such as reduced
graphene oxide (rGO), perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt
(PTAS), and per- ylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) to promote the
layer growth of MoS,.!*7! This method has also been appliedto the growth of MoS; or
WS, layers on other insulating substrates including quartz and sapphire.”! In
addition, wafer-scale MoS> thin layers have been synthesized using MoOj thin
films pre-deposited on a sapphire substrate as a starting material. This is followed by a
two-step thermal process, where reduction of MoOs occurs in a Hy/Ar environment and
further sulfurization in a sulfur-rich environment at elevated temperature yields MoS;
layers.[’" In the second method, pre-deposited Mo thin layers on a SiO»/Si substrate
have been employed toreact with sulfur vapor, which gives rise to large-area single-
or few-layer MoS 7! This process is highly scalable because thesize and thickness
of the resultant MoS; layers can be directly determined by the size and thickness of
the starting Mo films.In addition, Liu et al. reported that the thermal decomposition
of (NH4)>MoS; layers dip-coated on various insulting substratesin the presence of
sulfur vapor via a two-step annealing process can produce large-area MoS: layers,
providing an alternative strategy for synthesizing MoS, with scalable size.l’?]

The direct growth of MoS; layers on insulting substratescan afford the distinct
advantage of skipping the film transfer step that is needed for CVD-growth
graphene. Thus, somedrawbacks usually associated with this step, such as chemical
residues, possible physical film damage, and wrinkle formationcan be avoided.
Also, MoS; films produced by these methods are transferable to arbitrary substrates
with the help of PMMA (poly (methyl methacrylate)) and NaOH. 22!

Recently, four-inch wafer-scale films of monolayer MoS, and WS, with excellent
spatial homogeneity and coverage have been successfully grown on SiO»/Si
substrates using a metal- organic CVD technique.”®! In this approach, Mo(CO)s,
W(CO)s,(C2Hs)2, and H; are employed as gas-phase precursors, and argon is used
as the carrier gas. The resultant MoS; layers showgood electrical properties such
as a high electron mobility of 30 ¢m?V-!s!, which is comparable to the
mechanically-exfoliated monolayer MoS,. Also, the wafer-scale batch fabrication
of monolayer MoS; field effect transistors (FETs) has achieveda device yield of
99% with the use of these MoS: films. These results are promising and show
potential towards the realization of wafer-scale electronics and optoelectronics
based on 2D TMDs.

2.2. Sensing Mechanisms

A photodetector is an optoelectronic device that can convert absorbed optical
energy into electrical signal, such as photocurrent or photovoltage. Several sensing
mechanisms have been reported, including photoconductive effect, photogating
effect, photovoltaic effect, photothermoelectric effect, and bolometric effect.



Based on the sensing mechanism, photodetectors canbe divided into two
categories: photon (or quantum) detectors (including
photoconductors/phototransistors and photodiodes) and thermal detectors. In the
following section, we introduce the mechanisms for photodetectors based on 2D
layered semiconductors

2.2.1. Photoconductive Effect

The photoconductive effect involves a process in which photonabsorption by a
semiconductor generates excess free carriers and results in an increase in
conductivity. 471" A typical photoconductor consists of a semiconductor as a
channel, with twoohmic contacts affixed to opposite ends of the channel that
serve as source/drain electrodes. In darkness, the channelallows only a small
source-drain current to flow (dark current,/q) under a bias applied between the
electrodes (¥ps). Underillumination, photons with energy larger than the bandgap
ofthe semiconductor are absorbed, which leads to the generationof electron—hole
pairs (or excitons depending on the material). The photoexcited electron-hole pairs
are then separated by the V'ps, and the free electrons and holes drift oppositely
towards the source/drain electrodes. This process leads to a net increase
(photocurrent, /Ipn) in the channel current. It is noteworthy that carrier
recombination usually takes place at the surface and bulk of the semiconductor,
which leads to a decrease in photocurrent. Normally, a strong FVps is desired to
facilitate electron-hole pair separation and consequently carrier transportation. The
lifetime of the photocarriers has a significant effect on thephotoconductive gain
(G) and the response speed. A photoconductor can have gain larger than unity.
Under a moderate Vps,the majority of carriers (assumed to be electrons) have a
muchhigher mobility and consequently a much shorter transit timethan that of
the minority carriers (holes). Thus, the photoexcited electrons can drift across the
channel much more quickly than the photoexcited holes. To maintain charge
neutrality, more electrons are supplied from the other electrode and circulate many
times in the channel during the lifetime of holes. The gain depends upon the ratio

of lifetime of holes (Tiifetime) to the electron transit time (tuwansit) and is expressed

Tlifetime

as sz’ In order to obtain a high gain, the electron transit time has tobe

short, while the lifetime of holes should be long. On the other hand, the response
time, which is related to the carrier recombination processes, is also determined by
the lifetimeof holes. This means that high gain will reduce the response speed.
Therefore, a trade off has to be made between gain and response speed to get a
reasonable overall performance of a photoconductor.

2.2.2. Photogating Effect

The photogating effect can be regarded as a special case ofthe photoconductive
effect. Under illumination, electron-hole pairs are generated in the semiconductor,
and subsequently one of the two carrier types (electrons or holes) is trapped
in the localized states located at defects and/or at surface adsorbates.l®]
Another case of electron—hole generation takes place in the surface adsorbates or
charge traps adjacent to the semiconductor serving as a conducting channel.l’7-78]



Consequently, one type of carrier is transferred to the channel, leaving oppositely-
charged carriers trapped in the surface adsorbates or traps. These trapped carriers
act as local gates and effectively modulate the conductance of the semiconductor
due to electrostatic interactions. The carriersin the semiconductor can recirculate
many times duringthe lifetime of the trapped carriers, leading to a high gain.
Notably, this effect is particularly pronounced in nanostructured materials with
large surface-area-to-volume ratios, suchas colloidal quantum dots, nanowires, and
2D layered materials. Although photodetectors with a photogating effect can have
a higher gain than photoconductors, they usually suffer from slower response
speed. Sometimes, the two effects cantake place in the same device and
contribute to the photocurrent simultaneously.

2.2.3. Photovoltaic Effect

The photovoltaic effect relies on a built-in electric field to separate the
photogenerated electron—hole pairs and propel electrons and holes towards
opposite directions.l”! The built-in electric field is normally produced at a junction
(a depleted semiconductor region), where there is a significant differencein the
work functions between materials. Photodetectors that opeate via the photovoltaic
effect are usually called photodiodes. Generally, the photodiode family contains p-
type/n-type (PN) photodiodes formed by two semiconductors with opposite doping
type and Schottky barrier photodiodes formed at the interface between a
semiconductor and a metal. A PIN photodiode is one example of a PN photodiode,
where “I” represents an intrinsic semiconductor layer inserted between the PN
junction. A photodiode wusually displays an asymmetric current—voltage
characteristic (rectifying behavior) in the dark, while the device can function at two
modes under illumination, i.e., the photovoltaic mode (at zero bias) and the photo-
conductive mode (under reverse bias). In photovoltaic mode, the photogenerated
electron—hole pairs are separated by the built-in electric field and electrons and
holes are collected at opposite electrodes, which generates a considerable
photocurrent (short-circuit current, /Isc). The electrical output canalso be a
photovoltage (open-circuit voltage, Voc), which is obtained by keeping the circuit
open. A photodiode workingin this mode has the lowest dark current, thus leading
to an improved detectivity, as well as maximized linearity and sensitivity. In
photoconductive mode, the external electric field with a moderate biasing voltage
has the same direction as the built-in one, which increases the separation
efficiency ofthe electron—hole pairs, as well as the response speed due to reduced
carrier transit time and lowered diode capacitance. In practice, a photodiode in
photovoltaic mode is well suited for precision applications, while a photodiode in
photoconductive mode is better suited for high-speed applications. Normally, a
photodiode has a maximum gain of unity, much smaller than a photodetector
operating via the photoconductive or photogating effect. However, too-large
reverse bias can cause avalanche multiplication or breakdown of a photodiode
(avalanche photodiode, APD), where photogenerated electrons with enough energy
initiate impact ionization, providing large internal current gain.

2.2.4. Photo-Thermoelectric Effect



The photo-thermoelectric effect occurs when non-uniform light-induced heating on
two dissimilar conductors or semiconductors leads to a temperature gradient,
causing a temperature difference (A7) between the two substances. This
temperature difference can result in a voltage difference, namely the photo-
thermoelectric voltage (VrrE), through the Seebeck effect (or thermoelectric effect).
The photo-thermoelectric voltage Vpre can be expressed as 39311

Vere = (S1 —S2 )AT (D)

where S1, S2 are the Seebeck coefficients of the two substances. The photo-
thermoelectric voltage can produce a current throughthe circuit at zero applied bias.
Note that the photo-thermoelectric effect cannot be found in a uniform
semiconductor because negligible temperature gradients can be achieved.
Normally, thetemperature gradient can be obtained by localized illuminating of a
measured device, or by globally illuminating a device with distinct absorption
coefficients in different parts.

2.2.5. Bolometric Effect

The bolometric effect is based on the resistance change of a material induced by
uniform heating under illumination.[®?! Two factors, the conductance variation of a
material with temperature (dG/dT) and the homogeneous temperature increase (47)
induced by the heating, determine the magnitude of this effect. Bolometers have
been widely used in astronomy, where sensitive detection of mid- and far-IR as
well as THz is much desired.[®3! The bolometric effect has also been observed in
graphene-based photodetectors, where carriers can easily beheated due to weak
carrier-phonon coupling, #4851 and in photo- detectors based on few-layer BP
with=100 nm thickness.!®!

2.3. Photodetector Performance Parameters

In general, several important parameters are used to compare the detection
performance of photodetectors that operate under different mechanisms and are
constructed from different mate- rials and geometries. In the following section, we
will give a brief introduction to these parameters.

Responsivity (R): The responsivity R of a photodetector is defined as the ratio of
the output photocurrent or photovoltage to the input optical power on the active
region of the device, which is usually expressed as

_ Photocurrent A or photovoltage (V) _ Ipp 0T Vpp

2

Input optical power (W) Pin

where Ipn is the photocurrent, Vph is the photovoltage, and Pi, isthe input optical
power. This parameter is used to indicate theavailable output photocurrent or
photovoltage of the photodetector for a given incident optical power at a certain
wavelength.

External Quantum Efficiency (EQE): The external quantumefficiency EQFE is the
ratio between the number of electron-hole pairs with contribution to the
photocurrent and the number ofincident photons. It can be expressed as



_Ipn/e _he
FQE-— 2R ®
where e is the elementary charge, /4 is Planck’s constant, vis the frequency of
incident light, ¢ is the speed of incident light, and 4 is the wavelength of incident
light. To achieve a large EQE in a photodetector, the optical absorption of the active
layer shouldbe high, while the carrier recombination and trapping before being

collected should be minimized.

Internal Quantum Efficiency (IQE): Similarly, the internal quantum efficiency /QFE
is the ratio between the number of electron-hole pairs with contribution to the
photocurrent and the number of absorbed photons by the detector. The numberof
absorbed photons can be determined by deducting the photon losses, including
those due to transmission and reflection, from the total number of incident
photons. The optical interference effects should especially be taken into account
in photodetectors with an ultrathin active layer.

Speed and Bandwidth (Af): The response speed determines the ability of a
photodetector to follow a rapid modulated opticalsignal. In the time domain, the
rise time # and the fall time #r are typically used to characterize the response speed
of a photodetector. In some examples from the literature, the rise time # and the
(fall time #r) is defined as the time interval required for the the response to rise
(decay) from 10% (90%) to 90% (10%) of its peak value. A photodetector with a
fast response speed is highly desirable in certain areas, such as optical
communication, videoimaging, etc.

Generally, the overall response speed of a photodetector is determined by its
bandwidth A4f, including the intrinsic bandwidth and radio frequency (RC) circuit-
limited bandwidth. The bandwidth of a photodetector is defined as the difference
between the upper (f2) and lower (fi) light modulation frequencies, where the
detector has uniform response in this range and no response outside of this range,
expressed as Af= f> — fi. Another widely used parameter in the frequency domain is
3-dB bandwidth (f34), which is the frequency at which the response drops to -3 dB
(50%) of'its peak value and is related to Af by f=0.8864f. The f3as of a photodetector
and its corresponding ¢ are related as follows:[®7]
0.35

r:
f3aB

4)

Signal to Noise Ratio (SNR): Low noise is a significant factor for a photodetector
because it ultimately determines the lowest detectable signal strength. Noise always
exists in a photodetection process, which limits the detection of small amounts of
radiation energy by producing a random fluctuation in the output of the device. The
SNR of a photodetector is expressed as

__Signal power

SNR (5)

Noise power

The SNR must be larger than 1 so that the signal power can be distinguished from
the noise.

Noise Equivalent Power (NEP): Noise equivalent power NEP is the minimum



impinging optical power required to achieve an SNR of 1 in a 1 Hz bandwidth.
The NEP is defined as

Py

6
Jar ©)
where P is the incident optical power that produces SNR = 1.

NEP =

The NEP can be written in some cases as

—1/2
51/

NEp = @
R

(7)
=1/2 . . " .
where 2 is the mean-square noise current measured at the bandwidth of 1 Hz
in darkness (in A Hz'?). For a photodetector that has an output voltage signal,
12 —1/2
the NEP= V”R , Wwhere v2 is the mean-square noise voltage

measured at the bandwidth of 1 Hz in darkness (in V Hz '?).

Detectivity (D*): The detectivity D* is a useful parameter for comparing the
detection performance of photodetectors with different materials and geometries,
and is defined as

D* = (aaf)r/2 (8)

NEP

where A is the device area and [f’is its bandwidth. Since the total device noise is
normally proportional to the square rootof the area, the D* is independent of
the area. This parameter depends on sensitivity, spectral response, and noise of the
device. If the shot noise from dark current dominates the total noise of a
photodetector, the D* can be written as

AY/2R
Ol
(2elg)/? ©)

Where 1, is the dark current.

3. Photoconductors/Phototransistors Based on 2D Layered Semiconductors

A photoconductor/phototransistor is the simplest type of photo-detector, usually
operating with the photoconductive effect, photogating effect, or two effects
combined. A photoconductor can provide a high photocurrent gain at the expense
of reduced response speed. In particular, by exploiting the inherent amplification
function, a phototransistor can obtain an even higher gain. The electronic band
structure of a semiconductor greatly influences its optical absorption, which in turn
affects its opto- electronic properties. Due to the atomic thickness and large surface
area, photodetectors based on 2D layered semiconductors are expected to
demonstrate some novel phenomena and achieve superior performance compared
to their bulk or thin- film counterparts. In this section, we review the achievements
involving photoconductors/phototransistors based on 2D layered semiconductors.

3.1 Transition Metal Dichalcogenides (TMDs)

TMDs represent a class of layered materials with generalized formula MX>, where



M is a transition metal from group 4—7 andX is a chalcogen atom such as S, Se,
or Te.[?2:241 Each layer of TMDs is composed of one layer of hexagonally packed
metal atoms with two atomic layers of chalcogen atoms covalently bonded on either
side. Similar to graphene, several layers are bonded together by weak van der Waals
interactions to form a bulk crystal. This weak interaction along the out-of-plane
direction allows the bulk crystals to be isolated down to single layers, which offers
the opportunity for fundamental research and proof-of-concept device fabrication
based on 2D TMDs. Single- orfew-layer semiconducting TMDs hold unique optical
and opto-electronic properties that do not exist in their bulk counterparts, which
renders them attractive for high-performance photodetection applications. The key
parameters of the photoconductors/phototransistors based on TMDs are
summarized in Table 1.

Table 1. Performance of photoconductors/phototransistors based on 2D TMDs.

ML: Multilayer, CVD: Chemical vapor deposition, FL: Few-layer.

MoS>

Active layer Spectral range [Responsivity [Response Detectivity Ref.
[AW] times [Jones]
[ms]
Mechanically Visible 7.5 %107 50 = [88]
exfoliated 1L
Mechanically Visible 880 600 - [89]
exfoliated 1L
Mechanically UV-visible- {0.12 - ~10'! [91]
exfoliated ML INIR
CVD-grown 1L (inVisible 2.2 x103 2.2 x10 [95]
vacuum)
CVD-grown 1L Visible 1.1 x1073 >103 = [98]
CVD-grown FL Visible 0.57 7 % 102 ~10'° [99]
Liquid exfoliated FL [UV-visible- [3.6x107 60 = [100]
INIR
Magnetron sputtered [Visible-NIR 1.8 - 5x10% [102]
SL
Solution-synthesized [UV-visible [6.3x107 20 4.2x 108 [103]
2-4L
Self-limiting grown |Visible 0.55 0.2 = [104]
FL
(after laser
micromachining)
Ily exfoliated ML [Visible 342.6 >10° - [105]
(local bottom gated)
¢ Mechanically|Visible 104 10 7.7x10"! [106]
exfoliated 1-2L (HfO»
encapsulation)
Mechanically Visible-NIR 2570 1.8 2.2x10"? [107]




exfoliated FL

(enhanced by
ferroelectrics)
Mechanically Visible 5000 2 = [108]
exfoliated 10L
(MESFET structure)
APTES doped FL Visible 5.75%10°3 = 4.47x10° [111]
MoSe; Mechanically Visible 07.1 15 - [120]
exfoliated FL
CVD-grown 1L Visible 2.15x10%  p5 - [124]
CVD-grown 1L Visible 1.3x10%? 60 = [125]
CVD-grown ML Visible 93.7 400 - [126]
WS, [CVD-grown FL Visible 9.2x107 5.3 - [129]
echanically exfoliatedVisible 884 >103 - [130]
ML
n NH3 atmosphere)
CVD-grown 1L (inVisible 1.88 x102 103 = [131]
vacuum)
PLD-grown ML (inUV-visible- (0.70 9.9 x10° 2.7 x10° [132]
vacuum) INIR
Magnetron SputteredUV-visible [53.3 - 1.22 x10!! [133]
ML
WSe, [0TS-doped FL Visible 1.45x10* | 5.3 x101° [111]
CVD-grown 1L Visible-NIR [1.8x10° 5x10° >104 [134]
Mechanically Visible 7 1% 1072 = [135]
exfoliated 3L
CVD-grown 1L Visible 1.1 >103 - [136]
PPhs-doped FL onVisible 1.27x10¢ 2.8 = [137]
hBN
MoTe;Mechanically Visible 2560 - - [141]
exfoliated FL
HfS, [Mechanically Visible 890 38 1.3 x10'° [142]
exfoliated FL
ReSe; pchanically exfoliatedVisible 05 68 - [144]
1L
environment)
Mechanically Visible 55.5 06 = [145]
exfoliated 1L (Mo-
doped, in  NH;
environment)
ReS, |CVD-grown FL Visible 16.14 >10° = [146]
Mechanically Visible >103 08 - [147]

exfoliated FL




CVD-grown 2L Visible 604 2 4.44x1010 [148]
Mechanically Visible 8.86 x10*  |>103 1.18x10" [149]
exfoliated FL

PPh; and APTES co-{Visible-NIR [1.18 x10® 30 = [150]
doped FL

fechanically exfoliatedVisible 2.5 x107 670 = [151]
ML (treated by Oy

plasma)

3.1.1 Molybdenum Disulphide (MoS;)

Single-layer MoS: possesses striking properties such as a direct bandgap of =1.8
eV,[22%1 large carrier mobility above 200 cm?V~! s71[7:29:321 4 high-current ON/OFF
ratio of up to 1x103,2] strong photoluminescence (PL),[”*?] good chemical stability and
mechanical flexibility, ease of processing, and so on.[?+282-381 These appealing features
make single- or few-layer MoS; the most extensively studied 2D layered
semiconductor with greatpotential in photodetection. A phototransistor based on a
mechanically-exfoliated single-layer MoSz nanosheet with a typical FET configuration
was first reported by Yin et al.[®] (Inset in Figure 2a). As shown in Figure 2a, the
phototransistor exhibitsa distinct response with a cut-off wavelength at 670 nm, which
agrees well with the bandgap of the single-layer MoS: (= 1.8 eV). This device achieved
a maximum responsivity of 7.5 mAW! in the electron accumulation region, which
can be further tailoredby drain and gate voltages, along with a fast response speed
within 50 ms. Later, Lopez-Sanchez et al. demonstrated a similar phototransistor
made from exfoliated single-layer MoS, witha greatly enhanced responsivity up to
880 A W! in the electron depletion region (Figure 2b) and a response cut-off
wavelengthat 680 nm.!®?! This significant improvement is explained by the improved
carrier mobility and contact quality, as well as the positioning technique. Importantly,
this device possesses aremarkably low NEP of down to 1.5x10°'5> W Hz!'"2, associated
with its reduced dark current at the depletion region, due to the 1.8 eV bandgap that
suppresses the thermally activated carriers and the efficient electrostatic tunability
in the atomically thick layer. However, the response time of the device is slow (on
the order of several seconds), which is influenced dramatically by the surroundings
of MoS,. With the help of a short gate pulseto discharge trapped charge carriers,
the response times canbe reduced to less than 0.6 s. In contrast to the first-reported
MoS: phototransistor,®8] the photocurrent displays a sublinear dependence on light
intensity. This behavior, combined withthe tunable response speed influenced by
the surroundings of MoS», confirms that charge trapping in MoS; and/or at the
MoS,/Si0; interface plays a major role in the sensing process.

The layer number of MoS; has a significant influence on its band structure,
consequently affecting the photodetection performance.[**2% Lee and co-workers
have fabricated transparent top- gate phototransistors based on exfoliated single-,
double-, and triple-layer MoS,.’%! Their studies show that the optical bandgap for
the single-layer MoS: is = 1.82 eV, while the values reduce to =1.65 and =1.35 eV




for the double- and triple-layer counter- parts, respectively, as shown in Figure 2c.
As aresult, triple-layerMoS:2 shows good detection performance for red light, while
single- and double-layer MoS; are more suitable for green lightdetection. This
bandgap reduction therefore allows multilayer MoS; to detect light with an
extended wavelength range up to NIR.®!l Although benefitting from higher light
absorption due to increased thickness, the phototransistor based on multilayer MoS»
exhibits an inferior responsivity of = 100 mA W-!, which might be associated with
the direct bandgap of multilayer Mo0S,.°>?* Another work by Khan et al. also
demonstrated thatthe responsivity and response speed are highly dependent on the
layer number of MoS; as well as the environment.4

Two-dimensional MoS; prepared with different methods usually have distinct
qualities that are crucial to photodetector performance. A phototransistor based on
CVD-grown monolayer MoS, reported by Zhang et al. [*>) showed a maximum
responsivity as high as 2200 A W' in vacuum, which was reduced to 780 A W' in
air. Taking into account the large surface-to-volume ratio of MoS;, adsorbates found
at the surface of MoS: and/or at the MoSa/substrate interface from ambient air
can act as p-type dopants with additional Coulomb potentials, ©®°7) causing
increased carrier scattering and decreased electron mobility andresponsivity in air.
The adsorbates could also affect the photoresponse by serving as recombination
centers for photocarriers, leading to a decreased responsivity, yet faster photocurrent
relaxation. The defects and charge impurity states inside the bandgap of MoS,,
which act as trap centers for photocarriers, are considered to be responsible for the
observed persistent photoconductance. In another study, Perea-Lopez and
colleagues also builta photodetector based on CVD-grown monolayer MoS; with
a much lower responsivity of only 1.1 mA W1 The huge variation in
responsivities presented in the two studies highlight the important roles of contact
resistance and active contact region in high-performance photodetectors. CVD-
grown few-layer MoS; has also been exploited as a photodetector for use in harsh
environments.[*”! The device exhibits an obvious photocurrent/ dark current ratio
of =10, even at 200 °C. MoS; nanosheets prepared from other methods, such as
liquid exfoliation, 1%%191) magnetron sputtering,''°?! and solution synthesis %3] have
also been employed in photodetectors. However, these devices usually exhibit
inferior responsivities to their counterparts based on mechanically-exfoliated or
CVD-grown MoSo.

Both photoconductive and photogating effects were foundto contribute to the
photocurrent in single and bilayer MoS, photodetectors.®?l The two effects exhibit
largely different response times, which offers the possibility to identify themin
the photocurrent generation processes. The photogating effect is a slow process and
shows an obvious dependence on the gate voltage, which likely arises from long-
lived charge trapstates at the interface of the MoS; and SiO; surface hydratedby
water molecules. From the dynamics of the photocurrent measurement, the density
of these trap states is estimated to be = 10'> cm™. In contrast, the photoconductive
effect is a fast process with negligible gate voltage dependence, which is attributed
to both shallow trap states and mid-gap states as a result of structural defects in



MoS: or disorder. By modulating the incident light illumination at a faster
frequency than the photogating effect, the photoconductive response of the device
can be studied by a lock-in technique. A model based on mid-gap states and hole-
trap states is proposed to fit the obtained experimental data, from which the density
of hole-trap states is determined to be =~5x10'% cm=2.

Recently, several strategies have been developed with the aim of enhancing the
performance of MoS: photodetectors. [1%4-111] Ly et al. demonstrated a facile and
effective focused laser thinning method to achieve micropatterning and localized
modification of multilayer MoS; films.['%] Due to surface oxidationor oxygen
doping introduced, a photodetector based on modified MoS, shows a promoted
photoresponse with a responsivity increase of several fold. The photoresponse of a
multi- layer MoS> phototransistor can be greatly enhanced by usinga local
bottom-gate structure, as recently reported by Kwonet al. 151 With this unique
design, the device shows significantly improved photocurrent compared to those of
previously reported global-gated multilayer MoS; phototransistors.*?!l The
accumulation of photoexcited holes due to the large tunnel barrier imposed by the
gate at ungated channel regions reduces the potential barrier for electrons, resulting
in increased thermionic current in the electron depletion region. On the other hand,
improved photocurrent in the electron accumulation region is associated with a
decreased tunnel barrier for photoexcited holes and suppressed dark current due to
the series resistance in the ungated regions. As a result, the responsivity increases
drastically—by three orders of magnitude-to 342.6 A W-!. Afterwards, Kufer and
co-workers found that encapsulation with atomic-layer-deposited (ALD) HfO> can
significantly enhance both the electronic and optoelectronic performance of
monolayer or few-layer MoS; phototransistors.[!°I The encapsulated MoS; exhibits
enhanced n-type doping with vanishing hysteresis behavior in transfer curves.
This is dueto reduced surface adsorbates that serve as charge-trappingcenters and
additional electrons induced by positively fixed charges inside the top-oxide layer,
as well as improved carrier mobility originating from the removal of extrinsic
charged impurities and the quenching of homopolar phonon modes. The improved
carrier mobility, combined with lowered contact resistance, thus gives rise to a
much-improved responsivity (Figure 2d) and response speed, which can be
effectively tuned by the gate voltage. The responsivity ranges from =10 to = 10*
AW-™! and response times are in the range of =10 ms to10 s. Meanwhile, Wang
et al. reported performance enhancement in a multilayer MoS; phototransistor
driven by a ferroelectric P(VDF-TrFE) gate dielectric.['”l The stable remnant
polarization of P(VDF)-TrFE provides an ultrahigh local electrostatic field in the
channel; this ensures MoS; is fully depleted and leads to an ultralow dark current.
Based on this design, the device demonstrates a significantly increased
responsivity up to 2750 A W-! and a high detectivity of =2.2x10'? Jones. The
response speed is also improved with rise and decay times of ~1.8 and ~2 ms,
respectively, due to the encapsulation or passivation of the surface trap states on
MoS; by the fluorine or hydrogen atoms from polarized P(VDF-TrFE). More
importantly, the authors found that the detection range of the ferroelectric-driven
phototransistor extended from ~900 nm up to =1550 nm (Figure 2e), which is



associated with the changein the MoS; bandgap!!'>!3] and defects in MoS, flakes,
both induced by the external electrostatic field. Recently, Lee and colleagues
demonstrated that the influence of interface trapsor an on-state gate voltage on
carrier transport behavior in few-layer MoS; can be minimized by employing a
metal-semiconductor field-effect transistor (MESFET) structure, where the NiOx
contact can form a van der Waals Schottky junction with M0S.1%] This type of
structure enables high carrier mobilities of 500-1200 cm? V-! s'! at low threshold
voltages due to a reduced charge scattering effect. Thanks to the high carrier
mobility, the device reaches a high responsivity of up to 5000 A W-! in the transistor
ON state and fast response times of 2 ms (Figure 2f). This response time is superior
to those of a MoS, phototransistor with metal-insulator- semiconductor FET
(MISFET) configuration, which are >250 ms. Electron dopingof single- and few-
MoS, by surface functionalization of Cs:Cos; or an amino-
propyltriethoxysilane (APTES) monolayerhas also been proven to be an efficient
wayto improve the performance of MoS»-based phototransistors.[!!%!!1] Usually,
these sur- face functionalizations lead to an enhancement in photocurrent of several
folds to tenfold, which is attributed to two phenomena. Firstly, electron doping
induces the formation of negative trions, i.e., quasiparticles comprised of two
electrons and one hole, in MoS; under illumination. This can significantly reduce
the recombination of photo-excited electron—hole pairs or excitons. On the other
hand, surface functionalization can effectively increase carrier mobility in MoS:
due to suppressed impurity scattering, which is desirable for fast photocarrier
transportation. As a consequence, a high responsivityof up to 5.75x103> A W-! and
a detectivity close to 10'° Jones have been demonstrated in a APTES-doped MoS;
phototransistor.!!!]

layer

Photodetectors with broad response bandwidth are highly desired for some
applications. By using the ultrafast two-pulse photovoltage correlation (TPPC)
technique, Wang et al.showed that the intrinsic response times of monolayer
MoS; can be as short as 3 ps, enabling wide photodetection bandwidths of up to
300 GHz.'!'¥l The fast response speed is explained by the short lifetime of the
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photoexcited carriers due to the dominant defect-assisted recombination.

Figure 2. a) Drain current (/4s) of a single-layer MoS» phototransistor as a function of
excitation wavelength of the illumination source at a constant optical intensity. Inset
shows an optical image of a typical device made of single-layer MoS,. Reproduced with
permission.!® Copyright 2012, American Chemical Society. b) Responsivity of a MoS
phototransistor as a function of incident power. Inset shows the 3D schematic view of the
single-layer MoS, photodetector. Reproduced with permission.[®*! Copyright 2013, Nature
Publishing Group. c¢) Photon energy-dependent AQ.srplots indicate the approximate optical
energy gaps to be 1.35, 1.65, and 1.82 eV for triple-, double-, and single-layer MoS;
nanosheets, respectively. Reproduced with permission.’”) Copyright 2012, American
Chemical Society. d) Power-dependent responsivity before and after HfO, encapsula- tion
of a bilayer MoS, phototransistor. Reproduced with permission.['® Copyright 2015,
American Chemical Society. e) Responsivity of a P(VDF-TrFE) polarization-gating triple-
layer MoS; photodetector as a function of light wavelength from 500 nm to 1550 nm at
Vse=1 V and P=100 uW. Inset shows the 3D schematic view of the polarization-gating
triple-layer MoS, photodetector. Reproduced with permission.['"”) Copyright 2015, Wiley-
VCH. f) Dynamic photoswitching behavior of a MoS, phototransistor with MESFET
configuration. Reproduced with permission.!®! Copyright 2015, American Chemical
Society.

Photo-Thermoelectric Effect in MoS>. In addition to the photoconductive effect and
photogating effect, the photo-thermoelectric effect has been found to contribute to
the photoresponse process in a single-layer MoS, FET.[!!3] In this study, the authors
examined the photoresponse of the FET with no external bias via scanning
photocurrent microscopy (SPCM) measurements and found a strong and tunable
photo-thermoelectric effect. An AFM image of the studied device is shown in
Figure 3a. During the test, electrode 3 was connected to a current-to-voltage
amplifier and the other electrodes were grounded. Under above- bandgap
illumination, remarkable photocurrent was observed, even when the laser spot was
focused inside the area of the electrodes (Figure 3b). To further clarify the origin
of the photocurrent, they performed measurements under sub-bandgapillumination
and demonstrated qualitatively similar photoresponse behavior with lower
photocurrent values. These results clearly indicate that the photoresponse process
is dominated by the photo-thermoelectric effect. The Seebeck coefficient S was
determined by dividing the measured photo-thermoelectric voltage Vere by the
temperature gradient, which can be estimated via a finite elements analysis
calculation. Figure 3¢ shows the calculated S as a function of the gate voltage. Note
that a negative value of S is expected for an n-type semiconductor. Evidently, the §
of the single-layer MoS; reaches its maximum =3x10° uV K™! in the electron
depletion region andrapidly decreases by two to three orders of magnitude in the
electron accumulation region, which is significantly larger thanthat of graphene (+4
to 100 puV K1).l''5] The large and tunable Smakes single-layer MoS; a promising
material for applications such as on-chip thermopower generation waste thermal
energy harvesting. In another work, Zhang et al. also found that the hot-carrier-
assisted-photo-thermoelectric effect dominates the photocurrent generation in the



electron depletion region in a multilayer MoS; transistor with external bias, while
the photovoltaic effect at the MoS;-metal interface plays a major role in the electron

depletion region.[!!¢]
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Figure 3. a) AFM image of phototransistors based on MoS2. b) SPCM map. The
photocurrent (linear colorscale) is collected simultaneously with the intensity of
the reflected light, which is used to detect the contour of the electrodes (solid black
lines). ¢) Estimated Seebeck coefficient S versus gate voltage. The gray shaded
area is the uncertainty in S due to the uncertainty in the estimation of the
temperature gradient. (a—c) Reproduced with permission.[''™ Copyright 2013,
American Chemical Society.

3.1.2. Other TMDs

In addition to MoS>, many other 2D layered TMDs have been explored for
photodetection, including MoSe>, WS, WSe>, MoTe>, HfS,, ReS; and ReSe». In
this section, we introduce photoconductors/phototransistors based on these 2D
layered TMDs.

Single-layer MoSe, shows many appealing properties similar to those of single-
layer MoS,, such as a direct bandgapof =1.5 eV,!!''7l strong PL,* and a large
exciton binding energy.''® Rapid advances in preparing high-quality single- and
few-layer MoSe> by mechanical exfoliation!!!*:12%1 or CVD techniques!!?!-12*] have
expanded the range of photodetection applications. For example, phototransistors
based on CVD- grown monolayer MoSe> were reported by Chang et al.['**'and
Xia et al.l'*! with responsivities on the order of mA W-!, several orders of
magnitude lower than that of a device based on CVD-grown monolayer MoS,.[%>]
However, fewer defectsor charge impurity states within MoSe, compared to



MoS:give rise to much faster response times on the order of tensof milliseconds.
The responsivity can be drastically increasedto <93.7 A W-! at the cost of reduced
response speed by using CVD-grown multilayer MoSe; as a photoactive material,
due to a large density of trap states within the bandgap of the MoSe;.[!?¢! Similarly,
Abderrahmane et al. demonstrateda phototransistor made from exfoliated few-
layer MoSe, witha thickness of =20 nm.[!2%) Their device reaches a maximum
responsivity of up to 97.1 A W-! near the threshold gate voltageand response times
of tens of milliseconds.

Single- and few-layer WS, have been synthesized via various methods and
employed in the field of photodetection.[!27-128] Perea-Lopez et al. have studied the
photoresponse of CVD- grown few-layer WS», which is highly dependent on the
photonenergy from light excitation.['2) The device shows a low responsivity of = 92
uA W-!and a fast response speed of =5 ms. Afterwards, Huo and co-workers found
that the photoresponse of exfoliated multilayer WS> is strongly dependent on the
sur- rounding gaseous environment (Figure 4a).['*°! The responsivity increases
from tens of A W! in vacuum to a maximum of884 A W-! in an NH;
atmosphere, which can be ascribed to thecharge transfer between the physically
absorbed gas molecules and the WS». This charge transfer modulates the WS>
doping level and prolongs the lifetime of photocarriers, leading to an enhanced
responsivity. A similar phenomenon in CVD-grown monolayer WS, was recently
reported by Lan et al.['3!] In this study, the device had a responsivity of 18.8 m A
Wl in vacuum, which is drastically reduced in air to 0.2 pA W-!. Meanwhile,
response times are on the order of subseconds in vacuum and less than 4.5 ms in
air. More recently, centimeter-sized multi- layer WS, films tens of nanometers in
thickness have been successfully prepared by pulsed-laser deposition!!*?! or
magnetron sputtering techniques,!!33 respectively. Photodetectors based onthese
films show decent responsivities between 0.51 A W' and 53.3 A W! with
broadband photoresponses. Considering the facile and scalable fabrication
processes, as well as the large- size, homogeneous, and transferable layered films
obtained on various substrates, these preparation methods may open up new
opportunities towards practical applications in the future.

Single- and few-layer WSe, have also demonstrated their potential in
photodetection applications. Zhang et al. have studied the effect of metal contacts
with different work functions on the photoresponse of CVD-grown monolayer
WSe, 1341 The device with Pd contacts reaches a maximum responsivity of up to
~1.8x10° A W~!, while the value decreases by several orders of magnitude for the
device with Ti contacts in air. Interestingly, the response times for the device with
Ti contacts are less than 23 ms, much faster than the Pt-contacted device (tens of
seconds), as shown in Figure 4b. The significantvariation in device performance is
attributed to the large difference in Schottky barriers between the different metals
and WSe», indicating the critical role of metal contacts in highly sensitive
photodetectors. In another work, Pradhan and colleagues demonstrated a
photodetector based on mechanically exfoliated tri-layer WSe; with responsivities
of 7 A W and fastresponse speed on the order of 10 ps.'*3) Very recently, a WSe;
photodetector with graphene electrodes that achieves a decent responsivity of =1.1



A W' was reported, suggesting good electrical contact between graphene and
WSe, 1361 Similarly, doping of few-layer WSe: can significantly affect its
optoelectronic performance.l!'!137] Specifically, Jo et al. demonstrateda high-
performance WSex-based phototransistor, achieved by converting the conduction
type from the p- to n-channel by triphenylphosphine (PPhs) n-doping.['*”! The
responsivity of a device with Ti contacts increased by 160-fold, from 2.70x10°to
431x10° A W, at a low light level upon doping. Further performance
enhancement was attained by insertionof an h-BN layer underneath the WSe»
channel, providing a charge-free environment that can greatly enhance the carrier
mobility. Eventually, the device showed a responsivity as high as 1.27x10% A W~!
and fast response times of 2.8 ms.
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Figure 4. a) The responsivity R of a multilayer WS2 phototransistor as a function of
light intensity under various gas atmospheres. Reproduced with permission.!3"
Copyright 2014, Nature Publishing Group. b) Photoswitching behaviors of the Pd- and
Ti-contacted WSe, photodetectors. Reproduced with permission.!'* Copyright
2014, American Chemical Society. ¢) 3D schematic view of an ReS;
photodetection device. The light is illuminated on the ReS; channel, and the light
polarization is controlled by the half wave plate. d) The photocurrent with drain
bias of 1 V (red square) and absorption (green circle) measured under different
polarization angle of green light and plotted in polar coordinates. The blue lines are
the fitting results using sinusoidal function. The consistency between photocurrent
and absorption indicates the intrinsic linear dichromic response of ReS». (c,d)
Reproduced with permission.['47] Copyright 2016, Wiley-VCH.



Due to its outstanding optical and electrical properties, ultrathin MoTe, a recently
introduced 2D material, has received much attention.!'38141 Yin et al. studied the
influence of metal contacts on the electrical properties of a phototransistor based
on mechanically exfoliated few-layer MoTe,.['*!) Under optimum conditions, the
device reached a responsivityof up to 2560 A W~

More recently, Xu and co-workers successfully isolated single- and few-layer HfS;
flakes via mechanical exfoliation.!!*?] Experiments and theoretical simulations
revealed that ultrathin HfS; is an indirect gap material with a bandgap of =2 eV.
Moreover, they found that the electrical properties of the HfS;-based
phototransistors are greatly influenced by flake thickness and metal contacts. With
optimized flake thickness, the responsivity reaches a maximum of =890 A W-! in
the transistor ON state with Au contacts and decreases tens of times with Ti
contacts. Interestingly, the response times show strong back-gate dependence with
distinct trends between the devices with different contacts. The different
photoresponse behaviors are attributed to different Schottky barriers between the
flake and the contacts, which are crucial to the separation and transportation of
photocarriers.

Different from most layered TMDs with relatively high crystal symmetry, Re
dichalcogenides, such as ReS: and ReSe:, are anisotropic semiconductors
crystallized in a distorted 1T in-plane structure.l!*3] Their extremely anisotropic
electrical, optical, and mechanical properties render these compounds quite
interesting for novel electronics and optoelectronics. Yanget al. found that the
bandgap and carrier mobility of exfoliated ReSe> are highly modulated by their
layer thickness, allowing the opportunity to engineer the electronic and
optoelectronic properties of ReSes-based devices.['** A phototransistor based on
single-layer ReSe> shows a remarkable photoresponse witha responsivity reaching
95 A W! and fast response times onthe order of tens of milliseconds. Similar to
MoS, and WS photodetectors,**23:13%:131] the optoelectronic properties of the
device are significantly influenced by the surrounding environment, which has also
been found in a photodetector based on few-layer-Mo-doped ReSe; in another
work.[!**] This phenomenon is attributed to the charge transfer between ReSe, and
gas molecules; this affects the doping level in ReSe; as well as the lifetimes of the
photocarriers. A big disadvantage for the application of ReSe: in photodetectors is
its poor air stability, whichdegrades its photodetecting performance. Therefore,
passivation or encapsulation schemes for real-world applications arein high
demand.

One particular case is illustrated by ReS>, which maintainsa direct bandgap of 1.5
eV irrespective of layer thickness. Both CVD-grown and exfoliated few-layer ReS:
have been extensively explored as photodetectors, exhibiting responsivities ranging
from 16.14 A W to 8.86x10° A W', and response times between several
milliseconds to hundreds of seconds.l'46-1%91 Such a huge variation in device
performance can be attributed to three possible reasons: (i) different light
absorption due to varied flake thicknesses, (ii) disparate gain enhancement
depending on the density of trap states in the flakes preparedby different methods,



and (iii) diverse device architectures as well as different contact qualities. An
obvious weakness of these devices is that the current normally cannot be recovered
to their dark current levels after removing the illumination, due to a slow
recombination rate of photocarriers. This issue canbe addressed by the application
of a short-gate voltage pulse, which actively purges the charge carriers to reset the
device.l"”"ISpecifically, the ReS: photodetector can be used to detect polarized light
with high sensitivity, benefiting from the crystal structure anisotropy (Figure 4c and
d).['*7) Through electron doping by PPh; together with APTES, the responsivity of
a ReS;-based phototransistor can be drastically enhanced by several orders of
magnitude, from 3.97x103 to 1.18x10% A W11 The devicealso demonstrates
broadband photodetection and fast response times on the order of tens of
milliseconds. This improvementis explained by increased carrier mobility due to
suppressed interfacial carrier scattering, in addition to reduced contact resistance at
the metal-ReS; junction as a result of the n-dopingeffect and blocked charge puddle
effect.

More recently, Shim et al. found that O> plasma treatment can significantly improve
both the electronic and optoelectronic properties of a few-layer ReS, based
transistor.[!>!) The maximum responsivity attained in this work is as high as 2.5
x107 A W-!, among the highest values achieved by 2D layered semiconductors with
back-gated transistor geometry. The high responsivity is attributed to high
absorption by the flakes due to their direct bandgap and relatively large thickness
(=30 nm). The response times are on the order of severalto tens of seconds and
decrease with prolonged plasma treatment duration, due to the trap states formed
in the bandgap of ReS: at the surface region by the treatment. These trap states
increase the photocarrier recombination rate and consequently reduce their
lifetimes, leading to reduced response times.

In summary, photoconductors/phototransistors based on single- or few-layer TMDs
show widely varied detection performances with responsivities ranging from =107’
A W to =107 A W and response times between 107 s to 10° s. Higher
responsivities are obtained in devices where trap states exist in TMDs and/or at
TMD/Si0O; interfaces at the cost of slower response speeds. Moreover,
performanceis highly influenced by the TMD’s layer number, preparation method,
electrode contact qualities, and surrounding environment. Further improvement in
device performance is achievable via various techniques, including the introduction
of local- gated, ferroelectric-polarization-gated, or MESFET device geometries,
encapsulation with an HfO; layer, or doping techniques

3.2. Group IIIA, IVA, IVB and Ternary Metal Chalcogenides

In addition to the TMDs discussed, other metal chalcogenides have been explored
in the field of photodetection, including group IIIA metal (Ga, In) chalcogenides,
group IVA metal (Ge, Sn) chalcogenides, group IVB metal (Ti, Zr, Ha)
trichalcogenides, and ternary metal chalcogenides. In this section,
photoconductors/phototransistors based on these metal chalcogenides are
discussed and device performance is summarized in Table 2.



Table 2. Performance of photoconductors/phototransistors based on other 2D metal
chalcogenides and few-layer BP. FL: Few-layer, ML: Multilayer, LN: liquid nitrogen,
CVD: Chemical vapor deposition, NRs: Nanoribbons.

Active layer Spectral range Responsivity Response times  Detectivity Ref.
[AW] [ms] [Jones]

GaS Vapor-solid synthesized 3L UV-visible 19.2 <30 104 [152]
Mechanically exfoliated FL (in NH; atmosphere) Visible 64.43 13 - [156]

Mechanically exfoliated FL UV-visible 2.8 20 - [153]

Mechanically exfoliated ML (290 nm channel length) Visible 5x10° 10 - [158]

GaSe Vapor phase mass transport synthesized FL Visible 1.7x1072 - - [159]
Pulsed laser deposition synthesized ML UV-Visible 1.4 10* - [160]

Vapor phase synthesized 1L Visible 8.5 - - [e1]

Mechanically exfoliated 4L UV-visible 274.4 48 1012 [154]

GaTe Mechanically exfoliated ML Visible >10* 6 - [155]
Mechanically exfoliated ML (at LN temperature) Visible >800 300 - [157]

CVD-grown ML UV-visible 0.03 54 - [62]

Mechanically exfoliated 10L UV-visible-NIR 3.95x102 18 2.26x10"2 [164]

In,Se; Physical vapor deposition-grown 1L Visible 340 6 - [165]
Mechanically exfoliated ML UV-visible-NIR 9.8x10* 9% 10° 3.3x 10" [166]

Van der Waals epitaxy-grown ML Visible 1.65x10° - - [67]

Mechanically exfoliated FL Visible 3.47 x 1072 0.488 - [168]

Mechanically exfoliated FL Visible-NIR 157 50 1.07 x 10" [169]

InSe Mechanically exfoliated ML UV-visible-NIR 5.68 X 10* 5 101 [170)
Mechanically exfoliated FL (graphene electrodes) Visible-NIR 60 0.1 - N7

Mechanically exfoliated FL (avalanche photodetector) Visible - 8.7x1072 - 72
Mechanically exfoliated FL Visible 100 44 - [175]
CVD-grown ML Visible 8.8x107? 5x1073 2x10° [178]
SnS; CVD-grown ML Visible 100 22 - [179]
Van der Waals epitaxy-grown ML Visible 1.19 <1 2.35x 10" [180]
Atmospheric pressure vapor deposition-grown ML Visible 2 42 - N8l
Self-assembled synthesized FL UV-visible-NIR 1.05x10°® 400 - [182]
CVD-grown FL Visible 1.1 %10 14.5 1.01x 10" [183]
SnSe, CVD-grown FL NIR 1.9 >10° - [184]
Mechanically exfoliated 2L Visible 0.5 21 - [185]
GeS Mechanically exfoliated ML Visible 655 7 2.35x 10" [187]
TiS; Mechanically exfoliated FL NRs Visible-NIR 2.91x10° 4 - [196]
ZrS; Chemical vapor transport synthesized ML NRs Visible-NIR - 270 - [97]
Chemical vapor transport synthesized ML NRs network Visible-NIR 7 <400 - [198]
HfS; Chemical vapor transport synthesized ML NRs Visible 0.11 <400 - [199]
ZrSe; Chemical vapor transport synthesized ML NRs Visible-NIR 0.53 <400 - [200]
HfSe; Chemical vapor transport synthesized ML NRs Visible 0.012 <400 - [200]
CuGaSe, Solid-state reaction synthesized FL UV-visible 103 100 8x 10" [203]
Pb;_,Sn,Se Van der Waals epitaxy-grown ML UV-visible-NIR 5.95 740 - [204]
Culn;Sey; Mechanically exfoliated FL Visible-NIR 0.38 24 - [207]
Sn(ScSers)2 Mechanically exfoliated FL Visible >6 % 10° 9 8.2x10"2 [208]
Mechanically exfoliated FL Visible-NIR 48x1073 1 - [216]
Mechanically exfoliated FL (in UV range) UV-visible-NIR 9x10* >10° 3x10" [218]
FLBP Mechanically exfoliated FL (100 nm channel length, Visible-NIR 4x107 <10 - [219]

at low temperature)

Mechanically exfoliated ML Visible-NIR 2x1072 - - [220]

3.2.1. Group IlIA (Ga, In) Metal Chalcogenides

Similar to TMDs, group IIIA metal chalcogenides are layered materials with weak
van der Waals interactions between neighboring layers. In Ga chalcogenides with
1:1 stoichiometry suchas GaS, the atoms are arranged following the repeating unit
S—Ga—Ga-S in the in-plane direction, which is different from single-layer TMDs.
In the out-of-plane direction, the atoms are arranged in a graphene-like honeycomb



lattice.['52] The unique crystal structure leads to distinct band structures of the Ga
chalcogenides, making them ideal candidates for photodetection.

Photodetectors based on exfoliated multilayer Ga chalcogenides, including
GaSe,!'>31 GaS,['52] and GaTe,['>*153] have recently been realized on rigid or flexible
substrates (Figure 5a). The GaSe-based device shows a responsivity of 2.8 A W!
and aresponse speed of 0.02 s, while the GaS-based devices madeon SiO»/Si
and polyethylene terephthalate (PET) substrates show responsivities of up to 4.2 A
W-land 19.2 A W in the UVrange, respectively (Figure 5b).l132! The detectivities
achieved by the GaS-based devices are in the range of =10'3-10'* Jones (Figure 5b),
surpassing commercial Si or InGaAs devices. Interestingly, the GaTe-based devices
exhibit significantly increasedresponsivities between 274.3 A W! and 10* A W!
and response speeds down to several milliseconds.l'**135] The much larger
responsivities can be explained by the higher absorption coefficient and more
efficient photoexcited electron—hole pair generation thanks to the direct bandgap of
GaTe.[!3*155] The photoresponse displays a sublinear dependence on the excitation
intensity, indicating that the trap states presented in GaTe and/or at GaTe/substrate
interfaces play a crucial role in the photocurrent response. Similar to
TMDs,P493-130.13L144.145] the  electronic/optoelectronic  properties of 2D Ga
chalcogenides are also sensitive to surface adsorbates such as moisture, oxygen
molecules, and other gaseous molecules.!>%! This offers the opportunity to
improve the photoresponse in termsof responsivity, EQFE, and response speed by
employing the appropriate operating conditions. Moreover, Ga vacancies play a
critical role in the electronic/optoelectronic properties of a phototransistor based on
exfoliated GaTe.['>"] By suppressing the thermally activated Ga vacancies at liquid
nitrogen temperature in vacuum, the device exhibits an improved responsivity ofas
high as 800 A W~! and a decreased response time. Recently, Cao et al. demonstrated
significant enhancement in responsivity (up to 5000 A W-!) by shrinking the
electrode spacing distance to 290 nm in few-layer GaSe based photodetectors.!!>8]
Their device shows response times on the order of tens of milliseconds, which can
be further reduced to hundreds of micro-seconds by employing graphene
electrodes. In addition, photo- detectors with regular responsivities between 0.017
A W to 1.7 A W! have also been reported based on single- or few-layer Ga
chalcogenides synthesized from other routes, including vapor phase mass transport
(VMT),[13%1 PLD, %% vapor phase deposition,'6!) and CVD!2l methods.

Apart from Ga chalcogenides, In chalcogenides, including In,Se;!'®3-1671 and

InSe,[1%8-172] have also shown great promise in photodetection applications. The
In2Ses compounds havemultiple structural phases (i.e., a, B, v, 0, and «) that affect
their electronic and optoelectronic properties.[!’*] a-Phase In,Ses, one of the two
common forms, has a direct bandgap of about 1.3 eV,['"#!173] making it suitable for
visible light harvesting in optoelectronics. Single- or few-layer a-In2Se; flakes have
been successfully synthesized on various substrates by van der Waals epitaxy.[!63]
A photodetector based on such a flake shows an efficient photoresponse with a
responsivity of =2.5 A W-!. Afterwards, Jacobs-Gedrim et al. demonstrated
extraordinary photoresponse behavior from UV-visible to NIR regions in exfoliated
a-In,Ses with =10 nm thickness.[!%*] Their device has a responsivity as high as 3.95



x10> A W', fast response times on the order of tens of milliseconds, and a high
specific detectivity of over 10'? Jones. The excellent photoresponse is believed to
be attributed to the direct bandgap of InxSes and its large surface area-to-volume
ratio, while the reduced carrier recombination as a result of the self-
terminated/native-oxide-free surface leads to fast response. Zhou and colleagues
have grown high- quality monolayer a-InzSe; flakes via a physical vapor deposition
(PVD) method and examined their optoelectronic properties.l'®! A photodetector
made from this flake demonstrates a similar photoresponse with the devices based
on exfoliated ones, witha responsivity of 340 A W~! and response times of =10 ms.
Very recently, Island et al. have found that the photocurrent generation mechanism
is a combination of the photoconductive effect and the photogating effect in isolated
multilayer a-In2Ses.l'®) The photoconduction is gate-independent, while
photocurrent from the photogating effect can be strongly modulated with theback
gate. Specifically, the dominant mechanism can be effectively tuned from fast
conduction in the transistor OFF state to high gain photogating in the ON state via
the back gate. The strong photogating effect is attributed to the long-lived states
from intrinsic defects and native oxide at the In2Se; flake surface, which trap
photogenerated holes and effectively gate the flake with increased photocurrent.
This strong photogating effect, along with the high absorption coefficient due to
the direct bandgap of In,Ses, give rise to an extremely high responsivity of =10° A
W and an inferred detectivity of ~3.3x10!® Jones in the In,Ses phototransistor.
Recently, Zheng et al. developed a method combining microintaglio printing with
van der Waals epitaxy to efficiently pattern various 2D metal chalcogenides,
including In>Se; crystal arrays on mica substrates.!'®”] Precise control of the
crystallization, thickness, position, orientation, and layout of patterned 2D crystals
has been accomplished. In addition, the patterned In»Ses crystal arrays canbe
integrated and packaged into flexible photodetectors with a prominent responsivity
of 1650 A W-!. This study has opened a new opportunity for batch fabrication and
integration of photo-detectors, suggesting great promise for next-generation
flexible,wearable, and integrated electronics and optoelectronics.

Different from other group IIIA metal chalcogenides, InSe has a direct bandgap of
~1.3 eV in bulk form, while a direct-to-indirect transition occurs when reducing its
thickness to a few nanometers.!'’%! Lei at al. demonstrated efficient photocurrent in
exfoliated multilayer InSe with a varied number of layers under photoexcitation in
the range of 400-800 nm.!'%8] The tail of the photocurrent vs wavelength spectra for
a 10-layerInSe photodetector can be fit well with a parabola, suggesting the indirect
nature of the bandgap in few-layer InSe. The deviceshows a responsivity of 34.7
mA W' and a fast response time of 488 ps. Subsequently, Tamalampudi and co-
workers have fabricated phototransistors based on exfoliated few-layer InSe on
both rigid SiO,/Si and bendable PET substrates.!'®! Their devices show broadband
photoresponses from the visible to NIR region with responsivities of =10 A W!
(Figure 5¢), whichcan be improved significantly to 157 A W-! with a back-gate
voltage. The photocurrent increases sublinearly with the incident excitation (Figure
5¢) while the response time is increasedto several seconds. This indicates that long-
lived trap states caused by the defects and/or charged impurities in InSe andthe



adsorbed molecules at the InSe/SiO: interface play an important role in the
photoresponse. Recently, Feng et al. discovered that multiple reflection
interference at the interfaces in multilayer InSe phototransistors leads to a channel-
thickness-dependent photoresponse based on both theoretical simulations and
experimental results.!'’ With an optimal InSe thickness of =30 nm, they
demonstrated a high responsivityof up to =5.6x10* A W~! and a detectivity above
10'3 Jonesin spectra ranging from UV-visible to NIR. The device also showed fast
response times on the order of several milliseconds. Specifically, the response times
of few-layer-InSe-based photodetectors can be dramatically reduced from several
milliseconds to 120 ps by using graphene electrodes, as reported by Luo and
colleagues.l!’!] The much-improved response speedis attributed to the smaller
Schottky barrier between InSe and graphene as well as the high mobility of
graphene, which facilitates fast transportation of photocarriers. They also
demonstrated effective modulation of the photocurrent and response times via the
back-gate voltage because the work function of the two materials can be easily
regulated by the gate voltage, leading to a tunable Schottky barrier. More recently,
the avalanche effect, which can induce carrier multiplication to greatlyenhance the
photoresponse, has been realized in few-layer InSe. This effect was triggered by
exploiting the large Schottkybarrier between the InSe and Al contacts to enable the
application of a large bias voltage.l'’?l Thanks to carrier multiplication, the device
reaches an EQF of 334% with an avalanche gain of 47 at a moderate voltage range
before reverse bias breakdown, while the values increase to 1110% and 152,
respectively, at thevoltage range where reverse bias breakdown occurs. The large
Schottky barrier also reduces the dark current to picoamp scale,enabling a large
single to noise ratio (SNR) on the order of tens of decibels. The photodetector
shows a fast response time of60 ps, about two orders of magnitude faster than a
back-gated InSe photodetector with a similar photoresponse level. Further
integration of plasmonic nanoantennas based on an Al disk can greatly enhance the
photoresponse of the device to improve the EQE by approximately 8 times. The
authors also found that thephotocurrent increases significantly in the wavelength
range of 650-750 nm beyond the scattering peak of Al nanodisks, which is
associated with the electron emission from the Fermi level ofthe Al into InSe. Three
different processes can account for this improvement: For one, the plasmonic
nanodisks can provide a local electromagnetic field enhancement that contributes
to carrier generation in InSe. On the other hand, the decay of the surface plasmons
of the nanodisks produces hot electrons, and those with sufficient energy to
overcome the Al-InSe Schottky barrier can provide additional photocarriers. Third,
electrons emitted over the Schottky barrier can be accelerated to a high kinetic
energy, further contributing to the avalanche process.

3.2.2. Group IVA (Ge, Sn) Metal Chalcogenides

In addition to the TMDs and group IIIA metal chalcogenides discussed, there is a
growing interest in photodetection based on ultrathin group IVA metal
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of semiconductors is made up of earth-abundant and environmental-friendly
elements with prominent chemical stability, making them particularly attractive for
practical applications.

Tin dichalcogenides SnS> and SnSe: are isostructural with the hexagonal cadmium
iodide (Cdl>)-type structure and exhibitindirect bandgaps of ~2.2 eV and ~1.0 eV
in bulk, respectively.l!¥8:1891 Both semiconductors have recently attracted much
attention in the field of photodetection. For example, single- and few-layer SnS»
flakes have been successfully exfoliated and employed in transistors and
photodetectors.l!’7! Experimentsand theoretical calculations show that the indirect
bandgap nature remains in SnS; even with thickness down to a monolayer. A device
with a flake of =10 nm thickness reaches a highresponsivity of <100 A W-!. Similar
to MoS;-based phototransistors,?! the photoresponse contains two components, i.€.,
a slowcomponent with response times on the order of several to tens of seconds
and a fast component with response times on the scale of tens of milliseconds. The
slow and fast components arelikely due to a combination of long-lived extrinsic
traps, such asadsorbates at the SnS; surface and SnS»/Si0O; interface, as well as
defect states in SnS>. Photodetectors based on ultrathin SnS; prepared by other
methods, including CVD,I!78-1801  atmospheric pressure vapor deposition
(APVD),!!81] and self-assembled syn-thesis!'®?! have also been realized on rigid or
flexible substrates and reach significantly varied responsivities from =0.2 mA W-!
to =100 A W-1. Specifically, ultrathin SnS, crystal arrays can be grown by a CVD
method via seed engineering, and photodetectors composed of these crystals have
fast response times of 5 ps, as shown in Figure 5d.['7®) Importantly, the
performance of phototransistors is highly sensitive to the density of sulfur
vacancies in SnS>. Through temperature-dependent electrical transport
measurements together with theoretical calculations, Huang et al. have verified that
sulfur vacancies generated in thegrowth process can induce defect levels near the
bottom of the conduction band of SnS>.l!71 Accordingly, the photoresponse of a
SnS;-based phototransistor can be significantly improved by diminishing the sulfur
vacancies, as reported by Yang and co-workers recently.l'®) Through sulfur
annealing treatment, their device achieves an 30-fold improvement in the
photoswitchingratio, with dark current suppressed by several orders of magnitude
and response times reduced by more than 3 orders of magnitude to less than 1 ms.

Zhou et al. have recently synthesized single-crystalline SnSe. flakes with
thicknesses down to 1.5 nm via an improved CVDmethod.!'#3! Their experiments
revealed that few-layer SnSe> with a thickness of =10 nm exhibits an indirect
bandgap of =1.73 eV. A photodetector composed of the flake reaches a high
responsivity of =1.1x10°> A W~! and fast response times of =10 ms. Another work
by Huang et al. demonstrated the synthesis of SnSe> nanosheets with diverse shapes
and thicknesses varying from =10 nm to =150 nm.['3% Photoresponse
measurements on a ~20 nm-thick nanosheet showed a responsivity of <1.9 A W-
"'and a current on/off ratio of =100. More recently, Yuand colleagues successfully
exfoliated ultrathin 1T-phase SnSe;flakes with various layer numbers from bulk
single crystals andprobed their optoelectronic properties.['®3] Their device gave an



evident photoresponse with a decent responsivity of 0.5 A W~! and a fast response
time of down to =2 ms.

Group IVA chalcogenides with 1:1 stoichiometry, such as GeS, GeSe, SnS, and
SnSe, are important p-type semiconductors with a layered crystal structure and an
atom arrangement resembling the distorted NaCl structure.!'*’! These compounds
have both indirect and direct bandgaps in the range of 0.90—1.65 eV, rendering them
promising absorbers in the visibleto NIR spectral region.[!?1192] Single-crystal GeSe
nanosheets with thicknesses of <300 nm have been successfully synthesized via a
solution-phase method and employed in photodetectors.['3¢] The device in this work
shows a remarkable photo- response with an obvious anisotropic on/off switching
ratio in directions parallel and perpendicular to the layer, attributed to the large
bonding anisotropy of the layered crystal structure. Recently, Ulaganathan et al.
have isolated multi-layered GeS flakes having ~28 nm thickness and applied them
as channel materials in phototransistors.l'®7] Their device reached a responsivity of
~206 A W~!; this value was further increased to as highas =655 A W~! when the
transistor was operated in the ON state.

3.2.3. Group 1IVB (Ti, Zr, Hf) Metal Trichalcogenides

In this section, we review photodetectors based on ultrathin group [IVB metal
trichalcogenides, such as TiS3, ZrS3, HfS3, ZrSes, and HfSes. These trichalcogenide
compounds possess direct or indirect bandgaps between ~1.0 eV to ~3.1 eV,
covering the UV toNIR region.l!?3-1%3] [sland et al. have successfully isolated few-
layer TiS; nanoribbons (NRs) with thicknesses down to 10—30 nmvia mechanical
exfoliation during the transfer process of NRs andprobed their photoresponses.[!°°]
Their device showed a broad photoresponse with a detection range up to 940 nm
(Figure 5e), ahigh responsivity of 2910 A W~!, and fast response times on theorder
of several milliseconds. The photocurrent increased sub- linearly with respect to
incident power; together with decreasedresponsivity with increasing power, this
suggests that long-livedtrap states played a crucial role in the photoresponse.

In another work, Tao and co-workers transferred a network of ZrS; NRs onto a
flexible substrate such as polypropylene or paper and used it in a photodetector.!'*7]
The ZrS; NRs with thicknesses of =70 nm were synthesized via a chemical vapor
transport (CVT) method. The fabricated devices exhibited a remarkable
photoresponse in the range of visible to NIR and response times of tens of seconds.
Afterwards, Tao et al. examined the photoresponse of phototransistors based on
single or several ZrS; NRs.[!%%] Both devices exhibited responsivities on the order
of tens of A W~! and response times below 0.4 s, which were superior to those
attained from the device basedon the network of ZrS; NRs.['°7 In addition, HfS3,
ZrSes, and HfSes NRs have also been synthesized by CVT methods,as reported
by Xiong and colleagues.[!”?2%01 Photodetectors made from these single NRs
demonstrated impressive photoresponses, with responsivities between 12 mA W~
"'and530 mA W and response times of less than 0.4 s.

3.2.4. Ternary Meta