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Liquid-Exfoliated 2D Materials for Optoelectronic
Applications

Fuad Indra Alzakia and Swee Ching Tan*

Two-dimensional (2D) materials have attracted tremendous research
attention in recent days due to their extraordinary and unique properties upon
exfoliation from the bulk form, which are useful for many applications such as
electronics, optoelectronics, catalysis, etc. Liquid exfoliation method of 2D
materials offers a facile and low-cost route to produce large quantities of
mono- and few-layer 2D nanosheets in a commercially viable way.
Optoelectronic devices such as photodetectors fabricated from percolating
networks of liquid-exfoliated 2D materials offer advantages compared to
conventional devices, including low cost, less complicated process, and
higher flexibility, making them more suitable for the next generation wearable
devices. This review summarizes the recent progress on metal–
semiconductor–metal (MSM) photodetectors fabricated from percolating
network of 2D nanosheets obtained from liquid exfoliation methods. In
addition, hybrids and mixtures with other photosensitive materials, such as
quantum dots, nanowires, nanorods, etc. are also discussed. First, the various
methods of liquid exfoliation of 2D materials, size selection methods, and
photodetection mechanisms that are responsible for light detection in
networks of 2D nanosheets are briefly reviewed. At the end, some potential
strategies to further improve the performance the devices are proposed.

1. Introduction

Photodetector is a kind of optoelectronic device that converts the
incoming light signal into an electrical signal, where semicon-
ductor is the predominant type of material where electrical sig-
nals are generated by way of photoelectric effect. The emergence
and development of photodetectors have allowed various mod-
ern applications such as optical communications, biomedical
imaging, video imaging, security, motion detection, and remote
sensing.[1,2] The applications of photodetectors can be broadly
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categorized into two categories: communi-
cations, where the light signal is the car-
rier of the encoded signal, and remote sens-
ing, where the light signal conveys infor-
mation about the object under observation.
In communications applications, photode-
tectors mainly operate in the near-infrared
(IR) region of the spectrum and need to
have extremely fast response and high re-
liability, but high sensitivity is not the prior-
ity. Photodiodes based on indium gallium
arsenide (InGaAs) have been successfully
used for optical communications, reach-
ing rates as high as 2.5 Gbit s−1.[3] For re-
mote sensing, metal–semiconductor–metal
(MSM) photoconductor type photodetec-
tors are typically used, because they are
the cheapest and most rugged type among
other detector designs. Examples of applica-
tions include home security systems where
IR-sensitive motion detectors are used, and
factory safety detectors, where visible or ul-
traviolet (UV) sensitive detectors are used.

Modern commercial photodetectors are
mainly made from crystalline nonlayered

inorganic semiconductors such as silicon or III–IV
compounds.[4,5] Unfortunately, due to their intrinsic bandgap
of 1.1 eV, silicon photodetectors have limited spectral response
range only from 300 to 1100 nm, limiting their range of appli-
cations. Besides, the fabrication cost of silicon photodetectors
based on vapor phase processing is very high, due to the use
of expensive equipments, complicated processing steps, and
huge energy consumption. Similarly, complicated fabrication
process is also required for photodetectors based on gallium
arsenide (GaAs) and InGaAs. Even though they have higher
electron mobility and lower power consumption during oper-
ation compared to silicon photodetectors, limited reserves of
raw materials on earth and the high toxicity of the arsenic (As)
element greatly limits the widespread application of As-based
photodetectors. More importantly, the rigid and mechanically
inflexible nature of crystalline silicon, GaAs, and InGaAs semi-
conductors prevents them to be used in next generation, flexible
wearable electronics. Therefore, novel photoactive semiconduc-
tor materials that overcome the above limitations need to be
investigated.

Solution-processed semiconductors are emerging class of pho-
toactive materials which is more favorable than vapor phase
processing methods because it allows great reduction in en-
ergy consumption and obviate the need for expensive exper-
imental instruments and procedures.[6,7] Moreover, they are
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more compatible with large-area device fabrication on flexible
substrate for wearable devices, such as polyethylene tereph-
thalate (PET),[8,9] polydimethylsiloxane (PDMS),[10,11] polyethy-
lene naphthalate (PEN),[12,13] and papers.[14,15] Photoactive
materials for solution-processing of photodetectors include in-
organic materials such as quantum dots,[16,17] nanorods,[18–20]

nanowires,[21–23] nanoplatelets,[24–26] and 2D materials,[27–29]

and organic materials, such as organic molecules[30–32] and
polymers.[33–35] Solution-processes photoactive materials have
great potentials for the next-generation photodetecting applica-
tions.

Layered 2D materials have received tremendous research at-
tention since the discovery of graphene due to their unique
and distinctive properties. They offer plenty of opportunities
for the next generation of electronic and optoelectronic applica-
tions and technologies.[36] To date, other than graphene, signifi-
cant number of 2D materials have been reported, such as tran-
sition metal dichalcogenides (TMDs),[37,38] phosphorene,[39,40]

antimonene,[41,42] topological insulators,[43,44] MXenes,[45,46] etc.
These materials have been shown to possess properties that are
advantageous for the next generation optoelectronic applications,
such as tunable band structures,[47,48] high carrier mobility,[49,50]

layer dependent optical properties,[51,52] and high light absorption
coefficient.[53] Exfoliation of these bulk layered 2D materials into
single- or few-layer 2D nanosheets opens up wide range of novel
interesting properties that are useful in many applications.[54,55]

To date, production of layered 2D materials can be categorized
into two major methods: bottom–up methods and top–down
methods. Bottom–up synthesis of 2D materials include chem-
ical vapor deposition (CVD), epitaxial growth, and hydrother-
mal methods. CVD method has been one of the most important
methods for the synthesis of 2D materials, where precursors are
involved in an activated chemical reaction in a specially controlled
environment. The precursors, the atmosphere, temperature, sub-
strate, and catalysts are some of the key factors determining the
quality of the synthesized 2D materials. However, CVD methods
require harsh growth conditions (high temperature and high vac-
uum), and the size of the 2D materials can be limited. Therefore,
CVD methods are not suitable for low-cost and mass production
of 2D materials. In hydrothermal methods, 2D materials are syn-
thesized from heterogeneous reactions in aqueous media by ap-
plying high temperature and pressure. The aqueous mixture of
precursors sealed in stainless steel autoclave and heated above
the boiling point of water, thus dramatically increasing the pres-
sure. However, this method requires expensive autoclaves and
also has difficulty in observing the crystal growth process during
synthesis.

On the other hand, top–down synthesis of 2D materials in-
clude micromechanical exfoliation[56,57] and liquid-based exfoli-
ation methods.[58,59] Because layered 2D materials are made of
strong in-plane chemical bonds but weak inter-layer bonds (van
der Waals bonds), exfoliating the bulk 2D material down to mono-
layer limit is possible. Mechanical exfoliation involves the use of
mechanical forces to separate bulk 2D materials into mono- or
few-layer nanosheets. This process is usually done by using an
adhesive tape to attach the surfaces of the 2D material and use
force to peel off the tapes alongside the layers of the 2D materials,
or by rubbing the surface of the 2D materials against another ma-
terial to shear of the layers from the bulk material. However, this

method only produce small quantity of exfoliated nanosheets,
thus only suitable for fundamental studies.

In liquid-based exfoliation methods, the bulk layered 2D ma-
terials are exfoliated in liquid media into mono- or few-layer 2D
nanosheets via a variety of methods.[59] They consist of a collec-
tion of different methods, such as ultrasonication, electrochemi-
cal exfoliation, and shear exfoliation. These methods have shown
remarkable progress in producing a wide variety (virtually any)
2D nanosheets in large quantity in a low-cost and environmen-
tally friendly manner, thus more and more research attention
has been placed on these methods recently. The exfoliated 2D
nanosheets can then be sorted based on size and thickness to pro-
duce uniform dispersions. Among liquid-based exfoliation meth-
ods, some techniques apply chemical reactions to the bulk 2D
powder to make it more soluble to the liquid medium being used.
This is particularly the case for synthesis of graphene oxide (GO)
from bulk graphite powder via chemical oxidation,[60,61] exfolia-
tion of TMD layered materials by intercalation of lithium ions
which results in phase transformation from semiconducting 2H
to metallic 1T phase,[62] and selective etching of an A-group el-
ement of layered Mn+1AXn (MAX) phases to obtain single-layer
MXene nanosheets.[45,63] Meanwhile in direct liquid exfoliation
methods, the bulk 2D materials are directly exfoliated in liquid
media without the need for chemical reactions. These methods
generally result in a high-quality, pristine 2D nanosheets with
minimal amount of defects, as long as chemical reactions are
nonexistent between the solvent and the 2D materials during the
exfoliation process.[38,64] The exfoliated 2D nanosheets obtained
will have desirable material properties and are highly dispersible
in the solvent, making them convenient to be mixed with other
nanomaterials solutions to form composites and hybrids,[65] and
can be casted onto any substrate in the form of thin film for de-
vice and coating applications.

In view of the ongoing rapid progress and the great advantages
the liquid exfoliation methods bring for the next generation of
high-performance wearable optoelectronic devices, in this article
we aim to present a comprehensive and up-to-date review of
photodetector applications where the active channel materials
are obtained from percolating networks of liquid-exfoliated
2D materials, which include graphene, black phosphorus, an-
timonene, graphitic carbon nitride (g-C3N4), transition metal
dichalcogenides (TMDs), layered III–VI semiconductors, topo-
logical insulators, and MXenes. We also discuss hybrid and
composite photodetectors which combine the liquid-exfoliated
2D materials with variety of other nanomaterials such as quan-
tum dots, nanowires (NW), nanorods (NR), other 2D materials,
etc. All of the materials used in the photodetectors we present
in this article are obtained from liquid exfoliation method, or
at least liquid exfoliation was involved during the synthesis
process. In the discussion of composite and hybrid photode-
tectors, at least one component of the photoactive materials is
obtained from liquid-exfoliated 2D materials, while the other
hybrid material can be synthesized from other methods, such
as sol–gel, hydrothermal, solvothermal, or CVD. Regarding the
photodetector design, this review article is focused on the MSM
photodetector design (Scheme 1), since this is the cheapest,
simplest, and the most rugged type among other photodetector
configurations. Therefore, we do not discuss other photodetector
configurations such as photodiodes and photoelectrochemical
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Scheme 1. Schematic of metal–semiconductor–metal photodetector
made of percolating network of liquid-exfoliated 2D nanosheets.

detectors, which also have been fabricated from liquid-exfoliated
2D nanosheets.[66–70] In Table 1 we summarize the photodetec-
tors made from liquid-exfoliated 2D nanosheet that we present
in this article. After the brief introduction section, we address
various methods of liquid exfoliation, followed by size and thick-
ness selection to obtain the desired size/thickness distribution
in the dispersion, followed by discussion of various photode-
tecting mechanisms and performance parameters, and then
we summarize recent developments of photodetectors made of
liquid-exfoliated 2D materials. In the last section of this article,
we compare the performances of the photodetectors throughout
different wavelength ranges and propose some strategies for
further improving the performances of photodetectors.

2. Liquid Exfoliation Methods

To produce large quantities of high quality exfoliated 2D mate-
rials in a commercially viable manner, liquid exfoliation meth-
ods are highly promising and highly scalable methods available
that can be done in mild conditions.[58,59] These methods span
broad range of methods and can be categorized based on whether
chemical reaction is involved or absent, which are direct exfolia-
tion, which does not involve chemical rection and chemical exfoli-
ation, which involves chemical reaction to assist in the exfoliation
process. Liquid exfoliation methods can also be categorized based
on the equipment used, which can be divided into three types: ul-
trasonic exfoliation,[64,173–176] electrochemical exfoliation,[177–180]

and shear exfoliation.[181–184] Readers interested in more exten-
sive reviews of recent developments of liquid exfoliation of 2D
materials methods are encouraged to refer to previous reviews
on this subject.[58,59,185–188]

2.1. Liquid Exfoliation Methods Based on Chemical Reaction

2.1.1. Direct Exfoliation

Direct exfoliation refers to various liquid exfoliation methods that
does not involve any chemical reactions.[64,150,181] In other words,
the exfoliation process is purely mechanical, without introducing
any chemical and structural changes to the 2D materials upon
exfoliation. Direct exfoliation methods have the advantage of re-
taining the original physical and electronic properties of the 2D
materials, oftentimes resulting in superior qualities of the exfoli-
ated nanosheets, with negligible amount of defects and chemical
functionalization upon exfoliation. However, not all 2D materials
can be easily exfoliated by direct methods. Only 2D materials that
have weak van der Waals interlayer interaction can be exfoliated
by direct exfoliation methods.

2.1.2. Chemical Exfoliation

In chemical exfoliation, chemical reactions are intentionally in-
troduced to facilitate the exfoliation process. There are several
chemical reaction strategies that have been reported, such as ox-
idation reaction, intercalation, and chemical etching. Oxidation
reaction is mainly used to oxidate graphite powders to obtain
graphene oxide (GO), which is much more soluble in aqueous
solution compared to pristine graphene.[71,72,189–191] Functional-
ization of graphene layers with oxygen functional groups facili-
tates the exfoliation process and stabilize the GO nanosheet dis-
persion in aqueous solution. In intercalation reaction, chemical
species are inserted into the interlayer spaces of the bulk 2D
materials either by diffusion or the application of electrical po-
tential. Oftentimes, charges are transferred between the inter-
calants and the host 2D materials, inducing phase transforma-
tion to the host material.[158,192] This phase transformation brings
changes to the electrical properties of the materials and can be
beneficial for certain applications, but can also degrade the per-
formance for other applications. Chemical etching is useful for
exfoliating 2D materials which are bonded by strong covalent or
metallic bonds, therefore direct exfoliation is not useful in this
case. In this method, selective layers of the bulk 2D materials are
etched away, greatly weakening the interlayer interaction, facili-
tating the exfoliation process. Liquid exfoliation of MXenes have
been mainly performed by selective etching of the A-group ele-
ment by variety of strong acids.[45,63,193]

2.2. Liquid Exfoliation Methods Based on the Equipment Used

2.2.1. Ultrasonic Exfoliation in Liquid Medium

Ultrasonic exfoliation in liquid medium include a vari-
ety of methods, which rely on the liquid medium and
the ultrasonic wave to exfoliate bulk 2D materials into
nanosheets (Figure 1a). The commonly used ultrasonic methods
are bath sonication[64,176,38,194] and probe sonication[173,174,195]

methods. Ultrasonic waves in liquid media create bubbles or
voids in the liquid which generate shear forces or cavitation bub-
bles upon collapsing, which then break up the bulk 2D materials
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Figure 1. Variety of liquid exfoliation methods to produce 2D nanomaterials. a) Ultrasonic exfoliation in liquid medium. b) Electrochemical exfoliation.
c) Shear exfoliation.

into mono- and few-layer nanosheets.[196] The range of liquid
media that are commonly used are organic solvents,[64,176,197–200]

surfactants in aqueous media,[194,201–203] ionic liquids,[204,205] and
solutions containing intercalants.[206–209] These liquid media
play an important role in reducing the potential energy barrier
between the interlayers of the 2D bulk materials and in stabiliz-
ing the nanosheet dispersions in the liquid media via interfacial
interactions.

In organic solvent-based exfoliation, the matching of the inter-
facial tensions (energies) between 2D materials and liquid me-
dia plays an important role in overcoming the interlayer van der
Waals interaction and stabilizing the dispersion of the exfoliated
nanosheets via solvent-nanosheet interaction.[38,64] Hernandez
et al. discovered that the concentration of graphene nanosheets
was maximized when the surface tension (energy) of the organic
solvents is ≈40 mJ m−2 (70 mJ m−2).[176] Likewise, boron ni-
tride (BN), molybdenum disulfide (MoS2), and tungsten disulfide
(WS2) also seemed to possess surface energies of ≈70mJ m−2.[64]

Thus, the organic solvents that best results in the highest concen-
tration of 2D materials must have surface tension that is ≈40 mJ
m−2, such as N-methyl-2-pyrrolidone (NMP ≈ 40 mJ m−2) and
N,N-dimethylformamide (DMF ≈ 37.1 mJ m−2).[38,59,64,176]

Since organic solvents that are good for exfoliation are mostly
toxic and have high-boiling points such as NMP and DMF,
surfactant-assisted exfoliation in aqueous media is more appeal-
ing because it is more environmentally friendly and nontoxic.
The surfactant molecules work as stabilizers that tune the sur-
face tension of the liquid to facilitate better exfoliation and sta-
bilize the exfoliated nanosheets by adsorbing to the nanosheet
surface to prevent restacking.[59] Surfactant-assisted liquid ex-
foliation can be categorized based on the type of surfactant
molecules: ionic and nonionic surfactants. In ionic surfactant
exfoliation, the hydrophobic tail tends to adsorb to the non-
polar surfaces of the 2D materials such as graphene, while the

hydrophilic head group tends to dissociate, forming a charge.
This electrostatic charge stabilizes the dispersion by electro-
static repulsion between each other. The concentration of the
dispersed nanosheets has been found to scale with the square
of the zeta potential, 𝜁 , which is proportional to the amount
of charge on the surface.[174,194,201,210,211] Ionic surfactants that
have been used to exfoliate 2D materials include sodium do-
decylbenzene sulfonate,[201] sodium cholate (SC),[174,194] sodium
deoxycholate,[210] and 7,7,8,8-tetracyanoquinodimethane.[211] In
non-ionic surfactants, the mechanism of dispersion stabilization
is attributed to the steric effects from the protruding hydrophilic
tail which induces osmotic repulsion upon close contact, while
the hydrophobic tail is adsorbed onto the nanosheets. The con-
centration has been shown to be scaled linearly with the steric re-
pulsive potential barrier.[202,203,212] Among the best non-ionic sur-
factants that have been used to exfoliate 2D materials are P-123203

and porphyrin.[203]

Ionic liquids (ILs) have attracted interest recently thanks to its
unique properties such as high ionic conductivity, nonflamma-
bility, excellent thermal stability, and low vapor pressure.[204]

They are liquid semiorganic salts with melting point be-
low 100 °C. Ionic liquids that have been used to exfoli-
ate 2D materials include 1-butyl-3-methyl-imidazolium bis(trifl
uoromethanesulfonyl)imide ([Bmim] [Tf2N][205] and 1-hexyl-3-
methylimidazolium hexafluorophos- phate.[213]

In intercalation-assisted exfoliation, the insertion of inter-
calant molecules causes the interlayer spacings of the bulk
layered materials greatly expands and the interlayer interaction
weakened, making them easier to be exfoliated by the subse-
quent ultrasonication treatment. Several chemical species have
been attempted, such as Li+,[214–216] acids,[208,217] and organic
molecules.[209] The Li+ intercalation of TMD layered materials
were first attempted by using n-butyl lithium (BuLi).[207,214,218,219]

In this process, Li+ ions are intercalated into bulk TMD
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powders by soaking them into hexane solution of BuLi for 48
h. Subsequently, the dried intercalated powder is reacted with
water, which releases hydrogen gas that forces the layer apart,
facilitating the exfoliation.[219] Since Li+ intercalation process
is highly sensitive to ambient conditions, the entire procedure
must be conducted in an inert gas-filled glovebox. In acid in-
tercalation, charge transfer usually takes place, which results
in partial oxidation, reduction, or covalent modification of the
parent 2D materials.[208,220] However, Kovtyukhova et al. reported
a successful and reversible nonoxidative intercalation of BN
by Bronsted acids including H2SO4, H3PO4, and HClO4.[217]

Oxidation intercalation of BN only happens when treated with
extremely oxidizing agents. Kovtyukhova et al. also studied the
intercalation of graphite by Bronsted acids.[208] The intercalated
bulk crystals are readily exfoliated into mono-and few-layered
nanosheets. The use of organic molecules for intercalation is
usually done for exfoliation of layered ternary MAX phases
to obtain 2D MXenes.[193,209,221,222] After the removal of the A
element by selective etching, the weak bonds MX layers allow
the intercalation of variety of organic molecules. The interca-
lation of hydrazine, dimethyl sulfoxide (DMSO), and urea into
Ti3C2 has been reported which resulted in increase of interlayer
distance, which facilitate the exfoliation upon weak sonication
in deionized water.[209]

2.2.2. Electrochemical Exfoliation

In electrochemical exfoliation setup, the bulk layered 2D mate-
rials are intercalated by the ionic species under an electrochemi-
cally applied bias (Figure 1b). Once intercalated, the bulk 2D bulk
materials are then mildly ultrasonicated to complete the exfolia-
tion. The intercalated bulk materials are much easier to be exfoli-
ated by the ultrasonication, where it typically requires only min-
utes to hours, compared to direct ultrasonication which typically
requires several days. Other advantages of the electrochemical ex-
foliation include simple operation setup, applicability in ambient
conditions, and higher production scale on the order of mil-
ligrams to grams.[186] The ionic species that are used to intercalate
the 2D materials can be either anionic[178,179,223] or cationic.[180,224]

In anionic intercalation method, the experimental setup con-
sists of using the bulk layered material as the anode electrode
and another material (such as Pt) as the counter electrode.
Large number of electrolytes have been investigated, such as
the use of acids (HBr, HCl, HNO3, and H2SO4) for graphene
exfoliation,[178,179] and the use of inorganic salts (such as Na2SO4
and KSO4) for graphene and MoS2 exfoliation.[225,226] For acid in-
tercalation, KOH is usually added to lessen the oxidation effect of
the acid, suppressing the generation of defects on the exfoliated
2D materials.[178] In cationic intercalation, the layered material is
used as the cathode, which has been shown to produce higher
quality graphene with lower content of defects and oxygen func-
tional groups compared to anionic intercalation,[224,227] because
anionic intercalation usually requires higher potentials than oxi-
dation potential of graphite.[186] Several cationic species has been
investigated, such as Na+ for graphene exfoliation,[224,227] Li+

for MoS2, WS2, TiS2, TaS2, ZrS2, and graphene exfoliation.[180]

To produce the highest exfoliation yield while retaining the
good quality of the exfoliated 2D materials (e.g., avoiding over-

oxidation), experimental parameters such as the optimized elec-
trolyte concentration, the magnitude of the applied potentials and
the exfoliation time must be carefully considered.

2.2.3. Shear Exfoliation

In shear exfoliation method, a shear mixer (or kitchen blender)
which consists of a rotor and a stator is utilized to generate a
high shear rate into the liquid media, in which the bulk 2D ma-
terials powder is mixed (Figure 1c).[181,228,229] It was reported for
graphene that the exfoliation start to occur once the local shear
rate exceeded 104 s−1,[181] and for MoS2 and WS2, the value is 3
× 104 s−1.[182] It was reported that this shear exfoliation method
could be applied in liquid volume as large as hundreds of liters
with the production rate of 1.44 g h−1 for graphene[181] and 0.95
g h−1 for WS2,[182] much higher than previously reported for ul-
trasonication methods.

It is important to understand the parameters that control the
exfoliation yield to maximize the production rate. It was discov-
ered that the scalability of this shear exfoliation method was in-
timately related to variables such as initial 2D materials concen-
tration Ci, mixing time t, rotor diameter D, liquid volume V, and
rotor speed N. Quantitatively, the concentration of the exfoliated
2D materials C can be empirically expressed as:

C ∝ C𝜒

i t𝜏NnDdVv (1)

where the exponential parameters 𝜒 , 𝜏, n, d, and v were obtained
empirically.[181,182] These values were found to be 1 (𝜒), 0.66 (𝜏),
1.13 (n), 2.28 (d), and −0.68 (v) for shear mixing of graphene and
MoS2. The production rate, PR, can be expressed as:[181,182]

PR = CV
t

∝ C𝜒

i t𝜏−1NnDdVv+1 (2)

Since v > −1, the production rate can be increased by increas-
ing the mixing volume.[181,182] This is in contrast with the ultra-
sonication method, in which the PR cannot be increased by in-
creasing the liquid volume.[181] Therefore, shear exfoliation has
better scalability compared to ultrasonication method.

3. Size Selection of 2D Nanosheets

Once exfoliated in a large scale by one of the liquid exfoliation
methods above, the as-exfoliated 2D nanosheets dispersion con-
tains a wide range of lateral sizes and thicknesses.[230,231] Since
physical properties of 2D materials such as bandgap and cat-
alytic properties are strongly dependent on the average layer
number and size of the nanosheet dispersions, sorting of these
nanosheets to obtain monodisperse dispersion is desirable if one
desires to obtain specific physical properties of 2D materials for a
certain application. To achieve that end, centrifugation method is
commonly used to controllably separate 2D nanosheets based on
size and thickness.[230–232] Centrifugation method can be broadly
separated into three categories: 1) sedimentation-based separa-
tion or centrifugation (SBS) which separates nanosheets based
on their different masses; 2) sedimentation-based density gradi-
ent ultracentrifugation (sDGU), which also separates nanosheets
based on their masses, but with more precise lateral size sep-
aration via controlled density gradient; and 3) isopycnic DGU
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Figure 2. Size selection methods for liquid exfoliated 2D materials nanosheets. a) Three categories of centrifugation methods: i) sedimentation-based
separation or centrifugation (SBS), ii) sedimentation-based density gradient ultracentrifugation (sDGU), and iii) isopycnic density gradient ultracen-
trifugation (iDGU). Reproduced with permission.[233] Copyright 2016, WILEY-VCH. b) Schematic illustration of the cascade centrifugation method.
Reproduced with permission.[236] Copyright 2016, American Chemical Society. c) Change in the shape of UV–vis spectra depending on the average
size/thickness of the nanosheets: i) WS2, ii) graphene, and iii) boron nitride. i) Reproduced with permission.[236] Copyright 2016, American Chemical
Society. ii) Reproduced with permission.[237] Copyright 2016, Royal Society of Chemistry. iii) Reproduced with permission.[238] Copyright 2018, American
Chemical Society.

(iDGU), which separates nanosheets based on their buoyant den-
sity (Figure 2a).[233]

3.1. Sedimentation-Based Separation (SBS)

SBS is the simplest and most widely used centrifugation tech-
nique (Figure 2a(i)).[234] It is performed by using a liquid medium

with constant physical properties (density and viscosity), such
as pure organic solvents. In a dispersion of polydisperse 2D
materials nanosheets, thicker and larger nanosheets sediment
faster compared to thinner and smaller nanosheets, due to their
larger mass to surface area ratio. In general, higher centrifu-
gation speed will increase the sedimentation rate regardless of
the particle size. The rate of sedimentation is governed by the
Stoke’s law, which depends on the nanosheet size/thickness,
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solvent’s viscosity, solvent’s density, and the centrifugation
speed[235]

v =
2
(
𝜌s − 𝜌l

)
ar2

𝜂
(3)

where v is the solute sedimentation speed during centrifugation,
𝜌s is the nanosheet density, 𝜌l is the solvent density, a is the cen-
trifugal acceleration, r is the effective radius of the solute, and 𝜂

is the solvent viscosity.
The SBS method can be used iteratively to produce nanosheet

dispersions with narrow size/thickness distributions. Backes
et al. also introduced the cascade centrifugation method, based
on the iteration of SBS centrifugation with increasing speed,
which allowed for a highly efficient size/thickness selection of
2D nanosheets (Figure 2b).[236–238] This method has been uti-
lized to obtain size selection of variety of liquid-exfoliated 2D ma-
terials including WS2,[236] graphene,[237] and boron nitride.[238]

Interestingly, the size selected dispersions of 2D nanosheets
exhibit changing extinction spectra depending on the average
size/thickness of the nanosheets contained in the dispersion
(Figure 2c).[232,236–238] This allows a simple in situ spectroscopic
method to determine the average size/thickness distribution of
2D nanosheets in a given dispersion without the necessity to per-
form microscopic analysis.

3.2. Sedimentation-Based Density Gradient Ultracentrifugation
(sDGU)

For sDGU, the liquid medium used has a gradient of density
and viscosity, which allows for a more controlled sedimentation
rates for nanosheets with different sizes upon centrifugation, and
also to avoid cross contamination of nanosheets between differ-
ent sizes (Figure 2a(ii)).[230,232] In this method, the dispersion of
2D nanosheets is placed on top of the density gradient medium,
and upon centrifugation the 2D nanosheets sediment with dif-
ferent sedimentation rates through the density gradient medium
based on their size/thickness.

The use of sDGU method for 2D nanosheet sorting was
demonstrated by Backes et al. to produce dispersions of
MoS2 nanosheets with different thickness and lateral size
distributions.[232] The as-exfoliated MoS2 stock dispersion was
placed on top of a race layer of higher density and then sub-
jected to short centrifugation, which led to the spreading of the
nanosheets across the centrifuge vial where the nanosheet mass
increased from top to bottom. Subsequent fractionation allowed
the collection of MoS2 nanosheets with specified size/thickness
distribution. This technique is general and was also applied to
other materials including WS2, MoSe2, and WSe2.[232]

3.3. Isopycnic Density Gradient Ultracentrifugation (iDGU)

While SBS and sDGU methods are based on mass sedimen-
tation, iDGU is mainly based of the buoyant density of the
nanosheets (Figure 2a(iii)).[230] In this method, 2D materials
nanosheets covered by surfactants sediment across the liquid
density gradient until they arrive at their isopycnic points.

Buoyant density is mainly determined by the thickness of the
nanosheets and not by their lateral size, making this method suit-
able for thickness sorting of 2D materials.

The use of iDGU for thickness sorting of 2D materials
was first demonstrated by Green et al. for sorting graphene
nanosheets.[239] Sodium cholate (SC) was used to encapsulate
graphene nanosheets which separated into multiple bands which
contains graphene nanosheets with different thickness upon
centrifugation.[239] iDGU method was also demonstrated for
sorting out other 2D materials, such as BN,[240] MoS2,[241] and
ReS2.[242]

4. Methods of Deposition

The as-exfoliated or size-selected 2D materials dispersions can
then be directly deposited on a substrate or can be subse-
quently formulated into a highly concentrated functional ink
for device printing application.[243,244] There are variety of de-
position methods for fabrication of devices, which include
drop casting,[180,245] dip coating,[246,247] spin-coating,[248,249] spray
coating,[250,251] and various printing methods (inkjet and electro-
hydrodynamic printing).[151,153,243,252]

4.1. Drop Casting

In drop casting, drops of 2D materials dispersion is cast onto
a target substrate, and then heated or subjected to vacuum
to remove the solvent. Since it does not require any equip-
ment for the process, it is the simplest deposition method
and thus widely used in laboratory settings. The thickness of
the drop-casted film can be controlled by changing the con-
centration of the dispersion and the number of drops. Drop
casting has been applied in many 2D materials dispersions,
such as graphene,[253] black phosphorus,[254] MoS2,[255] WS2,[256]

InSe,[257] and Bi2S3.[258] Shortcomings of this simple deposition
method include the difficulty in precisely controlling the thick-
ness and uniformity of the film and inability to obtain large-area
thin film.[6,259] Since controlling the thickness of the thin film
down to tens of nanometer is nearly impossible by drop-casting
method, this technique is not suitable for variety of optoelectronic
applications.[259]

4.2. Dip Coating

In dip coating method, a dispersion of 2D materials is prepared
in a container into which a target substrate is immersed for a
short time and then pulled back to dry. Typically, the immersion
direction is vertical, but different angle of immersion can also
be done to obtain asymmetrical deposition thicknesses. When
pulling the substrate out from the dispersion, the speed at which
the substrate is pulled is important. High pulling speed typically
results in thicker films. The concentration of the dispersion also
determines the quality of the deposited film. Very low concentra-
tion leads to uneven deposition, while very high concentration
leads to aggregation of nanoparticles, causing multilayer assem-
bly. During the drying stage, which usually assisted by heating,
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drying time and temperature required depends on the boiling
point of the solvent used. Dip coating method has been applied
to variety of 2D materials such as graphene,[247] TMDs,[67,260] and
MXenes.[261,262]

4.3. Spin Coating

In spin coating, the dispersion of 2D materials is spun at a very
high speed on a target substrate, creating a uniform thin film
due to the centripetal force and surface tension of the solvent.
This method has the advantage of producing a very uniform thin
film very quickly and easily. The thickness of the film can be con-
trolled by rotation speed, duration, liquid quantity, concentration,
and viscosity. Repeating the spin-coating process can increase
the thickness of the deposited film. One major shortcoming of
this method, especially for expensive nanomaterials, is the waste
of the liquid material expelled during spinning. Spin-coating
has been applied to form 2D materials thin films, including
graphene,[248] MoS2,[263,264] InSe,[264] Bi2S3,[265] and Bi2Te3.[266]

4.4. Spray Coating

In spray coating, the 2D materials dispersion is atomized into
uniform and fine droplets with the assistance of gas pressure
or high electric voltage, and then uniformly coated into a target
substrate to form thin film. By using a mask superimposed on
the substrate, the location of the coating can be controlled, use-
ful for patterning the thin film. This method is derived from the
existing industrial processes and has a great potential for large-
area and low-cost deposition. However, large amount of waste can
be generated during the spray-coating process, making it unsuit-
able for rare or expensive nanomaterials. 2D materials that have
been used for spray-coating deposition include graphene[267] and
TMDs.[250,268] One form of spray-coating method, the dynamic
spray-gun method, has been used to deposit graphene and its
composites with other nanomaterials for various electronic and
energy devices, including supercapacitors and random access
memories.[269]

4.5. Inkjet Printing

Inkjet printing is a non-contact printing technique where rapid
succession of ink droplets are jetted and deposited onto a target
substrate to form a predefined pattern.[243] There are two types
of jetting mechanisms available for inkjet printing: continuous
inkjet (CIJ) and drop-on-demand inkjet (DoD).[270] In CIJ tech-
nique, the ink droplets are continuously generated and ejected,
assisted by the electrostatic field deflecting the charged droplets
on the substrate. In DoD technique, the ink droplets are only
ejected when demanded by means of piezoelectric or thermal
activation process. Even though CIJ technique allows for higher
jetting speed and efficiency, the difficulty in controlling the jet-
ting process and recycling issues of the inks have prevented them
for widespread use. On the other hand, DoD technique has be-
come the mainstream inkjet printing technology due to its sim-
pler operation compared to CIJ technique.[243] Liquid-exfoliated

Figure 3. Schematics of different metal–semiconductor–metal (MSM)
photodetector configurations, with i) parallel electrodes and ii) interdig-
itated electrodes.

2D materials have been demonstrated for variety of device struc-
tures fabricated from inkjet printing, such as graphene,[152,271]

BP,[272,273] and MoS2.[37,151]

4.6. Electrohydrodynamic Printing

Electrohydrodynamic (EHD) printing technique is a high-
resolution printing method, which can generate printing fea-
tures much smaller than the nozzle size.[274,275] During the print-
ing process, the electric field applied between the nozzle tip
and substrate causes the mobile ions in the ink to accumu-
late at the surface, deforming the meniscus at the nozzle end
into a conical shape (Taylor cone).[276] When the repulsion be-
tween charged ions at the cone apex becomes larger than the sur-
face tension by increasing the electric field, a jet of the fluid is
printed onto the substrate. Since the diameter of the jet is much
smaller than the nozzle size, EHD printing can generate printing
patterns with much better resolution than inkjet printing tech-
nique, which could reach micro- to nanoscale resolutions.[276]

EHD printing has been applied for wide range of 2D materials,
such as graphene,[277–279] BN,[279] MoS2,[28,278,279] and WS2.

[28,278]

5. Metal–Semiconductor–Metal Photodetector

In a MSM photodetector design, the device contains two Schottky
contacts, that is, two metallic electrodes placed across each other
on a semiconductor channel material. The electrode configura-
tion can either be parallel or interdigitated electrode structure
(Figure 3a,b, respectively). The use of interdigitated electrodes
is beneficial because the area of the photoactive channel can
be maintained while the distance between the electrodes can
be made smaller, increasing the device speed and sensitivity,
without the necessity to apply high source–drain bias. During
the operation, light is absorbed in the semiconductor channel
area, creating the photogenerated charge carriers (electrons and
holes). At the same time, source–drain bias is applied across the
electrodes, driving the photogenerated carriers to be collected at
the electrodes. By incorporating gate and dielectric layers into
the device structure, MSM photodetectors can also function as
phototransistors.[80] By applying the gate voltage, the noise signal
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can be reduced and photocurrent signals amplified, improving
the responsivity and gain.[6]

Other than MSM photodetector structure, liquid exfoliation
of 2D materials have also been applied in other photodetector
structures, such as photodiode[280–284] and photoelectrochemical
(PEC) detectors.[69,70,285–287] In photodiode detectors, the photo-
generated carriers (electrons and holes) are separated at the junc-
tion by the presence of built-in potential, similar to photovoltaic
devices. Then the separated electrons and holes are transported
to the opposite electrodes. Oftentimes, a reverse bias is applied
to increase the efficiency of charge collection. The photodiode
detectors exhibit low dark current, fast photoresponse, and high
charge collection efficiency even at low voltage.[6,7] However, due
to vertical structure, careful control of the interface between dif-
ferent types of 2D materials must be done to ensure that redis-
persion is minimized.[153] Also, the top electrode must be highly
transparent, making the fabrication process more complicated
compared to MSM photodetectors. In PEC detectors, the pho-
togenerated electron–hole pairs in the photoactive materials are
transferred to electrode surface and the interface with electrolyte
solution, generating an oxidation–reduction reaction, creating a
photocurrent.[288,289] PEC detectors exhibit high photosensitivity
and low dark current. However, the requirement for electrolyte
solution complicated the overall design, preventing them for
monolithic integration within optoelectronic integrated circuits.
Compared to other photodetector structures mentioned above,
MSM photodetector design has a simple planar structure, which
makes them compatible with the existing field effect transistor
(FET) fabrication techniques. Therefore, they are more suitable
for monolithic integration with other components of the opto-
electronic integrated circuits.[6]

Below we describe the classifications of modes of photodetec-
tion mechanisms that might take place inside the photoactive
channel that give rise to light-induced electrical signal in the
MSM photodetector. They can be broadly categorized into pho-
tovoltaic effect, bolometric effect, photothermoelectric effect,
photogating effect, and plasmonic-enhanced photodetection
mechanism.

5.1. Mechanisms of Photodetections

5.1.1. Photovoltaic Effect

Photovoltaic (PV) effect occurs when free electron–hole (e–h)
pairs are generated by absorbed photons with energy higher than
the bandgap of the photoactive material, and then separated ei-
ther by a built-in electric field at the junction or by the application
of source–drain bias that creates an external electric field (Fig-
ure 4a).[290] The photogenerated electrons would be collected at
the drain terminal, while the photogenerated holes would be col-
lected at the source terminal.

5.1.2. Bolometric Effect

The bolometric effect is the change of the resistivity of the pho-
toactive materials due to the light induced heating. Almost all ma-
terials exhibit a well-defined change in the resistivity as a function

of temperature in a wide range of temperature range. For semi-
conductor materials, the simple explanation of the mechanism is
the thermal activation of the electrons from valence band to the
conduction band due to thermal activation (Figure 4b). The rela-
tion of the resistivity 𝜌 of a semiconductor as a function of tem-
perature T due to thermally excited electrons can be expressed
as:[291]

𝜌 (T) = 𝜌0eEA∕kBT (4)

where EA is the activation energy and kB is the Boltzmann
constant. However, there are other factors that also contribute
to the change in the material’s resistivity by temperature in-
crease, such as increased carrier scattering, vacancy forma-
tion, strain, etc, which makes the thorough analysis of the
constituent mechanisms complicated. For photodetectors made
from liquid-exfoliated 2D materials, bolometric effect can also
manifest from increased probability of inter-nanosheet carrier
hopping as the temperature is increased due to the photo-
induced heating (Figure 4c).[292] Bolometric effect has been ex-
ploited for the detection of light in mid-infrared range (3–
8 µm) by using reduced graphene oxide (rGO) network and
partly reduced graphene aerogel (PRGA).[82,83,143,293–295] The pho-
ton energies of mid-infrared light is below the bandgap of rGO,
which rules out the photovoltaic mechanism for mid-infrared
photodetection.

5.1.3. Photothermoelectric Effect

Photothermoelectric (PTE) effect mechanism is based on both
the photothermal conversion, which converts light energy into
thermal energy and thermoelectric effect, which converts tem-
perature difference into electric potential difference (Seeback
effect).[290,296] The fundamental principle of the photodetecting
mechanism is the net diffusion of charge carriers driven by the
gradient of the charge carrier concentration or energy, due to
light induced temperature gradient generated in the device. In
an open circuit device configuration, the photovoltage VPTE cre-
ated by the photothermal induced hot carriers can be expressed
as

VPTE =
(
S1 − S2

)
ΔT (5)

where S1 and S2 are the Seeback coefficients of two regions of
the device, and ΔT is the temperature difference between two
regions. The Seeback coefficient S of a material is strongly de-
pendent on the material’s electrical conductivity, 𝜎, which can be
expressed by the Mott formula[297]

S = −
𝜋2k2

BT

3e

(
d ln 𝜎

dE

)|||||E=EF

(6)

where kB is the Boltzmann constant, e is the elementary charge,
and Ef is the Fermi energy. In order for the PTE effect to be
dominant, an asymmetric temperature difference must be built
up in the device, either by absorbing photons only on one side
of the photodetector, or if global illumination is used, by the
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Figure 4. Different photodetection mechanisms. a) Photovoltaic effect. b) Bolometric effect via thermal excitation of electrons from valence band to
conduction band. c) Increased probability of inter-nanosheet carrier hopping due to photoinduced temperature increase. d) Photothermoelectric (PTE)
effect due to asymmetric illumination (left) and asymmetric electrode configuration (right). e) Photogating effect due to carriers trapped in defects. f)
Photogating effect due to trapped carriers in the sensitizer material. g) Plasmonic-enhanced photodetection by metal nanoparticles.

asymmetric device configuration (Figure 4d). By exploiting the
PTE effect, the spectral sensitivity of the photodetector can
be significantly extended from UV region into microwave re-
gion, as has been demonstrated by 3D graphene foam (3D-GF)
with asymmetric electrode configuration,[144] enabling an ultra-
broadband photodetecting application.

5.1.4. Photogating Effect

Photogating effect occurs when one type of the photogenerated
carriers are trapped either by defects, impurities, or any hybrid
structures, and in effect prolonging the excess carrier lifetimes of
the other type of the photogenerated carriers.[298,299] The trapped
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photocarriers create an additional electric field that acts as a gate
voltage that modulates the conductance of the device (Figure 4e).
The magnitude of photocurrent Iph can be roughly expressed as

Iph =
𝜕Id

𝜕Vg
ΔVg = gmΔVg (7)

where gm is the transconductance, Id is the dark current, and Vg
is the effective gate voltage exerted by the trapped photogener-
ated carriers. Due to the prolonged lifetime of the trapped carri-
ers 𝜏, photodetectors that operate on the photogating effect gen-
erally have limited response speed, but can have considerable
responsivity.[290,300–302] Therefore, the tradeoff has to be made be-
tween the gain and bandwidth of the photodetector.

As the size of the photoactive materials decrease to nanome-
ter scale, the role of individual defect and impurity as charge
traps becomes more important, causing unpredictable photogat-
ing effect. The indication that the photogating effect is taking
place can be observed from the light intensity dependence of
photocurrent.[299] Normally, when photogating effect exists, the
light intensity dependence of photocurrent follows a power law
with exponential factor 𝛼 less than 1. This is due to the satu-
ration of trapped photogenerated carriers with increasing light
intensity, which reduces the incremental increase in the photoin-
duced gate voltage.[299] It should be noted that other than pho-
togating effect, carrier recombination processes can also influ-
ence the power dependence of photocurrent on light intensity,
which are monomolecular process (when number of recombi-
nation traps greatly exceeds carrier concentration) if 𝛼 = 1 and
bimolecular process (when carrier concentration greatly exceeds
recombination traps) if 𝛼 = 0.5, or a combination of them if
0.5 < 𝛼 <1.[303,304] The difference is that for photogating effect,
mostly shallow traps are responsible for trapping charges, which
do not lead to recombination; on the other hand, for bimolecular
process, deep traps are mostly responsible for charge trapping,
which lead to carrier recombination. Therefore, care should be
taken when determining the origin of the sublinear dependence
of photocurrent on light intensity.

In photodetectors made from liquid-exfoliated 2D materials,
the photogating effect can be the dominating mechanism when
the 2D materials nanosheets channel are hybridized with sen-
sitizer nanoparticles such as quantum dots, nanowires, and
nanorods, where the photogenerated electron–hole pairs are sep-
arated at the interface between the two materials, and one type of
photogenerated carriers remain or trapped for a prolonged time
in one of the materials, creating an effective gate voltage (Fig-
ure 4f).[89,95,98,159,160]

5.1.5. Plasmonic-Enhanced Photodetection

Metallic nanostructures have the ability to constrain light by
coupling the electromagnetic wave with the oscillations of the
charged electrons at the surface of the metal.[305] This excita-
tion of surface electronic oscillations (surface plasmons) by the
light leads to the formation of surface plasmon polaritons (SPP),
which is a hybrid particle composed of the electronic oscillations
and the electromagnetic wave. When coupled with a photoac-
tive material of the photodetector, this confinement of the elec-
tromagnetic wave can enhance the electromagnetic field in the

photoactive material, increasing the photoresponse (Figure 4g).
The wavelength of the resonance and the extent of the light con-
finement can be adjusted depending on the shape and size of the
metallic nanostructures. Because the resonation of the local plas-
monic enhancement in the metallic nanostructures is occurring
independently, the integration with 2D materials nanosheets can
be done in a straightforward manner by depositing them directly
from the solution or by mixing to form composite materials. This
has allowed the applications of metallic nanoparticles to a vari-
ety of liquid-exfoliated 2D materials for fabrication of plasmonic-
enhanced photodetectors.[86–88]

5.2. Charge Transport Mechanisms

5.2.1. Variable-Range Hopping

Variable-range hopping (VRH) mechanism describes carrier
transport in a disordered system;[292] in the case of a network of
2D materials, the disorder stems from the random stacking of
large number of 2D nanosheets. The signature of this transport
mechanism can be seen in the dependence of conductivity 𝜎 on
the temperature:[292]

𝜎 = 𝜎0e−(T0∕T)𝛽 (8)

where 𝛽 is a parameter which depends on the model used. Since
the VRH is the main transport mechanism in a percolating net-
work of 2D materials,[306,307] where the additional junction resis-
tances between different nanosheets and possible recombination
pathways at the junctions due to trap states, the magnitude of the
photocurrents of photodetectors made of networks of 2D mate-
rial nanosheets is generally smaller than photodetectors made of
single-crystalline 2D materials obtained from micromechanical
exfoliation or CVD methods.

5.2.2. Space-Charge-Limited Transport

Space-charge-limited-current (SCLC) occurs when the injected
carrier density n exceeds the intrinsic carrier density n0 at high
drain–source voltage (Vds).

[308,309] Assuming the contacts are
Ohmic, that results in the I–V characteristic deviating from the
linear function. For example, in the Mott–Gurney regime where
the materials is trap-free, while the I–V characteristic display
Ohmic relation at low Vds, at high Vds the current becomes a
quadratic function of the Vds.

[310] In the presence of trap distribu-
tion, the exponential factor can deviate from two.[311,312] Another
signature of the SCLC mechanism is that the exponential factor
increases monotonically as the temperature decreases.[308]

5.2.3. Effect of Contacts

In MSM photodetector design, the electrodes are normally metal-
lic or semi metallic materials. The contact between the semicon-
ductor photoactive material and the metallic electrode (MS con-
tact) is very important in determining the I–V characteristic of
the device. There are basically two types of MS contacts: rectify-
ing Schottky contact and non-rectifying Ohmic contact. In ideal
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MS contact, in which the interface is sharp and clean and with-
out any impurities or defects, the above types of MS contacts
are determined by physical parameters of each materials, such
as the work function, electron affinity, and bandgap. The Schot-
tky barrier contact forms when there is a large potential barrier
height for either electron or hole. This results in I–V character-
istic of the MSM photodetector deviating from linear function of
the voltage, and instead becomes an exponential function due to
the increasing number of carriers overcoming the potential bar-
rier as the voltage increases. Ohmic contact forms when there
is no or negligible potential barrier between the two materials.
This type of contact has a low resistance and has the typical linear
I–V characteristics. However, in real devices, obtaining perfectly
clean and impurity/defect free contacts are very difficult, causing
the MS barrier height to be pinned regardless of the metal work
function.[313,314] This is due to the presence of high density of
trap states at the interface, acting as electron/hole reservoir that
readily accept/donate electrons from/to the metal upon contact,
bringing the work function of the metal pinned at the charge neu-
trality point.[313,314] However, the research into heterostructures
of 2D materials have made possible the realization of atomically-
clean interface, without the presence of dangling bonds and im-
purities, which greatly minimizes the effect of this Fermi level
pinning.[314,315]

5.3. Performance Parameters

Key performance parameters of photodetectors in general in-
clude photoresponsivity (R), external quantum efficiency (EQE),
detectivity (D*), gain (G), and response time (tR).

5.3.1. Photoresponsivity

Photoresponsivity (R) is the ratio of the photocurrent per unit
area of the photodetector divided by the incident light power den-
sity at a given wavelength

R =
Iph

PA
=

Ilight − Idark

PA
(9)

where Iph is the photocurrent, which is the difference between
the current under illumination Ilight and the dark current Id. The
spectral response of the photodetector’s responsivity as a func-
tion of the light wavelength usually follows the absorption spec-
trum of the photoactive semiconductor material.

5.3.2. External Quantum Efficiency

External quantum efficiency (EQE) is the ratio of the number of
charge carriers collected at the electrodes of the photodetector to
the number of photons of a given energy incident on the pho-
todetector, and can be expressed as

EQE =
electrons∕sec
photons∕sec

= Rhc
e𝜆

× 100% (10)

where h is the Planck constant, c is the speed of light, e is the
electronic charge, and 𝜆 is the wavelength of the light in question.

5.3.3. Detectivity

Detectivity D* is a normalized measure of the minimum de-
tectable light power (the smallest detectable signal) of a photode-
tector. Noise from the dark current gives a fundamental limit on
the detectivity. Detectivity is given by

D ∗=
√

AΔf

NEP
(11)

where A is the photoactive area of the photodetector, Δf is the
bandwidth, and NEP is the noise equivalent power in unit of
Watts, which results in signal-to-noise ratio of 1 in a one Hertz
output bandwidth. The NEP can be expressed as function of the
responsivity R and the noise spectral density Sn of the dark cur-
rent (in units of A Hz−1/2)

NEP =
Sn

R
(12)

therefore, the detectivity can also be expressed in terms of respon-
sivity R as

D ∗=
√

AΔf R

Sn
(13)

If the noise from the dark current Id is limited by the shot
noise, the detectivity can be simply expressed as

D ∗= R√
2eId

(14)

which is the highest limit of the detectivity if all other noises are
absent.

5.3.4. Gain

The gain of the photodetector, G, is defined as the number of pho-
togenerated carriers collected by the electrodes per number of
photogenerated e–h pairs, which is the amplification of the pho-
tocurrent due to current modulation by the photogating effect. G
can also be expressed as the ratio between the carrier transit time
𝜏T and the trapped carrier lifetime 𝜏, G = 𝜏 / 𝜏T.[300,301] This ex-
pression can be understood as follows. Due to the applied source–
drain bias, it takes an average transit time 𝜏T for the photogener-
ated carriers to drift across the photodetector. If the trapped car-
rier lifetime 𝜏 is longer than the transit time 𝜏T, the free carriers
will keep flowing around the photodetector multiple times before
it recombines with the trapped carrier of the other type. This
amplifies the magnitude of photocurrent detected by the device.

5.3.5. Response Time

The photodetector response time (tR) is the time required for the
photodetector to rise from 10% to 90% of the maximum pho-
tocurrent. The response speed of the photodetector can either be
limited by the transit time between the opposite electrodes or by
the recombination time of the photogenerated carriers. But, if the
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RC time constant of the device is larger than both the transit time
and the recombination time of the carriers, the RC time constant
will be the limiting factor that determines the response time. To
decrease the response time (or increase the response speed), one
can shorten the distance between the electrode (if tR is limited by
the transit time) or introduce high-density recombination centers
to shorten the recombination time (if tR is limited by the recombi-
nation time). However, introducing high-density recombination
centers would lower the device sensitivity because more photo-
generated carriers are recombined before being collected at the
electrodes.

6. Recent Developments of Liquid-Exfoliated 2D
Photodetectors

6.1. Graphene Photodetectors

Graphene has offered extraordinary potential in a wide variety
of applications due to its excellent electronic,[316,317] thermal,[318]

and mechanical properties.[319] The room temperature mobility
of single-layer graphene was reported to be over 10 000 cm2 V−1

s−1, theoretically is a zero-bandgap semiconductor and exhibits
ballistic transport at submicrometer distances.[320] Its high mo-
bility, combined with its transparency and flexibility, has made
graphene excellent material for transparent conducting elec-
trodes (TCE).[321,322] Therefore, its electronic and optoelectronic
properties are of particular interest for its use in optoelectronic
applications, such as photodetectors.

Majority of the reports of liquid-exfoliated graphene-based
photodetector devices were fabricated by exfoliation of graphene
oxide (GO) nanosheets in aqueous solvents, where the GO were
obtained by a modified Hummers method[189–191] by oxidizing
the starting graphite bulk powder.[71–74,76,78,82–84,293,323–330] Variety
of oxygen-containing functional groups on the basal planes and
at the edge sites makes the GO highly hydrophilic and easily dis-
persible in water and sonicated to achieve the exfoliated state. For
further optoelectronic device applications, chemical reduction
and/or annealing of GO is required to restore the initial aromatic
conjugation structure of graphene and to restore the electrical
conductivity.[189,190] In spite of that, the electrical conductivity
could not return to its initial value because certain amount of de-
fects would still remain in the graphene sheet after chemical re-
duction and/or annealing. This type of liquid-exfoliated graphene
is generally called reduced graphene oxide (rGO). Another type
of liquid-exfoliated graphene are obtained by directly exfoliating
the raw graphite powder in liquid, such as by sonication or shear
mixing, to obtain a dispersion of few-layer graphene nanosheets
with various thickness and size, which is generally called few
layer graphene (FLG).[64,181,231] The advantages of using FLG
is they generally have higher electrical conductivity compared
to rGO, making the photocurrent collection much faster, thus
increasing the operation speed of the device. However, since
FLG are more pristine than rGO due to much less defects and
residual functional groups, the bandgap is nearly zero, resulting
in poor photoresponse due to ultrafast carrier recombination in
the order of femtoseconds.[331,332] Therefore, the use of FLG in
photodetecting application is usually combined with other pho-
tosensitive material that transfers charge upon photoexcitation,

such as quantum dots and photoactive polymer, where FLG’s
role is to accelerate charge collection to the electrodes.[138]

Lv et al. first investigated the photoconductivity of the drop-
casted bulk reduced graphene oxide (rGO) film.[71] Figure 5a
shows the incident light intensity dependence of photoresponse
with different photon energies of the film. The graphene film has
a strong photoresponse for all the wavelengths in the tested, be-
cause it has a wide absorption in a wide frequency range, un-
like SWNTs which have a strong wavelength dependent absorp-
tion spectra.[333] Indeed, ultrabroadband photodetection range
from ultraviolet[81,325,334] to infrared[76,79,82,83,293,334–336] have been
demonstrated for rGO-based photodetectors.

Ghosh et al. fabricated an rGO film photodetector and showed
that the photocurrent either increased, decreased, or remained
almost zero depending on the laser illumination position with re-
spect to the electrodes (Figure 5b(i,ii)).[72] This can be explained
by the presence of a locally generated electric field near the rGO-
electrode interface due to Schottky barrier. The change in sign of
photocurrent when illuminated at the vicinity of opposite elec-
trodes is due to the opposite direction of electric fields at oppo-
site electrodes (Figure 5b(iii)). Moon et al. also reached to similar
results where the photovoltage is maximum when the laser illu-
mination spot was near the rGO/electrode region, but minimum
when illuminated at the center of the photodetector, due to the
Schottky barrier-induced band-bending.[78]

Negative photoconductivity at low power irradiation[79,80]

and/or at initial stage of photoresponse[81] have been observed for
rGO photodetector and followed by increase in photoconductivity
at higher irradiation power and/or later stage of photoresponse
(Figure 5c). This phenomenon can be explained by the competi-
tion between trapping of photoexcited electrons by the oxygenous
functional groups, which tends to decrease the photocurrent, and
the photogenerated electron–hole pairs, which tends to increase
the photocurrent. At higher irradiation power and/or later stage
of irradiation, the trapping sites are saturated, with the resultant
net increase in the photocurrent.[79–81] Such nonmonotonic opto-
electronic behavior disappears when the reduction time of rGO
was increased to 260 min, where oxygenous functional groups as
electron trapping sites decreased significantly.

6.1.1. Factors Influencing the Photocurrent of Graphene-Based
Photodetectors

There are several factors influencing the photocurrent responsiv-
ities of graphene-based photodetectors: bandgap, type and level
of doping, type of substrate, and annealing conditions.

Effect of Bandgap: Pristine graphene has very low photore-
sponses due to very fast photocarrier dynamics as a result of
zero bandgap.[79,331,333] Therefore, to exploit solution-processed
graphene films into devices, opening the bandgap of graphene
for specific electronic and optoelectronic applications is becom-
ing important. Two general approaches to open up the bandgap
of graphene are nanostructuring of graphene and reduction of
graphene oxide.[337–339] Nanostructuring of graphene involves
structuring of graphene into nanoribbons or nanodots in which
the quantum confinement effects start to occur that increase the
bandgap.[337] Nanostructured water-soluble graphene quantum
dots (GQD) have been shown to exhibit absorption spectra that
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Figure 5. Photodetectors based on rGO. a) Incident light intensity dependence of photoresponse of drop-casted rGO film with different photon energies.
Reproduced with permission.[71] Copyright 2009, Wiley-VCH. b) Asymmetric photoresponse of rGO film. i) Schematic diagram of the photodetector and
the experimental setup. L, M, and R denote the three different positions for NIR illumination. ii) Photocurrent transients for the rGO film under NIR
illumination at positions L, M, and R. iii) Mechanism of photocurrent generation at the metallic electrode/rGO interface. Reproduced with permission.[72]

Copyright 2010, AIP. c) Negative photocurrent of rGO film at i) low light intensity and at ii) initial stage of photoresponse transient. i) Reproduced with
permission.[80] Copyright 2010, Wiley-VCH. ii) Reproduced with permission.[81] Copyright 2011, AIP.

peaked at energies up to ≈6 eV, making them especially useful for
UV photodetectors.[340] On the other hand, reduction method in-
volves converting the insulating GO into a more conducting ma-
terial by either chemical or thermal reduction processes.[189,339,341]

Graphene Quantum Dot: Photodetection of deep ultraviolet
(DUV) at wavelength less than 320 nm has been an interest-
ing topic due to various applications in important fields, such
as chemical analysis, remote control, flame detection, and se-
cure space-to-space communications.[342] Zhang et al. fabricated
a solution-processed, large bandgap GQD photodetector that can
detect DUV light with wavelength as short as 254 nm.[130] The
diameter of the GQD was in the range of 2.5–6 nm, which re-
sults in the greatly enhanced bandgap that was estimated to be
≈3.8 eV (Figure 6a(i,ii)). On top of that, by introducing an asym-
metric electrode structure Au–Ag, the photoresponsivity could
be further increased by up to ≈500 times. The introduction of

the asymmetric electrode structure increases the carrier collec-
tion at the electrodes under the forward bias direction, effectively
increases the photocurrent and suppresses the carrier recombi-
nation (Figure 6a(iii,iv)). The device only responds to the DUV
light and completely blind to the visible light, which exhibits the
great superiority of GQD as solar-blind DUV-photodetector. The
responsivity was estimated to be 2.1 mA W−1 and detectivity was
9.59 × 1011 cm Hz1/2 W−1 for illumination at 254 nm.[130]

Reduced graphene oxide QDs (rGOQDs) has a larger bandgap
than GQDs, making it a promising deep-UV photodetecting
material.[343] However, long response time of rGOQD pho-
todetectors made it necessary to be measured under vacuum
conditions.[130] Nitrogen doping has been reported to greatly re-
duce the response time of rGOQDs.[344] Zhang et al. synthesized
a hybrid CVD-grown graphene/N-rGOQD photodetector which
exhibited a high photoresponsivity of 1.8 × 103 A W−1 and fast
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Figure 6. Bandgap engineering of graphene-based photodetectors. a) GQD deep-UV photodetector. i) TEM image of the GQDs. Inset: size distribution of
the GQDs. ii) UV–vis absorption spectrum of the GQDs. Inset: photo of the aqueous solution of the GQDs. iii) Schematic of the GQD photodetector with
asymmetric electrode configuration. iv) Photoresponse transients of the device under pulsed 254 and 302 nm DUV light (42 µW cm−2). The voltage bias
was 5 V. Reproduced with permission.[130] Copyright 2015, American Chemical Society. b) Controlling the bandgap of rGO by thermal reduction. i) The
bandgap of rGO as a function of reduction time. ii) IDS–VG curves of rGO FET thermally reduced for 90 min under irradiation at 370 nm. iii) IDS–VG curves
of rGO FET thermally reduced for 260 min under irradiation at 370 nm. Reproduced with permission.[80] Copyright 2010, WILEY-VCH. c) Responsivity as
a function of bias for rGO/SiO2/Si-based infrared photodetector based with different reduction times of rGO (0, 20, 40, 90, 260 min). Incident radiation
power is ≈14 mW cm−2. Reproduced with permission.[79] Copyright 2013, American Chemical Society. d) Diffuse reflectance spectroscopy of the as-made
graphene, 0.25 F-graphene, and 0.5 F-graphene. Reproduced with permission.[136] Copyright 2011, WILEY-VCH.

response time of 0.13 s under deep-UV illumination (254 nm)
and at ambient environment.[131] The N-rGOQDs were synthe-
sized by the improved Hummers method and DMF hydrother-
mal treatment, while DMF was used as a reducing agent. Al2O3
capping layer was used to prevent molecule adsorption during
operation in ambient environment. The synthesized N-rGOQDs
has strong photoresponse to deep UV light at 254 nm, but at
365 nm the photoresponse was not observable, which is advanta-
geous for photodetection in solar-blind field.

Bandgap Engineering by Control of Thermal Reduction: The
bandgap of rGO can be precisely controlled by changing the
thermal annealing condition for reduction.[80,329,345] Velasco-Soto
et al. studied the modulation of the rGO bandgap by chang-
ing the reducing agents (glucose, fructose, and ascorbic acid),

and successfully tuned the bandgap from 2.7 to 1.15 eV.[345]

Chang et al. reported a facile controlling of rGO bandgap rang-
ing from 0.5 to 2.2 eV via a low-temperature thermal reduction of
liquid-exfoliated graphene oxide nanosheets.[80] Specifically, the
bandgap of rGO can be tuned in a very precise manner by varying
the annealing time at 150 °C (Figure 6b(i)). Figure 6b(ii,iii) shows
the comparison of transfer characteristics of rGO phototransis-
tors reduced at 90 and 260 min under varying illumination power
at 370 nm light. rGO reduced at 260 min displayed less mod-
ulation in drain–source current Ids under gate bias Vg because
longer reduction time results in less oxygen-containing func-
tional groups, which makes rGO more metallic in nature. The
effect of the different amount of oxygenated functional groups in
rGO by different reduction time on the infrared responsivity is
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shown in Figure 6c. The longer reduction time of rGO results in
significantly decreased density of oxygenated defects and larger
area of ordered graphene sheets, which increase the device mobil-
ity and higher photogain, thus higher responsivity.[79] Therefore,
this facile and low-temperature reduction method provides huge
advantages for graphene-based optoelectronic devices for large-
scale production.

Bandgap Engineering by Fluorination: Another method for
bandgap opening of solution-processed graphene is through
fluorination of graphene nanosheets (F-graphene).[136,346–348]

Aguilar-Bolados et al. attempted the fluorination of GO by us-
ing diethylaminodifluorosulfinium tetrafluoroborate, to replace
the oxygen functional groups of GO by fluoride.[346] This fluori-
nation reaction modifies the bandgap of the material, increasing
the band gap from 2.05 to 3.88 eV. Chang et al. reported that the
bandgap of F-graphene was widely tunable by varying the cov-
erage and configuration of the fluorination.[136] Ionic liquid was
used to exfoliate the bulk F-graphite powder due to the surface-
energy matching between the ionic liquid and the carbon sheet
in F-graphite. Figure 6d shows the changing of the bandgap of
F-graphene as a function of fluorination coverage by diffuse re-
flectance spectroscopy, where bandgap openings were observed
for 0.25 F-graphene and 0.5 F-graphene but was not observed for
graphene. The bandgap for 0.25 F-graphene and 0.5 F-graphene
were 1.8 and 2.2 eV, respectively. The bandgap opening is com-
parable to that of rGO (Figure 6b(i)).

Effect of Doping on the Photocurrent: He et al. synthesized N-
doped graphene oxide (N- rGO) by a photochemical method for
simultaneously realize N-doping and reduction of GO film in
NH3 atmosphere at low temperature.[85] Compared to the rGO
thin film, N-rGO film exhibits significantly enhanced photocon-
ductivity up to 20 times and showed a faster photoresponse (Fig-
ure 7a). Since N-rGO and rGO have similar oxygen content ac-
cording to XPS measurement, the photocurrent enhancement
and faster photoresponse might be due to the extent of nitro-
gen doping. It is known that the amino-like N doping at the
basal plane and the pyridine-like doping at vacancy sites are elec-
tron donating and can be excited by light illumination to pro-
duce enhanced photocurrent.[85] Mohammad Hanif et al. first
reported a large-scale fabrication of N- rGO photodetector on
an 8 in. SiO2/Si wafer by in situ plasma treatment of the spin-
coated GO film in an acetylene-ammonia atmosphere to produce
n-type semiconductor with substantial quaternary-N substitution
in the rGO lattice (Figure 7b).[73] The introduction of plasma
in the acetylene-ammonia atmosphere simultaneously reduces
and n-dopes the GO film with enhanced quaternary-N substitu-
tion. Quaternary-N substitution results in better n-doping and
carrier mobility enhancement in rGO film compared to other N-
substitution species.[73]

Gao et al. synthesized sulfur doped GQD (S-GQD) via the
co-combustion of liquid mixture of paraffin and carbon disul-
fide (CS2) in a low-cost alcohol lamp (Figure 7c(i)).[132] Although
the undoped GQD already has a large bandgap at absorption
maximum at ≈280 nm (DUV),[130] the addition of sulfur doping
enhances the absorption in the DUV region. Vertical junction
photodetector based on S-GQD was fabricated, which exhibited
photoresponsivity of 307 A W−1 under a light intensity of 0.06
mW cm−2 at 365 nm (Figure 7c(ii)).

Effect of Substrate on the Photocurrent: Partially or fully
suspending the monolayer or multilayer graphene sheet has
been shown to increase photocurrent by fourfold[349] or even
tenfold.[350] Removing the substrate from the active channel elim-
inates the carrier scattering due to the interaction with the sub-
strate’s surface polar phonons and charge impurity, thus increas-
ing the mobility of the photoexcited carriers. Carrier cooling
through heat dissipation via the substrate also causes the car-
rier to lose mobility. Tian et al. successfully fabricated fully sus-
pended solution-processed rGO photodetector.[74] The removal
of the substrate enhanced the photoresponse by up to ≈6 times
compared to the supported rGO photodetector (Figure 7d). The
responsivities increased from 53/65.3/29 mA W−1 to 330/428/96
mA W−1 for illumination at 375/532/1064 nm, for the sup-
ported and suspended rGO. Cao et al. fabricated a series of fully-
suspended rGO photodetectors annealed at various temperatures
(200–1000 °C) and discovered that the suspended-rGO photode-
tectors exhibited 1–4 orders of magnitude faster photoresponse
time compared to supported rGO photodetectors under visible
and near-irrared irradiation.[75] Similarly, Wen et al. also discov-
ered that the response time of the suspended rGO photodetector
was below 50 ms, one to three orders of magnitude faster than
the supported rGO photodetectors.[351] It was theorized that the
absence of heat transfer between the rGO and the substrate in the
suspended device accelerates the photocurrent to reach the steady
state. Cao et al. compared the THz responsivities of rGO photode-
tectors between suspended and substrate-supported device, and
the suspended device showed a fourfold increase in responsivity
and at least one order of magnitude increase in response speed
compared to the substrate-supported device.[84]

Effect of Annealing Temperature on the Photocurrent: The tem-
perature of annealing during thermal reduction of rGO film has
a tremendous effect on the photoresponse behavior of the pho-
todetector. Cao et al. investigated the photoresponse behavior of
a suspended rGO photodetector annealed at different tempera-
ture (from 200 to 1000 °C) and observed that annealing at tem-
peratures below 600 °C resulted in positive photocurrent, while
annealing above 600 °C resulted in negative photocurrent (Fig-
ure 7e).[75] The author argued that this might originate from the
competition between the positive response from the rGO and
the negative photoconductivity from Au interdigitated electrode.
This finding that the photocurrent can be precisely controlled to
be positive or negative by the thermal annealing temperature of
rGO opens up possibilities for the development of rGO -based
light triggered logic devices. Wen et al. fabricated a self-powered
ultra-broadband photodetector based on free-standing rGO an-
nealed at different temperatures (200–1000 °C).[351] Under ultra-
violet (375 nm) to terahertz (118.8 mm) illumination, increasing
the annealing temperature was shown to decrease the responsiv-
ities of the rGO-based photodetector, which is due to the differ-
ences in the content of oxygen functional groups in the rGO.

6.1.2. Tuning the Detection Wavelength of Graphene-Based
Photodetectors beyond Infrared Region

In this section, we introduce variety of engineering strate-
gies to tune the detection wavelength of graphene-based
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photodetectors beyond the infrared region. Wavelengths ranging
from mid-infrared, terahertz, and microwave will be discussed.

Mid-Infrared Photodetection: For photodetection in mid-
infrared range (3–8 µm), bolometric effect has been shown to
be the dominant mechanism of photocurrent increase in rGO
photodetectors.[82,293,294] Experiments on the evolution of rGO
bandgaps have shown that the bandgap cannot be decreased in-
definitely by the reduction process because some of the oxyge-
nous groups cannot be removed even after long thermal re-
duction process (see Figure 6b(i)).[352] Thus, the electrons in
rGO cannot be photoexcited by mid-infrared illumination from
valence band to conduction band, but can be thermally ex-
cited (bolometric effect) to higher energy level to give increased
conductance/decreased resistance. Figure 8a(i) shows the time-
dependent current and resistance change of rGO film while be-
ing placed nearby a blackbody object heated at 473.14 K, which
emits a blackbody radiation peaked at 6.125 µm.[82] Sahatiya et al.
demonstrated a very sensitive rGO infrared photodetector that
was sensitive to the temperature of human hand.[83] When a hu-
man hand was brought closer to the photodetector, the current
increases by ≈10% and when away, the current decreases and the
responses were reproducible for many cycles. It is theorized that
electrons captured in residual oxygen groups and defect states are
easily thermally excited into free electrons due to small energy
difference between the bound and free states.[82] As the thermal
conductivity of rGO is only up to ≈1% of pristine graphene,[353]

bolometric effect could play a significant role in mid-infrared de-
tection of rGO photodetectors compared to pristine graphene.
Many studies have shown that rGO is a good IR absorber, has
a strong temperature dependent electrical resistance and large
thermal resistance. Therefore, this materials is a good candidate
for bolometric applications.[295,354]

Graphene Aerogel-Based Bolometer: An extraordinary bolomet-
ric response has been demonstrated by a free-standing PRGA
devised by Xie et al.,[143] which is an interconnected, porous 3D
framework composed of randomly stacked rGO nanosheets (Fig-
ure 8b). The high performance of PRGA is attributed to its ex-
tremely low thermal conductivity, high porosity, very low density,
and very tunable bandgap due to abundant functional groups.
Bolometers need to have the following three properties to achieve
high sensitivity: very high IR absorption, high temperature coef-
ficient of resistance (TCR), and small thermal conductance. On
top of that, to achieve fast response, the bolometer’s heat capac-
itance needs to be as small as possible. PRGA has a wideband
photon absorption due to the excellent photon absorption prop-
erties of graphene and GO, has a very high TCR due to abundant
functional groups, ultralow thermal conductance (6–0.6 mW m−1

K−1 from 295 to 10 K), and has a very small volumetric heat ca-
pacitance due to ultralow density from high porosity. These com-

binations of beneficial properties have enabled PRGA to be an
ultra-sensitive IR bolometric detector. The PRGA film could de-
tect a temperature change of 0.2, 1, and 3 K of a target at 3, 25,
and 54 cm distance. At room temperature, it could even detect
1550 nm laser at a power as low as 5.9 µW.[143]

Terahertz Photodetection: Cao et al. fabricated a fully sus-
pended rGO photodetector that could detect terahertz (THz) sig-
nal with the responsivity adjustable over a wide range from 10−2–
102 mA W−1 by tuning the thermal reduction temperature of
GO film that resulted in different reduction degree of the rGO
film.[84] The responsivity for THz signal at 118.8 µm peaked at
98.71 mA W−1 at thermal reduction temperature of 200 °C (Fig-
ure 8c(i)). The variation of responsivity as a function of reduction
temperature coincided with the ratio of the peak area for C=O
functional group (Figure 8c(ii)), and thus the author suggested
that the C=O group was the most important functional group
for the absorption of THz signal in rGO. The author argued that
the absorption of THz waves by the C=O group intensifies the
vibration of the group, increasing the temperature of the device.
The thermally excited electron–hole pairs then contributed to the
increase of the current.[84]

Microwave Photodetection: Li et al. reported the ultra-
broadband photodetector based on 3D graphene foam (3D-GF)
with asymmetric electrodes that can detect wavelengths ranging
from ultraviolet to microwave (Figure 8d).[144] The 3D-GF was
synthesized by a solvothermal treatment of GO nanosheets
dispersed in ethanol. The asymmetric configuration of the
photodetector with Au electrode on one side and Ti on the other
is important for the enhanced photodetecting performance of
microwave signal, due to the combination of the photovoltaic
and photothermoelectric (PTE) mechanism. Due to the asym-
metric electrode configuration, the local temperature gradient
created by the light illumination creates a potential gradient
ΔV = ΔSΔT, where ΔS is the net Seeback coefficient difference
across the opposite electrodes, which assists in enhancing the
photocurrent. In this asymmetric structure, the PTE effect
makes 90% contribution to the total photocurrent, while photo-
voltaic and photoconductive effect makes up only than 10%.[144]

Therefore, by leveraging this beneficial PTE effect by designing
an asymmetric device structure, the photodetector sensitivity
could be enhanced up to the microwave region.

6.1.3. Other Engineering Strategies to Improve Photocurrent of
Graphene-Based Photodetectors

Laser Scribing of GO for Microscale-Controlled Reduction: Feng
et al. demonstrated the use of laser beams to reduce GO film in a
more controlled manner on a micrometer scale.[76] The C/O ratio
of the rGO can be precisely controlled by adjusting the number

Figure 7. Effect of doping, substrate, and annealing temperature on the photocurrent of graphene-based photodetectors. a) Photocurrent transients
of rGO and N-rGO films under 3.0 mW cm−2 white-light illumination. Reproduced with permission.[85] Copyright 2015, Elsevier Ltd. b) Photograph
and the cross-sectional FESEM images of the N-rGO photodetector devices on an 8 in. oxide silicon wafer. Reproduced with permission.[73] Copyright
2019, American Chemical Society. c) Sulphur-doped graphene QD (S-GQD) photodetector for ultraviolet detection. i) Schematic of the synthesis of S-
GQDs. ii) Photoresponsivity of the S-GQD/poly(9-vinylcarbazole) (PVK) hybrid photodetector. Inset: The schematic diagram of the PVK/S-GQD hybrid
UV photodetector. Reproduced with permission.[132] Copyright 2017, Royal Society of Chemistry. d) Photoresponse transients of the substrate-free rGO
photodetectors under 375, 532, and 1064 nm illumination. Reproduced with permission.[74] Copyright 2017, Royal Society of Chemistry. e) Photocurrent
transients of suspended rGO photodetectors after subjected to varying annealing temperatures under laser illumination of 375, 405, 532, 785, and
1064 nm at a bias voltage of 0.5 V. Reproduced with permission.[75] Copyright 2017, American Chemical Society.
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Figure 8. Graphene-based photodetectors for detection of wavelengths above mid-IR. a) Illumination time-dependent current and resistance of rGO
films annealed at 900 °C. Reproduced with permission.[82] Copyright 2014, AIP. b) Graphene aerogel-based bolometer for ultrasensitive sensing from
ultraviolet to far-infrared. i) Structure of the partly reduced graphene aerogel (PRGA) film under SEM. ii) Experimental setup for bolometric response
measurement. iii,iv) The electrical resistance of the PRGA film versus the surface temperature of the IR source through the ZnSe window with varying
distances. Reproduced with permission.[143] Copyright 2019, American Chemical Society. c) rGO photodetector for terahertz detection. i) Responsivity
and absorbance as a function of reduction temperature of the rGO film under 2.52 THz laser illumination. ii) Peak areas of the oxygen-containing
functional groups versus the reduction temperature. Reproduced with permission.[84] Copyright 2018, Elsevier Ltd. d) 3D graphene foam (3D-GF)
photodetector for broadband detection from ultraviolet to microwave light. i) Schematic structure of the 3D-GF photodetector. ii) SEM images of the
3D-GF film. iii) Photocurrent under multiple wavelengths from 405 nm to 1.36 mm under 0.05 V bias voltage. Reproduced with permission.[144] Copyright
2020, Chinese Laser Press.

Figure 9. Further engineering to improve the performance of graphene-based photodetectors. a) Photoresponse of the laser-scribed rGO/s-rGO/rGO
photodetector structure on top of GO with Vg = 0 V (black), 20 V (orange), and 40 V (blue). The inset shows a schematic view of the photodetector.
Reproduced with permission.[76] Copyright 2018, The Japan Society of Applied Physics. b) Crumpled reduced graphene oxide (c-rGO). i) High magnifi-
cation SEM image the of c-rGO. ii) Schematic diagram of the fabrication apparatus of c-rGO: 1, the ultrasonic atomizer; 2, the carrier gas (N2); 3, the
tube furnace; and 4, the exhaust gas. Reproduced with permission.[77] Copyright 2017, Elsevier Ltd.

of current pulses applied to the laser. The semi-reduced rGO (s-
rGO) with C/O ratio of 1–1.3 was obtained by this method. Com-
pared to rGO which has C/O ratio of 1.84, the s-rGO film has a
much lower dark current than the rGO film, but with conductiv-
ity high enough to allow photocurrent generation, thus increas-
ing the photosensitivity of the device. Furthermore, by precisely
controlling the laser reduction annealing only to the upper part
of the film, a monolithic field-effect transistor (FET) structure of

rGO/s-rGO/rGO on top of GO/aluminum for infrared photode-
tection was fabricated (Figure 9a). The dark current could be fur-
ther modulated by applying the gate bias to reach a very small
value of 1 nA. The responsivity obtained under illumination at
1550 nm was 0.18 A W−1.[76]

Crumpled Reduced Graphene Oxide: Higher light absorption
by graphene can be achieved by optimizing the morphology of
the active graphene layer. An order-of-magnitude enhancement
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of the optical extinction of graphene has been achieved by in-
creasing graphene’s areal density by buckled 3D structure.[355]

Gao et al. demonstrated the preparation of crumpled reduced
graphene oxide (c-rGO) by a simple ultrasonic pyrolysis method
for photodetecting application (Figure 9b(i)).[77] Once formed
into uniform film, c-rGO is thought to scatter and absorb more
incoming light, hence boosting the photocurrent. Further pho-
tocurrent enhancement was obtained by incorporating ZnO and
PbS nanoparticles with the c-rGO, demonstrating tenfold in-
crease in the photocurrent. Figure 9b(ii) shows the schematic di-
agram of the ultrasonic pyrolysis apparatus to obtain c- rGO. The
detailed steps of the c-rGO preparation are as follows (labelled in
Figure 9b(ii)): 1) prefabricated GO alcohol solution was poured
into an ultrasonic atomizer; 2) the nebulized GO aerosol droplets
were carried by nitrogen gas from a steel tube; 3) the droplets
were carried through a preheated tube furnace at 550 °C. The GO
aerosol droplets gradually evolved into c-rGO and deposited onto
the substrate at the cold rear part of the furnace; and 4) discharge
of exhaust gas.

6.1.4. Graphene-Based Hybrid Photodetectors

Introducing photosensitive nanostructures such as quantum
dots, nanorods, nanowires, other 2D materials, or photosensitive
polymers as hybrids with graphene materials has the potential to
improve the photodetector performance in terms of photosensi-
tivity, photoresponse speed, or tuning the photoresponse at spe-
cific wavelength, by combining the superior light absorption ca-
pability of the photosensitive materials and the ultrahigh charge
mobility of graphene. Here we summarized recent developments
in photodetectors based on liquid-exfoliated graphene hybridized
with variety of photosensitive materials.

Graphene/Metal Quantum Dot: Photodetectors hybridized
with plasmonic structures such as metal quantum dots have
been proposed recently as an effective method to increase the
light absorption and hence improve the photoresponse.[356,357]

Oscillation of conducting electrons at the interface between
metal and other material with different permittivity gives rise to
surface plasmon resonance (SPR) that enhances light absorption.
Radoi et al. reported a very large spectral bandwidth photode-
tection that encompasses ultraviolet, visible, and near infrared
of solution-processed graphene photodetectors decorated with
either gold, siver QDs, or gold QDs encapsulated with bovine
serum albumin.[86] Photodetectors made from Ag-functionalized
graphene inks showed significantly higher responsivities com-
pared to bare graphene or Au-functionalized graphene. It was
argued that the enhancement of the photoresponsivities for
Ag-functionalized compared to Au-functionalized graphene
photodetector was because Ag quantum dots have much higher
optical extinction (absorption+ scattering) compared to Au quan-
tum dots. Moreover, for the diameter of Ag quantum dots used
in the experiment, the scattering part dominates the absorption,
enhancing the electromagnetic field amplitude over significant
distance.[86] Later on, Kumar et al. demonstrated the synthesis of
graphene photodetector hybridized with Cu–Ni bimetallic QDs
by in situ synthesis.[87] Bimetallic composites often possesses
very exciting physical as well as chemical properties compared
to single metallic component, which might improve light ab-

sorption for better photodetecting performance.[358] Fabrication
of rGO/Pt QDs photodetector via layer-by-layer (LbL) assembly
of oppositely charged rGO nanosheets and charged Pt QDs was
also demonstrated by Zhu et al. and the MIR photoresponse of
the device was evaluated.[88] Compared to bare rGO film, the
rGO/Pt QD film exhibited 50% increase in the photocurrent
under MIR illumination.

Graphene quantum dots (GQDs) decorated with plasmonic
nanoparticles such as metal QDs could significantly alter the
optoelectronic properties of the GQDs, resulting in exceptional
properties. Das et al. prepared nitrogen-doped GQDs (N-GQDs)
hybridized with gold quantum dots (Au QDs) by a one-step
green reduction process and utilized them as a photodetector
with a high photoresponsivity (≈1.36 A W−1) and showed ≈104

faster response time compared to bare N-GQD photodetector
(≈0.103 A W−1).[133] The absorption spectra of the composite
N-GQD/Au QD structure showed additional absorption peak
due to SPR absorption from Au QDs at ≈547 nm and resulted
in overall enhancement of light absorption across UV–vis–NIR
spectrum (Figure 10a). The photoresponsity peak of N-GQD/Au
QD device near its plasmonic absorption peak (≈547 nm) is a
strong indication that the enhanced photoresponse is attributed
to the plasmon resonance-enhanced absorption and subsequent
hot electron generation (Figure 10b). Figure 10c shows the
band diagram schematic of photoexcited charge transfer during
illumination from Au QD to GQD via hot carrier injection and
tunneling mechanism.

Graphene/Semiconductor: Graphene/Zn-Based Nanoparti-
cles: ZnO, a wide-bandgap semiconductor, has drawn a great
deal of attention due to its unique optical electrical properties
including a wide bandgap (3.37 eV) and strong resistance to
high-energy photon irradiation.[359] However, UV photodetectors
based solely on ZnO suffered very slow response time due
to adsorption and desorption of oxygen on ZnO surface.[360]

Liu et al. reported a method to fabricate rGO/ZnO QDs by a
simple hydrothermal process without using any surfactant.[89]

Because the ZnO QDs are anchored to rGO without any linkers,
the interfacial contact between the QDs and rGO was much
improved. Later, they developed a method to prepare rGO/ZnO
QD nanocomposites by an ultralow-temperature solvothermal
process in which the GO was reduced at low temperature
(<170 °C).[90] Zhan et al. reported the fabrication of a visible
light photodetector based on rGO/ZnO QDs hybrid structure
(Figure 11a).[101] The thermal treatment process at the elevated
temperature during fabrication not only reduces the GO into
rGO but also simultaneously dopes the ZnO QDs with carbon
atoms, enabling the visible-light photodetection. The doping
process introduces new energy levels within the ZnO gap,
narrowing the bandgap, thus extending the absorption range
from UV zone to the visible zone. Like ZnO, ZnS, a wide
bandgap semiconductor (≈3.7 eV), also has the capacity to work
as efficient UV photodetectors.[361] Roy et al. fabricated rGO/ZnS
QD photodetector which exhibited on/off ratio of ≈1.96 × 102

under UV irradiation, which was a significant improvement
compared to pure ZnS QD photodetector with on/off ratio of
only ≈1.19 × 101 (Figure 11b).[111] The doping of ZnO QDs
for bandgap engineering was also attempted with other oxide
semiconductor, such as CdO by sol–gel synthesis method, which
resulted in Zn(1−x)CdxO (x = 0.02) QDs used to decorate rGO for
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Figure 10. N-doped GQD photodetector hybridized with Au nanoparticles. a) UV–vis absorption spectra of N-GQDs and Au/N-GQDs. The vertical
dashed lines show the absorption peaks corresponding to N-GQDs (262 nm) and plasmonics Au NPs (547 nm). b) Responsivities of of N-GQDs
and Au/N-GQDs photodetector under 5 V bias. c) Schematic illustration of the band diagram and the electron transfer in Au/N-GQDs under light
illumination. Reproduced with permission.[133] Copyright 2020, American Chemical Society.

improved UV light detection.[112] Doping ZnO QDs with MgO
is also a good option since the ionic radii of Mg2+ (0.66 Å) and
Zn2+ (0.74 Å) are relatively similar, thus keeping the crystalline
structure and lattice parameter unchanged.[362] Kharatzadeh
et al. reported the fabrication of rGO/ Zn(1−x)MgxO (x = 0.02,
0.04, and 0.06) QD photodetector in which the photoresponse in
the UV region can be controlled by the amount of MgO doping,
due to bandgap modulation of the QDs.[113] Under UV light
illumination, the photocurrent intensity increased from pure
ZnO QD photodetector to Zn0.94Mg0.06O QD photodetector, and
further increased for rGO/ Zn0.94Mg0.06O QD photodetector
(Figure 11c).

Liu et al. fabricated rGO/carbon (C)-doped ZnO nanowire
(NW) nanocomposites by ultrasonication mixing of rGO with C-
doped ZnO NW in isopropanol (Figure 11d(i)).[114] C-doped ZnO
NWs were synthesized on carbon cloth by carbothermal evapo-
ration method and then the central carbon fiber was removed by
annealing at 800 °C. Figure 11d(ii) shows the typical I–V charac-
teristics of the hybrid photodetector under dark and illumination
at 314, 475, and 550 nm. Since pristine ZnO has a bandgap of
3.37 eV and only responds to UV light,[363] the photoresponse in
the visible region is due to C-doping of ZnO which extends the
photoresponse into visible region.

Chang et al. demonstrated the first time the development of
visible-blind, UV photodetectors based on rGO/ZnO nanorod
(NR) which was synthesized via a facile in situ aqueous seeded
growth method.[115] In this hybrid structure, ZnO NR function
as UV absorbing and charged carrier generating materials, while
rGO functions as charge transporting, highly conductive chan-
nel. The ZnO NRs were synthesized by in situ growth of ZnO
NRs from ZnO QD seeds by immersing in zinc nitrate solution.
The photoresponsivity of the hybrid device under UV irradiation
reached 22.7 A W−1, over 45 000 times higher than single-layer
graphene device (≈0.1–0.5 mA W−1).[331] As a control, the pho-
toresponse of rGO/ZnO QD and pure rGO photodetectors were
also measured, and the photoresponsivity only reached 0.35 and
≈0 A W−1, respectively (Figure 11e). The origin of better photore-
sponsivity of rGO/ZnO NR device compared to rGO/ZnO QD
and pure rGO is better connection between ZnO nanorods and
rGO due to in situ hydrothermal growth, compared to connec-
tion between ZnO QDs and rGO which was formed by simple
mixing.

Despite excellent performance of ZnO NR hybrid devices,
there are large number of surface states and defects on ZnO,
which can act as trap centers that could limit the sensitivity to UV
light.[360] By applying surface modification to the ZnO NR with
3-aminopropyl triethoxysilane (APTES), the sensitivity of the
rGO/ZnO NR photodetector to UV light could be increased.[116]

The origin of better UV sensitivity is due to better interfacial con-
tact between the surface-modified ZnO NR (ZnO(H)) and rGO,
due to opposite surface charges, which improves the photogen-
erated charge transfer efficiency.

Shao et al. fabricated a high-performance UV photodetector by
wrapping graphene onto ZnO QDs to form ZnO/graphene core–
shell structure.[117] The core–shell structure was synthesized by
surface modification of ZnO QDs with amine groups, coating of
GO onto the QDS, and finally converting the GO into graphene
by hydrothermal reduction process (Figure 11f(i)). Figure 11f(ii)
shows the schematic illustration of the fabricated UV photode-
tector. The responsivity of the device under 375 nm illumination
was 640 A W−1 at 20 V bias. This method of wrapping graphene
onto ZnO QDs can also be generally applied to various metal ox-
ide nanoparticles, such as In2O3 and porous Co2O3 for variety of
applications.

Graphene quantum dots (GQD) have unique properties in-
herited from graphene sheets, but compared to graphene, they
have additional advantages: 1) they have higher penetrability into
pores and small spaces due to their remarkably smaller size,
therefore improving charge transfer; and 2) their semiconduct-
ing nature gives them lower conductivity than graphene, increas-
ing the light sensitivity due to lower dark current. Rahimi et al.
prepared thin films of almost vertically-grown ZnO NRs via a
solvothermal method and hybridized them with GQDs synthe-
sized by pyrolyzing citric acid (Figure 11g(i)).[134] The dip-coating
method was employed to coat the synthesized GQD solution
onto the ZnO NR thin film. The number of dip-coating process
greatly determined the photocurrent of the hybrid device under
UV (365 nm) irradiation, where n = 3 resulted in the highest
photocurrent, which is ≈2.75 times higher than pure ZnO NR
device (Figure 11g(ii)). Further dip-coating would result in de-
creased photocurrent because less UV light would reach to the
ZnO NRs.

Graphene/TiO2: Manga et al. developed a solution-
processable method to fabricate a hybrid rGO/TiO2 QD hybrid
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Figure 11. Hybrid graphene/Zn-based nanoparticle photodetectors. a) Schematic of the hybrid ZnO QD/rGO photodetector and the in situ measurement
setup. Reproduced with permission.[101] Copyright 2012, Royal Society of Chemistry. b) Photoresponse transients of ZnS and ZnS/rGO photodetectors
under on/off UV light irradiation. Reproduced with permission.[111] Copyright 2009, American Chemical Society. c) Photocurrent response of ZnO,
Zn0.94Mg0.06O NPs, and Zn0.94Mg0.06O/rGO nanocomposites under a xenon lamp. Reproduced with permission.[113] Copyright 2016, Elsevier Ltd.
d) rGO/C-doped ZnO NW photodetector. i) SEM image of the C-doped ZnO/rGO hybrid nanocomposites. ii) Current–voltage characteristics of the
device under different illumination conditions. Reproduced with permission.[114] Copyright 2014, Royal Society of Chemistry. e) Background-subtracted
photocurrent transients of pure rGO, ZnO QD/rGO hybrid and the ZnO nanorod/rGO hybrid photodetectors at 1.084 mW cm−2 370 nm radiation
with bias of 5 V. Inset: an enlarged view of the exact starting point when light is on. Reproduced with permission.[115] Copyright 2011, Royal Society
of Chemistry. f) ZnO nanoparticle–rGO core–shell photodetector. i) Schematic of the fabrication process for ZnO NP/rGO core–shell structures. ii)
Schematic of the rGO/ZnO NP core–shell UV photodetector. Reproduced with permission.[117] Copyright 2013, Royal Society of Chemistry. g) GQD/ZnO
NR photodetector. i) Energy band diagram of the GQD/ZnO NR composite and its carrier transport mechanism at the interfacial region under UV
irradiation. ii) Photocurrent transients of bare ZnO and nGQD/ZnO NR photodetectors under UV irradiation. Reproduced with permission.[134] Copyright
2017, Elsevier Ltd.
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Figure 12. Graphene/semiconductor hybrid photodetectors. a) Schematic of inkjet printing of rGO/TiO2 composite for photodetector fabrication. Re-
produced with permission.[91] Copyright 2010, WILEY-VCH. b) rGO/CdSe QD photodetector. i) Schematic illustration of the formation of rGO/CdSe
QD composites. ii) rGO/CdSe QD photodetector arrays with patterned electrodes on a flexible and transparent plastic substrate. iii) Current–voltage
characteristics measured by a four-probe method of the hybrid photodetector on a flexible substrate with and without laser irradiation. Reproduced with
permission.[95] Copyright 2010, WILEY-VCH. c) Schematic of the synthesis procedure of the rGO/Cu2S QD hybrids using a hot-injection technique.
Reproduced with permission.[102] Copyright 2013, Royal Society of Chemistry. d) The photocurrent transients of rGO/InP QD photodetector under
intermittent blue light irradiation with a voltage of 1 V. Reproduced with permission.[103] Copyright 2016, Royal Society of Chemistry.

photodetector via an inkjet printing of the precursor solution of
GO and titanium (IV) bis(ammonium lactate) dihydroxide.[91]

This technique was based on a direct conversion of TiO2 pre-
cursor source in GO matrix (Figure 12a). The fabricated device
was then subjected to reduction by keeping in hydrazine vapor
overnight and annealed in vacuum. Compared to the previous
method of combining the already pre-formed TiO2 QDs with
rGO, this technique has the advantage of producing an extended
heterojunction of TiO2 and graphene which increases the effec-
tiveness and multiplication of charge transfer at the interface due
to shorter collection path. Variations of the TiO2 QD hybridiza-
tion method to rGO have also been reported elsewhere, such as a
combination of layer-by-layer (LbL) assembly and surface sol–gel
process,[92] CVD deposition of TiO2 nanoparticles onto the rGO
layer,[93] and directly spray-coating the rGO/TiO2 solution onto
gold interdigitated electrodes.[94]

Graphene/CdSe: Geng et al. fabricated a photoconductor based
on the composites of rGO and CdSe QDs via 𝜋–𝜋 stacking of
aromatic structures between rGO and CdSe QDs capped with
pyridine (Py).[95] The schematic of the composite formation is
shown in Figure 12b(i). The composite was formed by mixing
the diluted rGO solution with Py-capped CdSe QDs in aqueous

solution. The application of Py as the capping layer is not only to
introduce 𝜋–𝜋 stacking between rGO nanosheets and the QDs,
but the small Py molecules should also facilitate charge transfer
between the two components. The vacuum-filtered rGO/CdSe
QD composite was transferred to plastic by mechanical press-
ing to fabricate a photoconductor with Au electrodes in 4-point
probes configuration (Figure 12b(ii)). Illuminating the composite
film to 473 nm laser irradiation at power of 94.5 mW resulted in
the increase of conductance up to ≈10.5% (Figure 12b(iii)). Later
on, Lin et al. prepared rGO/CdSe QD nanocomposites by directly
adding rGO into the reaction solution during the process of CdSe
QD synthesis, thereby the CdSe QD were directly anchored to
the rGO nanosheets, without any intermediate molecules that
might limit the efficiency of the charge transfer between the two
components.[96] The separation and charge transfer between
the two component was much more efficient compared to
simply physically mixing rGO and CdSe QD, which resulted
in a dramatically enhanced photoresponse with very fast re-
sponse time. Yu et al. demonstrated the use of catalyst-free CVD
method to deposit CdSe QDs on rGO without any linkers.[97]

It was discovered that the response time of the rGO/CdSe QD
photodetector could be modulated by the coverage level of CdSe
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QD on the rGO, where low coverage resulted in highly variable
response time depending on the different gas exposures during
measurement. When the coverage was high, the response time
was three orders of magnitude faster and much less affected
by the gas exposures. When the QD coverage was low, the gas
molecules could easily adsorb to the rGO layer and might act as
trap states, and greatly modulated the photocurrent dynamics,
while high coverage of the QDs would lessen the adsorption of
gas molecules and at the same time enhances the photoresponse
because more light could be harvested by the photoexcitation
and charge transfer from CdSe QDs to the rGO layer.

Graphene/PbS: Lead sulfide (PbS) is a binary semiconductor
from IV–VI family with a narrow bandgap of ≈0.41 eV, mak-
ing it a promising material for infrared photodetector.[364] An
NIR rGO/PbS QD composite photodetector was reported by
Ghosh et al. fabricated by a simple one-step synthesis solvother-
mal method, where the reduction of graphene oxide, synthe-
sis of PbS QDs and decoration of the QDs on rGO was done
simultaneously.[98] The responsivity was estimated to be 9.3 ×
10−3 A W−1 under NIR illumination (808 nm) at 6.72 mW mm−1.
Effect of annealing temperature on NIR photodetecting perfor-
mance of rGO/PbS QD photodetector was investigated by Yousefi
et al. and discovered that the responsivity is maximized when the
device was annealed at 300 °C in H2/Ar gas atmosphere.[99] A ver-
tical structure of rGO/PbS QDs field-effect phototransistor with
Au/Ag nanowire bottom source electrode and Au top drain elec-
trode was fabricated by Song et al.[100] The vertical structure al-
lowed for short channel length (250 nm) which boosts the pho-
tocurrent due to reduced transit time of the photoexcited carriers
in the channel. Thanks to this, the photoresponsivity of the de-
vice reached 2 × 103 A W−1 and specific detectivity of 7 × 1012

Jones was obtained under 808 nm laser illumination.
Graphene/Cu2S: Cu2S is a well-known p-type semiconductor

with a bulk bandgap of 1.2 eV, making it an ideal material for sun-
light absorbing materials for solar cell applications.[365] Su et al.
fabricated an rGO/Cu2S QDs hybrid photodetector obtained by
one-pot synthesis, wherein the reduction of GO and the growth
of Cu2S QDs occur in situ simultaneously (Figure 12c).[102]

Graphene/InP: Similarly, InP with its direct bandgap of 1.35 eV
is also a promising material for photodetecting applications when
hybridized with rGO, as was demonstrated by Jiang et al.[103]

Upon illumination with blue light (405 nm, 80 mW cm−2), the
photocurrent exhibited fast photoresponse, and although the de-
caying time was rather slow after the light was turned off, repeat-
able photoresponse was demonstrated over repeated on-and-off
cycles (Figure 12d).

Graphene/Bi2S3: Bismuth sulfide Bi2S3 is an important semi-
conductor of the V–VI group which has a great potential for pho-
todetecting applications, due to its direct bandgap of ≈1.3 eV,
high absorption coefficient, nontoxicity, and abundance of its
raw materials on earth.[366] Heshmatynezhad et al. fabricated
rGO/Bi2S3 QD photodetector synthesized by UV-assisted sonica-
tion method.[104] The effect of UV-sonication irradiation time, cal-
cination temperature and rGO concentration during the synthe-
sis process was investigated on the electrical and photoresponse
of the hybrid devices. Increasing the calcination temperature de-
creased the magnitude of photocurrent, from 9.13 mA cm−2 at
calcination temperature of 200 °C to only 0.18 mA cm−2 at calci-
nation temperature of 300 °C. Furthermore, increasing the calci-

nation temperature increases the photoresponse time of the de-
vice and increasing the concentration of rGO seemed to decrease
the response time.

Graphene/WO3: WO3 is an n-type semiconductor material that
has attracted significant research interest due to its exciting phys-
ical and chemical properties,[367] and has potential for UV de-
tection due to its indirect large energy bandgap (3.3 eV).[368]

Shao et al. developed an UV photodetector based on rGO/WO3
nanodiscs (NDs) hybrid material.[105] The composite material
was synthesized by a three-step process: 1) GO/Na2WO4 pre-
cursor was synthesized by a homogeneous precipitation, 2)
GO/Na2WO4 precursor was transformed into GO/H2WO4 com-
posites by acidification, 3) GO/H2WO4 composites were reduced
to rGO/WO3 NDs via hydrothermal reduction process. SEM im-
ages show that the average diameter and thickness of the WO3
NDs are ≈350 and ≈30 nm, respectively. When WO3 NDs are
in contact with the rGO, the photogenerated electrons are trans-
ferred from the conduction band of WO3 to the RGO, and rapidly
collected by the electrodes due to high mobility of the rGO. The
highest photoresponsitivity achieved was 6.4 A W−1 at 347 nm,
which was 17 times higher that pure WO3 device.

Graphene/HfX3 (X = S, Se): HfX3 (X = S, Se) are semicon-
ducting materials belonging to the family of trichalcogenides of
group IV transition metals, which possess chain-like and layered-
type structure.[369] Compared to other transition metal chalco-
genides, the chemical and physical properties of HfX3 have rarely
been studied except for a few theoretical investigations. Fan et al.
fabricated flexible photodetectors based on hybrid rGO/HfX3
nanobelts (NBs) on polypropylene film that can respond to visible
to near-infrared radiation (Figure 13a).[106] The hybrid photode-
tectors showed enhanced photoresponsivity compared to bare
HfX3 devices. The peak photoresponsivities obtained were 0.55
and 0.5 mA W−1 for hybrid rGO/HfS3 and rGO/HfSe3, respec-
tively under 405 nm irradiation, and 7.57 × 10−3 and 1.2 ×
10−2 mA W−1 for rGO/HfS3 and rGO/HfSe3, respectively under
980 nm irradiation.

Graphene/ Cu2SnS3: Cu2SnS3 (CTS) is an important p-type
semiconductor with a bandgap of 0.93–1.35 eV, and possess
many useful properties such as high absorption coefficient (>104

cm−1), high hole mobility (80 cm V−1 s−1), high electrical con-
ductivity (10 Ω−1 cm−1), and hole concentration (1018 cm−3).[370]

Kamalanathan et al. synthesized the composite of rGO and CTS
nanorods and microbars by a simple solvothermal route.[107] The
addition of complexing agent ethylenediaminetetraacetic acid
(EDTA) during solvothermal synthesis resulted in CTS nanorod
shape, while the absence of the complexing agent resulted in the
microbar shape. Therefore, the complexing agent EDTA acted as
a controller of the shape and size of the composites. The mea-
sured photocurrent of rGO/CTS nanorod composites was 60%
higher than rGO/CTS microbar under white light illumination at
100 mW cm−2. The higher photocurrent of the nanorod compos-
ites might be due to increased surface to volume ratio which in-
creases the photogenerated electron–hole dissociation rate across
rGO/CTS interface.

Graphene/ Cd1-xZnxS: Cadmium zinc sulfide (Cd1-xZnxS) ter-
tiary alloy can form a continuous range of solid solutions and
allows for tuning of the optical band gap from visible (CdS =
2.42 eV) to ultraviolet (ZnS = 3.7 eV) region. Ibrahim et al.
reported the one pot single step solvothermal synthesis of
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Figure 13. Graphene/semiconductor hybrid photodetectors. a) rGO/HfX3(X = Se and S) hybrid photodetectors. SEM images of i) rGO/HfSe3 com-
posites and ii) rGO/HfS3 composites. Reproduced with permission.[106] Copyright 2017, Elsevier Ltd. b) rGO/Cd1-xZnxS hybrid photodetector. i) TEM
image of the rGO/CdZnS composite. Inset: the HRTEM image of the composite. ii) I–V characteristics of rGO/CdZnS hybrid photodetector. Reproduced
with permission.[108] Copyright 2017, Springer Nature. c) FLG/IGZO hybrid photodetector. i) Photocurrent transient of a-IGZO and FLG/a-IGZO pho-
todetector with zero gate bias and under a light pulse (50 mW cm−2). ii) Cycling responses of the optical programming and electrical erasing of the
FLg/a-IGZO photodetector. A short positive gate-voltage pulse (+15 V, 600 ms) was applied at 1620 and 3910 s to erase the memory effect. Reproduced
with permission.[137] Copyright 2015, American Chemical Society.

rGO/Cd0.5Zn0.5S (CdZnS) NR hybrid photodetector, where the re-
duction of GO and synthesis of CdZnS NRs and their integration
to rGO was done simultaneously (Figure 13b(i)).[108] The photore-
sponse of the hybrid device is more than four orders of magni-
tude higher compared to bare CdZnS photodetector, emphasiz-
ing the importance of rGO channel for efficient photogenerated
charge transfer and collection (Figure 13b(ii)).

Graphene/Indium-Gallium-Zinc-Oxide (IGZO): Amorphous
oxide semiconductors, such as amorphous indium-gallium-zinc-

oxide (a-IGZO), have drawn considerable research attention
for next-generation flat, flexible, and transparent display de-
vices, due to their high electron mobility, optical transparency,
chemical stability, and processing versatility.[371] Dai et al. de-
veloped a phototransistor based on composites of FLG and
a-IGZO that exhibited a giant on/off ratio of 2 × 107 upon UV
illumination (350 nm) at 50 mW cm−2, which is three orders
of magnitude higher than pure a-IGZO device, and long-lasting
persistent photoconductivity (PPC) that can be retained for years
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Figure 14. Graphene/multiple semiconductor nanoparticles hybrid photodetectors. a) FLG/PbSe/TiO2 hybrid photodetector. i) Schematic representa-
tion of multiphase assembly of the FLG/PbSe/TiO2 photodetector. ii) Large-area printed FLG/PbSe/TiO2 photodetector patterns on flexible substrate.
Reproduced with permission.[138] Copyright 2012, WILEY-VCH. b) Current–voltage characteristic of FLG/CdSe/CdS/ZnS QD hybrid photodetector in
dark, under visible illumination, and under UV (365 nm) illumination. Reproduced with permission.[139] Copyright 2017, Elsevier B.V. c) rGO/CdSe/ZnS
core–shell nanoparticle hybrid photodetector. TEM images of i) [EMIM] (NC4) and ii) [OMIM] (NC7). iii) Current–voltage characteristics of rGO only,
rGO/NC4, and rGO/NC7 hybrid photodetectors under AM 1.5 G irradiation (solid lines) and in the dark (dotted lines). Reproduced with permission.[109]

Copyright 2011, American Chemical Society. d) rGO/CdSe QD/ZnO NW hybrid photodetector. i) Structure of the rGO/CdSe QDs decorated on the sur-
face of ZnO nanowires. ii) Photocurrent variation of two devices with and without rGO under dark and incident light (Vds = 5 V, 𝜆= 580 nm). Reproduced
with permission.[110] Copyright 2016, Springer Nature. e) rGO/ZnO NW/GQD hybrid photodetector. i) Schematic diagram of the hybrid photodetector
on ITO-coated PET. ii) Energy band diagram of the hybrid device and the photograph of the fabricated device under test. Reproduced with permission.[135]

Copyright 2019, Elsevier B.V.

(Figure 13c(i)).[137] The extremely long lifetime of photocurrent
in FLG/a-IGZO phototransirtor opens up potential applications
by utilizing the precise control over the ON and OFF states, such
as optical memory device. It was thought that the long PPC was
caused by the greatly reduced recombination probability of the
photogenerated electrons and holes, because holes have greater
probability of being trapped by large number of defects in the
amorphous IGZO, and at a-IGZO/SiO2 interface. These highly
trapped holes are highly localized and cannot easily escape from
the trapping centers and recombine with the free electrons.
For faster photodetecting applications, a positive gate bias must
be applied to release the trapped carriers and accelerate the
recombination with the free electrons (Figure 13c(ii)).

Graphene/Multiple Semiconductor: Combining multiphase
QDs onto electrochemically-exfoliated few-layer graphene
(FLG) layer for more broadband photocurrent generation

was demonstrated by Manga et al. who fabricated three-body
PbSe/TiO2/FLG multiphase hybrid systems that could harvest
light from UV to IR regions of the electromagnetic spec-
trum (Figure 14a).[138] Compared to pure PbSe, FLG/PbSe,
and FLG/TiO2 photodetectors, PbSe/TiO2/FLG photodetector
showed photoresponse enhancement in both UV and IR regions,
which resulted in responsivities of 0.506 A W−1 at 350 nm and
0.13 A W−1 at 1000 nm. In this architecture, the photocurrent
arose from the efficient electron transfer from PbSe QDs to TiO2
QDs or FLG. The TiO2 QDs serves multiple roles in the device:
as electron acceptors, as dielectric filler to limit the dark current
in the hybrid device, and also could act as electron donors
under UV illumination.[138] Al-Alwani et al. demonstrated a
hybrid photodetector composed of monolayer of multiphase
CdSe/CdS/ZnS QDs and monolayer of liquid exfoliated few-
layer graphene (FLG) fabricated via Langmuir–Blodgett (LB)
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technique.[139] The LS method has the advantage compared to
other liquid deposition methods for more accurate monolayer
formation and control of their thickness and structure. With
this method, monolayer FLG nanosheets were successfully de-
posited with 5–8 nm and were covered by ≈10 nm of monolayer
CdSe/CdS/ZnS QDs (Figure 14b). The photoresponsivity of
the hybrid photodetector with ITO electrodes was 45.77 A W−1

under UV illumination at 365 nm.
Song et al. synthesized CdSe/ZnS core/shell nanocrystals

(NC) using a series of ionic liquids (IL); phosphonium and im-
idazolium bis(trifluoromethylsulfonyl)imide ((CF3SO2)2N−,
[TFSI]) ILs as both a solvent and capping ligand, which
enables the control of size, shape and phase (zinc blende
(ZB) versus wurtzite (WZ)) of the NCs.[109] Specifically,
the longer alkyl side chains of the imidazolium cation in-
duced the evolution of the NCs from zinc blende nanodots
to wurtzite nanorods. Figure 14c(i) shows the CdSe/ZnS
QDs synthesized using 1-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) average diam-
eters of 7.5 ± 0.5 nm and Figure 14c(ii) shows the CdSe/ZnS
nanorods (NR) synthesized using 1-octyl-3-methylimidazolium
bis-(trifluoromethylsulfonyl)imide ([RMIM][TFSI]) with an
average diameter of 10 ± 0.5 nm and length of 35 ± 3nm. The av-
erage compositions of the CdSe-rich core and ZnS-rich shell
phases were estimated to be [CdSe]:[ZnS] = 0.75:0.25 and 0.2:0.8.
Furthermore, the CdSe/ZnS NCs were linked to the rGO via
the noncovalent ionic liquid linkage to fabricate rGO/CdSe/ZnS
NCs hybrid photodetector. Figure 14c(iii) shows the I–V curves
of the photodetectors in dark and under AM 1.5G (Xe lamp,
100 mW cm−2) irradiation for bare rGO, rGO/CdSe/ZnS QD
(NC4-rGO) and rGO/CdSe/ZnS NR (NC7-rGO) photodetectors.
The generation of photocurrent is the result of efficient IL link-
age producing a strong binding interaction between the NCs and
RGO, effectively separating the photogenerated electron–hole
pairs across the interface. The higher photocurrent of the NR
hybrid compared to the QD hybrid might be due to better charge
transport efficiency of the rod shape compared to dots.

A novel hybrid phototransistor composed of CdSe QDs and
rGO composites decorated on ZnO nanowire (NW) was reported
by Tao et al. (Figure 14d(i)).[110] The addition of rGO to hybrid
structure greatly improved the photoresponsivity of the device
compared to that of CdSe QD/ZnO NW structure, increasing the
photoresponsivity at 580 nm by approximately two orders of mag-
nitude to 2000 A W−1 (Figure 14d(ii)). With incorporation of rGO,
the photoexcited electrons can be more efficiently transferred
from the conduction band of CdSe QD to rGO due to favorable
energy barrier between CdSe interface and rGO. Furthermore, by
applying gate voltage, electrons can jump more efficiently from
rGO fermi level to defect level, and transfer to ZnO NW. Overall,
the more favorable energy configuration of rGO/CdSE QD/ZnO
NW hybrid resulted in higher photoresponse compared to CdSe
QD/ZnO NW hybrid.

Ko et al. fabricated rGO/ZnO NW/GQD hybrid photodetector
on indium tin oxide (ITO)-coated PET substrate for flexible trans-
parent UV photodetector (Figure 14e(i)).[135] Since ITO-coated
PET has a low processing temperature and high surface rough-
ness, which hinders the growth of high-quality ZnO NRs, the
chemically reduced rGO layer was used as a template for low-
temperature growth of vertically-aligned ZnO NRs and the con-

ductive charge transporting layer. Further decoration with GQDs
on the ZnO NRs significantly enhanced the photoresponsivity
of the device. Figure 14e(ii) shows the energy band diagram of
the different materials in the device. Under UV illumination,
electron−hole pairs are created in both ZnO NRs and GQDs. The
photogenerated electrons then transfer from GQDs to ZnO NRs,
while holes migrate to the surface of ZnO NR surface due to the
band bending and combine with negatively charged oxygen ions
an induces oxygen desorption (h+ + O2

−(ad) → O2(g)). The un-
paired electrons in the device results in the increase of the pho-
tocurrent.

Graphene/Carbon-Based Nanoparticles: Graphene/Graphene
Quantum Dot: Combining GQD with graphene in a hybrid
structure opens up a potential pathway for fabricating all
graphene-based material devices with high performance. Tam
et al. demonstrated an UV photodetector based on rGO/GQD
hybrid film with facile solution process.[118] GQDs were syn-
thesized by carbonization of citric acid and were subsequently
sprayed onto rGO film spin-coated on Si/SiO2 substrate (Fig-
ure 15a). GQDs acted as photoactive material that generated
photoexcited carriers by UV light absorption, while rGO film
acted as a charge transporting layer due to its superior electrical
properties. The efficient charge transfer of photogenerated
electrons from GQDs to rGO resulted in high photoresponsivity
of 8.7 × 102 A W−1 and specific detectivity of 7.7 × 1013 Jones
at a low operating voltage. Later on, Thanh et al. fabricated
a flexible rGO/GQD hybrid photodetector by spray-coating
the hybrid dispersion onto ITO-coated PET substrate.[119] The
device showed good transparency and flexibility, and exhibited
noticeable ultraviolet photodetection.

Graphene/Carbon Nanoparticle: Carbon-based nanomaterials
such as carbon nanoparticles (CNP) are considered as promis-
ing green materials and have excellent electrical and optical
properties.[372] Alam et al. reported the fabrication of rGO/CNP
hybrid IR photodetector that could detect human body IR radia-
tion under ambient conditions.[120] Figure 15b shows the com-
parison of I–V characteristics between bare rGO device and
rGO/CNP hybrid device under dark and under IR radiation from
a hand kept away at 2 cm from the device at room tempera-
ture. The rGO/CNP hybrid photodetector clearly exhibited much
higher photoresponse to IR radiation compared to bare rGO de-
vice, showing its promising potential as IR sensing applications.

Graphene/Perovskite: Organolead halide perovskites
(CH3NH3PbX3, X = Cl, Br, I) has drawn tremendous research
interest in recent years due to its interesting optoelectronic
properties, such as large light absorption coefficients, wide-
band absorption, large carrier mobility, and excellent solution
processability,[373,374] and numerous high-performing optoelec-
tronical devices such as solar cells and photodetectors have
been fabricated based on perovskite thin films.[375,376] He et al.
fabricated rGO/CH3NH3PbI3 hybrid photodetector via a facile
in situ solution method (Figure 16a(i)), which exhibited 6 times
higher on/off ratio and faster response speed compared to pure
CH3NH3PbI3 photodetector (Figure 16a(ii)).[121] The hybrid pho-
todetector exhibited the responsivity of 73.9 mA W−1, compared
to only 11.1 mA W−1 for pure CH3NH3PbI3 photodetector.

CsPbX3 (X = Cl, Br, I) perovskite nanoparticles recently
has found promising applications in photodetecting devices
due to fast separation of photoexcited carriers such as in
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Figure 15. Graphene/carbon-based nanoparticles hybrid photodetectors. a) Schematic illustration of the fabrication of rGO/GQD hybrid UV photode-
tector. Reproduced with permission.[118] Copyright 2015, Elsevier B.V. b) rGO/carbon nanoparticle (CNP) hybrid photodetector. Current–voltage char-
acteristics of i) pure rGO and ii) rGO/CNP hybrid photodetectors under dark and IR irradiation. Reproduced with permission.[120] Copyright 2019, Royal
Society of Chemistry.

CsPb(Br/I)3 nanorods,[377] CsPbBr3−xIx nanoparticles[122] and
CsPbBr3 nanosheets.[378] Tang et al. fabricated rGO/CsPbBr3 hy-
brid photodetector prepared by a facile hot-injection method.[122]

The highest photocurrent was obtained when the amount of rGO
mixed with the precursor solution was 20 mg, which leads to
most efficient electron–hole separation between CsPbBr3 and
rGO (Figure 16b).

Detection of X-ray photons has been indispensable in appli-
cations in fields such as security, crystal structure determina-
tion, and astronomy.[379,380] Recently, it has been demonstrated
that soft X-ray (<10 keV) photons can be absorbed by polycrys-
talline hybrid organic-inorganic perovskite CH3NH3PbX3 (X =
Cl, Br, I) films.[381] However, due to chemical instability of hy-
brid organic–inorganic perovskite materials, all-inorganic substi-
tutions based on lead halide perovskites are more desirable. Liu
et al. has demonstrated the potential for detecting X-ray photons
using rGO/CsPbBr3 hybrid photodetector which was prepared by
facile and low-cost hot-injection method (Figure 16c(i)).[123] In ad-
dition to photorespose under blue light at 450 nm (Figure 16c(ii)),
the hybrid device also showed a clear photoresponse under expo-
sure to X-ray source operated with tungsten anode at an acceler-
ation voltage of 140 kV and current of 20 mA (Figure 16c(iii)).
As the energy of the X-ray photon is much higher than the
bandgap of CsPbBr3, there are differences in photon absorbing,
charge separation, and charge collection mechanism compared

to the absorption of visible light. Under X-ray excitation, high-
speed electrons are released through photoelectric ionization pro-
cess which can induce secondary high-speed electrons as well as
Auger electrons. These electrons can transfer to the rGO layer,
leading to electron–hole separation and charge collection. Since
the absorption of X-ray scales as Z4/AE3, where Z is the atomic
number and E is the X-ray energy, the high-Z Pb element in the
perovskite plays a vital role in the absorption of X-ray photons.

Graphene/other 2D material: Graphene/SnSe: SnSe is an im-
portant p-type semiconductor that has attracted considerable re-
search interest owing to its narrow bandgap (≈0.90 eV indirect
and ≈1.30 eV direct), low toxicity, natural abundance, and chem-
ical stability, and has found numerous applications in solar cells,
photodetectors, and near-infrared optoelectronic devices.[382,383]

Liu et al. fabricated a hybrid rGO/SnSe photodetector by drop-
casting the rGO/SnSe alcoholic dispersion onto an interdigital
gold electrode on SiO2 substrate (Figure 17a).[124] From the I–V
curve of the device, the on/off ratio of the device reached as large
as ≈1110%. As the two components are both 2D materials which
have high specific surface area, the interfacial charge transfer in
very efficient, improving the overall photosensitivity of the device.

Graphene/MoS2: Sahatiya et al. demonstrated a large-area,
flexible, paper-based FLG/MoS2 broadband photodetector that
could operate in the visible to IR range at room temperature
via a low-cost solution-processed hydrothermal method.[140] The
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Figure 16. Graphene/perovskite hybrid photodetectors. a) rGO/CH3NH3PbI3 hybrid photodetector. i) Schematic illustration of in situ synthesis of
rGO/CH3NH3PbI3 composite solution. ii) Schematic of the fabrication of the hybrid photodetector. iii) Photocurrent transients of the pure CH3NH3PbI3
(black line) and rGO/CH3NH3PbI3 (red line) photodetectors. Reproduced with permission.[121] Copyright 2015, Royal Society of Chemistry. b) Photocur-
rent response of the CsPbBr3 nanoparticles and rGO/CsPbBr3 hybrid photodetector under different ratio of rGO with and without light irradiation. Re-
produced with permission.[122] Copyright 2017, Elsevier B.V. c) rGO/CsPbBr3 hybrid photodetector for X-ray photodetection. i) Schematic of fabrication
process for rGO/CsPbBr3 hybrid photodetector. ii) Photocurrent transients of pure CsPbBr3 nanoparticles and the rGO/CsPbBr3 hybrid under on/off
blue light illumination at 405 nm. iii) Photocurrent transients of pure CsPbBr3 nanoparticles and the rGO/CsPbBr3 hybrid under on/off X-ray irradiation.
Reproduced with permission.[123] Copyright 2018, Elsevier B.V.

performance of the photodetector under strain was studied af-
ter transferring to PDMS substrate. It was discovered that un-
der constant illumination, the photocurrent increased with in-
creasing strain with 79.4% increase in photocurrent enhance-
ment under visible light, and 62.14% increase under IR light, at
2% strain. The mechanism responsible for the enhancement in
photocurrent under strain is thought to be the increase in the bar-
rier height for electrons between FLG and MoS2, which increases
the speed of electron–hole separation due to enhanced interfacial
built-in electric field.

Position-sensitive detectors (PSD) are optoelectronic devices
that are sensitive to the position of the light spot incident on the
device surface.[384] Thanks to the structural simplicity, high spa-
tial resolution over a large area, and continuous output signal,
PSDs are gaining more popularity compared to charge coupled
devices. Javadi et al. developed an asymmetric TiO2/MoS2/rGO
sandwich structure for NIR-sensitive PSD.[125] The device con-

figuration is shown in Figure 17b(i). Figure 17b(ii) shows the I–
V curves of the PSD device under localized IR illumination at
different positions between the two electrodes, where IR illumi-
nation induces a photocurrent at zero bias which changes from
≈−7.1 µA to ≈+6.4 µA by changing the light spot position. The
dependence of the photocurrent on the position of the IR illu-
mination spot at zero bias is presented in Figure 17b(iii). Upon
illumination, the photogenerated electrons and holes in the MoS2
flakes are, respectively, injected to the upper TiO2 layer and the
bottom rGO layer, effectively separated leading to the long pho-
tocurrent lifetime. Since the diffusivity of excess electrons in the
TiO2 layer is very small, the injected electrons in the TiO2 layer
leads to a local excess charge in the region of illumination. On
the other hand, the injected holes rapidly redistribute themselves
uniformly over the rGO layer, due to its high conductivity. This
process creates a lateral electric field upon localized illumination,
giving rise to photocurrent.
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Figure 17. Graphene/other 2D materials hybrid photodetectors. a) Current–voltage characteristic of the rGO/SnSe hybrid photodetector in dark and
under white light illumination. Reproduced with permission.[124] Copyright 2017, Springer Nature. b) Position-sensitive detector (PSD) based on an
asymmetric TiO2/MoS2/rGO hybrid photodetector for NIR detection. i) Schematic of the hybrid photodetector. ii) Current–voltage characteristics of
the hybrid photodetector under IR illumination at different positions between the two electrodes. iii) The photocurrent of the hybrid photodetector as a
function of the position of the IR spot at different IR intensities. Reproduced with permission.[125] Copyright 2018, Royal Society of Chemistry.

Graphene/Organic Material: Graphene/Molecular Or-
ganic Semiconductor: Molecular semiconductors such as
phthalocyanines,[385] porphyrines, and perylenes with well-
defined electronic structures[386] are known as intrinsic wide
bandgap semiconductors (above 1.4 eV) with low intrinsic
number of charge carrier in the dark. However, upon doping
chemically, electrochemically, or photochemically, extrinsic
charge carriers are created. Composites containing rGO and
molecular organic semiconductors are expected to have high
conductivity and unique optoelectrical properties, making them
interesting materials for optoelectronic applications. Chunder
et al. fabricated composites of rGO and tetrasulfonate salt of
copper phthalocyanine (TSCuPc) via the reduction of GO in the
presence of water-soluble TSCuPc.[126] TSCuPc acted as electron
donor and rGO acted as electron acceptor. Compared with
bare rGO, the rGO/TSCuPc hybrid film has lower conductivity
(dark current) but much higher photoresponsivity due to the
coexistence of donor/acceptor materials and good interfacial
charge transfer of photogenerated carriers. Figure 18a(i) shows
the I–V curve of the hybrid photodetector with rGO:TSCuPc
ratio of 1:1.25 under dark and light illumination (xenon lamp,
100 mW cm−2). Figure 18a(ii) shows the band diagram of
the RGO/TSCuPc device. When photogenerated excitons are
dissociated, the holes are collected at the drain electrode from

the HOMO level of TSCuPc (5.38 eV) while the electrons are
collected from the LUMO level of TSCuPc (3.77 eV) to source
electrode through RGO (4.7 eV).

Photochromic molecules like azobenzene-based molecules,
when covalently linked[387] or physisorbed to reduced graphene
oxide,[388] can be used to reversibly modulate the graphene’s elec-
tronic properties. Furthermore, an alkoxy-substituted azoben-
zene, such as 4-(decyloxy) azobenzene, undergoes a trans–cis
photochemical isomerization which is a large conformational
change upon illumination (Figure 18b(i)). When intercalated
between graphene layers, this unique property can be exploited
to modulate the graphene electronic properties under light
illumination due to reversible interlayer distance modulation
in the sub-Å scale caused by photoisomerization. Döbbelin
et al. fabricated FLG/azobenzene hybrid photodetector by drop-
casting the suspension of FLG/azobenzene onto pre-patterned
interdigitated gold electrodes.[141] The suspension was obtained
by ultrasonicating graphene powder directly in the presence of
azobenzene in NMP under UV light (365 nm) illumination to
induce trans–cis isomerization of azobenzene molecules, which
greatly improved the exfoliation yield due to bulkier nature of
the cis form compared to the trans form. Figure 18b(ii) shows
the current modulation of the device under alternate cycles of
UV (365 nm) and visible light (450 nm) illumination. Under UV
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Figure 18. Graphene/molecular organic semiconductor hybrid photodetectors. a) rGO/TSCuPc hybrid photodetector. i) Current–voltage characteristics
of the hybrid photodetector in dark and under illumination. ii) Energy level diagram of TSCuPc and rGO. Reproduced with permission.[126] Copyright
2010, American Chemical Society. b) FLG/azobenzene hybrid photodetector. i) Chemical structure of 4-(decyloxy)azobenzene and reversible trans–cis
photoisomerization under UV and visible light. ii) Photocurrent transients of the hybrid device under dynamic alternative UV and visible light irradi-
ation cycles. iii) Schematic of graphene/azobenzene hybrid undergoing UV and visible irradiation cycles. Reproduced with permission.[141] Copyright
2016, Springer Nature. c) rGO/diketopyrrolopyrrole derivatives hybrid photodetectors. i) Schematic illustration of preparation of the rGO/TDPP and
rGO/TTDPP hybrids. ii) Schematic diagram of the charge-transfer process in rGO/TTDPP hybrids. Reproduced with permission.[127] Copyright 2017,
Royal Society of Chemistry.

illumination, the azobenzene molecules undergo a conforma-
tional change from the less bulky and linear trans isomer to the
bulkier cis isomer. In effect, it increases the interlayer distance of
the FLG layers, thereby reducing the charge transport probability
via hopping between the layers, resulting in lower conductivity of
the hybrid device Figure 18b(iii). Upon illumination with visible
light, the cis-to-trans photoisomerization occurs, restoring the
conductivity.

1,4-Diketopyrrolo[3,4-c]pyrrole (DPP) compounds are emerg-
ing materials for optoelectronic applications thanks to their
large extinction coefficient in the visible-light region.[389] Lin
et al. fabricated rGO photodetectors functionalized with dike-

topyrrolopyrrole derivatives (TDPP or TTDPP) via a solution-
processable method (Figure 18c(i)).[127] The hybrid rGO/TDPP
and rGO/TTDPP exhibited photoresponsivity of 5.02 and 34.2
A W−1, respectively, under white light illumination of 2.34 mW
cm−2. The excellent performance of the hybrid rGO/TTDPP de-
vice is originated from the broad absorption and high extinc-
tion spectrum of TTDPP molecules contacting directly with the
rGO, efficient charge separation which prevents recombination,
and the excellent electronic conductivity of rGO, as schematically
shown in energy band diagram in Figure 18c(ii).

Graphene/Polymer: Sun et al. synthesized composite films of
rGO and water-soluble polythiophenes (P3TOPS and P3TOPA)
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Figure 19. Graphene/polymer hybrid photodetectors. a) rGO/water-soluble polythiophenes hybrid photodetectors. i) Molecular structures of P3TOPS
and P3TOPA and schematic illustration of preparation of rGO–P3TOPS–P3TOPA films by the LBL method. ii) Energy-band diagram for Al, rGO, P3TOPS,
and P3TOPA. iii) Photocurrent transient of the hybrid device under periodical on/off illumination. Reproduced with permission.[128] Copyright 2013, Royal
Society of Chemistry. b) rGO/ P(VDF-TrFE) hybrid IR photodetector. i) Structure of the transparent and flexible IR-responsive rGO/P(VDF-TrFE) hybrid
photodetector. ii) Schematic structure of the device array. iii) The distribution of the normalized current (IDS − IDS0) / IDS0 × 100% obtained from
each device in the array when a finger is moved close to the quadrant of the device array. Reproduced with permission.[129] Copyright 2015, WILEY-
VCH. c) FLG/PEDOT:PSS hybrid mid-IR photodetector. i) Fabrication processes of the rGO/PEDOT:PSS hybrid photodetector. ii) I–V characteristics of
the photodetector measured in the dark and under blackbody illumination. iii) The detectivity as a function of the increasing graphene content within
the PEDOT:PSS/graphene composite. iv) Repeated detection of a human fingertip radiation placed above the photodetector surface without contact.
Reproduced with permission.[142] Copyright 2019, Elsevier Ltd.

by a layer-by-layer (LBL) method using the suspension of
poly(2-(3-thienyloxy)propanesulfonate) (P3TOPS, negatively
charged) stabilized rGO sheets and the solution of poly(2-(3-
thienyloxy)propyl- trimethylammonium) (P3TOPA, positively
charged) (Figure 19a(i)).[128] The polythiophenes and the rGO
act as transportation paths for holes and electrons, respectively,
forming continuous dual phases. Figure 19a(ii) shows the energy
band diagram for the composite device with Al as the source–
drain electrodes. The energy offsets between the Fermi level of
rGO and the LUMO levels of P3TOPS and P3TOPA leads to the
photoinduced electron transfer from the polythiophenes to rGO,
leaving holes in the conjugated polymer phase. Figure 19a(iii)

shows the current evolution of the device under intermittent
on-and-off white light illumination.

Trung et al. developed a transparent and flexible IR detector
composed of the composites of rGO and poly(vinylidenefl uoride-
co-trifl uoroethylene) (P(VDF-TrFE)) with a field-effect transistor
(FET) structure (Figure 19b(i)).[129] The hydrophobic nature of the
copolymer P(VDF-TrFE) matrix is useful for minimizing the en-
vironmental effects caused by polar solvents, moisture, and/ or
water vapor on the photodetecting capabilities in ambient condi-
tions and also to enhance the IR sensitivity of the composites.
A transparent and flexible array of 16 FETs was fabricated on
a flexible and transparent polyethersulfone (PES) substrate by a
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simple spin-coating and can respond to IR radiation from a hu-
man body (Figure 19b(ii)). Figure 19b(iii) shows the current re-
sponse of each of the device when a finger was moved near to a
quadrant of the device array. In addition to IR absorption by rGO
in the composite device, the absorption IR can be enhanced by
the polymer matrix, P(VDF-TrFE)

Despite being an excellent light absorbing material, graphene
is not an efficient phothermoelectric material because of the
high thermal conductivity. When graphene is mixed with organic
polymer, the composite thermal conductivity can be significantly
suppressed, thus improving the figure of merit for thermoelec-
tric materials (ZT value). Zhang et al. fabricated a self-powered,
flexible, and semi-transparent composites of FLG and poly(3,4-
ethylenedioxythiophene): poly(4-styrenesulfonate) (PEDOT:PSS)
mid-infrared photodetector on polyvinyl alcohol substrate.[142]

The asymmetric device configuration with Al and ITO as opposite
electrode has enabled the detection of broadband mid-infrared
radiation via the mechanism of photothermoelectric (PTE) effect
(Figure 19c(i)). Figure 19c(ii) shows the I–V curves of the device
under dark and blackbody irradiation where the zero-bias pho-
toresponse is due to the asymmetric configuration-induced pho-
tothermoelectric effect. The detectivity peaked at 3 wt% graphene
loading at 1.3 × 107 Jones, 22 times larger than pure PEDOT:PSS
and 2.5 times larger than pure graphene Figure 19c(iii). The com-
posite device with 3 wt% graphene loading exhibited notable pho-
tocurrent when a fingertip was placed ≈2 mm away from the de-
tector (Figure 19c(iv)).

6.2. Black Phosphorus Photodetectors

Black phosphorus (BP) is a 2D semiconductor material that has
a thickness-dependent bandgap, transitioning from ≈0.3 eV in
bulk to ≈2 eV in monolayer.[390] It also has a very high carrier
mobility, up to 50 000 cm2 V−1 s−1 in bulk at 30 K.[390] These
properties suggest that BP has a great potential for optoelec-
tronic applications, such as light emitting diodes, solar cells, and
photodetectors.[272,391] However, care must be taken for liquid ex-
foliation of BP due to its instability in the presence of water and
oxygen. Therefore, BP exfoliation must be conducted in solvents
free of water and oxygen, such as N-methyl-pyrrolidone (NMP)
and N-cyclohexyl-2-pyrrolidone (CHP).[391]

Hu et al. demonstrated first time the inkjet printing of liquid-
exfoliated BP and invented an ink formula that is suitable for
high-quality inkjet printing of BP.[272] The ink composed of
liquid-exfoliated BP nanosheets in a binary solvent of isopropanol
(IPA) and 2-butanol, without any binder. This ink formulation al-
lows stable jetting, minimizes coffee ring effect by inducing recir-
culating Marangoni flow in the printed droplet and facilitates bet-
ter wetting even on untreated substrates. The low boiling points
of the alcohol mixture enables rapid ink drying that greatly re-
duces the time taken for BP to interact with the ambient environ-
ment, thus reduces the time window for oxidation. The combina-
tion of high printing consistency (<2% variation) and high spatial
uniformity (<3.4% variation) of the ink formulation makes it suit-
able for fabrication of stable BP devices (Figure 20a(i)). Pristine
BP nanosheets are extremely sensitive to ambient environment
and quickly degrades upon exposure to air within few hours.[392]

To protect the printed BP from the ambient environment, encap-

sulation with parylene-C is required. Figure 20a(ii) demonstrate
optical extinction of the printed BP samples at 550 nm over 30
days when exposed to ambient conditions. The extinction of the
encapsulated BP shows a small decrease (≈5%), whereas the un-
encapsulated BP the extinction decreases rapidly.

Although encapsulation of BP by insulating capping layer such
as polymer can be successful in blocking air and moisture to pre-
vent BP oxidation, it can form charge transport barriers and cause
significant decrease in conductivity.[393] An alternative strategy to
produce stable and conductive BP is to employ conductive pas-
sivation coating such as conductive polymers and ionic liquids
(IL). Hu et al. fabricated a BP photodetector on a flexible sub-
strate with surface passivation by conductive polymer ionic liq-
uid (PIL) that resulted in excellent stability of the BP layer un-
der ambient conditions, with negligible deterioration of conduc-
tivity up to 100 days.[145] The fabrication procedure consists of
PIL-assisted exfoliation of BP, surface modification, and fabrica-
tion of BP photodetector on a flexible substrate (Figure 20b(i)).
The highly charged molecular chains of PILs spontaneously wrap
onto the BP nanosheets, providing a surface coverage to protect
them from air/humidity attacks. The flexible photodetector was
fabricated from the drop-cast of BP nanosheets exfoliated and en-
capsulated with P([VPIm]TFSI) on top of ITO/PET substrate. The
photocurrent response of BP/P([VPIm]TFSI)-based flexible pho-
todetector device under light intensity of 20 mW cm−2 is shown
in Figure 20b(ii), and its stability of performance up to 120 days
is shown if Figure 20b(iii).

6.2.1. Black Phosphorus Hybrid Photodetectors

Black Phosphorus/Graphene: Zhou et al. fabricated liquid-
exfoliated BP nanosheet decorated CVD-grown single-layer
graphene phototransistor (Figure 20c(i)).[146] Liquid-exfoliated
BP with diverse nanosheet thicknesses and sizes was integrated
with graphene by PMMA-assisted wet transfer, which demon-
strated a broadband photoresponse from 360 to 785 nm, due
to BP’s significant thickness-dependent bandgap that varies
from 0.3 to 2 eV from bulk to monolayer.[394] Hybridization of
graphene with BP nanosheets enhances the universal absorbance
of the device, compared to graphene alone, due to broadband ab-
sorption of BP nanosheets (Figure 20c(ii)). In this configuration,
the BP nanosheets are responsible for the light harvesting, while
the graphene layer is responsible for the fast transit of photogen-
erated carriers to the electrodes. The photogating effect is mainly
responsible for the enhanced photocurrent, due to hole transfer
from BP to graphene at the junction during illumination, as can
be seen from the shift of the Dirac point of graphene as a function
of light intensity (Figure 20c(iii)).[146]

Black Phosphorus/WS2: Jia et al. fabricated liquid-exfoliated
BP nanosheets decorated single-layer WS2 phototransistor by
drop casting the BP solution on top of CVD-grown WS2
phototransistor.[147] Upon the decoration of BP nanosheets, the
responsivity and the spectral range of the BP/WS2 phototransis-
tor was enhanced. The drop-casted BP nanosheets on top of WS2
formed a p/n heterojunction where BP is p-type and WS2 is n-
type. Upon illumination, due to the built-in bias at the hetero-
junction, holes are transferred to BP, while electrons are trans-
ferred to the WS2 layer. The positive charge in the BP from
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Figure 20. Black phosphorus-based photodetectors. a) Inkjet printing of liquid-exfoliated BP. i) Dark field optical micrographs of the optimised printed
tracks of BP inks on Si/SiO2, glass and PET. Scale bar: 100 µm. ii) Change in optical extinction (at 550 nm) for encapsulated and unencapsulated printed
BP across 30 days under ambient conditions. Reproduced with permission.[272] Copyright 2017, Springer Nature. b) Conductive polymer ionic liquid
(PIL) passivated BP photodetector. i) Schematic illustration of the exfoliation of BP assisted by diluted PIL solution and subsequent photodetector
fabrication on a flexible substrate. ii) Photocurrent transients of BP/P([VPIm]TFSI)-based photodetector under different source–drain bias. Inset graph
is the enlarged view of the photocurrent response for rise and decay times. iii) Stability test of the photodetector (1, 72, and 120 h). Reproduced
with permission.[145] Copyright 2018, WILEY-VCH. c) BP/graphene hybrid photodetector. i) Schematic diagram of the BP/graphene photodetector. ii)
UV–vis absorbance spectra of graphene (with PMMA), BP solution, and the BP/graphene hybrid film (with PMMA). iii) Transfer characteristics of the
BP/graphene phototransistor under illumination of 360 nm light with different intensities. Reproduced with permission.[146] Copyright 2020, Royal
Society of Chemistry.

accumulated holes exerts positive photogating to the WS2 chan-
nel, increasing the photoconductivity.[147]

6.3. Antimonene

Antimonene is an emerging semiconducting 2D material that
has a similar structure to that of BP which has many attractive
properties, but its explorations into optoelectronic applications
are still rare. Studies have shown that antimonene possesses
many unique properties suitable for optoelectronic applications,
such as air stability, high carrier mobility, and widely tunable
thickness-dependent bandgap ranging from 0 to 2.28 eV.[395,396]

Due to its short layer distance and strong binding energy, large-
scale preparation of high-quality 2D antimonene has been chal-
lenging.

6.3.1. Antimonene/CdS

Xiao et al. reported an efficient liquid exfoliation method of
antimonene based on diluted polymer ionic liquid (PIL) assisted
exfoliation in organic solvent.[148] 20% yield of micrometer sized
antimonene nanosheets were obtained, which at the time was
the highest yield ever reported. Figure 21a(i) shows the prepa-
ration of the PIL-modified antimonene nanosheets, followed by
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Figure 21. Antimonene and graphitic carbon nitride-based photodetectors. a) Antimonene/CdS QD hybrid photodetector. i) Schematic illustration of
the exfoliation of antimonene assisted by diluted PIL solution. The few-layer antimonene nanosheets were then used as the active layer by centrifugal
cast and hybridized with CdS QDs by a subsequent sequential chemical bath deposition (S-CBD) method to fabricate the flexible photodetector. ii)
Photocurrent transients of Sb/P([VPIm]PF6)/CdS QD hybrid photodetector under different source–drain biases. Inset: I–V characteristics in dark and
under illumination. Reproduced with permission.[148] Copyright 2020, Royal Society of Chemistry. b) g-C3N4/ MLHP hybrid photodetector. i) Schematic
representation of the hybrid photodetector. The octahedral stacks represent an MLHP film. ii) UV−vis absorption spectra of MLHP and the hybrids. iii)
Band diagram showing the interface between MLHP and PCN-S in dark and illuminated conditions. Reproduced with permission.[149] Copyright 2019,
American Chemical Society.

subsequent hybridization with CdS QD to fabricate a flexible pho-
todetector on PET substrate. The exfoliation yield was improved
by applying a pregrinding step prior to the liquid-exfoliation. The
concentrated solution of PIL-modified antimonene nanosheets
Sb/P([VPIm]PF6) was centrifugal-casted on ITO/PET substrate
with ITO electrode gap of 100 µm. The CdS QD was hybridized
on the top to enhance the response to visible light. The device
exhibited the responsivity of 10 µA W−1 at 3 V bias, under white
light illumination of 20 mW cm−2 (Figure 21a(ii)).

6.4. Graphitic Carbon Nitride

Graphitic carbon nitride (g-C3N4) is a 2D organic semiconductor
that has emerged as an attractive optoelectronic material due

to its abundance, stability, and nontoxicity.[397] Furthermore,
g-C3N4 has advantages of easy fabrication, metal-free composi-
tion, and low cost compared to other 2D materials like MoS2 and
WS2. Liu et al. fabricated a hybrid photodetector composed of P-
doped g-C3N4 nanosheets (PCN-S) and methylammonium lead
trihalide perovskite (MLHP) (Figure 21b(i)).[149] Doping g-C3N4
with another atom has the advantages of tuning the band gap and
tailoring the electronic structure, widening the light absorption
range.[398] In the experiment, bulk g-C3N4 (CN-B) and PCN-B
were synthesized by a facile thermal polymerization process,
using low-cost precursors (melamine and hydroxyethylidene
diphosphonic acid), and subsequently subjected to liquid-phase
exfoliation to nanosheets (PCN-S) in DMF. Hybridizing PCN-B
and MLHP increases light absorption compared to CN-B/MLHP
and MLHP alone, as shown in Figure 21b(ii). Moreover, the dark
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current of the PCN-S/MLHP hybrid photodetector is reduced to
10−11 compared to 10−9 A for MLHP-only device, which resulted
in higher on/off ratio. A great barrier for electron transport from
MLHP to PCN-S in the dark resulted in low dark current, while
under illumination, free electrons and holes generated inside
the MLHP reduces the built-in field between PCN-S and MLHP,
increasing the charge transfer rate at the interface and thus
enhancing the photocurrent (Figure 21b(iii)).

6.5. Transition Metal Dichalcogenides Photodetectors

Although study on liquid-exfoliated transition metal dichalco-
genides (TMD) for photodetector application is still in its infancy
compared to rGO and GQD-based photodetectors, TMD pho-
todetectors are gaining increased popularity recently as the num-
ber of literatures on TMD photodetectors are growing signifi-
cantly either reported as single materials[150–158,399–408] or forming
composites with polymers or other nanomaterials.[68,161,162,409–411]

One of the reasons of TMD popularity is that TMDs possess
many interesting properties that other 2D materials do not have.
These include large variations of electronic properties among dif-
ferent TMDs depending on the combination and structure of
metal and chalcogen atoms, which can display either insulat-
ing, semiconducting or metallic,[412] and layer-number depen-
dent band structure and bandgap.[413–415]

The first reported liquid-exfoliated TMD photodetector was
an MoS2-based device, reported by Cunningham et al.[150] After
the MoS2 starting powder was exfoliated in isopropanol by ul-
trasonic tip, the dispersion was transferred to an indium tin ox-
ide (ITO)-covered glass slide by the Langmuir–Blodgett method
(Figure 22a(i)). The final device was completed by evaporating
a gold electrode on top of the MoS2 layer to give a sandwiched
Au/MoS2/ITO structure (Figure 22a(ii)). The photoresponse con-
sisted of the fast and slow components (Figure 22a(iii)). The
origin of the fast component was not clear, but probably due
to bimolecular recombination process.[150] On the other hand,
the slow component was thought to be originated from the trap
states.[150] The responsivity was calculated to be 10−4 A W−1 un-
der the broadband light with low intensity. The photoconductiv-
ity 𝜎ph scaled roughly with light intensity F as 𝜎ph ∝ F𝛾 with 𝛾 =
0.5, is likely associated with the presence of traps. The second
reported solution-processed MoS2 photodetector was reported
by Li et al.[151] MoS2 nanosheet ink was synthesized by exfolia-
tion in DMF by bath sonication, then solvent-exchanged to ter-
pineol through distillation to obtain higher concentration and
better printability. The MoS2 ink in terpineol were inkjet-printed
onto Si/SiO2 substrate with inkjet-printed silver electrodes, form-
ing a thin film transistor configuration (Figure 22b(i)). The pho-
toresponse of the device showed clear series of peaks and val-
leys which is due to the presence of traps (Figure 22b(ii)). The
photoresponsivity was estimated to be 36 ± 7 µA W−1.[151] This
low responsivity was probably due to the presence of ethyl cel-
lulose residue in the ink formulation, which acted as photocur-
rent charge carrier traps in the device. Finn et al. demonstrated
the inkjet printing of solvent-exfoliated conductive graphene and
MoS2 traces with processing temperature no higher than 70 °C
to produce all 2D materials printed photodetectors on a semi-
transparent coated PET substrate (Figure 22c).[152] This was the

first report of the fabrication of printed photodetectors with all
components printed from 2D materials ink. The conductance
showed tenfold increase compared to the dark conductance dur-
ing laser illumination (532 nm) with intensity of 640 mW cm−2.

McManus et al. first reported the fabrication of all-printed
2D materials vertical heterostructure photodetector with
graphene/WS2/graphene vertical structure.[153] The redis-
persion at the interface was prevented by the addition of
polysaccharide xanthan gum as binder into the ink formulation
that prevents short-circuit between the graphene electrodes.
Another advantage of xanthan gum is that it produces inks with
non-Newtonian viscosity, which helps form uniform printed
lines due to its shear-thinning properties, because the viscosity
substantially increases after the droplet is deposited. Xanthan
gum is also biocompatible compared to other binders. Park
et al. first reported a near-infrared photodetection to wave-
lengths up to 1550 nm of chemically exfoliated MoS2 thin-film
photodetector.[158] The MoS2 film was exfoliated using organo-
lithium compounds and contained a mixture of 2H and 1T
phases simultaneously. Although the author did not specifically
investigate the origin of the extended photoresponse wavelength
range to well below the MoS2 bandgap, it was thought to be
caused by defects formed by Li ion impurities during chemical
exfoliation and affected the intrinsic bandgap of MoS2, thus
extended the spectral range up to 1550 nm.[158]

The versatility of liquid-exfoliated TMD enables the high-
concentrated inks to be deposited on variety of flexible and
soft substrates, for flexible electronic device applications. Lobo
et al.[154] and McManus et al.[153] fabricated TMD photodetectors
on PET substrate, and demonstrated robustness of the device’s
electrical and photoelectrical performances even after 1000 bend-
ing cycles (Figure 22d(i)). Similarly, Seo et al.[155] fabricated MoS2
photodetectors on polyimide substrate and retained their photo-
sensitivities after 500 bending cycles (Figure 22d(ii)). This proves
that the electrical interconnections between nanosheets were not
disturbed even after the application of large strains, making them
suitable for flexible optoelectronic applications. Besides the flex-
ible polymer substrates, paper-based optoelectronic devices is
also starting to emerge due to its various advantages including
low cost, excellent mechanical flexibility, wide availability, recy-
clability, and biodegradability. Pataniya et al. demonstrated a dip-
coated WSe2 photodetector on Whatman filter paper as the sub-
strate (Figure 22e),[163] and showed the responsivity of 17.78 mA
W−1 under 5 V bias, which is comparable to other solution-
processed TMD photodetectors on rigid substrates.[150,158,399,408]

These demonstrations open up opportunities for large-scale pro-
duction of cost-effective flexible and wearable optoelectronic de-
vices based on nanostructured materials.

The first comparative study of photoconductivity of wide
range of solution-processed TMD thin-film networks (MoS2,
MoSe2, MoTe2, WS2, WSe2, and WTe2) were first reported by
Cunningham et al.[156] Significant difference in dark and pho-
toconductivity was observed between materials. The magnitude
of photoconductivity scaled as WTe2 > WSe2 > MoTe2 > WS2 >

MoSe2 ≈ MoS2 (Figure 22f(i)). The W-based materials seemed
to have higher photoconductivity than Mo-based materials and
bandgap dependence was observed due to different chalcogenide
atoms (MTe2 > MSe2 >MS2). However, because the dark con-
ductivity 𝜎D also increases as the bandgap decreases according
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Figure 22. TMD-based photodetectors. a) MoS2 photodetector fabricated by Langmuir–Blodgett method. i) Photograph of the MoS2 film prepared after
9 dipping cycles. ii) I–V curves of the MoS2 film in the dark and under various light intensities. iii) Photocurrent transients (after dark current subtraction)
under three different light intensities. Reproduced with permission.[150] Copyright 2013, Royal Society of Chemistry. b) MoS2 photodetector fabricated by
inkjet printing. i) Optical micrograph of the inkjet printed MoS2 photodetector. The vertical strips are inkjet-printed silver electrodes, and the horizontal
line (≈350 µm wide) is the printed MoS2 channel. ii) Photocurrent transient of the device under white light. Reproduced with permission.[151] Copy-
right 2014, WILEY-VCH. c) Photograph of the inkjet printed MoS2 photodetector with inkjet printed interdigitated graphene electrodes. Reproduced with
permission.[152] Copyright 2014, Royal Society of Chemistry. d) MoS2 photodetectors on flexible substrates. i) Changes in the resistance and responsivity
of MoS2 photodetector on PET substrate upon mechanical flexing. ii) Changes in the photocurrent during bending test over 500 cycles of MoS2 pho-
todetector on polyimide substrate. i) Reproduced with permission.[154] Copyright 2019, Royal Society of Chemistry. ii) Reproduced with permission.[155]

Copyright 2019, American Chemical Society. e) Schematic diagram of fabrication of paper-based photodetector functionalized by WSe2 nanosheets. Re-
produced with permission.[163] Copyright 2019, American Chemical Society. f) Comparative study of a wide range of solution-processed TMD thin-film
networks. i) Photoconductivity comparisons of a wide range of TMD photodetectors under varying light intensities. ii) Ratio of conductivities under
illumination to dark conductivity, plotted versus varying light intensities. Reproduced with permission.[156] Copyright 2015, Royal Society of Chemistry.

to 𝜎D ∝ exp(−Eg / 1.5kT), the ratio of the light conductivity to
dark conductivity 𝜎light/𝜎D are very low for TMDs other than
MoS2 and WS2 (Figure 22f(ii)). Because of this, WSe2, WTe2 and
MoTe2 might be more suitable for solar cell material due to lower
bandgap and higher conductivity. Similar results were obtained
by MacManus et al. for MoS2, WS2, MoSe2, and MoTe2 photode-
tectors printed onto a paper substrate, where MoTe2 photodetec-
tor showed the highest responsivity, but the lowest photosensitiv-
ity due to large dark current.[157] Unfortunately, MoTe2 photode-

tector was found to be unstable in air, with responsivity rapidly
drops after one day, probably due to oxidation or the formation of
conductive octahedra 1T′ phase in addition to the 2H phase.[157]

6.5.1. TMD Hybrid Photodetectors

MoS2/PbS: Mukherjee et al. fabricated hybrid MoS2/PbS
QD photodetector via a one pot, stabilizer-free solvothermal
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growth process, and achieved superior optoelectrical response
extending to the short-wavelength infrared region along with a
visible response.[159] The optical absorption in the NIR region
depends on the size of the PbS QDs, controlled by the con-
centration of lead acetate precursor during the synthesis. The
photoresponsivities of the devices with various PbS QD sizes
obtained by different lead acetate precursor concentrations (1,
5, 10, and 25 mg in 50 mL aqueous DMF solution) is shown in
Figure 23a. The phoresponsivity peak in the NIR regime is as-
cribed to the optical transitions of the PbS QDs, which exhibits a
red shift with increasing PbS QD size due to confinement effect.
The hybrid device fabricated with the lowest QDs exhibited the
highest responsivity, while the responsivity in both visible and
IR regions decreased with increasing the size of PbS QDs. A
combined effect of the attenuated illumination, increased sur-
face roughness scattering of carriers and reduced surface area
contributes to the reduced responsivity for larger PbS QD size.

MoS2/PbSe: Schornbaum et al. fabricated hybrid MoS2/PbSe
QD photodetector via a simple one-pot synthesis which resulted
in a direct epitaxial growth of PbSe QDs on MoS2, without the
need for ligand exchange steps.[160] Epitaxial growth is benefi-
cial as it results in a direct contact interface between PbSe QDs
and MoS2, without any linker molecule in between, improving
charge transfer between the PbSe QDs to the MoS2. The hybrid
device is solution-processable at low temperature and stable in air
for long time. It exhibited the photosensitivity at near-infrared
region and also shows excellent mechanical stability on a PET
substrate upon repeated bending. Figure 23b shows the photore-
sponse of a pristine MoS2 film and a MoS2/PbSe QD hybrid film
under >1200 nm (1.6 mW) illumination. At wavelengths above
1200 nm, only PbSe QDs are excited, therefore no photoresponse
was observed for pure MoS2 device.

TMD/Other 2D Materials: MoS2/g-C3N4: 2D graphitic carbon
nitride (g-C3N4) is a promising UV- and visible-light-active ma-
terial in the area of solar energy conversion and environmental
applications.[416] They possess a wide band gap (≈2.7 eV), good
stability in ambient conditions, and have low dark current, which
make them useful for UV photodetection. On top of that, g-C3N4
is also a promising candidate for hybridizing with MoS2 because
of the crystal lattice matching and the ultrafast charge transfer
between MoS2 and g-C3N4 at the interface.[417] Velusamy et al.
fabricated mechanically flexible MoS2/g-C3N4 hybrid photodetec-
tor on paper substrate via a simple solution processing, which
showed broadband photodetection for both UV and visible spec-
tra (Figure 23c(i)).[161] The dark current of MoS2/g-C3N4 hybrid
linearly decreased with increasing in the composition of g-C3N4
in the hybrid films due to the resistive nature of g-C3N4 (Fig-
ure 23c(ii)). Since pure MoS2 only has photoresponse to visible
region and pure g-C3N4 operates only on UV region, hybridiz-
ing the two materials not only improves the photodetector per-
formance of the MoS2 in the visible region but also extends its
photoresponse to the UV region (Figure 23c(iii)).

TMD/polymer: Velusamy et al. synthesized various flexible
TMD/polymer composite films obtained by liquid exfoliation of
numerous TMD nanosheets such as MoS2, WS2, MoSe2, WSe2,
ReS2, ZrTe2, and NbSe2 in the presence of amine-terminated
polymers.[162] The TMDs and polymers are linked via the Lewis-
like acid–base interaction between the transition metal and pri-
mary amine (Figure 23d(i)). The TMD/polymer composite pho-

todetectors were fabricated by pouring the mixed suspension
onto a filter paper. Under NIR laser illumination with a wave-
length of 1064 nm, the composite films generated photocurrent
due to photoexcited carriers in the exfoliated TMDs, with max-
imum on/off ratio of ≈105 was achieved (Figure 23d(ii)). The
amine-terminated polymer matrix may promote photogenerated
electron–hole dissociation under illumination by the built up of
thermal energy in the insulating polymer around TMDs, and
also by enhanced local electric field at the interface of the poly-
mer and TMDs due to the potential barrier at the interface. Var-
ious combinations of TMD/polymer composites can be read-
ily developed to obtain NIR-sensitive photodetectors with vari-
ous sensitivities (Figure 23d(iii)). Moreover, different absorption
peak wavelengths for different TMD materials can be exploited
to for band-selective photodetection by simple mixing of two or
more different TMDs. A composite mixture of MoS2 and MoSe2
functionalized with amine-terminated polystyrene (PS-NH2) ma-
trix was fabricated which can detect a broad optical spectrum
range in both visible and NIR regions. The photosensitivity of the
MoS2/MoSe2/PS-NH2 blended film at NIR and visible regions
can be tuned by changing the MoS2:MoSe2 compositions (Fig-
ure 23d(iv)).

6.6. Layered III–VI Semiconductors

Layered III−VI semiconductors such as indium(II) selenide
(InSe), indium(III) selenide (In2Se2), and gallium telluride
(GaTe) have drawn significant research interest and considered as
leading successors to transition metal dichalcogenides (TMDCs)
for high-performance optoelectronics due to their superior elec-
tronic and optical properties.[418]

6.6.1. GaTe

Bulk GaTe has a direct bandgap of ≈1.7 eV and shows p-
type semiconducting characteristics, but unlike TMDs like MoS2
which shows a transition from indirect bandgap in the bulk to di-
rect bandgap in the monolayer limit, GaTe has a direct bandgap
for all layer numbers, providing advantages in optoelectronic
applications.[419] Kang et al. fabricated GaTe photodetector ob-
tained by liquid-exfoliation in surfactant-free, low-boiling-point,
water-ethanol cosolvent mixtures (Figure 24a(i,ii)).[164] Chemical
degradation of GaTe nanosheets were avoided by utilizing a de-
oxygenated solvents and employing a sealed tip ultrasonication
setup. The device exhibited photoresponsivity of 0.2 A W−1 un-
der 0.8 W cm−2 (516 nm) illumination.

6.6.2. InSe

Layered indium(II) selenide (InSe) has been considered as a
leading successor to transition metal dichalcogenides (TMDs)
for high-performance optoelectronic applications owing to its
exceptional electronic properties.[420] Bulk InSe crystals has a
1.3 eV direct bandgap but when the thickness is decreased
to the monolayer limit, the bandgap increases and exhibits
a direct-to-indirect transition, as opposed to the indirect-to-
direct transition of TMDs.[421] Furthermore, InSe has a higher
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Figure 23. TMD hybrid photodetectors. a) Spectral responsivity of MoS2/PbS QD hybrid photodetector under an applied bias of 2 V and 100 mW
illumination. S1–S4 refers to the hybrid heterostructure synthesized from the following lead acetate concentration: 1, 5, 10, and 25 mg in 50 mL of
aqueous DMF solution. Reproduced with permission.[159] Copyright 2019, Royal Society of Chemistry. b) Photocurrent transients of MoS2/PbSe QD
(black line) and MoS2 photodetectors. Reproduced with permission.[160] Copyright 2014, WILEY-VCH. c) MoS2/g-C3N4 hybrid photodetector on paper
substrate. i) Schematic representation of preparation of MoS2 and g-C3N4 hybrid dispersions and schematic illustration of the hybrid photodetector.
ii) Dark (black) and photocurrent (532 nm-green; 365 nm-purple), and iii) ratios of the photocurrent to the dark current of the hybrid photodetector as
a function of the composition of the MoS2 and g-C3N4. Reproduced with permission.[161] Copyright 2017, WILEY-VCH. d) TMD/polymer composite
photodetectors. i) Schematic representation of hexagonal layers of transition metal atoms (M) sandwiched between two layers of chalcogenides (X) and
the interaction between the lone electron pairs of nitrogen atoms of the amine-terminated polymers and the electron-accepting metal atoms of the TMD.
ii) I–V characteristics of the composite MoSe2 photodetector in the dark and under different light intensities of NIR light at a wavelength of 1064 nm. iii)
Ratios of the photocurrent to the dark current of the MoSe2 composites with different amine-terminated polymers and the current ratios of various other
TMD composites with PS-NH2. iv) Detectivity as functions of the composition of the MoSe2 and MoS2 mixtures embedded in PS-NH2 at wavelengths
of 532 and 1064 nm. Reproduced with permission.[162] Copyright 2015, Springer Nature.
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Figure 24. Photodetectors based on layered III–VI semiconductors and topological insulators. a) GaTe photodetector. i) Schematic of the GaTe nanosheet
dispersion preparation steps that minimize exposure to ambient air during processing and the atomic structure of layered GaTe (Ga: green, Te: brown).
ii) Schematic of an array of percolating GaTe nanosheet thin film photodetectors. Reproduced with permission.[164] Copyright 2018, American Chemical
Society. b) InSe photodetector. i) Schematic of the layered InSe crystal structure and the schematic of the preparation process for InSe dispersions using
deoxygenated ethanol/water mixture. ii) Power dependence of photocurrent Ipc (red) and responsivity (blue) of InSe photodetector. Reproduced with
permission.[165] Copyright 2018, WILEY-VCH. c) In2Se3 photodetector. i) The atomic structure of layered In2Se3 crystal. ii) Schematic illustration of the
electrochemical exfoliation of bulk In2Se3. Reproduced with permission.[167] Copyright 2020, WILEY-VCH. d) Bi2Se3 photodetector fabricated via pencil
drawing method. i) Schematic diagram of the device fabrication process using a pencil and Chinese brush on paper. ii) Photocurrent transients of the
fexible photodetector under different bending angles. Reproduced with permission.[168] Copyright 2020, Royal Society of Chemistry.

room-temperature carrier mobility (exceeding 103 cm2 V−1 s−1)
compared to TMDs.[420] Kang et al. fabricated liquid-exfoliated
InSe photodetector prepared by liquid exfoliation method in
surfactant-free, deoxygenated cosolvent ethanol-water cosolvent
mixtures without additives to minimize processing residues and

performed in a sealed tip ultrasonication setup to avoid chemical
degradation (Figure 24b(i)).[165] The InSe thin film fabricated via
the cosolvents exhibited four orders of magnitude higher con-
ductivity compared to InSe exfoliated in the sodium dodecyl-
sulfate (SDS)–water or NMP, owing to the minimized residual
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impurities in the film. The illumination power dependence of the
photocurrent and the photoresponsivity of the device is shown
in Figure 24b(ii). The maximum photoresponsivity reached 10
A W−1, confirming the high quality of the film and illustrates
that the surfactant-free, low boiling point, deoxygenated cosol-
vent approach yields minimal residues that could compromise
the conductivity. Recently, Curreli et al. exfoliated bulk InSe in
isopropanol and fabricated the InSe-based percolating photode-
tector by spray-coating.[166] The device exhibited high photore-
sponsivity in a broad spectral range (450–900 nm) with maxi-
mum achieved at 274 A W−1 (at 455 nm), the highest obtained
for InSe percolating thin film device.

6.6.3. In2Se3

In2Se3 is a layered semiconducting material with thickness-
dependent bandgap (from 1.3 eV in bulk to 2.8 eV for
monolayer),[422] and displays high absorption coefficients in a
broad range of wavelengths (from ultraviolet to short-wavelength
infrared (≈1800 nm)).[423] The van der Waals interlayer distance
of In2Se3 is 0.98 nm, much larger than many other layered com-
pounds (Figure 24c(i)), making it amenable to intercalation with
guest molecules or ions, especially driven by electric flow in so-
lutions. Shi et al. demonstrated an ultrafast and scalable method
to exfoliate In2Se3 into defect-free nanosheets via cathodic in-
tercalation in organic electrolytes using tetrahexylammonium
(THA+) ions as intercalants (Figure 24c(ii)).[167] It resulted in a
high exfoliation yield of 83%, large sheets with size up to 26 µm
and mostly uniform nanosheet thickness of 4 nm, correspond-
ing to three layers. A large-area photodetector was fabricated
based on filtrated In2Se3 thin films which demonstrated high re-
sponsivity (≈1 mA W−1) and superfast rise (41 ms) and decay
time (39 ms).

6.7. Topological Insulators

Topological insulators have been considered recently as a novel
class of 2D materials, which exhibit unusual quantum states
with conductive states on the surface and insulating states at the
interior.[424] They have excellent optoelectronic properties with a
layer-dependent band-gap and polarization- sensitive photocur-
rent, making them promising materials for the new generation
of optoelectronic devices.[425]

6.7.1. Bi2Se3

Bismuth selenide (Bi2Se3) has drawn enormous research inter-
est owing to its variety of exciting optoelectronic properties and
have a bandgap of 0.3 eV (tunable via layer thickness) as well as
high carrier mobility, making it suitable for IR photodetecting
applications.[426] Liu et al. fabricated a flexible infrared photode-
tector using liquid-exfoliated Bi2Se3 nanosheets via a low-cost and
facile pencil-drawing method (Figure 24d(i)).[168] The device ex-
hibited both significant photocurrent and high responsivity to in-
frared light (1064 nm) even under bending stress (Figure 24d(ii)).

6.8. MXenes

A family of 2D early transition metal carbides/nitrides, MX-
enes, has drawn tremendous research interest and been ex-
tensively studied for a wide range of applications including
supercapacitors,[427] sensors,[428] field-effect transistors,[429] and
flexible electrodes.[430,431] They are normally produced by a selec-
tive etching of an A-group element (by aqueous hydrofluoric acid
(HF),[193] fluoride salts with hydrochloric acid,[45] or bifluoride-
based etchants, such as NH4HF2

63) from layered ternary MAX
phases (general formula of Mn+1AXn) where M is an early tran-
sition metal, A is an A-group element (groups 13 and 14), and X
is C or N, yielding an aqueous dispersion of individual MXene
flakes terminated by fluorine- and oxygen-containing functional
groups. These functional groups can modify the work function of
MXenes depending on the terminating atoms: OH-terminated
MXenes have ultralow work functions (1.6–2.8 eV), while O-
terminated MXenes have high work functions (5.75–6.25 eV),
opening up many interesting applications in electronics.[432]

6.8.1. Ti3C2Tx

Single layer MXenes in dispersions are not stable toward ox-
idation in the presence of oxygen.[433] For example, oxidation
of Ti3C2 MXene results in the formation and complete conver-
sion into TiO2 nanocrystals.[434] This oxidation process can be
harnessed for spontaneous formation of MXene-TiO2 nanoparti-
cles composites for optoelectronic applications. For that purpose,
Chertopalov et al. fabricated Ti3C2Tx/TiO2 composites photode-
tector that responds to UV irradiation (Figure 25a(i)).[169] The tita-
nia nanoparticles were mainly located near the edges and on top
of MXene flakes. The TiO2 nanoparticles act as photosensitive
materials that respond to UV irradiation, and the excited photo-
electrons transfers to the MXene layers which act as metallic con-
ductors. Photoconductivity measurement in inert atmosphere
(argon) exhibited a slow decay of photocurrent (Figure 25a(ii)),
which can be used for photosensors with memory effect. How-
ever, switching to ambient air during photocurrent relaxation pe-
riod resulted in a rapid drop of current (Figure 25a(iii)), show-
ing that photoresponse dynamics of Ti3C2Tx/TiO2 composites
strongly depends on the environment, which can also be used
for gas sensing applications. The origin of reduced current when
exposed to ambient air might be the creation of electron traps
when molecules such as O2 or H2O which contain atoms with
high electronegativity are adsorbed on the film surface.

6.8.2. Mo2CTx

Velusamy et al. fabricated molybdenum carbide MXene
(Mo2CTx) photodetector which exhibited broad photoresponse
in the visible range (400–800 nm) with high responsivity (up to
9 A W−1) and detectivity (5 × 1011 Jones) at 660 nm (Figure 25b
(i,ii)).[172] The photoresponse is predominantly originated by
hot carrier generation assisted by the existence and the dis-
tribution of a variety of surface plasmon modes on Mo2CTx
nanosheets. This obviates the need for integration with other
metallic plasmonic structures, such has been previously demon-
strated for several other 2D materials. Figure 25b(iii) shows the
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Figure 25. Photodetectors based on MXenes. a) Ti3C2Tx/TiO2 composites photodetector for UV photodetection. i) Schematics of Ti3C2Tx thin film
photodetector where TiO2 nanoparticles (green) are present between and on the surface of the MXene flakes. ii) Photocurrent transients of Ti3C2Tx
thin films with and without UV irradiation in Ar gas. iii) Photoresponse of Ti3C2Tx thin film with and without UV irradiation and exposure to ambient
air for 30 min. Reproduced with permission.[169] Copyright 2018, American Chemical Society. b) Mo2CTx photodetector. i) Schematic illustration of a
single-layer Mo2CTx nanosheet. ii) Schematic illustration of an array Mo2CTx-based flexible photodetectors. iii) Photoresponse behavior of Mo2CTx thin
film photodetector under alternating on/off cycles at a wavelength of 660 nm with a light intensity of 0.22 W cm−2. Reproduced with permission.[172]

Copyright 2019, WILEY-VCH. c) Ti3C2Tx/CsPbBr3 hybrid photodetector. i) TEM image of Ti3C2Tx/CsPbBr3 nanocomposite. ii) The photoluminescence
spectra of CsPbBr3 NCs and CsPbBr3/MXene-n nanocomposites. Reproduced with permission.[170] Copyright 2019, American Chemical Society. d)
Schematic illustration of synthesis of crossed Zn2GeO4 NWs/ Ti3C2Tx hybrid structure. Reproduced with permission.[171] Copyright 2020, American
Chemical Society.
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photocurrent dynamics of the photodetector under alternating
on/off cycles at a wavelength of 660 nm and intensity of 0.22
W cm−2, demonstrating good reliability and reproducibility
of the photodetector performance. Hong et al. fabricated a
photothermoelectric detector based on Mo2CTx ion channel
that can convert external light-induced temperature changes
into an open-circuit voltage due to trans-nanochannel diffusion
potential created by the temperature gradient.[435] The photother-
moelectric response reached up to 1 mV K−1 under one sun
illumination.

6.8.3. MXene Hybrid Photodetectors

Ti3C2Tx/CsPbBr3 Perovskite: Pan et al. combined Ti3C2Tx
with CsPbBr3 perovskite nanocrystals (NCs) forming functional
nanocomposites via the in situ growth of the perovskite NCs on
2DTi3C2Tx nanosheets (Figure 25c(i)).[170] It improves the charge
separation and transfer following efficient exciton generation
in the perovskite NCs, indicated by significant photolumines-
cence (PL) quenching of the nanocomposites compared to pure
CsPbBr3 NCs (Figure 25c(ii)), owing to the relative energy level
alignment between the CsPbBr3 NCs and Ti3C2Tx nanosheets.
The CsPbBr3/Ti3C2Tx nanocomposites demonstrated photocur-
rent generation in response to visible light and X-ray illumina-
tion.

Ti3C2Tx/ Zn2GeO4: Zn2GeO4 is a wide band gap semicon-
ductor (≈4.69 eV) which is useful for deep ultraviolet (DUV)
detection.[436] Guo et al. combined Ti3C2Tx MXene with crossed
Zn2GeO4 NWs grown on insulator substrates by a catalyst-free
chemical vapor deposition (CVD) method (Figure 25d).[171] The
optoelectronic performances of Ti3C2Tx/Zn2GeO4 hybrid nanos-
tructures for detecting DUV light was largely improved, exhibit-
ing responsivity of 20.43 mA W−1 and external quantum effi-
ciency (EQE) of 9.9% under DUV light illumination at 254 nm.
The synergistic effect between DUV detection ability of Zn2GeO4
and metallic characteristic of Ti3C2Tx MXene results in a fast elec-
tron transport that leads to a larger photocurrent and a fast pho-
toresponse.

7. Conclusion and Perspective

In this review, photodetectors based on liquid exfoliation of 2D
materials have been given an overview at the latest stage of de-
velopments. Various methods of liquid exfoliation of 2D materi-
als have been exploited to obtain dispersions of functional 2D
nanosheets that can be directly deposited into devices on any
substrates including flexible ones such as plastics and papers,
via various techniques such as drop casting, dip coating, inkjet
printing, and spray coating. In contrast to traditional fabrication
routes such as mechanical exfoliation and vapor-assisted depo-
sition methods, liquid exfoliation methods are highly scalable
and versatile, greatly reducing the cost to produce large quan-
tity of 2D nanosheets in a relatively short time, and are suit-
able for next generation applications in wearable flexible elec-
tronics. Large number of liquid-exfoliated 2D materials has been
successfully applied as photoactive materials in photodetectors,
such as graphene, black phosphorus, antimonene, graphitic car-
bon nitride, TMDs, layered III–VI semiconductors, topological

insulators, and MXenes. This list of 2D materials is far from ex-
haustive, since there are other layered 2D materials that have
been successfully exfoliated by liquid exfoliation methods but
have yet been reported for applications in photodetectors, such
as metal halides,[437,438] metal oxides,[439,440] and layered double
hydroxides.[441,442] Therefore, there is still plenty of opportunities
for growth and improvements for these diverse groups of mate-
rials to be exploited in optoelectronic applications.

Figure 26 shows the comparison plots of the: a) photorenpon-
sivities; and b) detectivities of the liquid-exfoliated 2D materials
photodetectors summarized in this article as a function of wave-
length. The wavelengths have been divided into ultraviolet (UV),
visible, near infrared (NIR), short-wave infrared (SWIR), middle-
wavelength infrared (MWIR), long-wavelength infrared, far in-
frared (FIR), and microwave. Note that these plots should not be
treated as complete, since only the reported values in the litera-
tures at a specific wavelength are shown. Some of the literatures
did not report such values. We did not include the reported pho-
toresponsivities and detectivities under broadband illumination
such as white light, since such quantities are defined at a spe-
cific wavelength. It can be seen that different range of electro-
magnetic spectra can be best detected by different 2D materials.
For example, in UV range, photodetectors made from rGO/ZnO
nanowire (NW) hybrid,[443] BP/CVD graphene hybrid,[146] and N-
doped rGO QD/CVD graphene hybrid[131] resulted in the highest
responsivities (>103 A W−1), while S-doped GQD photodetector
resulted in the highest detectivity (1.5 × 1014 Jones).[132] In visi-
ble range, BP/CVD graphene hybrid[146] and rGO/CdSe QD/ZnO
NW hybrid[110] resulted in the highest responsivities (>103 A
W−1), while WS2 photodetectors resulted in the highest detec-
tivity (1 × 1014 Jones).[402] These results seem very promising
since these values are already comparable to photodetectors made
from high-quality, single crystalline nanomaterials.[299] There-
fore, research efforts dedicated to the optoelectronic applications
of liquid-exfoliated 2D materials have begun to show great poten-
tials to compete with the more traditional and more costly single-
crystalline photodetectors.

Despite the promising outlook, there remain some issues
that need to be addressed before liquid-exfoliation of 2D ma-
terials can be fully deployed for commercial optoelectronic
devices. From the liquid exfoliation point of view, the exfoliated
nanosheets tend to have broad range of thickness and lateral size
distributions. Even after subjecting to size selection techniques
such as band sedimentation and cascade centrifugation, its it
still difficult to obtain monodisperse nanosheet distributions
with uniform thickness or lateral size with uniformity above
90%.[232,236,237] Since many 2D materials exhibit thickness de-
pendent band structure, this will result in nonuniform bandgap
distributions across the device volume, which might act as addi-
tional scattering centers that lower device performance. Another
important issue is the low-exfoliation yield of liquid exfoliation
methods. Liquid exfoliation typically converts typically few per-
cent of the starting bulk 2D powder, thus requires many hours
(or days) until the desired amount of exfoliated nanosheets are
obtained. There have been a number of pretreatment methods
that increase the exfoliation likelihood of the bulk 2D powder
such as grinding[37] and soaking pretreatment,[278] which is
a promising step toward reducing the required exfoliation
time.
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Figure 26. Comparisons of a) photoresponsivities and b) detectivities of the liquid-exfoliated 2D materials photodetectors summarized in this article.
QD, quantum dot; NW, nanowire; NR, nanorod; NB, nanobar; ND, nanodisc.

For photodetector applications, one important issue of the
liquid-exfoliated 2D nanosheets is the variability of the response
times reported in the literature, and no satisfactory explanations
that have been proposed so far.[150,155,354] For optical communica-
tions applications, photodetectors with very high response speed
are required, therefore being able to control the response time is
crucial for the next generation of photodetectors to be compatible
with the conventional devices. Another important issue which is
typical of percolating network of 2D nanosheets is the additional
inter-nanosheet junction resistance that reduces device mobility
and can act as carrier trapping centers, thus deteriorating the
optoelectronic performances compared to single-crystalline
devices. One way to address this is to introduce conductive filler
materials such as conductive polymers between the nanosheets,
thus reducing the junction resistance. The amount of the conduc-
tive filler should be controlled below the percolating threshold
such that shorting does not occur between the opposing elec-
trodes that will increase the dark current. Also, on average, the
as deposited percolating network of 2D materials typically have
porosity around ≈0.5.[250,444,445] This high level of porosity might
decrease the efficiency of inter-nanosheet charge transfer, since
only small amount of contact points are available for efficient
charge transfer. Efforts to reduce the porosity and increase the

compactness of the 2D nanosheet network such as applying pres-
sure will increase the contact area between the nanosheets which
reduce the junction resistance and might increase the mobility.

Another issue with most exfoliated 2D materials for ap-
plications in image sensors is their broadband nature of the
photoresponse. For standard camera sensors, arrays of optical
filters are integrated on top of photoactive layer to attain color
selectivity. Not only this adds complications into the device archi-
tecture and fabrication, they also have other undesirable effects
such as reduction in spatial resolution and inconsistency in color
detection under different levels of illumination. It is less of an
issue for reproducing standard color photography, but for more
sophisticated applications such as machine vision and object
recognition, using a highly-color selective materials is especially
attractive. A new approach, which is termed charge collection
narrowing (CCN), has been shown to deliver color selective
spectral response despite using a broadband absorber material.
This method is based on the idea that for a thick photoactive
material, only photons with lower extinction coefficient are able
to generate electron–hole pairs at the bottom part of the mate-
rial, and by collecting the photogenerated carriers at the bottom,
spectrally selective photoresponse can be attained. This approach
has been successfully applied for solution-processable organic,
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perovskite, and quantum-dot photodetectors, which resulted in
narrow spectral response below 100 nm.[446–449] Therefore, it is
expected that the application of this approach will also be useful
for liquid-exfoliated 2D material photodetectors, especially when
considering the growing number of available 2D materials,
which will potentially open a new era for imaging technology.

Reports of photodetection devices based on liquid-exfoliated
2D materials has progressed considerably in the past decade, as
a result of advances in materials science and device engineering,
and also due to growing number of new 2D materials being dis-
covered or synthesized. Combination of low-cost and facile liquid
exfoliation methods and large variation of electronic and optical
properties brought about by 2D materials and their high tunabil-
ity via thickness and size control will certainly bring a promising
and exciting future for the next-generation photodetectors.
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