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Abstract

Two Dimensional (2D) materials has triggered to have transition metal dichalcogenides
(TMDCs) emerging as a new class of materials that can control or interact with light to
convert the photons to electrical signals for its attractive applications in photonics,
electronics and optoelectronics. 2D materials along with gapless Graphene interact with
light over the wavelength region of the different spectral regions having the short
wavelength of the UV and extreme UV, Visible, near IR, mid IR and THz due to excellent
light absorption, enabling ultrafast and ultrasensitive detection of light in photodetec-
tors. Next generation photodetectors are possible promising candidates for high sensi-
tivity and TMDCs based photodetectors are the heart of the multitude of technologies to
understand the principle of photodetection mechanisms and device performances.
Phototransistors/photoconductors show wide varied detection performances with resp-
onsivities ranging from 10~7 A/W - 10 A/W on single or few layer TMDCs having
response time between 1072 s to 10% s. The semiconducting TMDCs like MoS,, MoSe;,
WS,, WSe, and ReS, are gaining suitable applications in optoelectronic devices and the
device design, mechanism and enhancing the performance of photodetectors are intro-
duced and discussed systematically in this chapter. In spite of the growing demands on
TMDC based devices the origin of the photoresponse characteristics is attractive and
encouraging to understand and provide a path to the subject of investigation and
guidelines for the future development of this rapidly growing field.

Keywords: 2D semi-conductors, transition metal dichalcogenides (TMDCs),
photodetectors, optoelectronic 2D devices

1. Introduction

Recently, 2D nanomaterials are rapidly expanding as one of the prime goal of materials
research from different disciplines such as physics, materials science, chemistry and electrical
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22 Two-dimensional Materials for Photodetector

engineering. 2D materials with new entrants have been widely researched for its unique
electronic & optoelectronic components, sensors, biomedical and drug delivery applications
[1-5]. It is a fascinating counterpart to gapless graphene that has successful isolation, the ideas
and methods have rapidly established from these early studies were prolonged to various
layered materials [6-8]. Alike to graphite, the two dimensional crystals established on atomi-
cally thin films of layered semiconductors, such as the family of transition metal dichalcogenides
(TMDCs) offer an attractive platform for various optoelectronic applications [9-21]. TMDCs are
highly attractive due to the existence of an appropriate energy band gap (1.2-1.8 eV) that has
numerous unique properties that can be synthesized into thick atomic planes when compared to
the bulk counterparts. The semiconducting 2D metal chalcogenides are of peculiar interest with
the essential possibilities to explore the band gap discoveries by varying the number of layers
making them an exciting application for devices [7]. Investigations on band structure have
dramatically changed from bulk layer to single layer samples having the direct band gap
semiconducting TMDCs suitable for optoelectronic applications. The quantum size effects play
a prominent role due to their nanosize in expressing the distinctive properties of the material
that are not noticed in its bulk form having inspiring fascinating applications in the develop-
ment of transparent and flexible optoelectronic devices [22-24].

In optoelectronics, graphene has been utilized for the realization of photodetectors and optical
modulators. 2D materials offer complementary to graphene that lacks the interlayer interac-
tions having potential applications in the nano and optoelectronics to evaluate their electronic
band structure and their spaced energy levels [25-27]. Interest in two-dimensional (2D)
TMDCs materials can be defined as any material in which the bond strength between atoms
within a plane are much stronger than the bonds out of the plane that are exfoliated easily to
present interesting electrical-optical behavior. Optoelectronics integrate the physics of light
and these electronic devices can control light that converts photons or plasmons to electrical
signals. When light is incident on a semiconductor, they create free carriers (electron-hole
pairs) on the exciton binding energy in the semiconductor. The photon energy greater than
the band gap is gained by the electrons that move the common barrier in between the metal
and semiconductor, the energy gained by the electron which is called the work function is
given by kinetic energy [28]

hc
E. = il b (1)

where A is the incident wavelength, ¢, is termed to be the metal work function and C the light
velocity. Since the photoelectric effect is based on the photon energy hv, the wavelength of
interest is related to the energy transition AE in the device operation with this relationship
A =2l =12 (oV) ym where AE is the difference of energy levels transition. The discrete
energies AE of the semiconductor causes the excitation with the greater photon energy and
the bound excitons generate a photocurrent when it is separated by an applied electric field
with two major classes of semiconductor photo detectors. The two categories are likely to be
the photodiodes and phototransistors that are transparent and flexible thin film electronic
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devices having its great importance in the transparent displays, UV Detectors, wearable
electronics and solar cells [29-31].

There have been partial 2D discussion on the focus of TMDCs in recent years. This chapter
examines the properties of 2D materials from a new perspective related to the optoelectronic
properties of 2D materials. In a pioneering work of MoS, phototransistors the exfoliated
single-layer exhibits a photoresponsivity of 7.5 mA/W at 50 V of the gate voltage [32].
Phototransistors founded on CVD MoS, multilayer by local bottom gate structures show a
supreme responsivity of 342.6 A/W [33] and monolayer/WS, multilayers devices show a
photoresponsivity value of 880 A/W and a photodetector with high detectivity of 2.2 x 10—
7.7 x 10" Jones and a maximum photoresponsivity up to 2570 A/W have been reported [17,
23]. The synthesis route and the structural characterization of TMDCs having fascinating
properties of 2D materials provides a discussion of the TMDC-based devices with photo-
responsivity, the main emphasis is on describing relevant methods and important outcomes
as well as some of the novel applications of 2D photo detectors [34-36]. It is an intent to give a
comprehensive overview of the recent experimental results related to 2D photo detectors and
its applications. In particular, this chapter covers 2D photo detector materials synthesis and
characterization, device (phototransistor) fabrication, mechanism, performance of photo-
transistors in optoelectronics. This method attempts to highlight the various synthesis appro-
aches for 2D materials like bottom up synthesis routes including chemical vapor deposition
(CVD), hydrothermal and layer-by layer conversation and bottom down approaches like
chemical or mechanical exfoliation had their corresponding characterization by which the
current understanding of 2D materials has some tools for future contributions. The achieve-
ment of 2D materials created explosive interest to enrich the performance of TMDC photo
detectors, having the practice of periodic elements challenges novel discoveries for the exciting
new physics and ultimately thin devices.

2. Synthesis methods for 2D materials

2D TMDCs can be divided into two groups as
(2.1) top down
(2.2) bottom up.

With top down approaches, there are mechanical and chemical exfoliations. In mechanical
exfoliation the approach starts from bulk TMDC materials which naturally comprise of many
layers where scotch tape is used to peel nanosheets of bulk TMDCs. It has advantage of
producing high purity and clean single crystal flakes but still limited to control the size and
thickness as the materials are easy to crack owing to grain margins, material flaws and process
prompted stress. For chemical exfoliation, ion assisted exfoliation can be used. Bulk TMDCs
powder is submerged in lithium ion containing solution (like n-butyllithium) and the lithium
ion to intercalate into the bulk TMDCs. The intercalated material is exposed to water and water
will react vigorously to evolve H, gas with in the lithium layers thus separating the layers

23



24  Two-dimensional Materials for Photodetector

rapidly producing high yield of monolayer TMDCs. It also failed to enlarge the size of the
monolayer which will restrict in practical applications.

The label bottom up approaches itself notates to construct from the bottom and the best
methods are physical vapor deposition (PVD)/Chemical vapor deposition (CVD). In PVD, the
bulk TMDC s is frenzied in a tube furnace until it thermally evaporates. A flow of inert gas
would carry the vapor stream to a cooler region and deposit it on to the substrate. Single
crystals are developed with grain dimension of several tens of micrometer, additionally layer
number can be controlled by varying the amount of precursor used. In CVD two precursors
are used (1) transition metal compound (M) (2) chalcogenide (X) precursor, the chalcogenide is
placed upstream in the tube furnace at a lower temperature than the transition metal com-
pound at higher temperature region in the tube furnace downstream. The furnace heats up so
that the precursors are thermally evaporated, reacts to form MX, and is deposited on a
substrate which is further downstream as compared to transition metal compound with inert
gas as carrier gas. The advantage of CVD growth is that large area uniform polycrystalline thin
film (cms) are grown with a possibly to grow single crystal by varying precursors.

2.1. Top down approaches
2.1.1. Mechanical exfoliation

It is a topdown method that is proved to be quite successful that is most traditional and
simplest to prepare high quality single layer of graphene and TMDCs materials. Geim and
Novoselov [37] used a block of graphite by cleaving it into different layers of graphene and
transferring it onto the substrates using scotch tape. The TMDCs samples are prepared by
peeling off from their parent bulk crystals with micromechanical cleavage by adhesive tape as
shown in Figure 1(a). This process was quick, cost efficient and the tape was repeated —peeled
material is applied to a substrate. Geim and Novoselov [37] cleaved the layered and revealed
that this method can also be applied to Boron Nitride &TMDCs [12].

Due to some limitations in this method of mechanical cleaving, the morphology control was
not systematically carried with flake size, the thicknesses of the nanosheets obtained were
small and tens of microns, it’s a problematic for massive production outside the laboratories
has its own limitations in applications.

2.1.2. Electric chemical exfoliation

It is an effective topdown method that is inspired by the exfoliation methods that was
advanced where lesser Li ions being charged are intercalated to different layered TMDCs bulk
materials. Zheng et al. [38] developed the bulk TMDCs is positioned on the cathode and a
lithium intercalated material were in the electrolyte (water or ethanol) as shown in Figure 1(b).
In this set up charge is allowed to pass and the enforcement of the charged ions in the layered
material by intercalating the cathode. Lithium ions are induced inside the layers of TMDC
materials at change and Hydrogen gas is produced when the intercalated bulk material is
reacted with water in sonication to obtain the 2D TMDCs [13]. This separates the TMDC layers
during charging process and require low temperature to fully control the procedure by
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Figure 1. (a) Mechanical exfoliation method. (b) Lithiation and exfoliation process in a lithium ion battery system. (c)
Preparation of MoS, with the use of a simple hydrothermal method. (d) Synthesis of the hexagonal MoSe, multilayer
nanoparticles with MoO; and Se sources and the experimental set-up of the selenization and sulfurization process.
Adapted from Novoselov and Castro Neto [12], Zhang et al. [13], Guo et al. [39], Jung et al. [99], Shi et al. [14].

referring to a discharging curve. The disadvantage by these intercalation methods is due to the
impurities lead to the modifications in the electrical properties.

2.2. Bottom up approaches
2.2.1. Hydro-thermal method

It is an owing bottom-up technique for synthesis of two-dimensional TMDCs. It is normally
supported in a pressurized autoclave with the reactions in aqueous solutions to procedure
TMDC layered single crystal [39] as depicted in Figure 1(c). The temperature and pressure on
the solution in an autoclave can be elevated to the boiling point of water and touched to the
pressure of a vapor saturation. MX, TMDC layered material, for instance, is produced by
adding Mo, W and S, Se into autoclave and heating in the noble gas (For example N, Ar) to
773 K for 3 hours. The hydrothermal method can produce high quality of TMDC material with
uniform size (from several nanometers to several microns) but the thickness of TMDC wafer
cannot be controlled.

2.2.2. Chemical vapor deposition

Chemical vapor deposition: CVD is an employed technique currently used in the synthesis of
graphene and 2D TMDC materials that are exploited in the study of nanostructures including
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thin films and nanotubes. It is also another bottom-up method that realizes chemical reaction
between vapors to form TMDC wafers at high temperature. It is one of the supreme well-
organized ways to gain and grow large films on a substrate [40]. In order to form a two-
dimensional material, normally, precursor is applied (S, Se and MoO3;, WOj3) on high temper-
ature region and substrate (sapphire or 5iO,/Si substrate) on low temperature region in a pipe
furnace. Figure 1(d) shows the procedure for 2D TMDCs [14] synthesis depends on evaporat-
ing of Sulfur;Se and MoO3;;WOs;.

The vaporized solid was then deposit on substrate to form a 2D TMDC crystal. It is the most
operative way to form large area, high quality TMDCs and achievable method in thickness
controlling. Other CVD methods entails the Mo sulfurization or a reagent rich in sulfur
atmosphere on the substrate are used for the synthesis of 2D MoS, materials. The thickness
and homogeneity of these 2D MoS; is regulated having more restrictions on the large area is
not achieved and not controlled precisely. Therefore, it is preferred alternative for synthesis of
2D TMDCs material for electronic and optical device fabrication.

3. 2D transition metal dichalcogenides

Transition Metal Dichalcogenides; TMDCs; as 2D semiconductors are proposed to be a layered
periodic part of elements consists of transition metal (Mo or W or Re) and chalcogen (S or Se or
Te) atoms frequently represents as MX,, where M is transition metal (usually group V/VI
element) and X is Chalcogen [15, 41-44]. TMDCs provide novel and outstanding phenomena
varying from indirect to direct band gap transition, large exciton binding energy, photolumi-
nescence and high ON/OFF ratio which are particularly changed from those of their bulk
materials.

The bulk material is significantly different from the nano-scaled particles that are divided into
numerous categories based on dimensional topological spacing difference such as OD, 1D, 2D
& 3D nano materials. 2D materials are crystalline materials containing of layered arranged
atoms/molecules which has strong covalent bonds within each layer but only weak Vander
Waals forces between layers that novelties application such as electrode, semiconductors and
photovoltaics [9, 45].

In 2004, the production of thin carbon layer by mechanical exfoliation hailed the milestone of
2D material, so called Graphene [46, 47] that illustrates the structure of a two dimensional
through a thickness less than 1 nm. The unique structure of Graphene (Figure 2(a)) illustrates
outstanding performance such as extremely high carrier mobility (15,000 cm?/VS) high thermal
conductivity (5300 W/m.K) and high transmittance (97.7%) [48]. Those outstanding perfor-
mance allures substantial attention on graphene for opening up a responsible fields in Physics
(Fermi Dirac), and chemistry with many scientific publications. The electrical, optical and
magnetic properties of graphene and its 2D nature has good current integration in the circuit
technology, however it limits its application where the electronic band gap is fundamental
in optoelectronics. The absence of band gap in graphene provides little ability for cutting off
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Figure 2. (a) 2D TMDC materials sweeping the energetic region of the electromagnetic spectrum. (b) Energy spectrum of
various two-dimensional (2D) materials and their atomic crystal. Adapted from Kourosh et al. [8], Xia et al. [44], Lee et al. [15].

the current while negative bias is applied and it is incapable for exciton disassociation like
semiconductors [49]. Now a days the interest for science is extended to other 2D engineering
with physical and chemical modifications to introduce novel performances.

Therefore this urges scientists to find out other 2D materials like graphene analogue boron
nitrate (BN), transition metal oxide (TMO-like titanium oxide or perovskite), transition metal
dichalcogenides (TMDCs) and V-VI/IV-VI compounds naturally have a band gap [50-52].
TMDC:s are the elements of the periodic table having a combination (Table 1) of two elements
with the chemical formula of MX;: a transitional metal:M, of groups 4-10, and chalcogens:X
such as 15 sulfur:S, selenium:Se or tellurium:Te. A single layer TMDCs similar in atomic
thicknesses have one layer of atoms that are not comprised as graphene but a planar layer

27
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¥ 2 Ca,Ta,TiOy and

soon

Table 1. Current 2D library. Adapted from Geim and Grigorieva [56].

TMDCs involve a metal atom layer sandwiched between layers of chalcogen atoms. They are
strongly held together by covalent bonding and the layers are feebly bound together with van
der Waals forces allowing it to separate in the bulk sheets. The layered materials combination
of Transition metals and Chalcogen family (Table 1) have almost 40 different types of TMDCs
crystal phases. The different chemical nature of metal and chalcogenide atoms makes the
sublattices inequivalent, producing a band gap.

The importance of band-gap engineering in the semiconducting nature of TMDC:s is crucial for
their potential use in photovoltaic/—catalytic applications, as the ability to tune the material to
the correct spectrum or to particular donor/acceptor states in a system is vital in such applica-
tions [53, 54] (electronic & photonic). Unlike graphene the semiconducting TMDCs are with a
band gap varying from 1 to 3 eV and the band gap (Figure 2(b) energy levels of semiconduct-
ing TMDCs are sized by changing the number of layers [27]. The TMDCs research was just at
their beginning in recent years that built the foundations having a very rapid advances in the
scientific field of 2D TMDCs. Obviously, all these methods which effort on gapless graphene
are switched for its use on TMDCs. In 2011 with the help of quantum confinement on elec-
tronic structure [55], the indirect band gap of bulk TMDCs materials chances to direct band
gap in 2D TMDC material of single layer for the coupling of spin and valley physics. The effect
of strain allow TMDCs to be a promising use in transistors, optoelectronic and valleytronic
devices. The predicted research of the few to monolayer TMDCs focus on identified unique
compounds of the TMDCs [7, 56, 57] like MoS,, MoSe, & WS, etc. exhibit a direct band gap
and are of specific interest for new kinds of optoelectronic devices and the bulk crystals are
indirect band gap semiconductors.
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4. Photodetector technologies and performance

A photo-detector is a key principle device that rely in detecting the process by which light is
converted into electrical signals by absorbing the photons [58]. The general action of a photo-
detector comprises fundamentally three process, carrier generation, carrier transport and
extraction of carriers as terminal output signal current. The schematics of the 2D photo-
detectors are shown in Figure 3(a). The fundamental principle of the photo-detector has 3
different stages as Light harvest, photocarrier (e-h) separation and charge transport. It is thus
more advantages in the Image defining areas, display technology, networking devices, opto-
electronic sensors, and fundamental science applications.

Different mechanisms used in the photodetectors have been identified in literature [59-61]
which are crucial process in processing alterations of absorbed photos into an electrical charge.
The several possible mechanisms exists, these effects are: photoconductive (PCE), photovoltaic
(PVE) and photo-thermoelectric (PTE) that are discussed below.

4.1. Photoconductive effect (PCE)

This effect is based on the absorption of a photon by a material results in a generation, which
can enhance the electrical conductance of the 2D materials [62]. In dark when the device was
under an applied bias there will be small current between the two electrodes (without illumi-
nation) Figure 3(b). In light when the device was exposed to light photons electron-hole pairs
are generated with a higher energy than the band gap. The drift in the electron and holes in
different directions lead to an increase in current (Ipnot,) between the metal leads. This photo
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Figure 3. (a) Schematic illustration of 2D photodetector device fabricated on SiO,/Si substrate. (b) Schematic of the
photoconductive effect: in the dark and under illumination. (c) Schematic of the photovoltaic effect: band alignment in a
PN junction and I-V curves in the dark & under illumination. (d) Schematic of the photo-thermoelectric effect: the thermal
circuit corresponding to the field-effect transistor device and I4—Vgs characteristics in the dark & under illumination.
Adapted from Koppens et al. [59], Buscema et al. [66].
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generated current increased the conductivity of the device. Due to the large difference between
the electron and hole motilities it is important to study the transit time (T) between the electron
and holes [63]

LZ
Tiransit = m 2)

where L, V4, and u have their regular notations. Many electrons can take part in the photocur-
rent before whole extraction or recombination which generates the photoconductive gain (G).

4.2. Photovoltaic effect (PVE)

This effect is based on the device when exposed to light and generating voltage. This novel
quantum effect for photons for its excitation of an electron hole (e-h) pair parted by an internal
electric field which contributes to the photocurrent [64]. Some interface can built the internal
electric field, such as Schottky barrier or a PN Junction as shown in Figure 3(c). In dark the
detector exhibits nonlinear I-V properties the PN junction is formed, I35 & exp. Vg5 — 1 as 145 is
exponential with the V4,. When the device is under illumination the photo generated electron-
hole pairs can be separated by internal electric field without external voltage leading to a large
photocurrent. When the device was under illumination and reverse bias, the photogenerated
carriers are wiped out in opposite directions with an increase in the reverse current and the
photons energy can be converted into electrical energy by the photovoltaic effect. The voltage
AV in the process of G-Au interface can be described as:

AV =ty — g — ABr + sgn (Vo = VR )hop V@ [V, — VB ®)

where ¢, is the work function of metal and ¢ is the work function of graphene; AEr is the
shift of the Fermi level of graphene by doping; V: gate bias; V?Sirac: gate bias in electrical
neutral point; a =7.2 x 10'° cm 2 Vs the carrier concentration with 300 nm SiO,; hvF = 5.52
eVA. A bias voltage (external) is to be applied to improve the performance of the device to
extract the charge carriers and use the phenomenon of photoelectric effect. The photocurrent

can be described in an expanded area in the whole device by applying an external bias voltage
that is given by [62, 65]:

Iph = AVeuAn 4)
the symbols have their usual meaning as the cross section (A), the applied voltage (V), charge
(e), the mobility (1) and the carrier density (An). This mechanism can offer great internal gain,
which means that the device can detect with extremely low power.

4.3. Photo thermoelectric (PTE) effect

This effect is based on the thermoelectric effect caused by light illumination. When the light
energy get absorbed it is sensed by Thermal detectors and the temperature gets raised [66].
Figure 3(d) shows the light induced heating leads to a temperature gradient through a
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semiconducting channel. Due to Seebeck effect the two ends of the semiconducting channel
has a temperature difference AT that can convert into a voltage difference AV =S. AT where AV
is linearly proportional to AT.

Graphene is extensively studied with this mechanism and later the MoS, photo-detectors [66—
70] having thermoelectric effect by Buscema et al. [66] on the MoS, monolayer. The photoin-
duced current is developed with 750 nm photo source that is less than the band gap of
monolayer that is caused by the heating the local junctions between MoS, and Gold. The
temperature difference between the junctions is due to the absorption of light, creates a
generation of PTE current and the voltage difference (AVprg) at the edge of the metal contacts
is given by [71]:

AVprg = (S semiconductor : MoS, — S metal : TiAu)AT =S semiconductor : MoS,AT  (5)

where S is the Seebeck coefficient and AT is the difference of temperature (Heated gold elec-
trode & MoS,) [72]

_ k3T ' din (o(E))

S 3e dE

| E = Er (6)

where e; the electron charge, kg; Boltzmann constant, o(E) is the conductivity, Er the Fermi
energy and T is the temperature.

4.4. Photo-device performance

The key terms of merit that are at high priority to characterize and assess the photo-detector
performances are as listed below:

Photo gain (G,

Photo response time:

On/Off ratio

External Quantum Efficiency (EQE) and
Internal Quantum Efficiency (IQE)
Photoresponsivity (R,) and

Detectivity (D)

Photo gain:

The ratio of the detected charge carriers per single incident photons, given by G}, and is
defined by [63]

Tr T H-Vbias
- 2
Ttransit L

Gph = (7)
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Here, 1 is the life time of the charge carriers, Tiransit is the drift transit time, u is the mobility of
the charges and L is the source—drain separation distance.

Photoresponse time:

In the ON state from dark, the time required for the current change until saturation is consid-
ered. This time varies from ps to minutes in different 2D materials and related devices that can
limit the application of the photo-detector.

On/Off ratio:

The ON/OFF in the photodetector is the fraction of the current with light ON and the current
(I) in Dark. It is not very similar to the device ON-OFF ratio in the other FET devices.

External Quantum Efficiency (EQE):

In order to produce the photocurrent I, the fraction of the extracted free charge carriers to
the photo flux ¢y, collected at a given energy E,j, is the External Quantum Efficiency, defined
by [73]:

Ton _ hvlpn

EQE - @ - e Pin (8)

where P, is the incident power.

Internal Quantum Efficiency (IQE):

In order to produce the photocurrent I}, the sharp ratio of the number of free charge carriers

collected is slightly different from external. The energy E,;, is given by the absorbed count of

photons is the External Quantum Efficiency, described by [73]:
Iph . hV Iph

IQE=—F" -
e(PinAabs e PinAabs

©)

here A,,s mentions the fraction of absorption.
Photoresponsivity:

Photoresponsivity is defined by R, on the effective area of the photocurrent I, generated per
unit incident power P of the photo-detector (S) [5, 74, 75]:

Ipn _ Iph ~nq (10)

Pin PXS_hV

where 1); is quantum efficiency, and the responsivity is termed as [67]

_nAg _nA (um) (A
R = e = 1: <W> b

where A is the incident wavelength.
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Quantum efficiency:

Quantum efficiency (QE) (n%) of a photodetector is the ratio of the electron generation rate to the
photon incidence rate. QE is connected to the responsivity of the photo detector by the below
equation [58, 76]

n=L =P (12)

Detectivity:

The ability of the Detector D represents the detector to distinguish between signal/noise
[77, 78]:

R\WA

D=
Vv 2eIdark

(13)

where [, is the dark current.

In 1873 the birth of photo-detectors was traced in the discovery of photoconduction of sele-
nium [79] and was first fabricated in 2009. The Graphene as the prototype 2D material started
working without any bias voltage showing steady state photo-response up to a frequency of 40
GHz. The photodetectors of graphene have broader absorption spectrum, fast response time
and a carrier mobility that are energetic elements and the exfoliated graphene has the highest
photoresponsivity (6.1 mA/W) and weak absorbance which is a limitation for exfoliated
graphene photo-detectors [80]. Now a days, the 2D transition metal dichalcogenide semicon-
ductors (TMDCs) have successfully fabricated for larger absorption that has raised their limi-
tation to improve the performance of photodetector. The monolayer exfoliated MoS, has a
photoresponsivity of 880 A/W at 561 nm and the energy band gap of TMDCs layers is tuned
between direct and indirect which is crucial in designing efficient photo-detectors [81].

5. 2D photo devices

2D material devices are fabricated with the contacts and are patterned by means of physical
mask & lithography (both electron beam and optical lithography) In addition, metallization,
lift off process and vacuum annealing are the hardcore essential steps for a final material
device fabrication. Extensive discussion is carried on the experimental techniques of material
device fabrication by using physical mask and optical lithography respectively. The three
parameters like metal evaporation, lift off and vacuum annealing are necessarily of more
interest to be discussed.

5.1. Fabrication

Physical mask: The physical stencil mask is the modest device fabrication method that is fast
and clean. The device performance is fictional with the lithography process having good
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transparency in the 2D material homo-structures. The fabrication of the device is carried with
physical mask and prepared first on silicon substrate. The precised mask is aligned and stuck
tight on the substrate by making contacts having the metals get evaporated. The 2D device is at
last fabricated by eliminating the mask.

Lithography: Lithography is an effective process used in the fabrication of the device and is a
planning tool to prepare the device contacts and to overcome some of the problems in the
application of 2D materials. Electron beam lithography and Optical lithography differ techni-
cally but sounds good in the applications of universal devices. The E-Beam lithography can be
of more advantage in device application as the precision can reach nm scale and the design of
the mask is done with requirement of the samples. Figure 4(a) & (b) depicts the schematic of
electron beam lithography and at first the resist is spin coated onto the substrate (for optical
lithography) or sample (for electron beam lithography) and dried in a hot plate. Secondly, the
UV light or electron beam exposes the patterns of the mask and starts to change the resist
properties. The pattern obtained is developed after the exposure. Thirdly, the patterned sam-
ples are deposited with the metals (Ti/Au), and finally the metals/resist is removed in the lift
off process to advance the device.

Metal evaporation: The metals get evaporated by arranging the devices and substrates, align-
ment of stencil mark or the lithography by using gold, titanium and carbon and chrome
metals. The development compute the process to have normal contacts, evaporation of 5 nm
Cr-Ti followed by 70 nm Au with careful consideration.

Lift off (only made by lithography): Lift off is a simple, easy method for exposing a pattern into
photoresist depositing a thin film and washing to leave behind only the film in the patterned
area. The resist is lifted off the substrate on the top of the metal that gets evaporated and
lithography is done. This process is carried in a hot acetone of temperature around 50-60°C, in
2 h time the metal on the top gets lifted off after the resist gets dissolved.

Annealing (only made by lithography): This is the important process that is very important to
fabricate the devices. It is important to remove the residual of resist/impurities in vacuum. In
order to maintain good contact among the sample and the metal its crucial to input certain

c)

Figure 4. (a) Optical lithography. (b) E-Beam system. (c) Schematic of 2D final device fabrication with grids as a shadow
mask with SiO, dielectric and Ti/Au electrodes.
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device current to remove critical contaminants in the optimization of metal:sample interface,
which is the most critical step in device fabrication (Figure 4(c)).

The different TMDC devices on 2D layered semiconductors is comprehensively reviewed and
discussed about the photodetection applications beyond graphene. Figure 5 [17] shows the
timeline development of the applications of graphene and other 2D layered semiconductors in
photodetectors based on different principles.

Most of the fabricated single/few layer TMDC FETs exhibits an n-type semi conducting behav-
ior which might approach the saturation current. The threshold voltage indicates the natural n-
type doping that arises due to the impurities like halogen (Br/Cl) atom that likely to replace S
atoms. The gradual increase of the concentration of the electrons of TMDCs giving n-type
doping results. The field effect device mobility of the single/few layer devices can be estimated
with the below equation [82]
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enhanced ReS; phototransistor™
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L sadanans

a AR

" W8, Waveguide integrated
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2014 —
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Figure 5. Timeline showing the development of the applications of graphene and other 2D layered semiconductors in
photodetectors based on different principles. Adapted from Xie et al. [17].
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/L Alye
H= (WCOXVdS) <avgs> (14)

where L, W, C,y have their usual meaning like the device channel length, width and gate
capacitance per unit area of 1.15 x 10~® F/cm®. It is well known that the carrier mobility of
semiconductors tend to decrease with increasing band gap. The electron mobility trend from
I to V compounds reduces from 77,000 cm?/VS for the narrow band gap to 3000 cm?/VS for
the wider band gap [83]. The gapless graphene show very high mobility of up to 200,000 cm?/
VS [84]. The electron mobilities among 2D materials beyond graphene shows a high field effect
mobility pee > 100 cm?/VS for MoS, and an average mobility of ~50 cm?/VS/~100 cm?/VS for
single/bulk MoSe; [85, 86]. With various 2D blocks in hands the key parameters provide large
collection of mobility with strong light absorption in literature [87, 88] has transfer (Igs — V)
and output (I4s — Vgs) characteristics of different TMDC synthesis.

5.2. Photodetector parameters

Choosing to study the optoelectronic properties of the semiconducting two dimensional mate-
rials like the TMDCs family consisting of transition metal dichalcogenides have shown a great
deal of attention towards strong light-matter interaction for optoelectronic applications. The
selection of the photodetector is based on the wavelength of light detected and the basic
photodetectors are semiconducting optical devices that adapt the incident light to an electrical
light that is focused as photocurrent [89]

I,n = BP™ (15)

where Ip, is the photocurrent, B is a constant, m is an exponent determining the photo-
conduction mechanism and P is the illumination intensity. In order to understand the photo-
detection high responsivity is required and essential for its potential application in TMDCs

materials which is a good parameter for the performance of an improved photodetector. It is
defined by [90]

Ip

Ry =
Plight

(16)

where Ip = Liimination — liark and Piige is the power of incident light.

The detector response should be great at the detected wavelength and different laser beams are
used at several optical power and applied gate voltage. The laser beams are chosen with a laser
wavelength of 532 nm is used in producing a photocurrent by focusing the light with a spot
diameter less than 1 um. The I & V parameters tend to increase with the increasing light
intensity that strongly suggest the photocarriers having electric field separated at the interface
of 2D and Si. To know the potential application of TMDC materials in photodetection, high
responsivity in various 2D TMDCs have been used for high performance photo-detectors such
as, MoS,, MoSe,, WS,, MoTe,, & ReSe, and so on [91-94]. These TMDCs in Figure 6 can provide
additional advantages over graphene based photodetectors that have larger photoresponsivity
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Figure 6. Optical and AFM images of different 2D devices gated using a degenerately doped silicon substrate with two
gold contacts. Adapted from Lopez-Sanchez et al. [23], Xia et al. [101], Liu et al. [18], Baugher et al. [19], Huang et al. [20],
Liu et al. [112].

of 10 mA/W to date in pure graphene photo-detector in visible region. Compared to classical
direct band gap semiconductors TMDCs are more advantages due to its transparency, easy
processing, and flexibility has ability to detect light at different wavelengths by tuning their
optical gap with various number of layers.

Graphene cannot be used as a competent photo-detector, with great dark current & small
absorption and photoresponsivity. MoS, is a representative member of the transition metal
dichalcogenide (TMDC) family that consists of two-dimensional material planar sheets that
stack on each other together using weak van der Waals interlayer interactions. MoS; is a said to
replace the graphene having promising alternative properties to enhance photocurrent
response because it has a band gap of 1.8 eV and high mobility of above 100 cm?/VS [95].
MoS, based photodetectors are of two kinds; (a) direct band gap on single-layer MoS, (b)
indirect band gap on few-layer MoS,. In 2011 the first photo-detector is based on single layer
MoS, was fabricated and developed [32], having a photoresponse of 7.5 mA/W, response time
of 50 ms which can measure 750 nm light that is comparable to graphene based photo-
detectors. As in Figure 7 in ambient condition Lopez-Sanchez with his group [24] developed
a device based on monolayer MoS, yielding a highest photoresponsivity of 880 A/W and on
the other hand in high vacuum condition a CVD monolayer MoS, based photo-detector arrive
a photoresponse and photogain limiting to 2200 and 5000 A/W respectively [96]. This implies
that the environment has a great influence on both the electronic and the optoelectronic
properties. Beside single layer MoS,, few-layer MoS, photodetectors have unique properties,
such as large absorption, band gap reduction and lower photoresponsivity than single layer
photodetectors. The reduction in responsivity is caused by the indirect band gap and the trap
states dominate the photodetection mechanism in few layer MoS,. In 2012 W. Choi et al. [20]
fabricated a photo-detector based on multilayer MoS, having a wide (~900 nm) spectral
response with a high photoresponse (>100 mA/W) and photo-detector based on a double layer
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Figure 7. Photoresponsivity of 2D TMDC devices under illumination wavelength. The TMDC devices shows an increas-
ing response of the photodetectors used for a high broad range of wavelengths. Adapted from Lopez-Sanchez et al. [23],
Ko et al. [21], Shim et al. [113], Buscema et al. [66].

MoS, device giving a faster photoresponse of (~110 ps; decay ~70 ps; rise) 570 mA/W of
photoresponsivity of 10 V and had high thermal stability In a different study top-gated
photodetectors depending on three different layers like single: double: triple 2D MoS, [33-35]
are compared and there outcomes indicate that the triple-layer device exhibits a very improved
detection with red source, and the others like double-layers and single layer were more
valuable for an energy of higher green detection. Since decade’s significant advances have
been achieved to synthesize large continues films or triangular flakes or hexagonal flakes on
different substrates [57, 97-99]. Like MoS, the properties of monolayer MoSe, exhibits a direct
band gap of 1.6 eV and changes into indirect band gap of 1.1 eV for bulk or multilayer MoSe..
MoSe, Photodetectors based on single/multilayer devices shows a remarkable light response,
speed response (15 ms—8 s) remains too low for practical applications [100, 101].

The CVD grown MoSe, Photodetectors exhibit high photoresponsivity between 0.26 and
13 mA/W [101] and Duan et al. [102] demonstrated the epitaxial growth of MoSe,/MoS,
heterojunctions which showed a pronounced photoresponse characteristics. The exfoliated
flake based photodetector shows a responsivity of 10° was transferred on Ti electrodes up to
97.1 A/W and the heterojunction photodetector like Gr/MoSe,/Si display a photoresponse in
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the wide range of 350-1310 nm having an extreme fast response speed of 270 ns. The MoSe,
devices show a fast response speed within a few tens of milliseconds for high performance
optoelectronic devices. Among the 2D materials the tungsten disulfate (WS,) has been investi-
gated for its use in photodetectors under the influence of gaseous environment. Recently Huo
and his group [81, 103] carried the measurements under low excitation powers and the
photoresponsivity of the devices ranges from 13 A/W in vacuum to 884 A/W in NHj; atmo-
sphere. The WS, photodetector has good improvement in the responsively and sensing perfor-
mances. Besides WS,, tungsten diselenide (WSe,) can also be used as sensing material for
photodetectors and a high responsively of 180 and 30 A/W is reported on the influence of
metal electrodes on photoresponse [104, 105].

The MoTe, 2D material shows the electrical properties of a phototransistor based on mechan-
ically exfoliated few layer MoTe, device that reached a responsivity of 2560 A/W [106]. Xu and
coworkers successfully isolated the single and few layer HfS, flakes by mechanical exfoliation
that has an indirect band gap of 2 eV shows a responsivity of ~ 890 A/W [107]. ReSe, based
photodevices on single layer reports an extraordinary responsivity of 95 A/W with a fast
response times on the order of tens of ms. ReS, has a direct band gap of 1.5 eV and the CVD
grown and exfoliated few layer ReS, shows a responsivities ranging from 16.14 A/W to 8.86 x
10° A/W [108] with a response time of several ms to hundreds of s. Few layer ReS, based
transistors under the oxygen plasma treatment can advance the optoelectronic properties with
a maximum responsivity of 16 A/W, 88,600 A/W & 2.5 x 107 A/W [109-112] and a response
time of several tens of seconds. The GaSe based devices show a photoresponse of 2.8 A/W and
a response time of 0.02 s while GaS based devices show responsivities of up to 4.2 A/W and
19.2 A/W and the devices with GaTe exhibit increased responsivities between 274.3 A/W and
10* A/W having a response speed down to several ms [113]. The GaSe and Ga$S has photo-
responsivity of 4 A/W on flexible substrates in the UV Blue region and the direct band gap
GaTe and In,Se; exhibits large responsivities of 1 x 10* A/W at short light illumination and
response time varies from ms to s [114-116]. A thicker InSe flake has a great photoresponse of
160 A/W and a fast response speed of few seconds that indicates a great influence of trap states.
SnS, flakes has a great attention used in photodetectors & transistors synthesized by the
exfoliation method and CVD grown flakes can reach up to a high responsivity of 8 mA/W
with a response time of 5 ms [117]. To enhance the performance of photodetector devices at
faster response times in the absence of gain and responsivity on the order of mA/W can
achieve the highest sensitivity (D* >7.7 x 10! jones) in TMDC photodetectors [17]. Combining
the critical parameters presented in table [17] like photoresponse time, Detectivity and EQE a
high speed and highly sensitive photodetector could be realized by stacking of TMDCs and
other two dimensional materials. The photodetectors on different semiconducting TMDCs
beyond MoWSeS (MoS;:Rpy, = 0.57 A/W, GaS: Ry, = 19 A/W, GaSe: Ry, = 2.8 A/W, InySes:
Rpn = 3.95 A/W) materials have their use in the flexible electronics of noble metals (PdS,,
PtS,...) and the early transition metals (e.g. TiS,, ZrS,, HfS,...) [118-122]. The growth of the
devices between their in-plane and out-of-plane modes have recently been discovered as
nanodiscs. These scientific discoveries are a frontline portion of the technological evolving
field and these 2D materials beyond graphene are blooming with new devices based on
MoWSeS materials, and investigation on the layered TMDCs research is still in early stages.
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6. Conclusions

This chapter is discussed on the Photodetectors based on 2D Transition metal Dichalcogenides
(TMDCs) that are rapidly established themselves as fascinating blocks for optoelectronics
focusing on the photoresponsivity. After the graphene discovery in 2004 thin film TMDCs are
used in the demonstration of the novel nanoelectronic and optoelectronic devices that are
becoming more eminent. The topdown & bottomup synthesis routes including Chemical
vapor deposition, hydrothermal method, electrical and mechanical exfoliation methods are
the promising methods to improve photocurrent response and discussion is carried on 2D
TMDC materials for a strategy to obtain large area with controlled thickness. The 2D TMDCs
with wide range of material properties can exhibit an ironic physical behavior extending from
an insulator to a narrow gap semiconductor to a semi metal or metal. The 2D TMDC semi-
conductors can have strong interaction with light and enhance the photon absorption with the
number of layers and evident with the band gap structures to create electron hole creation in
the merit of photodetection. The large band gap of TMDCs has higher carrier lifetimes
allowing them as a promising candidate for high sensitivity photodetectors. The direct band
gap semiconductors are suitable for application in optoelectronic devices generating electron-
hole pair with high absorption coefficient for effective photoresponse characteristics. The key
principle in the photo detection is explained and several different mechanism have been
discussed to enhance the photodetection efficiency. The theoretical key parameters of photo
performance is well explained to improve the light-matter interaction. The phototransistor
device preparation is shown and the Phototransistor devices based on TMDCs monolayer/
multilayers show and report the device photoresponsivity reaching 880-2570 A/W and having
a high photodetectivity under the light intensity. The improvement of TMDC photodetectors
performance like the parameter photoresponsivity is explained clearly in all the different
TMDC materials which is favorable for photodetection current that can greatly enhance the
photoresponse speed. The predictions of 2D materials in the commercialization depends on
the ability to offer at large scale depend not only on their performance but also on the ability
low cost integration to the existing photonic and electronic devices.
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