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Abstract : T?'O-dlr;\en§10:=;il ll‘anSltlon.me.tal dichalcogenides (TMDs) with unique properties have received
a grea-t at:en ion f)t§c1e_n 1 t(): f:lor.nmumty In recent years. Among the TMDs family, MoS, has been already
establishe as an in riguing building block for the next generation optoelectronics, such as [;holodclcclors. The
optoelectronic device performance of TMDs are known to be layer dependent

\ X ) The MoS, shows excellent light
absorption ?nd 1; folund st:ple in ngtural environment, which make it suitable for optoelectronic devices. In the
pres.ent revx;:w a;l ic g, we \ 1scuss filﬂ't?rent sypthesns processes for 2D-MoS, and have summarized few important
studies on the photodetection application of different morphologies of MoS, nanostructures. Here, we discuss the

diﬁ‘erent. MoS‘2 based photodetectors comprising of p-n junction photodiode and the metal-semiconductor-metal
(MSM) junction.

Keywordf: Tranojttlon metal dichalcogenides, MoS, Top down approach, Bottom up approach, Photodetector,
p-n junction device, MSM device.

INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenides (TMDs) have attracted huge attention of scientific
community in the field of optoelectronics due to their different properties such as tunable bandgaps, strong
interaction with light and the presence of weak van der Waals force between the layers!'l. The 2D-TMDs have
enormous advantages in various photonic and optoelectronic applications due to the energy bandgaps covering
the visible and near infrared spectral region, which is suitable for ultra-broadband photodetectors. Graphene and
TMDs are the earth-abundant and have emerged as 2D materials of choice due to multiple advantages such as
their low-cost production, easy synthesis and these materials can be easily transferred on required substrate with
precise thickness i.e. the layer number. The general formula for TMDs is MX2, where M is the transition metal (=
Mo, W from the group 4, 5, or 6 of the periodic table) and X stand for a chalcogen atom (S, Se and Te). These TMDs
material having energy bandgaps (1.0-2.1 eV), covering the visible and the near infrared spectral region leading
to the various photonic and optoelectronic applications. The most interesting properties in TMDs structures are
layer dependent bandgaps and quantum efficiency. The 2D monolayer Molybdenum disulfide (MoS,) shows high
carrier mobility and optical transparency compared to conventional semiconductors, which make it suitable for
developing ultra-broadband photodetectors for use in different areas such as surveillance and sensors in real life
applications. MoS, shows an indirect-to-direct bandgap transition, when it transforrr?s fr.om bulk to monolayer. Tbe
direct bandgap nature of MoS, makes it ideal for photonic and optoelectronic appllcatlons“:“”. Each ?D matejrllal
has its own advantages and disadvantages. As an example, black phosphorus (BP) shows higher carrier mobility
as compared to TMDs, but layered TMDs have relatively higher light absorption in visible range as ?ompared to
BP. In another example, graphene-based photodetector is used in ultrafast and broadband technol.ogles, wherea?s
MoS, based device is having advantage of strong electrolumnnc?scence“‘"2" The prese;nce of dlrgct elljelcjromc
transitions in monolayer MoS, increases the probability for excitons (electron-hole palr.s) g‘eneratlonl 14, The
structure of MoS, shows three different phases, IT (tetragonal symmetry, octahedrz'll coordm.auon.), 2H (he.xag-onal
symmetry, trigonal prismatic coordination) and 3R (rhombohedral lsyl‘nmetry, trigonal prismatic C(?ordlnatlon).
Among three phases, 2H-MoS, is found most stable while 3R phase 1s .tound unstabl«I:. The 1T MoS': is alsq found
stable however at high temperatures it turns into 2H phase. The stacking sequence In 2H phase of MoS, is AbA
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se letters represent the S atom and Mo atom, reSPeCtively_ The

BaB where the upper case and lower-ca .
sequence in 3R phase of MoS, is AbA CaC BcB. In 2H and 3R p[lllsalss‘la of MoS, the metal Coordinate ;g trizkmg
prismatic. The staking sequence in 1T phase of MoS, 1s AbC AbC!> . Ong
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Figure 1. Schematic diagram of applications of MoS, nanostructure.

Different TMDs nanostructures along with graphene have been investigated in wide range of electronics ang
optoelectronic devices ['**). The 2D-MoS, has been extensively demonstrated for different applications such
as photodetectors, solar cells, field-effect transistors (FETs), sensors, supercapacitors, batteries and other
photonic applications, as shown schematically in figure 1 P**. Among electronic and optoelectronic devices,
photodetectors are becoming a key component of optoelectronic technology due to their wide range of applications
for surveillance, robotics, sensors, night vision, security, motion detection and other optical communications !,
In literature, there have been wide range of studies on MoS, based photodetectors, however, a comprehensive
review via summarizing the recent trend on the developments in MoS, based photodetectors is still needed. Here,
we summarize different synthesis processes for MoS, via top down and bottom up approaches. We discuss recent
advances in MoS, based photodetector devices with two different configurations i.e. p-n junction and metal-
semiconductor-metal junction diodes.

Synthesis of MoS, nanosheets

In order to use in optoelectronic applications such as photodetectors, growth of high quality and large area
2D-TMDs nanostructures remains a challenge. To achieve high efficiency of such systems, defect free 2D-TMDs
nanostructures are needed which can improve the exciton generation and separation. A large area growth of these
nanomaterials is required for the successful realization of commercial optoelectronic devices. The 2D materials
can be synthesized by two general paths such as top-down and bottom-up approaches. The widely used top-
down approach incudes mechanical exfoliation, liquid phase exfoliation and Lithium ion intercalation methods
G741, These exfoliation processes are suitable for synthesis of 2D materials due to the weak van der Walls force
between the layers, that allows individual 2D layers to be separated from its bulk counterpart bulk. On the other
hand, bottom-up approaches include the physical vapor deposition (PVD), chemical vapor deposition (CVD)
and solution chemical (hydrothermal/solvothermal) process. In this section we have discussed these processes
separately (4!,
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{0p-DOWN APPROACH FOR MoS, SYNTHESIS

Mechanical exfoliation

for synthesis of monolayer/few-
EIIS shown schematically in figure 2. The quality of the
hich enables the properties study of pristine MoS,. Oriol

Jayer MoS, via scotch tape assisted mechanical peeling,
f1m prepared by this technique is known to be highest, w

d this exfoliation method to s i . o
et. al. use e Howevor ' dynthf:SlS Mo.S2 monolayer and showed its suitability for ultrasensitive
photodetection 7. ¢F, the main demerits of this method are the low yield and the small flake size, which

are crucial part for scalable production of such photodetectors. Therefore, MoS, synthesis via this process is
limited to the fundamental study at laboratory level. ‘

Scotch tape

£

Exfoliated flake

Transfer ¢t

substrate

~i Exfoliated flake
Bulk MoS,

(few/mono layer)

Figure 2. Schematic diagram for mechanical exfoliation method.

Liquid exfoliation

The another important and widely used top-down method is liquid exfoliation process. In this method, bulk MoS,
powder is used as starting material and common organic solvents and/or functionalization is used to exfoliate the
bulk materials. The exfoliation of the bulk materials can be done by various mechanical processes like sonication,
shearing, stirring, grinding and bubbling methods. The direct sonication process depends on the solvent and/or
surfactant to defeat the cohesion between adjacent layers. Thus, the solvent must be chosen to have surface
tension close to the surface energy of the material 2. In this method, the materials shape, size and layer numbers
vary randomly. The quantity of the flakes is much larger than the mechanical exfoliation but the quality is
lower as compared to mechanical exfoliation. In one of the works, synthesis of few layer MoS, and WS, was
demonstrated via sonication of their bulk powders using soapy water as solvent 40 Figure 3 shows the schematic
diagram of synthesis of MoS, by liquid exfoliation methods. The re-aggregation of 2D-nanosheets is removed
via steric and electrostatic repulsion. The yield of liquid exfoliation method can be mf:reased b?r s.urfactants. and
sonication. The yield of liquid exfoliation is drastically improved from the m.echf'imcal exfoliation technique,
but the quality of the flake is still low. This method is suitable in different apph.catlons, where a vast am.ount of
nanoflakes are required such as energy production and storage applications. This process is a cost effective and
simple technology for large scale production of 2D nanosheets.
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Selrest Sonication l
Bulk MoS;
Exfoliated
few/monolayer MoS, ]

Figure 3. Schematic diagram of synthesis of MoS2 via liquid exfoliation.

Lithium ion intercalation methods:

In this method. the small radii ions are intercalated into the adjacent layers in bulk layered materials. Generally,
Lithium ion is used to intercalate between the different layers of MoS, to expand the interlayer spacing, Thi;
increase of interlayer spacing facilitates the exfoliation process by mechanical treatment, as shown schematically
in Figure 4. Generally, N-butyl lithium is used for Li intercalation between layers of TMD material 3], The single
layer MoS, was demonstrated by Joensen and co-workers using n-butyl lithium dissolved in hexane. During the
intercalation the formation of Li MoS, compound occurs which controls the yield of monolayer MoS, I, The
main problem with this method is that, during the synthesis/intercalation process, L1 atoms intercalate in the layer
of MoS, and during that time the semiconducting 2H of MoS, transforms into its metallic 1T phase. However,
after anﬁealing at 300°C, semiconducting 2H-Mo$S, phase can be obtained **\. This method is likely to be better
suited for applications in energy storage and generation, sensing or as filler materials for composites where large
quantity of materials are required.

Li* Ton S Exfoliated fake
(few/mono layer)

Figure 4. Schematic diagram of Li ion intercalation method to obtaii MoS, nanosheets.

BOTTOM-UP APPROACH FOR MoS, SYNTHESIS
Physical Vapor Deposition (PVD)

The molecular beam epitaxy (MBE) is a cutting-edge automation for synthesis of single crystal semiconducting
film; however, this method is not suitable for the synthesis of 2D materials due to the smaller grain "\ The
2D-MoS, can be synthesized by this method. Muratore et. al. reported the synthesis of ultra-thin MoS, films at
low-temperature by physical vapor deposition method "), This synthesis process is based on magnetron sputtering.

Chemical Vapor Deposition (CVD):

CVD technique is known as the best technique to synthesize high quality and large area monolayer TMDs
nanosheets. In this process, chemical reaction occurs among different precursors in vapour state and solid-state
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is deposited 253 desired product. The schematic diagram for MoS
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2

pin filT? .
: -0xide, Molybde

5 Generally, Mo cornpougds like Molybdenum tri
Fig " ssed as Mo pre(.:ursors while sulfur powder and H_S gas are used as
et 'Genera”y’ the reaction temperature for MoS2 synthesis is in the range

9] . M 1 .
example following chemical reactions take place in CVD process during

ynthesis via CVD method is shown in
num chloride, Ammonium molybdate
reducing agents and sulfur source [*3:48.
600-1000°C in CVD process ), As an

the growth of MoSz.
MoO, +X/28 — MoO,  +x/2 80,

(1)
- (2)
Jhere MoO, is mt-en—nedlate phase fo'rmed' wlllen X =1, during the reaction. '0.38)
dem(}ﬂsmted on different substrates.hk'e Si, SlOz/Si and quartz. The large area monolayer MoS. via CVD
was S)’Uthesized by Lee et. al. on SVSiO, substrate at 650°C and ambient pressure using MoZ) and S met:"d
Js precursors (1 In one of our study, we showed the growth of few-layer MoS, nanosheets over3 large af:aw fe;ST
(ubstrates treating same precursors (MoO, and S) at 690°C for 5 minutes in ni:rogen atmosphere [5‘%. Funh:r b;

nodifying the reaction time (10 minutes),. temperature (750°C) and precursors amount, we have successfully
demoﬂsn-ated the large area growth of vertically aligned few-layer MoS, nanosheets '

MoO, X + (7-x)/2 S — MoS, + (3-x)/2 SO,

The growth of MoS, has been

Substrat
Furnace with quartz tube /
s l / ( Gas QOutlet
r— e
Gas Inlet -

I G
S powder M003 powder -_

Figure 5. Schematic diagram of MoS, growth via CVD methods.

Solution chemical process

There are two different methods for synthesis of MoS, nanosheets by this process, hydrothermal and solvothermal
processes >4, The schematic diagram of synthesis of MoS, via solution chemical process is shown in figure 6.
During the synthesis process, sodium molybdate react with sulfide compounds or sulfur at temperature range 150
to 240°C and the autoclave is kept at that temperature for several hours for completing the synthesis process.
In this method, synthesized MoS, is in powder form of different shapes and size. Just after the synthesis the
powder is treated with tempemm}e, to increase their crystalline nature and freshness. The main dissimilarity
between these two methods are that the precursor solution in the solvothermal is usually non-aqueous, however
in hydrothermal method it is aqueous.

stainless-steel autoclave

Mo Source = S Source

HydmthermnllSolvolhermll
Method

0°
Temperature 150-240°C nanostructure

Figure 6. Schematic diagram of MoS, g7 owth via hydrothermal/solvothermal methods.
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Photodetection Process

Photodetector is a device, which can convert the light into electrical signals. MoS, makes good junctiong with
other materials like Si and other 2D materials, hence different junction formations have been investigateq for
optoelectronic applications. In this section, we will discuss about the main mechanisms that are involyeq in
photodetectors. The two main mechanisms, (a) photoconductive and (b) photovoltaic effect are used for the
photodetection purpose, which are briefed as follows [4353],

(a) Photoconductive Effect

The electron-holes are generated in the semiconductor system when the energy of the incident light (photon) is
higher than the band gap of a materials. In this effect, photogenerated charge carriers (electron-hole pairs) drift
in opposite directions by built-in electric field and the applied external field. It greatly reduces the possibility
of recombination of generated charge carriers. Under the reverse bias condition across the junction, the
photogenerated charge carriers are separated, which result in photocurrent of the device.

(b) Photovoltaic Effect

In this effect, photogenerated charge carriers are decoupled by intrinsic built-in electric field rather than the
applied bias voltage. The open circuit voltage can be developed by the accumulation of the carriers of opposite
polarities, which leads to the separation of charge carriers resulting in large photocurrent.

(a) Light source (b) Light source
Metal Metal contact
contact \ Metal
Metal contact ‘ ‘ \ connet
wtype merils _L v -
: 5 o ;Semleonductlng_materhl
(v)
V) O,
p-n Junction MSM structure

Fig.7. Schematic representation of (a) p-n junction device and (b) Metal-semiconductor-metal (MSM) device.

The photodetector devices can be made in two different ways- p-n junction device and metal-semiconductO_r-
metal (MSM) device. The schematic representations of a p-n junction device and MSM device are shown in
Figure 7a, and 7b, respectively [5'6],

MoS " Photodetectors

Last few years the many scientific articles have been published based on Graphene and TMDs in the fiel
optoelectronics. Few-layer TMDs based photodetectors shows relatively higher photoresponsivity as comp’
to graphene-based photodetectors due to the presence of finite direct band gap. Among semiconductusl;‘l;
TMDs, MoS, is having direct bandgap of around 1.8 eV in monolayer form with high mobility 126:1,53:557
The electromagnetic spectrum covered by two dimensional TMDs is marked in the schematic

d of
ared

diagram of
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Fig. 8. The electromagnetic spectrum of 2D TMDs.

In one of the recent studies, we demonstrated the growth of n-type bulk and few-layer MoS, by CVD over
p-type Si substrate. In this study, we showed that the bulk MoS, did not show the photoemission hence could
not be used for photodetection application. The grown few-layer and interconnected MoS, nanosheets possessed
suitable properties to be used for photodetection. The SEM image of prepared few-layer MoS, film (Figure
9a) indicates the interconnected network of MoS,. Raman study (Figure 9b) showed the 2H phase of prepared
MoS, film in both bulk and few-layer form. The inset image shows the two vibrational modes of MoS,, where
E12g represents the in-plane vibration of Mo and S atoms in opposite directions and Alg peak shows the only
vibration of S atom in outward direction. In order to examine the suitability of prepared bulk and few-layer MoS,
for photodetection, we performed the photoluminescence (PL) study. Figure 9¢ shows the PL spectra of bulk
and few-layer MosS, film where only few-layer MoS, shows emission peaks indicating the presence of direct
bandgap while absence of PL peaks in bulk MoS, indicates the indirect bandgap. These characterization studies

confirmed the semiconducting nature of prepared MoS, and suitability of few-layer MoS, for photodetection
application 5!,

Further photodetection behaviour of prepared MoS, film was examined by performing current-voltage (I-V)
characteristic study with and without illumination, as shown in Figure 9d. It shows current response to the applied
voltage under dark and two different illumination conditions (0.05 and 0.15 mW cm? of a white light using neon
lamp source). Under illumination condition the revers bias photocurrent gradually increased and the forward bias
pPhotocurrent remained nearly constant. High asymmetry in I-V characteristic suggests the form.atlon of go?d
quality p-n junction between n-type MoS, and p-type Si substrate. The reverse bias photocurrent increases with
increased intensity of incident light as larger number of photogenerated charge carriers are resulted. In thl‘S study,
conduction mechanisms of MoS, based p-n junction photodiode was discussed on the basis of band diagram,
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e. Under reverse bias, the photogenerated charge carriers are separated by built-in electric ”

in figure 9
ot e in photocurrent.

and are collected by electrodes to result in increas
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Fig. 9. (a) SEM images of few-layer MoS, (b) Raman spectra of both MoS, and inset is the vibrational modes. (c) PL spectra of both MoS,, (d) I-V
characteristics under dark and illumination condition, (¢) A schematic band diagram for SMoS, heterojunction. (Adapted with permission
from*ll. Copyright 2019 American Chemical Society)

In forward bias condition, the photogenerated electro-hole cannot move due to the unfavourable band bending and

hence, insignificant change in photocurrent is observed. The photoresponsivity (R) of this device was examined

using following equation 3.

R=1
ph
P_.S 3)
where Pinc is the incident power density, S is illuminated area of the few-layer MoS, and I, is the photocurrent.
The R~ 0.1413 A W' at -2V was obtained under white light of power density 0.15 mW cm? for few-layer MoS,/
Si heterojunction device.

Recently in another work, we demonstrated the photodetection application of thermal conducting vertically
oriented few-layer (VFL) MoS,, synthesized directly on p-type Si substrate “!* As shown in figure 10a, SEM
image of synthesized film suggests the interconnected network of vertically grown few-layer MoS, with respect 9
the substrate. The VFL-MoS, were found to be 5 nm thick and 500 nm of height. Raman spectrum (Figure 10b)
shows separation around 25 cm™' between characteristic peaks of 2H MoS, (E12g ~ 383 cm™ and Alg ~ 408 cm™);
indicating presence of few-layers. The semiconducting nature of VFL-MoS, was confirmed by PL study, which
indicates two peaks around 681 and 635 nm for direct A and B excitons, respectively, as shown in Figure 10c. The
photodetection study of VFL-MoS, using I-V characteristics in this study is shown in figure 10d indicating high
degree of asymmetry in the I-V curve in dark condition, which suggests formation of high-quality p-n junction
at interface. The photodetection properties of the device was observed under green light (532 nm). As expected,
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indicating small photocurrent loss. Figure 10f shows the switching abili ' s around (.92

of 0.15 mW cm and applied voltag-e of -3V. Based on above two studies, we found that vertically oriented

layer MoS,/Si based photodetector is more efficient than horizontal few-layer MoS /Si, which cyar(:r;)ime fzw(;
. . ) ’ asc

10 the enhanced light absorption due to vertical morphology of the film that enh;nces the light trappinr; leay

multiple reflections. An efﬁciejnt electron-hole separation due to built-in electric field at heterojunction juncti
also improves the photodetection capability of prepared MosS,. ! 1 Junction
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Fig. 10. (a) HRSEM image of VFL-MoS, (b) Raman and (c) PL spectrum of synthesized MoS » (d) IV curves of heterojunction device under dark and
different illumination intensities. () Variation of photocurrent with laser intensities at -2V. (f) Switching behavior of device at -3V. (Adapted
with permission from !, Copyright 2020 American Chemical Society)

In another work, Liu et. al. synthesized monolayer MoS, via CVD technique and transferred it over p-type Si

substrate to make heterojunction photodetector’*?. In this process, they deposited AlO, on Si- substrate to create

electrode, Two different electrodes Cr/Aw/Cr (6 nm/3 nm/6 nm) and Pd were created over AlQ, via thermal
deposition and hence asymmetric electrodes were used for photodetection in this study. The schematic diagram
of the final device is given in Figure 11a. The SEM image (figure 11b) shows the prepared heterojunction

Photodetector with Cr/Au/Cr (6 nm/3 nm/6 nm) and Pd electrode. Figure 11c¢ shows the I-V characteristics curve

of fabricated device under 532 nm laser intensities at 0.95, 3.27 and 5.60 mW. The I-V characteristics show
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