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Ahstract : Two-dimensional transition metal dichalcogenides (TMDs) with unique properties have received 
a oreat attention of scientific community in recent years. Among the TMDs family, MoS, has been already established as an intriguing building block for the next generation optoclectronics, such as photodetectors. The 
optoelectronic device performance of TMDs are known to be layer dependent. The MoS, shows excellent light 
absorption and is found stable in natural environment, which make it suitable for optoelectronic devices. In the 
present review article, we discuss different synthesis processes for 2D-MoS, and have summarized few important
studies on the photodetection application of different morphologies of Mos, nanostructures. Here, we discuss the 

different MoS, based photodetectors comprising of p-n junction photodiode and the metal-semiconductor-metal 

(MSM) junction. 

Keywords: Transition metal dichalcogenides, MoS, Top down approach, Bottom up approach. Photodetecto 
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 layers1, 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 transforms from bulk to monolayer. The 

direct bandgap nature of MoS, makes it ideal for photonic and optoelectronic applicationsl+-101, Each 2D material 

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 compared to 

BP In another example, graphene-based photodetector is used in ultrafast and broadband technologies, whereas 

MOS, based device is having advantage of strong electroluminescence The presence of direct electronic 

ransitions in monolayer MoS, increases the probability for excitons (electron-hole pairs) generation 3.141, The 

Structure of MoS, shows three different phases, IT (tetragonal symmetry, octahedral coordination), 2H (hexagonal 

symmetry, trigonal prismatic coordination) and 3R (rhombohedral symmetry, trigonal prismatic coordination). 

Anong three phases, 2H-MoS, is found most stable while 3R phase is found unstable. The 1T MoS, is also found 

StaDle however at high temperatures it turns into 2H phase. The stacking sequence in 2H phase of MoS, is AbA 
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BaB where the upper case and lower-case letters represent the S atom and Mo atom, respecti

sequence in 3R phase of MoS, is AbA CaC BcB. In 2H and 3R phase of MoS, the metal coordin 

prismatic. The staking sequence in 1T phase of MoS, is AbC AbCls-131, 

vely. The staking 
inate is trigonal 
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Figure I. Schematic diagram of applications of Mos, nanostructure. 

Different TMDs nanostructures along with graphene have been investigated in wide range of electronics and 

optoelectronic devices 9-291, 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 Bo391, 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 P1 

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 eficiency 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 
Br0, 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 411. 
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TOP-DOWN APPROACH FOR MoS, SYNTHESIS 

Mechanical exfoliation 

. on the peeling process of layered materials by application of mechanical force to result in one or 
Tt slavers. In 2004, this method was first used to synthesize Graphene), The scotch assisted mechanical is still a widespread approach for making a top-quality 2D sheets of Graphene and TMDs materials. High 
quali 

intera 

MoS. can be synthesized via this method quickly as the mechanical force can overcome the van der Waal raction between layers. Bulk MoS, crystal can be used as starting material for synthesis of monolayer/few- laver MoS, via scotch tape assisted mechanical peeling, as shown schematically in figure 2. The quality of the 6lm nrepared by this technique is known to be highest, which enables the properties study of pristine Mos Oriol al used this exfoliation method to synthesis MoS, monolayer and showed its suitability for ultrasensitive et. al. 

nhotodetection37, However, the main demerits of this method are the low yield and the small flake size, which 
ar 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 

peeling
Exfoliated flake 

Transfer to 

substratee 

Exfoliated flake 
Bulk MoS2 

(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 , 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 

Ower 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 , Figure 3 shows the schematic 

1agram of synthesis of Mos, by liquid exfoliation methods. The re-aggregation of 2D-nanosheets is removed

d steric and electrostatic repulsion. The yield of liquid exfoliation method can be increased by surfactants and 

SOnication. The yield of liquid exfoliation is drastically improved from the mechanical exfoliation technique,

O the quality of the flake is still low. This method is suitable in different applications, where a vast amount of 

1dkes are required such as energy production and storage applications. This process is a cost effective and 

nple technology for large scale production of 2D nanosheets. 
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Bulk MoS 
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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. Generall. 

Lithium ion is used to intercalate between the different layers of Mos, to expand the interlayer spacing. This 
increase of interlayer spacing facilitates the exfoliation process by mechanical treatment, as shown schematicall 

in Figure 4. Generally, N-butyl lithium is used for Li intercalation between layers of TMD material, The singie 
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, , The 
main problem with this method is that, during the synthesis/intercalation process, Li atoms intercalate in the layer 

of Mos, and during that time the semiconducting 2H of Mos, transforms into its metallic 1T phase. However, 

after annealing at 300°C, semiconducting 2H-MoS, phase can be obtained 51, 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. 

Space between 

the layers 

L lon Exfoliated fake 
Bulk MoS2 

few/mono layer) 

Figure 4. Schematic diugram of Li ion intercalation method to obrain Mos, nanosheets. 

BOTTOM-UPAPPROACH 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, flms at 

low-temperature by physical vapor deposition method 4"), This synthesis process is based on magnetron sputtering. 

Chemical apor Deposition (CVD): 
CVD technique is known as the best technique to synthesize high quality and large area monolayer 1TMDS 

nanosheels. In this process, chemical reaction occurs among different precursors in vapour state and solid-sta 
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ed as a desired product. The schematic diagram for MoS, synthesis via CVD method is shown in hin 

film is depo.

Figure 5. 

etc. 
are used as 

Generally, the 

nrecursors while sulfur powder and H,S gas are used as reducing agents and sulfur source).48. the reaction temperature for MoS, synthesis is in the range 600-1000°C in CVD processI50), As an mical reactions take place in CVD process during the growth of MoS,. 

rally, Mo compounds like Molybdenum tri-oxide, Molybdenum chloride, Ammonium molybdate 

example following chemic

MoO, +x/2 S~ MoO,, + x/2 SO, 
(1) 

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

rmediate phase formed when x =1, during the reaction. (10,38) The growth of MoS, has been 
ostrates like Si, Si0,/Si and quartz. The large area monolayer MoS, via CVD method

et. al. on Si/Sio, substrate at 650°C and ambient pressure using Mo0, and S powders

here Mo0, is interm

demonstrated 

on different subst 

was 
synthesized by Lee 

wher 

as 
precursors 

1, In one of our study, we showe the growth of few-layer MoS, nanosheets over large area of Si 
precursors (Mo0, and S) at 690°C for 5 minutes in nitrogen atmosphere 51, Further by 

me (10 minutes), temperature (750°C) and precursors amount, we have successfully 

bstrates treating same 

odifying the reaction time 

de 
Aemonstrated the large area growth of vertically aligned few-layer MoS, nanosheets 41 

Substrat

Furnace with quartz tube, 
Gas Outlet 

Gas Inlet 
S powder Mo0, powder

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

Solution chemical process 

There are tvwo different methods for synthesis of MoS, nanosheets by this process, hydrothermal and solvothermal 

processes 52:541, 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 temperature, 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 

Hydrotherma/Solvothermal 

Method

Mos, 
Temperature 150-240°C 

nanostructure 

Figure 6. Schematic diagram of MoS, growth via hydrotherma/solvothermal methods. 
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Photodetection Process

Photodetector is a device, which can convert the light into electrical signals. MoS, makes good iunctions 
other materials like Si and other 2D materials, hence different junction fomations have been investigated f 

optoelectronic applications. In this section, we will discuss about the main mechanisms that are involved in 
photodetectors. The two main mechanisms, (a) photoconductive and (b) photovoltaic effect are used for the 

photodetection purpose, which are briefed as followsl14.51 

with 

(a) Photoconductive Efect 

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) drit 
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 Efect 
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 

contact 
Metal contact

n-type materials 

Semicondueting material

P-type material 
Sio /Si substrate 

- O- 
p-n Junction MSM structure 

Fig 7. Schematie representation of (a) p-njunction device and (b) Metal-semiconductor-metal (MSM) device

The photodetector devices can be made in two different ways- p-n junction device and metal-semiconaueo 
metal (MSM) device. The schematic representations of a p-n junction device and MSM device are shown 

Figure 7a, and 7b, respectively 515, 

MoS, Photodetectors 
Last few years the many scientific articles have been published based on Graphene and TMDs in the field o 

optoelectronics. Few-layer TMDs based photodetectors shows relatively higher photoresponsivity as comparc

to graphene-based photodetectors due to the presence of finite direct band gap. Among semiconauct 
TMDs, MoS, is having direct bandgap of around 1.8 eV in monolayer form with high mobility 0 
The electromagnetic spectrum covered by two dimensional TMDs is marked in the schematic diagrau

of 
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and few-layer Mo: 

Aact of the TMDs show emission in visible and near-infrared region of the spectrum4 Monolayer 
Figurc r Mos. show emission in the red region of the visible light, as marked in Figure 8. The Mos, shows high quality of i 

unique properties 

otodetector application. Beside monolayer MoS,, multilayer MoS, shows band gap reduction which leads

interface with other semiconductive materials such as Si. The monolayer MoS, has some 
rect band gap, high absorption coefficient and the flexibility, which makes it suitable 

like direc

extension of detection range and higher absorption due to the larger number of layers. However, the 

the 

nivity of the multilayer film is low as compared to monolayer due to the presence of indirect band gap. In llowing section, we will discuss the recent studies on monolayer and few-layer MoS, based photodetectors 
the 
with p-n junction and MSM device structures. 

Photodetector, Solid State lighting, Display 

Ultraviolet rays Visible light Infrared rays Microwaves Radio waves 
1 nm-400 nm 400 nm -750 nm 750 nm- 25m25um-1 mm >lmm 

MoS, MoSe 
WS, WSe 

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 96) 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 9c shows the PL spectra of bulk 
and few-layer MoS, 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 51)1. 

Further photodetection behaviour of prepared Mos, film was examined by performing current-voltage (1-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 cm2 of a white light using neon 
amp source). Under illumination condition the revers bias photocurrent gradually increased and the forward bias 
photocurrent remained nearly constant. High asymmetry in I-V characteristic suggests the formation of good 
quality p-n junction between n-type MoS, and p-type Si substrate. The reverse bias photocurrent increases with 
CrCased intensity of incident light as larger number of photogenerated charge carriers are resulted. In this study, 
Conduction mechanisms of MoS, based p-n junction photodiode was discussed on the basis of band diagram, 

J.MET. MATER SC., Vol. 62, No. 3-4, 2020 109 



BISHNU PADA MAJEE and ASHISH KUMAR MISHRA 

shown in figure 9e. Under reverse bias, the photogenerated charge carriers are separated by built-in el 

and are collected by electrodes to result in increase in photocurrent. 
ectric field 

-Bulko 
Mo 

Feayer Mos, 
E 

A 
um 370 380 J90 00 1 

Raman shifn (cm ) 

(c) (a)Bulk Mos, 

Fewdayer Mos, 3000 
E 

Dark Curent
0.05 mW cm 

0.15 mW cm 2000 

1000 1E-8 

1E 

Voltige (n 
Wavelength (nm) 

Illumination Illumination (e) VacuumLevel

I.l eV : 

p-Si MoS, p-Si n-Mos, p-SI n-MoS, 

Equilibrlum Forward blas Reverse bias 

Fig 9. (a) SEM images offew-layer Mos, ) Raman spectra of both Mos, and inset is the vibrationat modes. (9) PL 5ectra of both Mos, (a 
characteristics under dark and ütumination condition, (o) A schematic band diagram for SiMos, heterojunction. (Adapted with permission 
fromB, Copyright 2019 American Chemical Sociey) 

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 ph 
3) nch 

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 cm2 for few-layer Mos 
Si heterojunction device. 

Recently in another work, we demonstrated the photodetection application of thermal conducting verticaiuy 
oriented few-layer (VFL) Mos,, synthesized directly on p-type Si substrate 41) As shown in figure 10a, SEM 

image of synthesized film suggests the interconnected network of vertically grown few-layer Mos, with respect t 
the substrate. The VFL-Mos, were found to be 5 nm thick and 500 nm of height. Raman spectrum (Figure ID 
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, wne 
indicates two peaks around 681 and 635 nm for direct A and B excitons, respectively, as shown in Figure 10C. 1 
photodetection study of VFL-MoS, using I-V characteristics in this study is shown in figure 10d indicating ng 
degree of asymmetry in the 1-V curve in dark condition, which suggests formation of high-quality p-n junc 

pected, at interface. The photodetection properties of the device was observed under green light (532 nm). As expe 
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nder reverse bias, the photocurrent increases with laser power density because of increased 

that 
photogenerate electron-hole 

field across p-n junction 

it was found 

pairs. The photogenerated charge carriers were separated by the built-in electric iunction and applied bias before recombination. The photoresponsivity (R) of the device, underdensity of o.15 mW cm* at -2 V was found around 7.37 AW using equation 3.The reverse bias denends upon the incident laser power density (Figure 10e) and it can follow the below equation 4. 

illumination power. 

photocur 

CP (4) 
Cis constant and a is tne exponent parameter. Ihe calculated a for the photodiode was around 0.92 ino small photocurrent loss. Figure 10t shows the switching ability of the device under laser illumination n cm2 and applied voltage of -3V. Based on above two studies, we found that vertically oriented few yer 
MoS /Si based photodetector is more efficient than horizontal few-layer MoS,/Si, which can be ascribed eenhanced light absorption due to vertical morphology of the film that enhances the light trapping by ult inle reflections. An eficient electron-hole separation due to built-in electric field at heterojunction junctionalso improves the photodetection capability of prepared MoS 

a) 
(b) 

400 

200 nm www 
160 240 320 00 Raman shit (cm) 

480 

() 
1ES 
1E4 

1E. Oark 

-0.15 mW em 

-210 mW em 

5.16 mW cm 

10.6 mW cm 

620S40660 680 
Wavelength(nm) otge 600 

e) (9) 
-+6.15 mW cm Exp. values 

-Fitted data 

-p 

10 rpower (mw Time(Sec) 

ig 10. (a) HRSEM image of VFL-MoS, (b) Raman and (c) PL spectrum of synthesized MoS, (4) 1-V curves of heterojunction device under dark and 

erent ilmination intensities (e Variation of photocurrent ith laser intensities a -2V ) Switching behavior of device at -3V (Adapted 
with permission from i", Copyright 2020 American Chemical Society) 

h another work, Liu et. al. synthesized monolayer Mos, via CVD technique and transferred it over p-type Si 
Substrate to make heterojunction photodetectors9), In this process, they deposited AL,0, on Si- substrate to create 

ctrode. Two different electrodes Cr/Au/Cr (6 nm/3 nm/6 nm) and Pd were created over Al,O, via thermal 
poStion and hence asymmetric electrodes were used for photodetection in this study. The schematic diagram 
nnal device is given in Figure 11a. The SEM image (figure 11b) shows the prepared heterojunction 

Paodetector with Cr/Au/Cr (6 nm/3 nm/6 nm) and Pd electrode. Figure 11c shows the 1-V characteristics curve
dOTICated device under 532 nm laser intensities at 0.95, 3.27 and 5.60 mW. The I-V characteristics show 
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the fabricated .ated device without bias with difierent incident laser power intensities. They found that both detectivity with increasing incident laser power intensity and suggested that this reduction was and
onsivity decreased with ir 

observed duedue to capture of photogenerated charge carriers in trap states. Figure 11f shows the dependence of 
photovoltag 

age on light intensity, which suggests that the photovoltage gradually enhanced from 37 to 48 mV when iy varied from 0.95 to 5.60 mW. Inset of Figure 11f shows the variation of photocurrent of the device light intensity varied from 

"iaht intensity at zero bias. This curve tollows the power law with exponent value around 0.99, attributing ran states at interface. Mostly Mos, based photodetectors with 2D-2D or 2D-Bulk heterojunctions have 

been studied. In a ehudied. In a different kind of study, Um et. al. demonstrated a high-performance 2D-1D photodiode based
on MoS, nanosheets/CuO nanowire (NW) heteroJunction They prepared CuO NWs on Cu foil via thermal

ation at 500°C and exfoliated MoS, nanosheets from bulk Mos, via mechanical exfoliation technique. They 

on 

fahricated the 2D-1D heterojunction device over Sio/Si surface by transfer processing of MoS, nanosheets 

sver CuO NWs and made electrical contacts of Cr (5 nm)/Au (70 nm) on MoS, nanosheets and CuO NWs via 
ov 

thermal evaporator. The measured thickness of S0 nm for Mos, nanosheets and 150 nm of diameter for Cuo 

NWs was found. The schematic diagram of the prepared 2D-ID heterojunction photodiode is given in Figure 12a 

and SEM image of the final device is shown in figure 12b. The 1-V characteristics under dark condition of the 

heterojunction diode (n-type Mos, nanosheet and p-type CuO NW) is shown in Figure 12c. The observed high 

rectification was attributed to the formation of good junction betvween MoS, nanosheets and CuO NWs. The 1-V 

characteristics can be expressed by following equation - 5 

I=1, [exp (n -1] 
(5) 

Where n iatni 

Terms I. K, T, q and n represent reverse saturation current, Boltzmann's constant, temperature, electronic charge

and ideality factor, respectively. They value of ideality factor was found to be around 1.37 i.e. higher than 1 

suggesting presence of some defects or impurities at the junction resulting in recombination current. Figure 12d 

represents the I-V characteristics under dark and different wavelengths (560, 600, 700, and 760 nm) illumination 

at 1 mW incident laser power. The photocurrent clearly depends upon the incident wavelength and the applied

reverse bias voltage and device shows the maximum photocurrent under illumination of 600 nm light. They 

found that the responsivity decreases with increased incident power, however, photocurrent increases, as shown

in Figure 12e. In order to suggest the high-performance activity of prepared 2D-1D heterojunction device, they 

compared the ON/OFF ratio with CuO NW MSM device and Mos, nanosheets MSM device under 570 

illumination at I mW. The examined ON/OFF ratio at different potentials is shown in figure 12f, indicating 

highest value of 3500 of ON/OFF ratio for the Mos/CuO heterojunction device at -1V. 

Shin et. al. also reported the vertical p-type Siin-type Mos, heterojunction photodetector prepared by mechanically 
exfoliated n-type Mos, flakes (6, They studied the effect of the thickness of MoS, on photodetection behaviour 

of the prepared device. The schematic diagram of the photodetector device used in this study is shown in Figure
13a. They used Ti/Au (10 nm/40 nm) electrical contacts created using thermal evaporation technique and device 

Was illuminated by the laser light with spot size of 10 jum. 
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Fig. 13. (a) Schematic diagram of the fabricated device (b) TEM image of Si-Mos, heterojunction (Cross-sectional) (c) 1-V characteristics of the 

Si-Mos, p-n heterojunction at dark condition and different wavelengths. (d) Variation of photoresponsivity for diferent bias voltages of 
the heterojunction device The variation of (e) Responsivity and () Detectiviny of the device for diferent Mos, thicknesses. (Adapted with 
permission from 0, Copyright 2019 American Chemical Socien) 

Zhang et. al. reported the different type of MoS,/GaN 2D heterostructure for photodetection application 161) 
In this work, 2D n-type GaN flake was synthesized via liquid metal printing and surface-confined nitridation 

reaction process. In this process, liquid Ga was pushed to slide on poly-dimethylsiloxane (PDMS) film to form 

2D Ga,O, over PDMS film. The prepared 2D Ga,0, was further transferred from PDMS to SiO,/Si substrate and 

was treated in NH, environment at 800°C for 10 min to grow 2D-GaN flakes. The synthesis process of 2D-GaN 

flakes is shown schematically in figure 14a. Further, mechanically exfoliated MoS, was transferred over 2D-GaN 

flakes to form heterostructure and conventional photolithography with lift-off process was used to create Ti/Au 

(S/30 nm) electrical contacts. Figure 14b shows the optical image of prepared MoS,/GaN heterostructure based 

photodetector device. A schematic representation of photogeneration of charge cariers in prepared heterostructure 
and their separation upon illumination is shown in Figure 14c. Interestingly, in this work authors showed that 

n-type GaN and p-type Mos, had different band gaps hence photogeneration of charge carriers was achieved by 

illumination of both ultraviolet and visible light.

The 1-V characteristics were studied under ultraviolet (365 nm) and visible (532 nm) lights as shown in Figure
14d, indicating excellent rectification characteristics and a low threshold voltage -1.5 V. They found the high 
rectification ratio of 3.4x 10 under +2.5 V bias with ideality factor to be -2.95. The ideality factor is expected 
to have value between 1l and 2 and the deviation in this case can be attributed to the possible electron-hole 
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nocrystals exhibited the emission peaks between 500 and 550 nm and hence authors performed photocurrent measurement under 514 nm laser. In this work, 

AL electrode was used for the fabrication of MSM device and measured symmetric 1-V characteristics (Figure15d) suggests formation of MSM device. The photo-to-dark current ratio of 10 under 514 nm laser illumination 
with 0.15 mW cm power at -2 V bias. The photocurrent increased due to the photogeneration of minority
cariers upon illumination and it saturated at higher bias voltage due to the equilibrium state of carrier generation and collection rate. Figure 15e shows the photocurrent vs voltage graph for prepared MoS, nanocrystals (7, 
12, 18, 26 and 40 nm) based photodetector devices. As observed, photocurrent increased with increasing size 

of MoS, up to 18 nm and decreased beyond this size. The poor photoresponse of smaller size nanocrystals can 

be attributed to the presence of trap states and recombination centres because of amorphous fraction of MoS, 
nanocrystals. As far as higher particle size than 18 nm is concerned, reduced photodetection efficiency can be 

attributed to the decrease in probability of direct transitions. The maximum photoresponsivity of the device 

was found around 0.133 A W' at -2V under 514 nm laser excitation for 18 nm MoS, nanocrystal. They also 

demonstrated the switching response of 18 nm MoS, nanocrystal based MSM device at -5V (figure 15t) with ON 

OFF ratio of the device to be around 5.0. 
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F'R 15 TEM image of MoS, nanocrystal of size (a) 4 nm and (h) 18 nm. (e) Normalized PL emission spectra from different size MoS, samples. Inset

is the comparesPL intensiy of sizes 18 and 40 nm Mas, () -Vcurveof the Jabricared MSM (Au-Mos4u) device particle sie 18 nm. (e) 
Photocurrent as a function of voltage for diferent MoS, nanocrystal devices. (a) ONNOFF current of MSM device. (Adapted with permission 

JromB, Copyright 2015 American Chemical Society) 

Lu et. al. studied the photoresponse behaviour of multilayer/monolayer MoS, junction l2, The uniform large area 

multilayer Mos, was synthesized via self-limiting growth approach in CVD process. The preparedmultilayer 
Mos, was further transferred on prepatterned electrode for device fabrication as shown in Figure 16a. The top

lett corner shows the optical image of the pristine device with multilayer MoS, and Au electrodes with gap of 10 
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um. Photoresponse characteristics of pristine device was observed under 532 nm laser light. The power dependent 

photoresponse at different laser powers and 3V bias is shown in Figure 16b. The laser light at 100 mW cm2oivee 

the ON/OFF current ratio of about 20 with photoresponsivity around 0.12 A W". A post synthesis treatment with 

laser beam was subjected to create micropatterns to make multilayer/monolayer MoS, junction device (inset
of figure 16c). The monolayer region surrounded by multilayer film was made by high laser power 50 mW, at 

scan rate 50 um s'. The L-V characteristics for pristine and laser modifed devices are shown in Figure 16c. The 
photoresponse behaviour was studied using 532 nm laser at different power density. The pristine device showed

symmetric behaviour while laser modified device indicated certain amount of asymmetry in I-V characteristic with 

increased cunent. The asymmetry in modified device was observed due to increased defect concentration because 

of laser treatnment. The bandgap engincering and modified built-in potential barrier in multilayer/monolayer 

junction device result in its better photodetection behaviour than pristine device. The switching characteristic of 

modified device at 3V bias is shown in Figure 16d. The photocurrent of modified device was increased up to 4-5 
times compared to the pristine one under same illumination condition. The improved photoresponsivity (-0.55
A W') of the modified device was obtained due to the created defects via laser modification approach leading 
to the increase in conductivity. In this work authors could demonstrate the precise control over the thickness of 

MoS, resulting in different bandgaps in the same film, which can be used for tuning the optoelectronic response

of the device.
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of al. reported few-layered Mos, based Schottky MSM photodetector with high broadband photogain for Tsai 
se in harsh environments They prepared the large-area MoS, layers with high degree of crystallinity by two nthermolysis process. Figure 17a shows the AFM image with the height profile of the MoS, film indicating thickness around 1.9 nm corresponding to three layers of MoS,. They made the Schottky contacts using 100 nm 

thick Au electrode deposited over MoS, via electron beam deposition. Figure 17b shows the schematic diagram of 
the prepared MoS, MSM photodetector device, which was examined under 532 nm laser 1light. The photocurrent of Mos, MSM device as a function of time is shown in figure 17c. 
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Fig. 17 (a) AFM image offew-layer Mos, (6) Schematic diagram of the device. () ON/OFF current under dark and under 532 nm laser illumination. 
(d) High-resolution time response ofJabricated device at bias voltage 5 K e) Frequeney dependent photogain. () PDCR of MSM device is a 
Junction of temperature. (Adapted with permission from , Copyright 2013 American Chemical Society) 

The photocurrent rose to a high value (ON state) upon illumination and returned to a low value (OFF state) when 

the light was off. The photocurrent saturated beyond 10 V suggesting the build-up of full depletion of the few- 
layer Mos, between two Au electrodes. They found the rise time (10% to 90%) and fall time (90% to 10%) of the 
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MSM device to be 70 and 110 Hs, respectively (Figure 17d). They obtained the photo responsivity of0.57 A W 
under the excitation of green laser of wavelength of 532 nm. The photogain of the device was estimated nsin 

the following equation 6- 
using

R == lextG/ (6) 

Where R and Ip are the responsivity and photocurrent of the fabricated device, while P is the illumination power. 

The next, G and q represent external quantum efficiency, photogain, and electronic charge, respectively, while 
hv is the energy of the incident photon. They obtained the high value of photogain (-13.3) for the device due 

to the high responsivity of 0.57 A W and detectivity around 101o Jones. In order to investigate the dynamics of 
the photogenerated carriers modulated frequency response was studied at 10 V bias. Photogain was gradually 

reducing with the modulation frequency as shown in Figure 17e. Thermal stability of the fabricated MSM device 
was measured in respect of photocurent to dark current ratio (PDCR). Where PDCR is given by following 

equation 7- 

PDCR = Gph=la) (7) 

Where Iph and Id are the photocurrent and dark current, respectively. They studied the variation of PDCR with 

temperature and found that it decreases gradually decrease with temperature as shown in Figure 17f. They found 

PDCR to be ~10 at room temperature which remained up to -10 at 200°C. This few-layer MoS, based MSM 

photodetector device with broadband high photogain and fast optical switching paves the way for the development 

of optoelectronic devices for harsh environments. 

Xie et. al. recently reported the room-temperature terahertz photodetection using Mos, I41, They synthesized 

multilayer Mos, by pulsed laser deposition (PLD) technique and observed that the Mos, bandgap changed
with the defect of Mo and S vacancies. Theoretical calculation showed that the band gap of Mos, reduces with 

increasing S-deficiency and Mo-detficiency. 

Figure 18a shows the modulated bandgap of Mos, (1.72 x < 2.21) at different defect concentrations. 
Experimentally, they varied the defect concentrations by tuning the deposition parameter and found that under 

higher pulse number, thickness of the Mos, gradually increases. They prepared a metal-semiconductor-metal 
(MSM) structure using the prepared Mos, thin film and two electrodes of Au with thickness of 80 nm as shown 

in SEM image of Figure 18b. They used a 2.52 Terahertz (THz) illumination source for photodetection studies.
The time dependent photocurrent of the fabricated MSM device under different light intensities is shown in 

figure 18c, indicating increase in photocurrent with increased light illumination power. They found the response

time -5.12 sec and the decay time 6.33 sec at 10 mW illumination power. Figure 18d shows the variation of 

photocurrent with the incident power at two different applied voltages of 10V and 1V. These photocurrents follow 

the power law with exponent values 0.86 for 1V bias and 0.9 for 10V bias. They calculated the change in carier 
concentrations (An) increases with the incident light power and reached to maximum value of around 6.96 x 104 

cm at 19 mW illumination. The device shows the photoresponsivity of 0.12 x 10^ A W-1 at 1V bias. Figure 18t 

shows the variation of photocurrent and responsivity of MSM device with applied voltage under illumination 
power 10 mW. The photoresponsivity shows the peak value of 10x 10° A W' at 20 V. Photocurrent also reached 

its maximum value at bias voltage of 20 V. 

120 J. MET. MATER SC., Vol. 62, No. 3-4, 2020 



RECENT ADVANCES IN PHOTODETECTION APPLICATIONS OF TWO DIMENSIONAL... 

(a) 1.0T- (b) 
Au 

Oetect Band 

a0 
1. 2.0

sMo Ratio ( 

(c) 140.0T (d) 25T 
19 mW 
15 mW 

Voltage-10 V 
FIdng Line of 10V 

7.2 mW 
25 mW 

10 mW 1.6 mW 
139.5 20 Voltag 

Fdng Line of 1V 0.9 

139.0 

138.0 

137 

100 
Time (s) 

150 200 10 

(e) () 160 P (mW) 
r0.141

Votage=1 V Pa15 mW 
10 mAW 

F0.122 120 

0.084 

0.085

Fig 18. (a) Variation of bandgap with the MoS ratio x. () SEM images of the fabricated device. () Time dependent photocurrent of the MSM detector
with diferent power (d) Variation ofphotocurrent at diferent incident powerat applicdvoluage1 V and 10.Variation of calculated dn and 
photoresponsivity with incident power at applied voltage 1 VO Variation ofphotocurremt and photoresponsivity with applied voltage. (4dapted 
with permission from 4, Copyright 2020 American Chemical Society)

Dhyani and Das reported the few-layer Mos, for photodetection using Si/Mos, (p-n) heterojunction and Au 

Mos,/Au MSM devicesi6s1, They prepared 10 nm thick Mo0, on the Si0/Si substrates by reactive sputtering 

and reduced it with sulfur in N, atmosphere at 500°C for 20 min. They pattermed the device by lithography 

process and created the metal contacts of Cr/Au. The schematie diagram of the fabricated device is shown in 
Figure 19a. Figure 19b shows the I-V characteristic of prepared Si/MoS, p-n heterojunction device under dark 
and illumination condition. They observed the dark current-1.8 x 107 at reverse bias of 3 V and photocurrent 

enhances by 127 times upon illumination of 560 nm light at smW cm?. The ideality factor of 2.4 was achieved

due to the presence of interface defect states. 

The Figure 19c shows the 1-V characteristics of the Au/MoS,/Au MSM photodetector, which shows photo-to 

dark current ratio ~72. They also calculated the photoresponsivity of both the devices within the wavelength 

range 350-1050 nm at a bias of3 V (Figure 19d). Two prominent peaks were observed around 580 nm and 860 nm 

for Si/Mos, heterojunction, however, only a single peak was observed at 580 nm for Mos, MSM photodetector. 

The peak around 580 is observed due to the absorption of the Mos, film in the visible region, while 860 nm peak 
appears due to silicon substrate. Photoresponsivity was found lower for MSM device (-6.8 A W") compared to 
SUMoS, (p-n) heterojunction (~8.75 A W') due to the absence of charge carriers of p-type silicon substrate in 
MSM device.
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The high built-in electric field in Si/Mos, p-n junction also enhances its photoresponsivity. In order to test the

scalability of p-njunction device, they prepared 20 devices on same substrate and measured the photoresponsivity 
and dark current of those devices (Figure 19e). They found stable performance from different devices. Further, 

they investigated the air stability of the Si/Mos, p-n junction photodetector and observed it for 90 days inai 

Figure 19f clearly shows the stable nature of prepared p-n junction device. Apart from above discussed studies,
there have been multiple studies on MoS, based photodetectors, performance summary of some of them have oc een 

summarized below in Table 1 l.75, 
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Table 1 The comparison of figure of merit parameter of different MoS, based photodetectors. 

Incident Photo 
responsivity 

(AW) 

Source Applied
voltage (V)

Photodetector 
wavelength (nm) power Ref. 

(mW cm) 

2D MoS,/1D CuO heterojunction LED 570 -2 157.6

Few-layer V-MoS,/Si heterojunction laser 532 2 0.15 7.37 41 

Few-layer MoS,/Si
heterojunction 

Neon lamnp 
white light 

-2 0.15 0.1413 51 

|MoS, nanocrystal MSM laser 532 -2 0.133 56 

MoS, /P-Si heterojunction laser 532 3 117 59 

MoS/Si heterojunction laser 660 12x106 76.1 60 

MoS,/GaN heterojunction 532 5 328 61 

Few-layer Mos, (MSM) laser 532 3 100 0.12 62 

Three-layer Mos, MSM laser 532 10 0.57 63 

Multilayer MoS, MSM laser (2.52 THz 

frequency) 
20 10 x103 64 

Multi-layer MoS,/Si heterojunction 580 3 8.50 65 

MoS, /a-Si heterojunction 550 0.21 66 

Multilayer MoS,/Si heterojunction laser 808 0.21 67 

Multi-layer MoS/Si heterojunction laser 808 0.746 68 

Multi-layer Mos,/Si heterojunction 
p-MoS/n-ZnO 
heterojunction 

laser 780 45x103 23.1 69 

365 5.7 24.3 70 

MoS,/Si nanowire heterojunction 650 6.3x103 53.5 71 

Multi-layer MoS,/GaN 
heterojunction 

laser 405 2 17.2 72 

FL MoS,/CdSe 
heterojunction 

laser 405 8.52x10-3 2.5x105 73 

MoS,/GaAs heterojunction laser 635 -1 0.247 74 

MoS,/PbS heterojunction 4.5x104 laser 800 0.15 75 

CONCLUSION 
Two dimensional materials like Mos, is chemically and environmentally stable in air and hence it can be used for 

practical electronic and optoelectronic applications. In this review, we have particularly summarized synthesis 
processes for different morphologies of MoS, nanostructures along with fabrication and design of photodetectors. 
Recent studies on Mos, based p-n junction and MSM devices for photodetection application have been discussed. 
hese studies clearly suggest that monolayer to few-layer MoS, can be used efficiently for photodetection 

purposes. Performances of such devices depends upon the quality and thickness of the film, electrical contacts

and light source. The band engineering in MoS, can be applied to tune the suitability of such devices for varying 
applications like sensors, night vision devices, surveillance, optical communications etc. 
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