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    ABSTRACT 

This thesis reports various optoelectronic properties of Transition Metal Dichalcogenides 

(TMDs) such as MoS2, WS2 WSe2 and MoSe2, Photoluminescence (PL) spectra of these 

materials were investigated in detail using linearly polarized laser beam as the excitation 

source. The PL spectrum shows few broad peaks and a large number of sharp Raman-peaks, 

close to the excitation wavelength. It is seen that the peaks close to the excitation wave-

length are sensitive to the relative orientation of the plane of polarization of the laser light, 

wherein the change in the intensity of such peaks is as high as 40% as the plane of polari-

zation is changed from vertical to horizontal. From the analysis of PL spectra, the temper-

ature of the charge carriers in the TMD films has been estimated. Photoconductivity meas-

urements on these materials indicated that MoS2 has the highest electrical conductivity. 

Hence, the photo-response of MoS2 based heterojunction photo-detectors was investigated 

extensively. To study the photoresponse from MoS2 devices, two terminal devices were 

fabricated using nanofabrication techniques. Devices of uniform channel thickness and var-

ying channel thickness (heterojunction) were fabricated. Photocurrent mapping, over the 

device surface, was done by scanning a laser beam across the device together with the 

electrical measurements. In devices with uniform channel thickness, the photocurrent is 

seen to be maximum when the laser beam is incident on the edge of the source electrode 

(metal) of the device. This suggests injection of hot electrons from metal to MoS2 film 

thereby generating the photocurrent. Heterojunction devices showed maximum current 

generation when the laser beam was incident at the junction separating mono-layer and 

multi-layer zones of the MoS2 film. It is also seen to depend on the magnitude of the bias 

voltage which may be understood on the basis of band offset at the junction. In this context, 

various other photocurrent generation mechanisms have been considered to understand the 

device performance. Heterojunction devices were made by combining a bi-layer or few-

layer or many layer MoS2 along with a mono-layer MoS2. Photo-response measurements 

on these devices revealed that the speed of photo detection was highest in devices having 

multi-layers. Response time up to 26ms was obtained for such devices as against a few sec 

for the device made using mono-layer alone. The mechanism of charge transfer from metal 

electrode to the MoS2 device was also studied. The amount of charge transfer at the metal-

MoS2 junction was studied using Kelvin Probe Force Microscopy for gold and nickel met-

als as electrodes. At higher gate bias, these devices show nearly zero potential barrier, 

wherein the contact resistance is limited by the air gap between metal and 2D layer. Based 



on these investigations a new model has been proposed for the barrier formation at metal-

TMDs junction and thereby understand the nature of contact resistance. These studies have 

been exploited for proposing a better structure for photodetectors based on TMDs. 

Keywords: 2D materials, MoS2, photoluminescence, Valleytronics, hot electron transfer, 

in-plane heterojunction, photodetectors, charge transfer, contact resistance, Schottky bar-

rier. 
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INTRODUCTION 
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Overview:  

Chapter 1 presents a brief overview of the two dimensional materials and their various 

properties. Electrical and optical properties of two dimensional materials are discussed in 

detail. Further, the important parameters which influences the two dimensional material 

based photodetectors are also discussed. These is a section on the present status of these 

devices and the challenges. Lastly, the scope and objectives of the thesis are presented 

followed by a summary of all the chapters in the thesis. 

1. Introduction: 

Microelectronic devices and systems have undergone a sea-change over the last 5 decades 

in tune with the famous Moore’s Law. Technology has now reached the 10nm domain and 

further miniaturization is encountering limitations dictated by Quantum Physics. Nano-

materials and nanotechnology have provided avenues for ultimate miniaturization of de-

vices. In this context, the simplest nanoscale materials are 2-D materials and have a signif-

icant role to play due to their extraordinary physical properties(Koppens et al. 2014). The 

fact that such materials have a one atom thick planar structure, leads to physical properties 

which are fully governed by quantum mechanics. The possibility of fabricating ultra-thin 

channels in TFT devices results in greater gate control over the channel barrier and also, to 

reduced short-channel effects(Zhang 2015). Si based electronic devices show poor perfor-

mance when channel lengths are reduced below 10nm due to quantum mechanical tunnel-

ing and other effects due to short channel. Hence, there is a need for new materials that can 

either replace silicon or compatible with silicon(Chen 2016). Apart from 2D materials, 

many other materials, including nanowires, Graphene, carbon nanotubes, etc., are also be-

ing explored(Sun and Chang 2014). While each of these materials have their advantages 

and disadvantages, the 2D materials deserve special attention because of the ease of prep-

aration, integration with Silicon Technology, planar device architecture, higher current car-

rying capacity, very good mechanical properties, favorable electro-optic properties, 

etc.(Wang et al. 2012a Fiori et al. 2014 Xia et al. 2014).  

Bulk 2D materials occur in nature as a very large number of atomically thin layers stacked 

over each other. Although the atoms within a layer are connected by very strong covalent 

bonds, the neighboring layers interact through the very weak Van der Waal’s force. Be-
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cause of this, 2D materials are also called Van der Waal’s solids. Since the interlayer cou-

pling between these layers in two dimensional materials is very week, they can be removed 

from each other without much difficulty either mechanically or chemically(Huang et al. 

2015). Graphene was the first 2D material discovered in 2004 by Nobel Laureates Kon-

stantin Novoselov and Andre Geim. Recently, group of new two dimensional materials 

having the same bonding nature as Graphene, have also been invented. They are generally 

called Transition Metal Dichalcogenides (TMDs). Unlike the case of Graphene, where only 

Carbon atoms are present in the crystal lattice, TMDs are made of one atom of a transition 

metal and two atoms of a chalcogen. Apart from TMDs, many other types of 2D materials 

such as hexagonal Boron nitride, perovskite based 2D materials etc. are also being investi-

gated (Bhimanapati et al. 2015). 

In these two dimensional materials, charge carriers are subject to a strong quantum con-

finement, which arises due to their ultra-small dimensions. This also which leads to many 

extra-ordinary properties in these materials even in ambient conditions, which cannot be 

observed in other materials(Navarro-Moratalla and Jarillo-Herrero 2016). This made the 

research community around the globe to actively explore the new possibilities of device 

fabrication with two dimensional materials. A variety of techniques have emerged for the 

preparation of 2D materials and also for their characterization in terms of electrical, optical, 

thermal and mechanical properties. Procedures have also evolved for the fabrication of de-

vices, including multi-layer heterostructures, using such materials (Duan et al. 2015 Yuan 

et al. 2015).  

Graphene has occupied the lead position among the new branch of two dimensional mate-

rials. It is a monolayer of Carbon atoms arranged in the shape of a honey comb lattice. 

Different carbon atoms in the lattice are connected to each other by the covalent bonding 

between 𝑠𝑝2- hybridized orbitals. The remaining 𝑝𝑧orbitals, which are out of plane orbitals, 

can function as a path for electron hopping. Because of this peculiar band structure, the free 

electrons in monolayer Graphene has a zero rest mass and hence, it behaves as a massless 

Fermions. The energy dispersion curve is a straight line for a monolayer Graphene with 

energy of carriers directly proportional to the wave number of the electron.  Such fermions 

are called Dirac fermions and behave like massless particles in Graphene. Consequently, 

such electrons possess very high mobility. For example, a single Graphene layer, suspended 

in air, has a carrier mobility of as high as 106cm2V-1S-1at temperature of 2K. Graphene has 

zero band gap and is semi-metallic in nature. Though it is very thin as a monolayer (≈35Å), 
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Graphene is highly impermeable and chemically stable. These properties led to the use of 

Graphene in various devices, including FET, photo-detectors, gas sensors, bio sensors 

etc.(Mueller et al. 2010 Akinwande et al. 2014). However, the zero band gap character of 

Graphene has been a disadvantage in several other applications such as switching transis-

tors which have high stand by power consumption.  

In contrast to Graphene, two dimensional flakes of Transition Metal Dichalcogenides pos-

sess appreciable band gap even though they have crystal structure similar to that of Gra-

phene. The band gap of these materials are not constant always. It changes its value, de-

pending on the nature of the Transition metal, number of layers in the material etc. It is 

worth noting that different TMDs have different band gaps which gives us the freedom of 

selecting the TMD material most appropriate for any specific application. Thus there is 

tremendous interest in exploiting TMDs in a variety of device applications.  

TMDs have the general formula MX2, where M stands for a transition metal (like Mo, W, 

Ta, Sn, Nb etc.) and X strands for a chalcogen (such as S, Se, Te etc.). Despite having the 

same empirical relation, different TMDs have very different physical properties. MoS2 is 

one of the most widely studied TMD materials. It exhibits a band gap that varies with the 

layer thickness, which is the same for most of the TMDs. Moreover, a MoS2 monolayer is 

a direct band gap material whereas a multi-layer MoS2 film is an indirect band gap semi-

conductor. Monolayer TMDs have honey comb lattice with a layer thickness of ≈ 0.75nm 

(Padilha et al. 2014). Remarkably, such a thin layer absorbs almost10% of light incident on 

it which is rather unexpected (Mak et al. 2010). Hence, there is a great potential for em-

ploying TMDs in photodetectors, solar cells etc.(Pospischil et al. 2014). The Brillouin zone 

of TMDs is hexagonal with 6 nodes. Each node is called a “valley”. Valleys in the TMDs 

monolayer, especially, show some special properties, which comes from the spin orbit cou-

pling and associated valence band energy splitting. It has been shown that the transport of 

charge carriers into and out of these valleys can be controlled by applying a bias voltage(Yu 

et al. 2015). This possibility has enabled us to store information in such quantum states, 

which has opened up the new field called “Valleytronics”. Thus, TMDs are seen to have 

the potential to function as atomically thin transistors, vertical tunnel transistor, vertical 

field effect transistor etc.(Han et al. 2011 Li et al. 2015). Hence, a detailed study of the 

band structure of TMD and their electronic and optoelectronic properties is vital(Lin et al. 

2014).  
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1.1 Crystal structure of TMDs  

The MoS2 bulk unit cell belongs to the space group P63/mmc. It contains a total of 6 atoms, 

out of which 2 are Molybdenum (Mo) atoms and 4 are Sulphur (S) atoms. The hexagonal 

lattice constants for MoS2 unit cell are  a = 3.122Å and c = 11.986Å, the Mo–S bond length, 

dMo-S , is 2.383 Å and the Mo-Mo bond length,dMo-Mo, is 6.19Å. The S–S separation (3.11Å) 

in MoS2 is considerably larger than the S-S bond length dS-S = 1.89 Å in S2 dimer The 

values of ‘a’ and dMo-S are seen to be independent of the number of layers, the variation 

being  less than 5×10−3Å. On account of this, as the number of layers increases the band 

gap gets reduced and also tends towards indirect band gap type (Kadantsev and Hawrylak 

2012 Padilha et al. 2014).  

Figure 1.1(a) shows the crystal structure of MoS2 as seen from top and Fig. 1.1(b) shows 

the corresponding Brillouin Zone. Fig. 1.1 (c) shows the edge-on view of a three-layer stack 

of MoS2 . The MoS2 monolayer may be looked upon as consisting of a plane formed by 

Mo atoms sandwitched between two planes containing S atoms. In the Mos2 crystal, shown 

in Fig 1.1 (a), the separation between two adjacent Mo layers is 6Å and that of S is 2.9Å. 

 

 

Fig. 1.1 : (a) Top view of a monolayer of MoS2. (b) The Brillouin zone of MoS2. (c) The edge view of trilayer 

MoS2. Image taken from Padilha et al.  
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1.2 Electrical Properties of 2D materials 

Electrical properties of 2D materials are widely studied. Out of many 2D materials availa-

ble, Graphene and MoS2 were the most widely explored materials. In the following sec-

tions, we will give more emphasize on the properties MoS2 based devices.  

1.2.1 Band structure of MoS2      

The band structure of MoS2 is formed primarily by the interaction between Mo-4d orbitals 

and S-3p orbitals. From atomic calculations, it is seen that the spatial extent of both of these 

orbitals are almost the same, ≈1.1Å. However, the role of Sulphur orbitals on the band 

structure is seen to become stronger as the number of MoS2 layers is increased resulting in 

the transformation from direct band gap semiconductor (monolayer) to an in-direct band 

gap material. Mono-layer has a direct bad gap at K point as shown in Fig. 2(d). This is the 

band gap for the excitons in ground state in MoS2 and hence it is also called optical band 

gap. It has been shown that the conduction band states at the K point in a monolayer arise 

primarily due to the orbitals of Mo atoms. Since this Mo layer is at the middle of two S 

layers, the Mo orbitals have minimum interaction with other atoms. In other words, the 

electronic states which are created by the contribution from Mo orbitals have very less 

dependency in the number of layers. But there are other states at Γ point of the Brillouin 

Zone as shown in Fig 2 which are from the combination of both Mo and S atoms. As the 

number of layers changes, this level at the Γ point goes upwards and becomes the Valence 

band maximum. Hence the MoS2 multilayers are indirect band gap materials (Splendiani 

et al. 2010). The evolution of band gap is shown in the Fig 1. 2.  

Another important factor in this context is the Spin Orbit Coupling (SOC) at the valence 

band of the TMD monolayers due to which the valence band is split into two levels. The 

splitting is prominent close to the valence band maximum resulting in an energy difference 

of 150 meV at the maxima for monolayer MoS2. The extent of separation between the 

energy levels, as a result of SOC, depends on the transition metal atom in the TMD material. 

However, SOC does not affect the conduction band minimum. In the case of Tungsten 

containing materials like WS2, the value of this energy split is 450 meV (Yao et al. 2008). 

It is also seen that SOC does not lead to any shift in the positions of valence band maximum 

and conduction band minimum in the band structure. Nonetheless, the absolute values of 

the band gap reduces because of SOC. Spin orbit coupling and associated valence band 

energy level split, are the origin for several outstanding optoelectronic properties of TMDs.  
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Fig 1.2. Calculated band structures of (a) bulk MoS2, (b) quadrilayer MoS2, (c) bilayer MoS2, and (d) 

monolayer MoS2. The solid arrows indicate the lowest energy transitions. Image taken from Splendiani et al. 

1.2.2 Electrical properties  

Electrical contacts to 2D material has been extensively investigated (Léonard and Talin 

2011).This is important because the contact resistance should be low enough to ensure high 

responsivity in photodetectors made using TMDs. Metal contacts with 2D materials present 

a number of experimental and conceptual challenges. Conventional model of metal-semi-

conductor junction is based on the 3D charge transfer. In such junctions sufficient quantity 

of semiconductor material is present to create bending of energy bands within the semicon-

ductor, thereby creating the potential barrier. However, this picture of band bending is not 

applicable to the case of metal junction with 2D materials. In 2D materials, the semicon-

ductor is an ultra-thin film and the quantity of semiconducting material is insufficient to 

cause appreciably band bending as in bulk semiconductor. Similarly, the origin of Schottky 

barrier is also different in the case of two dimensional material-metal interface (Xu et al. 

2016).  

Generally the carrier transfer between the metal and the semiconductor depends on the 

contact resistance. In the case of Si based devices, high concentration doping is applied in 

the metal contact area. In addition, the metal contacts are annealed at high temperatures to 

facilitate the diffusion of metal atoms into the bulk of the semiconductor layer. This leads 
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to a chemical bond between the metal and semiconductor, thus reducing the contact re-

sistance of the metal-semiconductor junction to a very low value. In contrast, for the case 

of 2D materials, these approaches are inadequate. Conventional high temperature doping 

methods fail in this case because at high temperatures 2D materials are not structurally 

stable. Typically, two dimensional materials tend to oxidize when annealed at temperatures 

above 600C. Moreover, the two dimensional materials have a naturally passivated surface. 

Consequently, when a metal film is deposited on two dimensional materials, there is no 

bond formation as is seen in the case of Silicon devices. The absence of dangling bonds is 

also a reason for the relatively high contact resistance in the case of metal- TMD interface.  

Fig 1.3 shows the possible scenarios for metal-bulk semiconductor and metal-two dimen-

sional contacts. In the case of metal film on a bulk semiconductor, diffused contacts are 

created between metal and semiconductor. Such contacts cause band bending at the semi-

conductor surface as shown in Fig 1.3(b). In contrast, in the case of two dimensional mate-

rials, the metal atoms do not diffuse into the 2D material. Hence, it may be surmised that a 

thin layer of air separates the metal film and the 2D material. This gap is called Van der 

Waal gap (VdW gap).Charge carriers have to tunnel through this barrier to enter the 2D  

material. Further, the nature of band bending is also different as shown in Fig 1.3(d). The 

potential barrier caused by this air gap is not constant and depends on the extent to which 

the metal atoms interact with TMD. In the case of metals which interact strongly with TMD, 

the band bending, and the associated charge transfer, is similar to the case of bulk semicon-

ductor as shown in Fig 1.3(f). An example of such cases is Titanium, a low work function 

metal, used as the contact metal for MoS2. In Fig 1.3, Ec is conduction band minimum, Ev 

stands for valence band maximum, Ef is Fermi level position, TB is the tunnel barrier and 

SB is the Schottky barrier between metal and semiconductor.  
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Fig 1.3. Different types of metal–Semiconductor junctions. (a) Schematic of a typical metal/bulk SC inter-

face.(b) band diagram of metal/bulk SC interface; (c)  Metal/2D SC interface with air gap; (d)band diagram 

of Metal/2D SC interface with air gap; (e) Metal/2D SC interface with hybridization; (f) band diagram of 

Metal/2D SC interface with hybridization. Image taken from Allain et al.  

Many methods have been tried to reduce the contact resistance of metal –TMD junctions. 

It includes (i) doping the entire TMD channel heavily by chemical methods instead of high 

temperature diffusion process(Yang et al. 2014b), (ii) Use of certain unconventional metals 

and metal oxides as contact (e.g., use of Mo as contact material to MoS2) to induce the 

lattice matching with the TMD crystal (Chuang et al. 2014), (iii) Use of Graphene as contact 

electrode(Lee et al. 2014) and (iv) edge-to-edge contact between metal film and TMD film 

(Lee et al. 2014). Chemical doping of the TMD channel is one of the most widely used 

method. In this process, TMD material is soaked in the chemical solution. Many variations 

of this process have been tried out leading to doping by Chlorine, Sulphur, Gold etc. (Yang 

et al. 2014b Bhattacharjee et al. 2015 Sarkar et al. 2015). Chloride doping of bulk MoS2 

resulted in a drive current of 0.5mA/µm in FETs(Yang et al. 2014a) 
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1.3 Optical properties  

1.3.1 Optical absorption  

Most of the TMDs have direct band gap when they are in the form of a monolayer. Con-

sidering the very small thickness of a monolayer, the absorption of light in these materials 

are substantial; for example monolayer of MoS2 absorbs10% of the light incident on it (Mak 

et al. 2010). The optical absorption increases with increase in the number of layers of the 

TMD material. It may be noted that multi-layer TMD films are indirect band gap semicon-

ducting materials. 

 

Fig 1.4.  Normalized Absorption spectra (left axis) and the corresponding PL spectra (right axis) of MoS2 

monolayer and bilayer. Image taken from Mak et al. 

1.3.2 Excitons and trions  

In the bulk form, TMDs are indirect band-gap semiconductors. In the case of MoS2, it has 

been established, both theoretically and experimentally, that the material remains an indi-

rect band-gap semiconductor until it becomes a monolayer. This is typically evidenced by 

the emergence of strong photoluminescence in the monolayer. As discussed earlier the va-

lence band maximum of monolayer TMD is split due to Spin Orbit Coupling. In Brillouin 

Zone, both valence band maximum and conduction band minimum occurs at K point. 

Hence, upon excitation of TMD using light, electron-hole pairs are generated at K point. 

These electron-hole pairs will recombine resulting in transition to the ground level by radi-

ative transition in the case of a monolayer. The PL spectrum has the signature of band 
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splitting in the form of two different peaks in the spectrum. The energy difference between 

these peaks equals the energy separating the split valence band energy levels. These two 

peaks in the photoluminescence spectra of monolayer TMDs are called A and B peaks. Due 

to the ultra-thin nature of the monolayer and very low dielectric constant of TMDs, the 

photo-excited electron-hole pairs experience strong mutual electrostatic attraction resulting 

in the formation of excitons. Based on broad similarities in electronic structure within this 

class of TMDs, as well as the expected decrease in dielectric screening in monolayer sam-

ples, strong excitonic effects are expected to dominate in all the monolayer devices. This 

could lead to unique optoelectronic properties of monolayer TMD devices 

(Ramasubramaniam 2012). 

The band gap estimated from the PL spectra is the optical band gap corresponding to exci-

tons rather than the absolute electronic band gap. It has been theoretically predicted 

(Ramasubramaniam 2012) that absolute band gap could be much larger than optical band 

gap. The binding energy of excitons are very high in these materials and is estimated by 

many groups to be in the range 0.4eV to 0.5 eV. The actual band gap (or the electronic band 

gap) is the sum of optical band gap and binding energy of the exciton. Consequently, the 

incident light beam creates a sea of excitons which are rather stable. Fig 1.5 shows a sche-

matic for the formation of excitons. Exciton dynamics in monolayer and few-layer cases 

deviate significantly from that in a bulk crystal. The binding energy of the excitons reduces 

when the number of layers increases. In bulk crystals, carrier-carrier scattering and carrier- 

phonon scattering become the main relaxation mechanisms, whereas, in the case of mono-

layers the relaxation happens due to intra-band transitions. 

                                               

Fig 1.5 schematic diagram of exciton formation in monolayer TMDs. CBM and VBM stands for conduction 

band minimum and valence band maximum respectively.  
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Since a high density of excitons is generated during optical illumination, there are good 

chances for excitons to join with another free charge carrier. While the exciton is a bound 

state with no net charge, the new particle will have a net positive or negative charge and  is 

called a Trion (Mak et al. 2013). The trion binding energy for monolayer MoS2 is about 

20meV,which indicates the importance of trions for the optical properties of TMDs, even 

at elevated temperatures (Lui et al. 2014 Mak et al. 2014 Kim et al. 2016). Trions are 

charged particles and, hence, can be manipulated by external electric or magnetic field 

(Ross et al. 2013, 2014).In the PL spectra recorded in our experiments the A-peak is an 

envelope of both exciton peak and trion peak (Mouri et al. 2013 Pei et al. 2015). These two 

peaks get resolved only at very low temperatures for MoS2.(Mak et al. 2013 He et al. 2014) 

1.3.3 Valleytronics   

As we have seen, in monolayer MoS2, the conduction and valence-band edges are located 

at the corners (K points) of the 2D hexagonal Brillouin zone, similar to Graphene. The two 

in-equivalent valleys constitute a binary index for low energy carriers. In Graphene, there 

can be scattering of electrons from one valley to the other as they are having similar energy. 

But in the case of MoS2, these valleys are separated from each other, sufficiently, in mo-

mentum space. Because of the large valley separation, the valley index is expected to be 

robust against scattering phonons. So an electron which is trapped in one of the valleys is 

expected to stay there for very long time. So we can identify electrons as electrons in K 

valley or K’ valley. Since K and K’ points behave separately towards many other physical 

parameters, this valley number can be used as an information carrier. This opens up great 

enthusiasm to manipulate valley electrons and this relatively new branch of physics is 

called “Valleytronics”. (Xiao et al. 2012) 

MoS2 monolayers have two important features distinct from Graphene.  Inversion sym-

metry is explicitly broken in MoS2 samples having odd number of layers, whereas samples 

with even number of layers possess inversion symmetry. Inversion symmetry breaking, 

leads to valley dependent quantum selection rules for inter-band transitions at K points. 

More interestingly, there is a strong spin orbit coupling at the valence band maximum, 

originating from the “d” orbitals of the transition metal atoms. This spin orbit coupling 

splits valence band maximum at K point, into two levels. The energy separation between 

these levels depends on the transition metal in the TMDs as shown in Table 1. Experimen-

tally, in the case of Mo, this separation is around 150meV and In the case of W based 
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materials, the energy split is around 450meV (Table 1 shows the calculated valance band 

split using HSE method). Thus Brillouin Zone of MoS2 contains set of three K points with 

“spin –up” state in the higher energy level and the set of three K’ points with “spin-down” 

state in the higher level.  

Table 1: comparison of band gap and valance band split of various TMDs 

TMD Structural Pa-

rameter(a and d 

in Å) 

Calculated valence 

band in meV(HSE 

method) due to 

SOC 

Band gap (cal-

culated, in eV) 

Bandgap(meas-

ured in eV) 

MoS2 3.18, 1.56 193 2.05 1.85 

MoSe2 3.32, 1.67 261 1.75 1.57 

WS2 3.19, 1.57 521 1.87 2.1 

WSe2 3.32, 1.68 586 1.68 1.65 

 

 

Fig 1.6 symmetry and spin orbit coupling in TMDs; (a) side view which shows breakage of inversion sym-

metry in monolayer MoS2 and its restoration in bilayer MoS2 (b) (b) Top view of theMoS2 monolayer. R1 to 

R4 are the vectors connecting nearest Mo atoms. (c) Schematic drawing of the band structure at the band 

edges located at the K points, showing “spin-up” and “spin-down” states(-K is similar to K’). Image taken 

from Xiao et al. 
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Fig 1.7 Schematic drawing of the optical excitation of K and K’ valleys in monolayer TMDs with circularly 

polarized light. Direction of the green circles indicates the chirality of the circularly polarized light 

Thus, the valence band splitting is actually spin-dependent selection rules for the transitions 

and is tied up with inversion symmetry breaking. One may expect a sign reversal for mag-

neto-optical effects such as Faraday rotation and Kerr rotation by spin-polarized electrons. 

Selective excitation of carriers with various combinations of valley index becomes possible 

using optical fields of different circular polarizations and energies. By using circularly po-

larized light, selective excitation of K or K’ valleys is possible. Optical field with Right 

Circular Polarization (RCP) can generate spin-up electrons in valley K, while the excitation 

in the K’ valley is simply the time-reversal of the above. i.e., a Left Circularly Polarized 

(LCP) light can populate the other valley. Such a spin and valley-dependent selection rule 

can be used to generate long lived spin and valley accumulations on sample boundaries in 

a TMD sample. If an in-plane electric field and light excitation is applied, the electrons 

originating from the two different valleys will move two directions with opposite velocities, 

which is similar to Hall Effect.  

 The reverse of this process is also observed. By the application of electric field, circularly 

polarized light was produced from TMDs based p-n junction. This is shown in Fig 1.8 (a). 

The chirality of the emitted light was controlled by the electric field applied(Zhang et al. 

2014). Even few layer thick WSe2 was also used for the light emission. The p-n junction 

was made on TMDs with electrical double layer transistor architecture. Under a static elec-

tric field, the hole distribution shifts parallel to the field in the momentum space, whereas 

the electron distribution shifts to the opposite direction. As a result, the electron-hole over-

lap shown in Fig. 1.8(b) differs between the two valleys  because the carrier distributions 
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in TMDs are not isotropic(Kormanyos et al. 2013).This is called Valley Overlap Polariza-

tion (VOP). The shift discussed here is much larger than the Fermi surface shift in metals 

because the carrier density in the intrinsic region is substantially low and the field strength 

is much stronger. VOP provides an intensity difference in the luminescence from two val-

leys, leading to circularly polarized luminescence. The above scenario is widely applicable 

to TMDs that have two isolated anisotropic valleys with different chirality.  

 

Fig 1.8 Polarized light emission from monolayer TMDs; (a) electroluminescent (EL) spectrum of the light 

emission from the p-n junction formed by monolayer TMDs. corresponding status of the current flow in the 

device is shown at the top; (b) schematic representation of valley overlap polarization. Electric field controls 

the valley overlap polarization to produce the polarized light. Image taken from Zhang et al. 

1.4 2D Heterojunctions 

1.4.1 Concept of Heterojunctions  

For many years, the concept of heterojunction (or heterostructure) has been used in the 

semiconductor industry. The properties which a single semiconductor cannot perform, can 

be done by making a heterojunction. In the case of Si and III-V devices, such heterojunc-

tions are created by epitaxial growth like Molecular Beam Epitaxy (MBE). This condition, 

many times, restrict the epitaxial growth of many interesting combinations of materials as 

lattice matching with the substrate might not be possible for them. But the recently discov-

ered 2D materials does not suffer from this lattice matching restriction as they have very 

minimal out of plane interaction. In ideal case, any 2D material can be integrated with any 

other materials just by placing them on top of each other.  

With recent advancement in the 2D material processing, aligned placement of two different 

kinds of 2D flakes on top of each has made possible. It will function as atomically thin 

heterojunction. This will assure high quality hetero-interface. A lot of 2D materials are 
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available with different band gaps and band off sets. Heterostructure of two dissimilar ma-

terials, hence, will equip us to tune properties for specific applications. The fact that the 

density of states in most of these materials can be controlled by gate voltage, also make 

heterojunctions more important. Though single layer TMDs are, in general, direct band gap 

materials, it absorbs only 10% of the incident light. Though it is a high absorption in the 

absolute scale, this absorption cannot be scaled up by increasing the number of layers as 

the TMDs become indirect band gap material. But fabrication of heterostructures circum-

vent this problem to a certain extent as heterostructures are having more interaction length 

for photons and at the same time, it is not an indirect band gap material. Most of the het-

erojunctions are having a Type- II arrangement of bands. This helps to separate electrons 

and holes more efficiently. The time delay in injecting charge carriers from one layer to the 

other is sub-pico seconds. Electrons and holes are thus transferred to different TMDs and 

they make indirect excitons(Ceballos et al. 2014) electron in the exciton is in one material 

and associated hole is in the other material. The life time of these indirect excitons is much 

more than normal excitons (as they are physically more separated).  

MoS2 is generally n-type in nature. It is difficult to make a p-type doping in MoS2. Similarly 

WSe2 is a p- type material. So if we can keep these two materials on top of each other, that 

will constitute a p-n junction device which is otherwise not possible(Lee et al. 2014).These 

two materials make a Type –II heterojunction when they are stacked on top of each other. 

The valence band off set is more than the conduction band off set. This makes the potential 

barriers for electron and hole transfer different. This results in an asymmetric current-volt-

age relation as we see in a p-n junction diode. But we need to remember that the micro-

scopic origin of this is junction different from lateral (conventional) p-n junction. In the 

conventional p-n junction (lateral), the properties of the junction are mainly dependent on 

the depletion region formed between p and n regions. But in the case of vertical heterojunc-

tions, quantum tunneling of electrons become increasingly important. More importantly, 

this tunneling can be tuned by the application of an external gate field. The photoresponse 

of these materials are also gate dependent. Short circuit current density becomes maximum 

when gate voltage is absent. Short circuit current reduces by the application of gate voltage 

of any polarity. The spatial photocurrent mapping of these devices also shows that the max-

imum photocurrent emission happens from the overlapping area between two layers. The 

photoluminescence data goes in line with this observation. The direct band gap of mono-

layer MoS2 is 1.9eV and that of WSe2 is 1.65eV. Hence at the junction area, there is a strong 
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quenching of the PL intensity. This also proves the fact that there is a separation of charge 

carriers in the junction area. Large band offsets between two materials will also be a reason 

for photon mediated carrier creation. As mentioned earlier, the band off sets for electrons 

and holes are not the same. So it results in an asymmetric transfer rates for electrons and 

holes. The excitons which are created in monolayer TMDs are dissociating in a much faster 

rate in these devices compared to its monolayer counterpart (with single 2D material). This 

quick dissociation of excitons could also be originating from the sharp potential step hap-

pening in atomic layer perfection. The observed band off sets will also increase the rate at 

which excitons are broken at the junction region (as the electric field across the junction 

will be tremendous because of the sharp junction).  

One modification which researchers could do to this heterojunction is the use of Graphene 

as an electrode. We know that Graphene is highly transparent and electrically conducting 

when it is monolayer. Also, the density of states in Graphene can be adjusted with the gate 

voltage (as the gate voltage changes the Fermi level position and hence the conductivity in 

Graphene) so as to get the required band alignment (and hence controlled current injection) 

with the TMDs. In normal heterostructure devices, though charge carriers are created in 

vertical junction, the collection of these charge carriers are happening at the metal elec-

trodes which are at the lateral side. This will reduce the efficiency of this kind of devices 

as typical TMDs are low mobility materials. By the time the electrons and holes reach the 

electrode, there could be fair amount of recombination happening in the channel. So in 

order to reduce the effect of this recombination, Graphene is used as transparent electrode. 

So the device architecture is modified as MoS2/WSe2 stack sandwiched between two Gra-

phene electrodes. The short circuit current in this case is slightly higher than the previous 

case. The current-voltage relation is a linear curve when TMDs are monolayers (because 

of the direct quantum tunneling) and becomes rectifying as the TMDs used are multilayers. 

Hence changing the number of layers in this architecture gives another handle to tune the 

device performance. This will be discussed later in the context of photodetectors using het-

erojunctions.  

Heterojunction between Graphene/TMDs has also attracted much interest. MoS2monolayer 

is exfoliated on Graphene. The conducting AFM (c-AFM) studies (which measures the 

total conductivity of the substrate) reveals that the total conductivity of Graphene is reduced 

when it is sitting on MoS2. As mentioned earlier, there is very minimal electronic coupling 

between 2D materials. Hence this reduction in the conductivity cannot be explained by the 
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electronic structure change of Graphene when it is on MoS2 as against the Graphene sitting 

on SiO2. From the Raman line width broadening, the doping densities of Graphene in the 

cases of different substrate environments were calculated and it is seen that Graphene on 

MoS2 is less doped than that on SiO2. The way to explain this is MoS2 delivers more elec-

trons to Graphene when they are on top of each other. Because of this electron transfer, the 

original p-type doping of Graphene comes down. Hence the Fermi level in Graphene moves 

much closer to the Dirac point. As we know that the density of states in Graphene decreases 

as Fermi level moves closer to the Dirac point in Graphene. Hence the whole conductivity 

reduces. In other words, the electrons transferred from MoS2hole dopes Graphene. This 

charge transfer can also result in the barrier formation between the two. This Schottky bar-

rier can separate the electron hole pairs produced by the light. Hence the PL intensity is 

also quenched at the interface (Shih et al. 2014).  

1.5 Photodetectors using 2D materials 

Photodetectors are one of the main active devices in optoelectronics. They convert light 

energy to electrical energy. For photodetectors, there are certain figure of merits. If Ein is 

the incident photon energy, Pin is the incident photon power and A is the area of the active 

area of the photodetector, then External Quantum Efficiency  

EQE = (Iph/q)*(Pin/Ein)* A ------------ (1) 

where Iph is the photo-induced current. It is the number of photons required to produce the 

necessary electron-hole (e-h) pairs which constitute a photocurrent Iph. Another important 

parameter is the responsivity of the photodetectors. This is the ratio of photocurrent with 

incident power.  

Responsivity R= Iph/Pin. ------------ (2) 

Noise Equivalent Power (NEP) is the power at which signal to noise ratio is unity.  

Specific detectivity, D*, of photo detection is defined as 

  D* = (A*BW) 0.5/NEP ------------ (3) 

where BW is the Band Width. If there is an internal gain in the photodetectors (such as 

avalanche photodetectors), gain of the photodetector is defined as  

Gph= (Iph/q)*(Pin/Ein)* EQE ------------ (4) 
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1.5.1 Basic concepts of 2D photodetectors  

Basic design of a photoconductor includes a p-n junction diode. When photons hit the de-

pletion region, electron-hole pairs are generated. If a reverse bias is applied across this 

diode, these charge carriers are pulled to the respective electrodes and thus changing the 

total current in the circuit. Semiconductors like Silicon, Germanium, and Indium Phosphide 

etc. are conventionally used for making photodetectors.  

2D materials also find its own applications in photodetection. The qualities of TMDs such 

as ultra-thin body, direct band gap, decent optical activity even in monolayer, flexibility 

etc. are few of those qualities. Graphene has been investigated as a photodetector by many 

groups. Now Graphene based photodetectors are almost compatible with commercial sili-

con based devices. The fact that Graphene is compatible with Silicon technology opens up 

the possibility of its use in low cost optoelectronic circuits.  

1.5.2 Mechanisms of photodetection in 2D materials 

The photodetector absorbs the photons and converts photon in to electron hole pairs. In the 

case of 2D materials where situation is different from a bulk semiconductor based diode, 

several mechanisms are proposed to explain the photodetection mechanism. It is mainly 

due to (i) Photovoltaic effect (ii) Photothermoelectric effect (iii) Photo gating effect (iv) 

Plasmonic effect (v) Hot electron transfer(Koppens et al. 2014).  

1.5.2.1Photovoltaic effect 

This is the most common mechanism used in photodetection. The electron-hole pairs 

formed by the photons are moved in opposite directions by the electric field produced due 

to external bias across the channel or the band bending in the channel by the metal electrode 

(due to difference in the work functions of two different metal contacts as in asymmetric 

Metal Semiconductor Metal type photodetector). The reverse bias applied in the case of 

Graphene has to be controlled carefully so that the dark current is below the allowed level 

(as the dark current can linearly increase with external bias because of zero band gap of 

Graphene). In the case of TMDs where there is sufficient band gap, dark current is relatively 

less compared to Graphene. In Graphene, different mechanisms are tried to realize in plane 

p-n junction along the channel so that there is a better collection of electron-hole pairs at 

the electrodes. This includes chemical doping of Graphene channel in to p and n type por-

tions, use metals which by itself Graphene, applying two different gate fields (called as 

split gates) etc. Many of these processes are not so efficient in the case of TMDs. Each 
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TMDs has its own behavioral patterns towards each of the above mentioned techniques. 

E.g., chemical doping of MoS2 to create p-n junction has not seen much of a progress. Split 

gate technology works for Tungsten based TMDs, but not so efficient on MoS2. Graphene 

has some peculiar property in this regard. The photoelectrons created in the Graphene will 

undergo a lot of scattering before relaxing to its ground state. Since it is a zero band gap 

material, each of these scattering can ideally give rise to generation of another free electron 

in Graphene. In other words, a high energy single electron can give rise to many electrons 

in the material with varying energy. This is carrier multiplication mechanism which makes 

Graphene photodetectors a gain more than unity.  

1.5.2.2 Photo thermoelectric effect 

Photo thermoelectric effect comes from the fact that different materials have different See-

beck coefficients. In the case of TMDs, the measured Seebeck coefficients are higher than 

the numbers obtained for materials like Graphene. Seebeck coefficient is ≈ 30mV/K in the 

case of MoS2 at 280K, which is remarkably larger than comparable materials like Graphene 

(≈ 100µV/K), carbon nanotubes (≈ 300µV/K), Bi2Te3(≈ 200µV/K) and InAs (≈ 5mV/K). 

this high value of Seebeck coefficients makes in interesting for thermionic applications 

(Wu et al. 2014). When light falls on the edge between MoS2 and metal electrode, thermo-

electric voltage will be generated. Thermoelectric electrons, or hot electrons, which are 

created because of the asymmetry in materials will be diffused in all the directions, irre-

spective of the external bias conditions. So this property is shown to be used for detection 

of wavelengths even below the wavelength. The photodetection properties are qualitatively 

same for wavelengths above and below the band gap. (Buscema et al. 2013a) 

1.5.2.3 Photo gating effect 

Photo gating effect uses the selective trapping of one type of charge carriers from entering 

the 2D material channel. These charge carriers are used to modulate the conductivity of the 

2D material. Electrons or holes, which are not entered in to the 2D material channel can 

reside in the nearby layers and their presence there will function as a gate field. This can 

influence the metal-TMD barrier. This effect is generally used in Graphene-TMD hybrid 

heterostructure devices. This is because influence of gate electric field is predominant in 

the conductivity of Graphene channel. But these type of devices which involves Graphene, 

typically suffer from high dark current(Roy et al. 2013).  
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1.5.2.4 Plasmonic effect 

Plasmonic nanoparticles sitting on top of TMDs (typically Au nanoparticles) can make 

large changes in the way in which TMDs responds to incident light. Firstly, plasmonic 

nanostructure will facilitate the reflection of light from the edges. This will increase the 

interaction volume of light in TMDs. Secondly, the surface plasmons generated in the na-

noparticle surface will act like a light guiding mechanism and hence to increase the inter-

action volume between light and TMDs. (Eda and Maier 2013). It is shown that Au nano-

particles of 5-10 nm placed on TMDs enhances the photocurrent by a factor of ten (Britnell 

et al. 2013). The advantage of plasmonic effect is that it is very easy to fabricate. Typically, 

annealing of very thin Au film (10nm) coated on TMDs at relatively low temperature will 

make it to break in to nanoparticle array. By changing the thickness of the gold film and 

the annealing temperature, the size of the nanoparticles can be varied. This in turn, to a 

certain extent, will change the peak absorption wavelength of the detector also.  

1.5.2.5 Hot electron transfer 

When light is shone in the metal-TMDs junction, the metal can absorb the light and gets 

heated up. This can produce hot electrons in the metal, even though the wavelength is less 

than the work function of the metal. Thus produced hot electrons can be trapped in to the 

TMDs since they are in very close proximity. Once trapped in to TMDs, these electrons 

will behave like normal photoelectrons and collected at the electrodes. There is a subtle 

difference between hot electron transfer and photo thermoelectric effect in this way. We 

can easily differentiate between these two as the later will be independent of the external 

bias.  

1.5.3 Photodetectors: different architectures 

Based on the above discussions on the variety of process involved in the photodetection 

mechanisms, different designs are developed. We cannot exactly copy the designs used in 

the case of Si photodetector due to the lack of reliable doping methods. It is seen generally 

that general photodetection happens as a result of one or more above mentioned methods.  

1.5.3.1 Metal Semiconductor Metal (MSM) photodetectors 

This is one of the earliest designs of photodetectors. Two metal electrodes are placed on 

the semiconductor slab (which is 2D material here). Bias voltage is applied across this 

electrodes. Light is illuminated, either globally or locally. In the case of global exposure, 

photovoltaic effect make electron hole pairs in the channel. These free carriers will change 
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the total resistance of the channel and hence, change in current will be observed. We have 

to note that, at the same time, the metal electrodes are also getting heated up and this can 

eventually add up to the current by photo thermoelectric effect and hot electron trans-

fer(also by plasmonic effect in a small scale). In order to differentiate between the roles of 

different effects, typically, scanning probe microscopy is used where the laser is made in 

to a spot using objective and shine locally in the semiconducting channel(Lopez-Sanchez 

et al. 2013).  

 

Fig 1.9 Photocurrent generation with monolayer MoS2; (a) Schematic of the device where monolayer MoS2 

is contacted by two metal electrodes. Green beam represents the green laser illumination; (b) photocurrent 

and dark from the device. Image taken from Lopez sanchez et al.  

There are some specific observations in the case of Graphene. It gets strongly doped by the 

presence of metal electrode. One high work function metal and low work function metal 

kept the two ends of Graphene makes a differential doping concentration in the channel as 

shown in Fig 1.10. So this can create a band bending in the channel without any extra effort. 

Ideally, this band bending is enough to drift the photo generated electrons and holes in 

different directions(Xia et al. 2011).  

          (a)      (b)     

Fig 1.10 asymmetric metal electrode MSM device (a) band profile which shows bult in electric field (b) 

schematic of the top view of the device. Image taken from Xia et al.  
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1.5.3.2 Hybrid photodetectors 

Hybrid photodetectors use the combination of Graphene with TMDs. Typically they make 

use of the photo gating property of Graphene. One of the highest responsivity numbers in 

the field of photodetectors are shown by using this method (Roy et al. 2013b). Graphene 

channel is used for conduction which is kept on top a thin slab of MoS2. Bottom gate is used 

to modulate the charge concentration in MoS2, which in turn put corresponding charges in 

the Graphene layer. If a negative voltage is applied at the gate, MoS2 generates holes in the 

top layer of it. As Graphene layer is on top of MoS2, this positive charge can change the 

density of states in Graphene and hence the conductivity of Graphene is modulated. This 

photo gating effect can be amplified by the changing the gate bias or the drain bias. Re-

sponsivity goes up to ≈ 1010A/W with the application of 60V gate voltage. Responsivity is 

a function of illumination power and decreases with increase in power. The issue in this 

technique is the very slow recovery which will be coming from the trap states in MoS2 and 

SiO2.  

1.5.3.3 Heterostructure photodetectors 

Heterostructures fabricated using two different kinds of 2D materials offer wide range of 

applications. Generally it is difficult to change the doping nature of the TMDs from n to p 

and p to n reliably. In heterostructures, two different materials are taken which are n and p 

type by nature. This results in an atomically thin p-n junction diode, which is the basic 

requirement of an optoelectronic device. Enhanced absorption of light is another advantage. 

With the built-in field developed across this layers, these devices can work as a self-driven 

photodetector. The responsivity numbers are generally low if the metal electrodes are con-

tacted at the sides of two TMD layers (since these materials are having low mobility). But 

this can be increased by the application of a Graphene electrode at both sides. Graphene 

helps to increase the photodetectivity and speed of detection because of its high mobility 

(hence less charge transport through TMDs), high transparency (better light absorption by 

the active layer) and carrier multiplication due to it zero band gap (increases the gain).  

In the table 2, different types of photodetectors made using two dimensional materials, are 

compared. This table includes the device architecture and the underlying physical process 

for light detection. The responsivity numbers for each of this devices with corresponding 

wavelength of detection is also given in the table.  
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Table 2. Comparison of the properties of various photo detector configurations  

Device Type Responsivity(AW-1) Wave-

length 

Reference 

Graphene-metal Photoelectric 6.1x10-3 Visible to 

IR 

Xia et al, 

2009 

Graphene p-n  

junction 

Photoconduc-

tive 

10-2 Visible Lemme et 

al, 2009 

Hybrid Graphene 

quantum dots 

Photo gating 108 0.5 to 2 

µm 

Konstanta-

tos et al, 

2012 

Graphene MoS2 

hybrid 

Photo gating 1010 Visible Roy et al, 

2013 

MoS2 Photovoltaic 103 Visible Sacnhez et 

al, 2013 

WSe2 p-n junction Photodiode 16x10-3 Visible Pospischil 

at al, 2014 

 

1.5.4 Typical applications and challenges  

High speed applications: Graphene photodetectors are promising in the speed of detection. 

It is comparable with the commercial Si of III-V detectors. Also since it is semi-metallic in 

nature, it has wide spectrum for detection. Also, integration of Graphene with Si is not as 

difficult as integration of III-V. Challenges for Graphene devices are relatively low respon-

sivity and the high leakage current. TMDs based heterostructure devices overcome this 

issues to a certain extent. Picosecond response is shown with Graphene integrated TMDs 

photodetector (Massicotte et al. 2015). Even then, reliable fabrication of stacks of 2D ma-

terials need to be tuned and integration of this in to a device is still a challenge.  

Highly sensitive detection: Another area of interest here is the high sensitive detection of 

various objectives, such as gas sensing and biomedical imaging. Si based devices are not 
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really suitable for this applications as it cannot measure above far IR and more. 2D mate-

rials photodetector, on the other hand, can be tuned to specific applications by the careful 

selection of 2D materials. Also, 2D photodetectors can work with low operating voltages. 

It is shown that bulk layers of MoS2 can work in harsh environments also (Tsai et al. 2014).  

1.6 Challenges in the field of 2D devices 

1.6.1 Material Preparation    

Growing large area 2D materials is still a big challenge, though large sheets of Graphene 

have been prepared. TMDs are typically grown to the extent of a few tens of micrometers 

in size by Chemical Vapor Deposition (CVD). Even in CVD, special care must be taken to 

assure the quality of the TMD film, including its stoichiometry. Mechanically exfoliated 

flakes from a crystal produces high quality TMD films. But this process offers TMD flakes 

of very small surface area. Further, a single layer flakes are generally seen as connected to 

a multi-layer flake. Thus, fabricating devices with monolayer flakes may require the use of 

various techniques such as electron beam lithography and other nanofabrication techniques 

for device fabrication.  

1.6.2 Doping Techniques 

Most of the TMDs exhibit either P-type or N-type conductivity only, due to their Fermi 

level pinning. For the fabrication of CMOS type devices, hence, it is required to realize 

both P and N type doping of the TMDs. Conventional Phosphorous doping has been tried 

on bulk MoS2. (Nipane et al. 2016). Doping TMDs with chemical solution has also been 

tried (Yang et al. 2014b Bhattacharjee et al. 2015). But these techniques suffer from the 

degradation of doping concentration with time.  

1.6.3 Electrical Contacts 

Formation of completely ohmic contacts to TMD with very low contact resistance still pose 

a lot of challenges. There need to be a better understanding of the origin and nature of the 

contact resistance in the case of metal-TMD interface (Popov et al. 2012).   

1.6.4 Choice of Substrates 

Substrate plays an important role in the device performance. Similar to traditional polar 

substrates such as silicon oxide, 2D hexagonal boron nitride (hBN) supports phonon–po-

laritons, quasi particles that result from the coupling of photons and dipole-carrying optical 
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phonons. The layered nature of hBN makes it possible to tune the phonon–polariton reso-

nance (Xia et al. 2014). Typically TMD materials are grown on oxide substrates. So if the 

devices are fabricated on hBN substrate, an extra step of transferring the TMD material 

from oxide to hBN substrate is needed. It is seen that substrate traps are highly active in the 

case of oxide substrate and these traps degrade the device performance. But with hBN, 

effect of traps is seen to be very less. But the device fabrication on hBN substrates is, at 

least now, limited to small number of devices due to device fabrication complexity.  

1.6.5 Heterostructure TMD Materials  

Fabrication of heterostructures for device applications is an important requirement. Tech-

niques for growing two different TMD materials, vertically or laterally, using CVD is still 

in its infancy. Many groups are still resorting to the conventional exfoliation method. One 

material is exfoliated first. Then, with some mechanical set up, the next layer is aligned 

vertical to the first layer and exfoliated (Britnell et al. 2013). This is a time consuming 

process requiring great skill.  

Degradation of exfoliated TMD flakes is another key point in device fabrication. Once the 

flakes are exfoliated for the required device application, they have to be kept in protected 

environments to prevent adsorption of any adsorbed molecules on the films. This will en-

sure good device performance(Kufer and Konstantatos 2015 Wang et al. 2015 Gao et al. 

2016) 

1.7 Scope and objectives of the thesis 

1.7.1 Scope of the thesis  

As seen from the previous sections, there are several missing links in the understanding of 

the physical properties of 2D materials and also in the techniques for device fabrication. To 

a certain extend this is to be expected since the field of 2D materials is still in its infancy. 

As far as the electrical contacts are concerned, much work is needed to create a barrier free 

electrode either with conventional methods of doping or with new techniques like edge 

contacts with Graphene(Das et al. 2013a, 2014 Dankert et al. 2014 Guo et al. 2014 Liu et 

al. 2015). There might need better characterization techniques unlike what is resorted in the 

case of Si as the interface in the case of 2D materials is very thin. Using conventional 

methods which are used to study the interface and charge transfer, it might not be very 

straightforward to study these materials. Also the concept of Schottky barrier itself might 
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be of different origin in this case as there is not much of volume of 2D material available 

for the band bending. 

Light matter interaction and photodetection properties of these materials is another area 

where different schools of thought sustains. There are enough experimental evidence for 

photodetection with photovoltaic effect, photothermoelectric effect and hot electron trans-

fer. We need to segregate the predominance of each of these properties. It might not be 

possible to come up with a universal theory for the optoelectronic activities of TMDs. but 

certainly typical case studies for each regime where each one of the above mentioned prop-

erties are active should be explained. (Buscema et al. 2013a Kang et al. 2014 Massicotte et 

al. 2015 Tielrooij et al. 2015 Zhang et al. 2015).  

TMDs behave differently to different polarization of incident laser. This valley specific 

properties are existent at low temperatures. At room temperature, most of these effects dis-

appear because of phonon scattering disturbs the valley conservation. This limits the use of 

Valleytronics for device applications. Room temperature valley properties will make a big 

leap in both photodetection and emission of light by TMDs. (Mak et al. 2012 Jo et al. 2014 

Kim et al. 2014 Zhang et al. 2014 Lee et al. 2015 Shimazaki et al. 2015) 

There are lot more issues to be solved field. It includes the reliable fabrication of p-n junc-

tions in TMDs, large area high quality growth of TMDs, transfer of large area TMDs from 

one substrate to another, vertical and in-plane growth of TMDs to make heterostructures, 

superconductivity in TMDs and so on. But in this thesis much emphasize is given to few 

basic questions. Largely the interaction of TMDs with light and the dependence on the 

polarization of light is studied. Also there was an effort to understand the mechanism of 

charge transfer from metal to TMDs.  

1.7.2 Objectives of the thesis  

The main objectives of this thesis are mentioned below. 

I. Investigation of the optical properties of TMDs thin films by means of Photolumi-

nescence and Raman Spectroscopy employing linearly polarized light for excita-

tion.   

II. Study of the differences between normal photoluminescence and hot luminescence 

III. Estimation of the charge carrier temperature and the lattice temperature using data 

from photoluminescence and Raman spectroscopy 
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IV. Investigation of the efficiency of photo-detection by measuring the photocurrent 

generation from a photodetector, made using MoS2 film, by employing the Scan-

ning Photocurrent measurement technique. 

V. Investigation of photocurrent generation in photodetector having in-plane hetero-

junction and measure its rise time for light detection. 

VI. Investigation of the charge transfer mechanism at the metal-TMD junction by em-

ploying different metals for electrical contact and, thereby, get an insight into con-

tact resistance in such devices.  

1.8 Organization of the thesis 

The research work carried out is presented in this thesis in six chapters.  

Chapter 1: This chapter highlights the motivation for the research carried out. It presents a 

brief overview of the physical properties of 2D materials and their relevance to device ap-

plications. It includes a review of recently published works in this area. Outstanding issues 

in understanding the behavior of 2D materials and the challenges in device fabrication, 

using such materials, is also discussed. Lastly, the scope and objective of research carried 

out is presented.  

Chapter II: This chapter discusses the various experimental techniques and apparatus used 

for preparation of the MoS2 samples and electrical and optical characterization. The tech-

niques employed for fabricating devices for photodetector applications and electrical char-

acterization are discussed. A brief description of the working principle of each of the equip-

ment used for the characterization of TMD flakes and devices is also included.  

Chapter III: This chapter presents an investigation of the role of linearly polarized light for 

excitation in the photoluminescence and Raman spectroscopy. Study of hot photolumines-

cence and normal photoluminescence is included in the chapter. The use of hot and normal 

photoluminescence in the temperature determination of the carriers is also described in this 

chapter. A more detailed picture of carrier excitation in TMDs with linearly polarized light 

and subsequent relaxation process is also included.  

Chapter IV: This chapter discusses the role various photocurrent generation mechanisms in 

the TMD photodetectors. This chapter also describes the change in the photo detection be-

havior of TMDs photo detector with change in the number of layer of the TMDs. The role 

of in-plane heterostructure in the photocurrent generation pattern, is discussed in detail. 
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The changes in the photocurrent generation behavior in the case of in-plane heterostructure 

is explained by using the band off set arising at the heterojunction. The Characteristics of 

a high speed photo detector fabricated using an in-plane heterostructures are also presented.  

Chapter V: This chapter discusses the issues related to the fabrication of good electrical 

contacts in devices using TMDs. The charge transfer mechanism from different metals to 

a TMD is studied in detail to understand the creation of potential barrier between the two. 

Results of the electrical measurements are presented to obtain a better understanding of 

the contact resistance arising in devices made using TMDs. From the various characteri-

zations and electrical measurements, an alternate model to describe the barrier formation 

in metal-TMDs interface is put forward. 

Chapter VI: This chapter presents the summary of the research work carried out along with 

important conclusions from the experiments. Scope for further research work in this field 

is also mentioned. 
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CHAPTER 2 

Experimental methods 
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Overview:  

Chapter 2 presents the methods used for the fabrication of TMDs based devices. Various 

nanofabrication processes are described in detail. A schematic of the process flow for the 

device fabrication is also presented. Lastly, various equipment’s used for the characteri-

zation of these materials and devices are also introduced.   

2. Experimental methods  

2.1 Device fabrication 

For the fabrication of various devices using TMDs, we have used standard nanofabrication 

techniques. The device fabrication was done entirely in clean room environment. Espe-

cially, the lithography processes were done in Class 100 clean room.  

2.1.1 Selection of substrate   

Thin layers of TMDs are quite transparent to visible light. A TMD monolayer transmits 

90% of the incident light. We have generally use optical microscope for the identification 

of TMDs flakes in the process of device fabrication. The TMD flakes have a small contrast 

difference with the substrate on which they are placed. It has been shown that SiO2 of 

thickness 90nm or 285nm on Si gives the maximum contrast for TMDs. Hence it is widely 

used as a substrate for device fabrication. The use of this substrate is doubly beneficial 

since, (i) It provides electrical isolation between different flakes on the same chip and, (ii) 

It serves as a global back gate dielectric for these devices.  

For our experiments, we have used silicon wafer having 285nm SiO2layer, which is ther-

mally grown on Si substrate. A degenerately doped Si substrate was used so that it could 

be used as gate electrode, if required.  

2.1.2 Micromechanical Exfoliation   

Micromechanical exfoliation is also known as scotch tape method. It is a widely used 

method for the obtaining thin layers of 2D materials following the Nobel Prize winning 

work of Andre Geim and Novoselov. This method takes advantage of the weak interlayer 

coupling (Van der Waal’s force) in 2D materials and, hence, the layers (including mono 

layers) can be easily peeled off mechanically. A commonly used scotch tape (or a similar 

tape such as PDMS tape) is first pasted on the TMD bulk crystal. When the tape is peeled 
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off it carries with it a few flakes of TMD films. Next this tape is pressed hard on to the Si 

substrate and then taken off. As a result a couple of TMD flakes from tape get transferred 

onto the substrate which may now be processed further. This process is termed microme-

chanical exfoliation.  

This process is very simple, it yields high quality TMD films and can be implemented 

quickly. Nonetheless, this process does not yield identical flakes. The flakes deposited on 

the substrate may have different thickness and geometrical shape. Some of the flakes may 

be partly multi-layered. Further, the flakes cannot be placed at a pre-determined point on 

the substrate. Thus, this method is unsuitable for industrial application. The exfoliation with 

Scotch tape yields a large number of flakes on the substrate, whereas with PDMS assisted 

transfer, lesser number of flakes, but larger in size, are deposited. This may be advanta-

geous in further processing to make devices in the laboratory. 

2.1.3 Wafer cleaning 

To make good quality devices we have to use clean substrates. The substrates are washed 

with RCA 1 and RCA 2 solutions before exfoliation to ensure that the substrates are free 

from traces of oil or dust. The roughness of the thermally grown oxide layer on the surface 

of the substrate is in the sub-nm regime. After the RCA cleaning, the substrate is heated at 

150 degrees for 10 min on a hot plate to get rid of traces of moisture on the substrate surface. 

The substrate is now ready for the exfoliation step. The exfoliation may leave bits of residue 

from the scotch tape on the substrate. To remove these bits, the substrates are dipped in 

Acetone for 30 min and then rinsed with Isopropanol. Finally, they are dried and used for 

further processing.  

2.1.4 Electron beam lithography  

Electron beam lithography (EBL) is used widely for the patterning the TMD flakes into the 

required shape. EBL does not require use of any mask and involves the use of a fine beam 

of high electrons to directly write the patterns of any type on the TMD flake. This is rou-

tinely achieved using a computer controlled E-Beam equipment. Thus, EBL has become a 

versatile tool for fabrication of nano-scale devices. 

The EBL system used for our work consists of a standard electron gun, which shoots a thin 

beam of electrons onto the anode having a fine pinhole. The beam passing through the 

pinhole then passes through a high voltage region wherein the electrons get accelerated to 
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very large kinetic energy in this drift region. The electron beam is collimated by magnetic 

lenses such that the beam radius is a few nanometers and the beam shape is cylindrical. We 

have used Raith E LiNE EBL equipment, operating at 20kV accelerating voltage, yielding 

an E-beam of spot size ~2nm for our experiments. Modern EBL systems works at very high 

patterning speeds. In Raith E LiNE, the pattern generator frequency is 10MHz.  

The electron beam incident on the resist polymer causes the polymer chains to either break 

or get cross linked, depending on the nature of the resist. EBL resists are generally different 

from resists used in optical lithography. Poly Methyl Methacrylate (PMMA) is a widely 

used positive EBL resist. It is soluble in either Anizole or Chlorobenzene. Depending on 

the concentration of the solution and the spin coating speed, different thicknesses of resist 

coatings can be achieved. After the lithography, PMMA is developed in a solution of Me-

thyl Iso Butyl Ketone (MIBK) diluted in Iso Propanol (IPA) in the ratio 1:3. Later, samples 

are washed in IPA and dried in Nitrogen.  

Multi-layer lithography, generally called as overlay lithography, is needed for the device 

fabrication. This is done with the help of alignment marks. The sample stage is mounted 

on a high precision Translation Stage having a sub-nm positional accuracy. The alignment 

marks are realized using Gold metal lift off process in the first lithography carried out for 

device making. 

Typically, the exposure is done by a vector scan of the e-beam on the wafer. The beam can 

be deflected in all directions, but as the beam deflection increases, the beam spot on the 

device surface becomes non-circular which is undesirable. This prevents us from doing the 

exposure solely by beam bending. Hence, modern EBL systems use a strategy of combining 

beam bending and translation of the device. Large area exposures are typically realized by 

this method without compromising the resolution, but care must be taken to minimize 

stitching error generated during the process of linear translation.  

2.1.5 Reactive Ion etching   

Etching is used for removal of materials from unwanted places. Etching is of two types, 

namely, Wet etching and Dry etching. Wet etching is done by dipping the sample in chem-

icals solution. Wet etching is very simple and inexpensive process, but suffers from issues 

like selectivity, undesirable lateral etch, etc. In dry etching (also called Reactive Ion Etch-
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ing, RIE), plasma of select gases is generated in an evacuated chamber by electrical dis-

charge. The chemical nature of the plasma results in removal of the film material on the 

substrate by chemical reaction. The etch rate can be varied by changing either the discharge 

voltage or the gas flow rate. If much denser plasma is needed one may employ inductively 

coupled RF discharge techniques for plasma generation. 

MoS2 film is etched using plasma of a mixture of BCl3, Ar and O2.gases. Flow rates for 

each of these gases are 15, 60 and 10 sccm, respectively. A 200nm thick PMMA film, 

patterned by EBL, is used as the etch mask. The etching process was done Etch time varies 

with number of layers of MoS2 required to be etched. On an average, a relatively thick 

MoS2flake (5-10nm) gets etched in about a minute. The whole process was done at very 

low RF and ICP(150 W) power so as to prevent the erosion of PMMA mask itself. Pro-

cessing temperature was kept very low (-100C) to reduce the chance of PMMA getting 

cross-linked during etching.  

2.1.6 Thin film coating    

Physical Vapor Deposition (PVD) was employed for the deposition of thin films for metal 

contacts. For PVD, we have used DC sputtering and electron beam evaporation. For sput-

tering of metals, high energy argon plasma was created in the vacuum chamber. The plasma 

was directed towards the metal target using magnetic field. The metal atoms/ions get de-

posited on the substrate kept at a distance of 7.5cm from the target. Since sputtering is a 

plasma assisted deposition, there are chances of the thin monolayers of 2D materials also 

getting altered due to the exposure to the plasma. To avoid this degradation of the TMD 

film, electron beam evaporation is used for realizing metal contacts on TMDs. In electron 

beam evaporation, the source material, taken in a crucible (which is typically Tungsten or 

Graphite), gets heated to very high temperatures and gets vaporized. The metal vapors con-

dense on the TMD film on the substrate forming the metal contact. The whole process takes 

place at very low pressure (≈10-7 Torr). The substrate is provided with a planetary rotation 

in order to ensure uniform film deposition. Precaution is taken to increase the temperature 

of the source slowly so that there is a uniform melting of the evaporating material.  

2.1.7 Wire bonding    

Wire bonding plays an important role in the device fabrication. After the device fabrication, 

contacts pads are formed on the substrate and thin aluminum wires are bonded onto these 
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pads for linking the measurement instruments with the device. We have used wedge bond-

ing in our experiments. The substrate is mounted on a PCB and the aluminum wire is low-

ered gently to make it touch the contact pad. This is now exposed to ultrasonic waves, from 

the bonding tool, which melts the aluminum wire and hence forms a very good electrical 

contact. The same procedure is employed at all points where wire contacts are required. As 

a precaution, we first connected the aluminum wires to the cable connecting to the instru-

ments by soldering and then wire-bonded the aluminum wire to the contact pads. This pre-

vented damage to the devices due to electrostatic discharge during the bonding process. 

Further, we used proper gloves while handling the wafer thereby increasing the yield of 

devices substantially.  

2.2 Device fabrication process flow   

Oxidizing the top layer of silicon wafer: 

 

 

Depositing MoS2 flake onto the substrate: 
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After PMMA resist coating (for EBL) 

  

After EBL and development 

 

After RIE 
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strate 
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After resist removal in Acetone 

 

 

PMMA coating for EBL 

 

After EBL and PMMA development 
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After metallization (ebeam evaporation) 

 

 

After metal lift off in Acetone 

 

 

2.2.1 Images of the Device after fabrication  

In Fig 2.1, typical devices fabricated by using above process flow is given. Note that the 

reactive ion etch step is introduced in between to shape the TMD flakes to the proper device 

dimensions required for the measurement. Also, this step excludes the complexity of the 

analysis of the device performance by lifting off the variations in the device properties with 

different number of layers. Many times, the thin layer are attached to multilayer flakes. So 

it is needed to isolate them from each other by using a plasma etch step.  
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Fig 2.1 Typical devices fabricated using above procedure; (a) optical microscope images 

(b) Scanning electron microscope image 

2.3 Material and electrical characterization 

TMDs were characterized in terms of both optical as well as mechanical properties. Optical 

methods were used for spectroscopic analysis of the material and also for determining the 

number of layers in the sample. If exfoliated onto a proper substrate, the number of layers 

of the 2D materials can be easily identified using an optical microscope by noting the color 

of the flake. To confirm this, we generally use the following characterization methods. 

2.3.1 Raman spectroscopy  

Raman spectroscopy is a non-destructive optical characterization technique wherein the 

light scattered from a material sample has a small wavelength shift relative to that of the 

exciting light due to Raman Effect. The variation in the wavelength is the result of the 

inelastic scattering of the incident light from molecules that are vibrationally excited. 

Hence, the Raman shift yields information about the vibrational energy levels in the mole-

cule.  Besides the Raman scattered light, we also have the reflected light which comprises 

of three component, viz., one at the same wavelength as the excitation light (Rayleigh scat-

tering), a weak component at a slightly longer wavelength (Stokes line) and another weak 

component at a slightly shorter wavelength (Anti-Stokes line). We used 532nm continuous 

laser beam excitation for the measurements. The laser beam is passed through a band pass 

filter and is made incident on the substrate using a mirror. A 100X objective is used to focus 

the laser onto the sample. Scattered light is passed through an edge filter and sensed by a 

CCD detector, having a resolution of 0.5 cm-1
. The entire system was kept on a vibration 

isolated table.  



 

40 

 

2.3.2 Atomic Force microscopy  

An AFM uses a cantilever with sharp tip for scanning the surface of the sample. This tip 

undergoes deflection while moving on the surface of the sample, which is illuminated by a 

laser light. Reflected light from the cantilever is collected by a position sensitive photode-

tector. The differences between the signals from the different segments of photo-detector 

may be analyzed to evaluate the position on the sample were the measurement is being 

made. Thus the topography of the entire sample surface is obtained. By using a feedback 

loop to control the height of the tip above the surface—thus maintaining constant laser 

position—the AFM can generate an accurate topographic map of the surface features.  

Thickness of the TMD films were measured by AFM (Bruker) under ambient conditions. 

TMD flakes were deposited on the substrate and kept on the sample stage. Samples were 

held at a fixed place by vacuum suction and good vibration isolation was ensured. A red 

laser beam was used to measure the deflection of the cantilever of AFM. Fig 2.2 shows 

typical AFM scan of the TMD flakes.  

 

Fig 2.2 Typical AFM scan images of TMD flakes 

2.3.3 Kelvin Probe Force Microscopy  

Kelvin probe force microscopy (KPFM), also known as surface potential microscopy, is a 

noncontact microscopic technique similar to atomic force microscopy (AFM). Using 

KPFM, the work function of surfaces and contact potential difference (CPD) between two 

surfaces in contact can be measured. Typically, different materials have different Fermi 

levels. So when the AFM tip is brought close to the surface, it experiences an electric force 

due to the difference in Fermi levels. Equilibrium requires Fermi levels of two surfaces to 

be aligned at steady state, if the AFM tip and the sample surface are close enough for elec-

trons to tunnel through. Because of the relative re-alignment of the Fermi levels, a contact 
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potential difference VCPD gets generated. An electrical force acts on the contact area, due 

to the VCPD. This electric force can be nullified by applying an external bias in the opposite 

polarity. The applied external bias voltage that nullifies the electrical force due to the VCPD 

is then equal to the work function difference between the AFM probe tip and sample. Thus, 

the work function of the sample material can be calculated knowing that of the AFM probe 

tip (Melitz et al. 2011). 

 In the AFM used by us the tip was made of Platinum/ Iridium which has a work function 

of 5.3eV. TMD flakes were deposited on metal stripes by mechanical exfoliation. TMD 

flakes were located using optical microscope. Further, these metal stripes were grounded 

prior to the KPFM measurements.  

2.3.4 Photo Luminescence 

Photoluminescence (PL) is light emission from any form of matter when it is irradiated by 

light. It is one of many forms of luminescence and is initiated by the excitation using light 

beams.  In a typical PL experiment, a semiconductor is excited with a light-source of energy 

more than the band gap of the semiconductor. Once the photons are absorbed by the semi-

conductor, electron-hole pairs are formed with finite momenta in the conduction and va-

lence bands, respectively. These electrons and holes then undergo energy and momentum 

relaxation from the higher energy states towards the lower energy levels. Once the electrons 

and holes reach the band edges they can re-combine to generate photons of energy equal to 

the band gap of the semiconductor. The emitted light has a wavelength longer than that of 

the light used for excitation. PL has become a widely used technique for the measurement 

of the optical band gap of semiconductors.  

In this work, PL measurements were done using both 532 and 785nm continuous laser light 

sources. The laser beam was focused on the sample using a 100X microscope objective. 

The light emitted by the sample was detected using a liquid Nitrogen cooled CCD detector, 

capable of measuring the energy of the emitted photons from 1.25eV and above. All the 

measurements are done at ambient conditions.  

2.3.5. Electrical characterization  

Electrical measurements were done by using Lake Shore low temperature probe station, 

which is capable of varying the temperature from 5K to 400K. During measurement, the 

system was pumped down to 2e-6mBar. Agilent B1500 was used as the source meter for 
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applying electrical bias. For the bottom gated field effect transistor characterization, source 

and drain electrodes are probed with micromanipulator probes. Chuck was biased for the 

application of gate, which is a global gate. In this aspect, the bottom side of the substrate 

was coated with Aluminium so as to make sure the proper bottom contact with the chuck 

of the probe station. Electrical measurements were done with and without annealing of 

these devices. Vacuum annealing was done for the devices at 400K for 1Hr, while the 

chamber was pumped down to 2e-6mBar. 

Contact resistance and Schottky barrier height measurements were done by using Transfer 

Length Measurements (TLM) technique. For this, set of back gated devices were fabricated 

by using above mentioned process. Monolayer TMD flakes were selected for the device 

fabrication. On the same monolayer TMD flake itself, set of electrodes were realized with 

varying distances between them. Effectively, this will act as bottom gated FET devices with 

varying channel length.  

From the electrical measurements, total resistance of each of the above FET devices was 

obtained. This total resistance includes both contact resistance and the channel resistance. 

The variation in the total resistance with respect to the channel length (distance between 

the electrodes) was plotted. By extrapolating this curve to it Y-intercept, the contribution 

of the channel resistance to the total resistance was eliminated (as Y-intercept has zero 

channel length). The total resistance at zero channel length corresponds to twice the contact 

resistance (from source and drain metal electrodes) and hence contact resistance of the 

electrode will be half of that. For Schottky barrier height measurements, Id-Vg measure-

ments were done for the above devices at varying temperature. We have changed the tem-

perature from 215K to 290K in steps of 15K. By fitting these current values in the Rich-

ardson equation, we could measure the effective Schottky barrier height as a function of 

Drain and Gate bias at each temperatures.  
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2.4 Conclusions  

In summary, this chapter includes the methods used for the fabrication of TMDs based 

devices. Various nanofabrication processes are described in detail. A schematic of the pro-

cess flow for the device fabrication is also presented. Lastly, various equipment’s used for 

the characterization of these materials and devices are also introduced.   

 

.  
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CHAPTER 3 

Valley-Coherent Hot Carriers and Thermal Relaxation in Monolayer 

Transition Metal Dichalcogenides 
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Overview:- 

 In this chapter, we discuss the polarization resolved Raman and photolumines-

cence. The photoluminescence near the excitation wavelength is studied with varying in-

coming polarization of laser. The different schemes in which the excited electrons transfer 

its energy to lattice is also discussed. From photoluminescence spectra and line width 

broadening in Raman spectroscopy, the temperatures of charge carriers and lattice are 

calculated. Difference in the photoluminescence spectra with resonant and off-resonant 

conditions of excitation is also studied.  

3. Valley-Coherent Hot Carriers and Thermal Relaxation in Monolayer 

Transition Metal Dichalcogenides 

The electronic and optical properties of these materials have been subject of interest for 

many researchers (Lee, et al. 2014). In the case of MoS2 and few other TMDC, the band 

gap becomes indirect to direct when we move from bulk to a single layer (Splendiani, et al. 

2010). This is accompanied by a corresponding increase in the band gap also. Hence, the 

luminescence decreases as the number of layers is increased. For MoS2, bulk layer is an 

indirect band gap of 1.3eV but single layer is direct band gap of 1.9eV. There is a huge 

increase in the photoluminescence (PL) intensity for single layer when compared to bulk. 

The PL intensity has been shown to depend on other variables also. e.g., Single layers sit-

ting on Boron Nitride shows better PL than SiO2 and suspended single layers show even 

better PL intensity (an increased quantum yield. TMDC are shown to have high photo-

responsivity also. It has been shown to have photoresponsivity of 880A/W under laser ex-

citation which is almost 5 orders of magnitude higher than that of Graphene (Lopez-

Sanchez, Lembke, et al. 2013).  

The direct band gap transition in monolayer TMDs happens at the K (K’) points in the 

Brillouin Zone (BZ). Each BZ is thus having a set of 3 K-points and 3 K’-points. These are 

called valleys in the BZ. The origin of PL spectra in TMDs is from these K (K’) points. 

When we look at the PL spectra of TMDs, we can get a lot of information about the band 

structure of these materials and the kind of electronic transitions happening in these mate-

rials. For monolayer MoS2, the main exciton peak (A peak) happens around 1.9eV and the 

B peak at 2.05eV. The valance band of monolayer MoS2 is split because of spin orbit cou-

pling and conduction band is doubly degenerate as seen in the previous chapters. The val-

ance band is now split as “spin up” or “spin down” state in the top position. In K valley, 
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“spin up” state is at the valance band maximum and in K’ valley, “spin down” state is at 

the valance band maximum. This is the reason for the creation of two different photolumi-

nescence peaks of 0.15eV difference in energy. These are called A and B peaks respec-

tively.(Xiao et al. 2012) This PL peaks in fact correspond to the optical band gap of the 

system. Which in turn, is the exciton ground state in these materials. The small dielectric 

constant and strong out of plane confinement makes the exciton to stay longer in these 

materials. In other words, the binding energy of exciton is very high in these materials 

(Aivazian, et al. 2015). These valleys are shown to have selective excitation under photons 

of particular polarity (Baugher, et al. 2014). e.g., Right circularly polarized (RCP) laser 

excites K valley and Left circularly polarized (LCP) light excites K’ Valleys. Conduction 

band minimum does not have any spin split of this kind. So in effect, by controlling the 

chirality of the laser, we can have a selective excitation of particular type of electrons in 

this material. This valley specific optical excitation opens up wide variety of possibilities 

in TMDC (Mak, et al. 2014) (Mak, et al. 2010).  

Raman spectroscopy has been used as a very useful tool in the area of 2D materials. It can 

even be used to determine the number of layers in the film (Chakraborty, et al. 2013) 

(Corro, et al. 2014). For monolayer TMDs, there are two main vibrational modes. They are 

called A1g and E1
2g peaks. A1g peak arises from the out of plane vibrations and E1

2g peak 

arises from the in-plane vibrations. For bulk MoS2, E1
2g and A1g peaks are at 382 and 

406cm-1 respectively. As the number of layers reduce, the difference between these peaks 

also reduces. For single layer, the difference is close to 19cm-1 (Molina-Sanchez 2011). If 

the flake is a bilayer, this difference is between 20-21cm-1. Similarly it keeps increasing as 

the number of layers increase. Number of layers up to 5-6 can be detected by using Raman 

spectroscopy. 

Fig 3.1 (a-b) explains this situation in much detail. Fig 3.1 (a) describes the various vibra-

tional modes available for the metal and chalcogen atom in the TMD monolayer. Out of 

various modes, E1
2g (in-plane vibration) and A1g (out of plane vibration) are considered to 

be more active in these materials. Also, as seen earlier, they are used in the layer number 

determination in these materials. Fig 3.1(b) shows how the difference between these two 

peaks vary with the increase in the number of layers in the TMDs.  
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Figure 3.1: Raman spectra of MoS2 with varying layer thickness (a) main modes of vibration in monolayer 

TMDs (b) changes in the Raman spectrum with change in the number of layers 

Here we studied the room temperature valley coherence of 532nm linearly polarized light 

on MoS2, MoSe2, WS2 and WSe2. The polarization of the incident light was changed using 

half wave plate. The PL spectra was taken for a larger range, starting right from the excita-

tion wavelength. PL shows a coherence in the emission which can be explained by the 

valley coherence. This is expected only near the excitation wavelength. Far away from the 

excitation, this valley coherence is disappeared due to the scattering in the system (Kozawa, 

et al. 2014).  

3.1 Experimental set up 

We have studied the photoluminescence spectra of 4 different types of TMDC with two 

different excitation conditions. They are MoS2, MoSe2, WS2 and WSe2. Monolayers are 

separated from the crystal using micro-mechanical exfoliation. Silicon substrate with 

285nm SiO2 on it is used as the substrate for exfoliation. All the measurements are taken 

at room temperature. We have selected two laser wavelengths for the photoluminescence 

measurements; 532nm and 785nm. This is selected so that one is a resonant excitation and 

other one is non-resonant for the various TMDs monolayer we have studied.  

In Fig 3.1 and 3.2, characterization of monolayer flakes of various TMDs with Raman 

spectroscopy and Atomic Force Microscopy are shown.  
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Fig 3.1 Material characterization of monolayer TMDs. Results of MoS2, MoSe2, WS2, WSe2 are shown from 

left to right; (top) Optical microscope images of the TMD flakes on 285nm SiO2 substrate. Out of many 

thickness layers available after exfoliation, monolayer are exclusively marked. ; (middle) AFM scan images 

of the monolayer of each material (bottom) Raman spectrum of monolayer of each material 

  

Initially, we have checked the Raman scattering of MoS2 flakes using a 532nm laser source. 

Energy of the laser is 2.6µW. Schematic diagram of the experimental set up is shown in 

Fig 3.3(a). Laser is originally linear polarized in vertical direction. To change the linear 

polarization of the laser, we used a half wave plate in the optical path, before the laser falls 

on the substrate. The half wave plate has the provision to change its angle of polarization. 

If the half wave plate is rotated through an angle “θ”, the polarization of the laser beam 

Fig 3.2 Typical AFM scan image of a monolayer 

MoS2 layer.  
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changes by “2θ”. We have changed the angle of the half wave plate from 0 to 45 in certain 

steps so that we get a polarization change of vertical polarization to horizontal polarization.  

We have kept another analyzer at the detector side, which allows only the vertical compo-

nent of the reflected light. When the incoming polarization after the half wave plate is ver-

tical, such a configuration we call as “VV” (or co-polarization). In the other case, if the half 

wave plate sends a horizontally polarized light, such an arrangement is called “HV” (or 

cross-polarization).  

3.2 Results and discussion 

3.2.1 Hot and normal Photoluminescence 

Initially, we have checked the dependence of Raman spectrum on the polarization angle of 

laser beam. When we change from VV to HV configuration in steps, we see that the A1g 

has a change in the Raman intensity. E2
1g does not have any change in the intensity as 

shown in Fig 3.3 (c). The strong polarization dependence of A1g peak can be seen as a result 

of symmetry considerations of the corresponding vibrations. From the Raman tensors, in-

tensity of A1g is proportional to cos2θ where θ is the angle of polarization where as that of 

E2
1g is a constant. From the physical point of view, E2

1g is happening because of the vibra-

tions in the lattice which are in plane. So this vibrations will not really see the change in 

polarization of the incoming light. But the A1g peak is from the vibrations which are out of 

plane from the lattice. So when the angle of polarization of the incident light changes, it 

can strongly change the manner in which it reacts with these out of plane vibrations and 

hence the intensity changes.  

Fig. 3.3 (b) shows the linear polarization resolved photoluminescence intensity from mon-

olayer MoS2 sample with vertically polarized excitation. The A peak at ~1.85 eV and B 

peak at ~2.0 eV do not show any polarization resolved characteristics. As this peaks are far 

away from the excitation wavelength, there could be multiple scattering events which lift 

the coherence. It includes intrinsic decoherence of trions, and intra- and inter-valley scat-

tering induced decoherence of excitons. Since the excitation wavelength is much more than 

the optical band gap, it is expected that the electrons will jump to an energy level which is 

very high in the conduction band. As this state is highly unstable because of its high energy, 

these electrons will come down to the conduction band minimum by losing its energy in 

series of collisions (and similarly holes in the valance band also will go up by the same 
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process). It is very natural to expect that these electrons and holes, which makes the exci-

tons and trions (and the reason for A and B peaks in the PL) does not preserve any polari-

zation history.  

On the other hand, when we check the PL spectra close to the excitation energy, we see 

that there is a strong dependence of PL on the polarization of exciting laser. Although this 

is region has very sharp and intense Raman peaks along with the PL(which is typically a 

broad peak), we can make out the polarization dependence of PL by drawing the base line 

envelope of the PL spectra. Few Raman peaks also show polarization dependent behavior 

as described earlier. Polarization is changed in the similar way we did for Raman studies. 

At the detector side, we keep an analyzer which will allow only vertically polarized light.  

 

Fig 3.3 polarization dependent Raman and PL studies on monolayer TMDs (a) Schematic of the experimental 

set up used (b) Linear Polarization resolved PL spectra (c) Polarization dependent Raman spectra 

  



 

51 

 

Fig. 3.4 (a), shows a magnified plot of the MoS2 polarization resolved PL signal which is 

taken close to the excitation wavelength (2.33eV). Since this area is also having set of Ra-

man peaks, a PL envelope is also drawn by dashed lines as guide to eyes. It is found that 

the co-polarized (VV) PL envelop and also the corresponding degree of polarization in this 

configuration is found to have a peak value around ~2.29 eV. The incident vertically po-

larized photon is a coherent superposition of left (LCP) and right (RCP) circularly polarized 

light. So when a linearly polarized light falls on TMDs, due to the reasons which we have 

seen earlier, there will be a creation of electron-hole (e-h) pairs in the K and K′ valleys. 

These e-h pairs can recombine either before or after exciton formation. (Koch, et al. 2006). 

This will generate LCP and RCP luminescence at the respective valleys. If these LCP and 

RCP are emitted coherently, it can create linearly polarized light. The observation of strong 

linear polarization resolved characteristics imply excellent coherence between the K and 

K′ hot luminescence (Mak, et al. 2010) (Perea-López, et al. 2013) (Zhang, et al. 2010). This 

coherence can be happening near the excitation energy because there is a less chance for 

the scattering to happen at this point. The carriers are excited to an energy level much above 

the optical band gap and some of them are recombined right at that high energy. The degree 

of linear polarization drops significantly below 2.2eV, which is ~130meV (more than twice 

the optical phonon energy) below the excitation. Interestingly, such polarization resolved 

hot luminescence was observed in III-V semiconductors as well (Zemskii, B and D 1976), 

although it should be noted that the requirement of valley coherence is absent in III-V sem-

iconductor since we have only one (Gamma) active valley. (Furchi, et al. 2014) (Jones, et 

al. 2014). The behavior of hot PL of monolayers of WS2 and WSe2 also has the same nature. 

But there are some minor differences in the shape of the blue envelope. This is arising from 

the fact that each TMD is having different band gap and the shape of the hot PL envelope 

depends on the band gap of the material. In all the experiments till now, laser excitation 

used was fixed at 2.33eV.  
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Fig 3.4 Hot photoluminescence with polarization dependence 

for (a) MoS2 (b) WS2 and (c) WSe2 (d) estimated degree of 

linear polarization 𝜌 = (𝐼𝑉𝑉 − 𝐼𝐻𝑉)/(𝐼𝑉𝑉 + 𝐼𝐻𝑉)(e) Intrinsic 

degree of polarization in monolayer TMDs as a function of 

wavenumber , k; (f-g) Schematic diagram showing a mono-

chromatic laser excites multiple excitonic levels in parallel, 

with lower excitonic level gets excited farther from 𝑲(𝑲′) 

point. Considering A exciton, 2.33 eV laser excites just above 

continuum level in MoS2, well above continuum in WSe2, and 

below continuum limit in WS2 

(a) 
(b) 

(c) 
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In Fig. 3.4(f), we schematically show schematically the difference in the excitations for 

three different materials with the same wavelength (and changing band gap). For parabolic 

bands, the exciton energy as a function of   𝒌 = 𝒌𝒆 = −𝒌𝒉 can be expressed as  

𝐸𝑒𝑥(𝒌) =  𝐸𝑔(𝒌) − 𝑅𝑦
∗

1

(𝑛𝐵 −
1

2
)

2                    

with 𝐸𝑔(𝒌) = 𝐸𝑔0 +
ℏ2𝒌2

2𝑚𝑒
∗ +

ℏ2𝒌2

2𝑚ℎ
∗    . This is the quasiparticle bandgap at a given k without 

considering any excitonic effect. Moreover, k is measured from the K (K') points. 

𝐸𝑔0 = 𝐸𝑔(0) is the direct quasiparticle bandgap at the K (K') point. Here we have assumed 

a Wannier exciton. The calculated Bohr radius of this exciton (~8Å) is larger than the unit 

cell dimension (~3.193Å) of the crystal. Each excitonic level nB can have a hot lumines-

cence associated with a corresponding peak, when the excited electrons and holes of same 

k recombine back radiatively. We should note here that the lower the excitonic level, farther 

is the excitation point 𝑘𝑛𝐵
from the K (K') point, as  𝑘𝑛𝐵

=
1

ℏ
√2𝑚∗(𝐸𝐿 − 𝐸𝑔0 +

𝑅𝑦
∗

(𝑛𝐵−
1

2
)2

)  

where 𝑚∗ =
𝑚𝑒

∗ 𝑚ℎ
∗

𝑚𝑒
∗ +𝑚ℎ

∗   and is the reduced mass of the exciton. For MoS2, the calculated dis-

tance between the A excitation point for 532nm excitation and the K point is ~10% of the 

size of the Brillouin zone [Fig. 3.4 (e)-(f)]. The corresponding intrinsic depolarization as-

sociated with the excitation point being away from K (K') point is calculated to be only 3%. 

Thus it seems more likely that the hot luminescence associated with each of the exciton 

branch is linearly polarized and contribute to the signal in Fig. 3.4 (a). However, the obser-

vation of the strong peak around 2.29 eV followed by a decay is a signature of strong con-

tribution from band extremum at K (K'). This is because the hot luminescence and its degree 

of polarization at k≠0 points should exhibit monotonically decaying characteristics from 

the excitation energy. The B exciton 2s and 3s levels have been reported to be around 2.24 

and 2.34 eV (Hill, et al. 2015), hence unlikely to contribute to the peak at 2.29 eV.  Based 

on this, the 2.29 eV peak likely arises due to the A exciton higher energy level. It will lead 

to an estimated lower bound of the A exciton binding energy to be 0.42 (±0.02) eV.  

Similar polarization resolved hot luminescence PL is done for monolayers of WSe2, WS2 

and MoSe2. The polarization resolved hot luminescence characteristics for monolayer 

WSe2 and WS2 are summarized in Fig. 3.4 (b)-(e) and Fig. 3.4 (g)-(h). All these materials 
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show the polarization dependence of the hot PL. nonetheless, the nature of hot PL vary 

from each other depending on the optical band gap of respective materials. For WSe2, the 

degree of polarization decreases monotonically from the excitation wavelength. This is 

probably because there is no band extremum near the excitation. This is in agreement with 

A exciton band gap of 1.65 eV and binding energy being ~0.3-0.4eV (He, et al. 2014), as 

schematically shown in Fig. 3(g). By the time we get the exciton 1S peak in PL, carrier 

undergo series of scattering (in the downward journey in the energy scale because of the 

high energy excitation) and hence there is a fairly good chance that the polarization is not 

maintained in the output. We need to remember that our experimental set up has a vertically 

polarized analyzer at the output side and that the reason why we get the vertical polarization 

intensity (VV) much more than the horizontal polarization intensity (HV). With lot of scat-

tering, thus, the polarization is lost in the emission, which is clear from Fig 3.4 (a-c), as VV 

and HV meet each other. On the other hand, in the case of WS2, with A exciton band gap 

around 2.05 eV and binding energy of 0.32 eV(Chernikov et al. 2014 Hill et al. 2015).  

Hence the excitation is below the continuum level [Fig. 3.4(h)], and above the optical band 

gap. Hence the hot PL still show a polarization dependence but not with any particular 

peak. The hot PL intensity increases with energy. This hot PL increase is probably going 

upwards as further more in energy, it is hitting the continuum level. But as the excitation 

energy is slightly below that continuum level, we are probably missing the show.  

So far we have seen various situations where there is an excitation close to continuum level, 

excitation much above continuum level and an excitation which is between optical band 

gap and continuum level. Now we turn our attention to a different situation where we excite 

a material very close to its optical band gap. The PL is expected to be much higher intensity 

in the case of resonant excitation (like this) as the quantum yield will be very high in this 

case. We use monolayer MoSe2 (Optical band gap is 1.57eV) in this case. We have used 

two different laser energies for excitation, i.e., 532nm and 785nm.  We have shown the 

difference between resonant and off-resonant excitation in MoSe2 monolayer. When a 532 

nm excitation is used [Fig. 3.5 (a)-(c)], the situation is similar to WSe2 case. The 1s peak 

at ~1.57 eV remains unpolarized due to sufficient relaxation through scattering. Also, like 

other 2D materials, the observed photoluminescence is found to be linearly polarized close 

to the excitation energy. On the other hand, when the excitation wavelength is changed to 

785 nm [Fig. 3.5 (d)-(e)], we resonantly excite the MoSe2 1s exciton level, which in turn 
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exhibits very strong (>40%) linear polarization in the photoluminescence. This high polar-

ization dependency indicates that there is a strong valley coherent emission from each K 

and K’ valleys at room temperature. This observation also goes in line with the explanation 

given in the case of other TMDs. Since resonant PL is happening in this case, carriers un-

dergo very less scattering as there is not much of energy level to release energy to reach 

the bottom of the conduction band. So radiative recombination with the emission happens 

much better. Hence it produces high polarization resolved PL. we could observe only the 

half portion of the 1s peak is observed in Fig. 3.5(e). This is due to the edge filter associated 

with the system. This filter cuts off the higher energy portion of the PL spectrum 

 

 

Figure 3.5 Resonant and non-resonant excitation in MoSe2; (a) Schematic of the off-resonant  excitation in 

MoSe2(b) Non resonant PL in monolayer MoSe2 (c)Linearly polarized PL near excitation (d) Schematic of 

resonant excitation in monolayer MoSe2 (e)Linear polarization resolved PL in monolayer MoSe2 

 

 

 

532 nm 532 nm 
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Table 3.1 Comparison of Binding energies of various TMDs monolayers 

Sl. 

No. 

Material A or B 

exciton 

Binding en-

ergy (eV) 

Method Ref. 

1 MoS2 B 0.44 PL Hill et al, (2015) 

2 MoS2 A 0.3 STM Chiu et al, (2015) 

3 MoS2 A 0.57 Photocurrent Klots et al, (2015) 

4 WS2 A 0.32 Reflectance Chernikov et al, (2015) 

5 WS2 A 0.32 PL Ye et al, (2014) 

6 WS2 A 0.7 Two photon exci-

tation 

Hanbicki et al, 

arXiv:1412.2156 

7 WS2 A 0.79 Reflectance/ab-

sorption 

Hanbicki et al, 

arXiv:1412.2156 

8 WSe2 A 0.37 Linear absorption 

and two photon 

He et al, (2014) 

9 WSe2 A 0.4 STM Chiu et al, (2015) 

10 WSe2 A 0.47 SHG Wang et al, (2015) 

11 MoSe2 A 0.55 STM Moody et al, (2015) 

 

We can consider the excitation of carriers in TMDC in different steps. (i) Excitation energy 

less than the optical band gap: In this situation, carriers cannot be excited. (ii) Excitation 

energy greater than Optical band gap and less than continuum limit: In this situation, carri-

ers are excited. These excited carriers tend to form excitons. The binding energy of excitons 

are relatively high in these materials because of the very low dielectric constant (which 

makes Coulombic attraction in exciton much stronger). Hence, upon light irradiation, we 
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can expect high density of excitons. The optical band gap which we can measure using PL 

and other techniques like UV spectroscopy, is in fact the 1S level of these excitons. Of 

course there are many other levels like 2S, 2P etc. for these excitons. But 1S level has the 

maximum probability of radiative emission. All the higher levels are stacked on top of the 

1S level (in energy scale). These energy levels become closer to each other as they go up 

in energy. Finally, when it goes beyond the binding energy of the exciton, exciton becomes 

electron and hole plasma. This maximum energy level at which an exciton breaks is the 

continuum limit. (iii)Excitation energy is above the continuum limit: In this situation, car-

riers are excited to electron and hole plasma directly. From there it can come down to make 

excitons as the loose energy because of multiple scatterings (amongst each other and with 

the lattice).   

3.2.2 Carrier temperature estimation from Photoluminescence  

Now let’s examine the nature of scattering happening for these carriers using hot PL as a 

tool. We know that above the continuum limit band edge, the PL intensity corresponds to 

electron and hole plasma. Hence, the corresponding PL intensity 𝐼𝑃 ∝ 𝑓𝑒(𝐸𝑒)𝑓ℎ(𝐸ℎ)where 

fe and fh are the electron and hole distribution functions obeying Fermi-Dirac statistics (with 

respective quasi-Fermi levels), and the corresponding electron (Ee) and hole (Eh) energies 

are measured from the conduction and valence band edges, respectively. As energy of the 

photo-excited carriers are much higher in this regime than the respective quasi-Fermi lev-

els, we obtain (Lyon 1986) 

𝐼𝑃 ∝ 𝑒[−(𝐸−𝐸𝑔0)/𝐾𝐵𝑇] 

Hence, 

log(𝐼𝑃) = constant −  
𝐸 − 𝐸𝑔0

𝐾𝐵𝑇
                          

In the other case, if the excitons in the TMDs are contributing to the hot photoluminescence, 

the intensity (IP) of the emission is proportional to the number (n) of excitons which are 

having that energy. Since number of excitons follows Bose-Einstein distribution for ener-

gies E≫KB T, we can see that: 

log(𝐼𝑃) = constant − 
𝐸

𝐾𝐵𝑇
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From the above equations, it reveals that without depending on the origin of the lumines-

cence, whether it is originated from e-h plasma or excitons, the hot photoluminescence, 

especially the tail of the hot photoluminescence, associated with the PL peaks are expected 

to decay exponentially with energy. Also, by from the plot between log (IP) and E, the 

carrier temperature can be calculated.  

In Fig. 3.6, the carrier temperature is extracted from the tail of 2.29 eV peak. It is coming 

to 510 (±10) K for an incident laser power of 0.26 mW. This peak is due to the hot PL and 

this corresponds to the carrier temperature before relaxation through optical phonons. The 

possible methods of relaxations at this point are through carrier-carrier and carrier-acoustic 

phonon scattering. So by the time carriers reach up to A peak of the PL, it would have lost 

substantial amount of energy and hence the calculated temperature at this position will be 

less than the previous value. Substantiating this, the temperature extracted from the tail of 

the A peak by this method (at 1.87 eV) is 363K±3K. When we had reduced the power of 

the incident laser to 0.026mW, we saw that there is a reduction in the extracted temperature 

of the A exciton and now it is around 290K (inset of Fig. 3.6). This temperature is the 

laboratory ambient temperature. We have observed that the TMDs get heated up and often 

times burns upon 0.26mW laser irradiation. But at low power, we don’t observe any burn-

ing of this kind. Our measurements shows that there is no substantial heating happening at 

this instant. Though this reduction in temperature is with power is very intuitive, our 

method of extraction of temperature for corresponding power from the slope of hot photo-

luminescence is very unique. This can be used as a probe to measure the temperature at 

various instances where normal temperature measurements are not possible.  
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Figure 3.6 Carrier temperature extraction from hot luminescence tail of MoS2 (inset) Extracted carrier tem-

perature for 0.026mW laser power 

There are two reasons because of that the above method of extraction of carrier temperature 

in this method can be ambiguous. First, if there is a proximity of any other peaks near the 

main peak, it may flatten the hot luminescence tail. Now the extracted carrier temperature 

will be overestimated. Hot luminescence peaks should be properly deconvoluted in this 

case before extracting the carrier temperature. Second, in this calculation, we assume that 

the broadening of the photoluminescence peak results in the Boltzmann-type tail only. But 

actually case is that there are other inhomogeneous contributions to this tail from excita-

tion-induced and phonon-induced PL broadening (Mouri, et al. 2014). Nonetheless, near to 

the room temperature, we see that the hot luminescence is still the main mechanism which 

causes the broadening of the hot luminescence. This also makes sure that the carrier tem-

perature extraction by this method is fairly accurate. However, for better temperature ex-

traction at low temperatures, one should subtract appropriate correction factors arising from 

other broadening mechanisms.  

To prove the above point where one should be careful in applying the technique of temper-

ature extraction from the luminescence tail, when multiple peaks are in close proximity, we 

have fabricated a MoS2 device with FET architecture as show in Fig 3.7. This type of a 

situation occurs when the MoS2 sample is doped which results in a trion peak and an exciton 

peak with a separation of ~30 meV. We fabricated a FET with MoS2 channel. Substrate 

Oxide was used as the dielectric for applying gate field. Two electrodes with Chromium/ 

Gold (Cr/Au) with thickness of 5 and 50nm respectively was realized using a combination 
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of electron beam lithography and metal lift off. Metal deposition was done by electron 

beam evaporation.  Bottom of the substrate is coated with Aluminium. We applied an ex-

ternal bias of 1V across the top metal electrodes, which will function as source and drain. 

Constant gate voltage is applied at the bottom. Depending on the polarity of the gate bias, 

it changes the charge concentration in the channel. If we apply a positive bias at the gate, 

it will make the channel n-type by creating a sheet of electrons in the channel to counter 

this positive field. Similarly, p-type doping will ideally occur if we apply a negative bias at 

the bottom (though p-type doping of MoS2 is not very effective by gate). In Fig. 3.7 shows 

such an example where the sample was initially n-type doped. The PL peak around 1.845 

eV has a primary contribution from the trion peak, with a small contribution from the ex-

citon, which flattens the slope significantly. When we apply a negative bias from the back 

gate, the effective doping in the sample is reduced, and we are able to suppress the trion 

peak, blue shifting the PL peak by around 30 meV, and now the slope has primary contri-

bution from the exciton – hence the extracted temperature will be more accurate.  

       

Fig 3.7 effect of doping of the channel in the temperature estimation (a) Schematics of the FET device 

fabricated with MoS2 as channel and bottom gate architecture (b) normal PL spectra taken at various gate 

voltages 

3.2.3 Lattice temperature estimation from Raman scattering 

The photo-carriers relax from the excited coherent state to the incoherent 1s state through 

emission of optical phonons. It is know that the optical phonons cannot transport the heat 

which it has acquired from the carriers very efficiently because of its poor group velocity 

(from the energy dispersion relation for optical phonons, which is a flat line parallel to the 

energy axis). Generally, these optical phonons decay through the acoustic phonons. This 

(a) (b) 
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will give rise to anharmonic effects in the measurements. This anharmonic effects are 

mainly shows as a broadening (Γ) and a red shift (ρ) of the Raman peak: 

𝐼𝑅 ∝
𝛤(𝑇)

[𝜔0 + 𝜌(𝑇) − 𝜔]2 + 𝛤2(𝑇)
× [𝑛(𝜔, 𝑇) + 1]               

where ω0 is the peak without any anharmonic effect and n(ω,T) is the Bose-Einstein occu-

pation number. In Fig. 3.8(a), we have plotted the Raman intensities taken at different in-

cident laser powers. This measurement shows a red shift and broadening of both A1g and 

E1
2g peaks. We see in [Fig. 3.8(b)-(c)] that the broadening and red shift associated with A1g 

peak is more when compared with that of  E1
2g peak. This observation goes in line with the 

fact that the out of plane A1g phonon is the primary contributor to electron-phonon scatter-

ing (Kaasbjerg, Thygesen and Jacobsen 2012), particularly at lower laser powers. However, 

at higher incident power, we see that the E1
2g phonon branch also start as another channel 

for energy relaxation in the lattice.  

As long as the energy and momentum of the electrons are conserved, there are many dif-

ferent choices of phonon combinations through which an optical phonon can decay. We 

choose only those phonon combinations which possess relatively large density of states 

(Sanchez and Wirtz 2011), and use a modified Klemens model (Klemens 1966) for model-

ing the peak broadening. Full Width Half Maximum (FWHM) of the A1g peak is obtained 

as: 

𝛤(𝑇) = 𝛤0 + 2𝛼𝑛𝐿𝐴(𝑀)(244, 𝜎1𝑇) + 2𝛼𝑛𝑇𝐴(𝑀)(160, 𝜎2𝑇) + 2𝛽𝑛𝐿𝐴(202, 𝜎3𝑇)

+ 2𝛾𝑛𝐸′
(384, 𝜎4𝑇) + 2𝛾𝑛𝐿𝐴,𝑇𝐴(20, 𝜎5𝑇)                             

where Γ0 is the broadening due to background, and the superscripts in n indicate the respec-

tive phonon branches. σi T (with σi<1) is the temperature of the ith phonon branch where 

the energy is transferred to. The red shift of the Raman peak follows a linear relationship 

with a change in the temperature: ρ (T) =ξΔT. Taking the peak position at a laser power of 

0.026 mW to correspond to 290 K and using the value of ξ (=-1.30e-2cm-1K-1) for the A1g 

peak from recent literature (Yang, et al. 2014), we first estimate the temperature of the A1g 

phonon branch. Next, with the estimated temperature, we find that we can self-consistently 

fit the FWHM data at the corresponding laser powers [Fig. 3.8(d)]. The best fit is obtained 

with Γ (0) =0.96, α=0.94, β=0.04, γ=0.02. This shows that the primary relaxation path are 

the phonon branches at the M point. Also, we obtained σ (1) =σ (2) =1 implying that the 
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temperature of the A1g phonon is almost equal to the decaying acoustic branches, which is 

in agreement with the fact that these acoustic branches at the M point are almost flat pos-

sessing very small group velocity (Molina-Sánchez and Wirtz 2011)and thus cannot carry 

away the heat efficiently, rather in turn transfer the heat to other acoustic branches. The 

extracted A1g and E1
2g temperatures at different laser powers are plotted in Fig. 3.8(e).  

 

Figure 3.8 (a) Raman spectra at different incident powers (b)-(c) Peak red shift and change in FWHM with 

different powers(d) Fitting of the phonon temperature and FWHM (e) Calculated phonon temperature with 

varying laser powers 

 

The complete process of exciting TMDs with linearly polarized light can be thus describes 

as follows. The linearly polarized light is a linear combination of LCP and RCP. This gives 

rise to the excitation from both K and K’ valleys of the Brillouin Zone. The electrons take 

this energy and goes to a higher energy level in the conduction band. This high energy 

acquired by these electrons will increase the carrier temperature in the system. We have 

calculated this temperature as 510K for an excitation laser power of 0.26mW. There is a 

hot photoluminescence from this high energy level and we have seen that this is a polarized 

light emission. The K and K’ points emit RCP and LCP which combine together to produce 

a linearly polarized light at the output. The heat energy of carriers is relaxed by giving the 

excess energy to the lattice in the form of acoustic phonons. These changes can be seen 

from the Raman line width broadening. We extract the lattice temperature from the Raman 

line width broadening and it is close to 337K for an excitation laser power of 0.26mW. The 
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1S level of the exciton is a good meta-stable state for most of the electrons. So after all the 

above relaxation, they will settle at this point. From here, it will undergo electron-hole 

recombination by radiative transition. As it is very evident, the emission in this case will 

be un-polarized light. 

To check the consistency of temperature measurement by measuring the tail of PL spec-

trum, we have repeated the same experiment with reduced laser power. When the laser 

power was reduced to 0.026mW, the temperature of the carrier from the normal PL spectra 

was estimated to be 290K, which is the laboratory temperature in our experiments. Hence, 

such a low power excitation does not heat the TMD material during measurements. This 

observation is also in accordance with the common observation of burning of TMD mono-

layers while irradiating with laser light for long. Even in our experiments also, we have 

seen that TMD monolayers are burnt after a while, if laser light of power 0.26mW or more 

is applied for long. But nothing of this kind has been observed for PL measurements with 

very low power.   

Schematic of the above description in shown in the figure below.  

 

Fig 3.9 Schematic of the excitation of carriers in monolayer TMDs and subsequent relaxation   
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3.3 Conclusions 

In conclusion, using off-resonant excitation, we demonstrated linear polarization resolved 

hot photoluminescence at room temperature in monolayer MoS2, MoSe2, WSe2 and WS2 

reflecting valley coherence close to excitation energy due to lack of sufficient optical pho-

non scattering. We have also shown strong room temperature valley coherence in mono-

layer MoSe2 by resonantly exciting the 1s peak at energies close to excitation. Generation 

of valley coherence is important from the point of view of Valleytronics, where manipula-

tion of valley degree of freedom by external stimulation is required. Hence demonstration 

of such coherence at room temperature, on one hand, is technologically important due to 

increased hopes for room temperature Valleytronics, and on the other hand, makes labora-

tory experiments more flexible in terms of laser wavelength and sample temperature re-

quirements. We also found the lower bound of the A exciton binding energy in monolayer 

MoS2 has been extracted to be ~0.42 (±0.02) eV. Using a combination of hot luminescence 

tail and anharmonic effects in Raman peaks, the extracted steady state temperature of the 

carriers before optical phonon relaxation, after relaxation to 1s level and that of the emitted 

A1g optical phonons are 510 (±10) K, 363 (±3) K, and 337 (±15) K respectively, for an 

incident laser power of 0.26 mW on monolayer MoS2. Such in-situ and non-destructive 

extraction of temperature of the carriers as well as the different phonon branches is im-

portant as it is generally non-trivial to directly find out the temperature of the electron (or 

hole) and phonon systems separately in the semiconductor under non-equilibrium. The 

technique can also be easily extended to other systems as well, for example in devices under 

high electric bias. 
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Chapter 4 

Photoresponse of atomically thin MoS2 layers and their planar hetero-

junctions 
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Overview:  

Chapter 4 analyses the various factors which affect the performance of TMD based photo-

detectors. This is realized by fabricating photodetectors with MoS2. The different processes 

behind the photocurrent generation in MoS2 based photodetectors with uniform channel 

thickness is studied. The influence of in-plane heterojunction in the photocurrent genera-

tion is also studied. Further, a fast photoresponse of the photodetectors with heterojunction 

made of MoS2 is demonstrated.  

4. Photoresponse of atomically thin MoS2 layers and their planar hetero-

junctions 

Two dimensional transition metal Dichalcogenides(TMDs) have emerged as highly prom-

ising next generation materials for future optoelectronic application (Choi et al. 2012 Eda 

and Maier 2013 Lopez-Sanchez et al. 2013 Roy et al. 2013b Yu et al. 2013 Baugher et al. 

2014a Koppens et al. 2014 Pospischil et al. 2014 Pradhan et al. 2015 Rathi et al. 2015).  

MoS2 is one of one of the leading candidates in this class of materials and has attracted a 

lot of attention from many researchers. bulk MoS2 is an indirect bandgap material with a 

bandgap of ~1.3 eV and its monolayer MoS2 exhibits a direct optical(excitonic) bandgap 

of ~1.9 eV, which is measured from the photoluminescence measurements and first princi-

ples calculations (Splendiani et al. 2010 Ramasubramaniam 2012). The direct  bandgap in 

monolayer MoS2, along with its excellent light absorption(10% in monolayer), makes it 

interesting for light detection applications  (Lee et al. 2012 Yin et al. 2012 Lopez-Sanchez 

et al. 2013 Zhang et al. 2013 Koppens et al. 2014 Kufer and Konstantatos 2015). However, 

monolayer MoS2 exhibits extremely large exciton binding energy(Hill et al. 2015). Hence 

the photogenerated electrons and holes will still be in the bound state. This would make the 

photovoltaic properties (which is one of the main properties used for light detection) of 

MoS2, very week. MoS2 devices characterized with scanning photocurrent micros-

copy(SPM) have revealed that there is a strong photoresponse at the metal-MoS2 junction, 

which is due to photothermoelectric effect (Buscema et al. 2013b). In the case of multilayer 

MoS2 photoresponse, different mechanisms, including photoelectric effect, photothermoe-

lectric effect, and hot electron injection have been suggested (Wu et al. 2013 Furchi et al. 

2014 Wi et al. 2014 Hong et al. 2015).  Moreover, TMDs based metal/semiconductor/metal 

(MSM) photodetectors which are fabricated on oxide very exhibit slow transient response 

(recovery in few seconds or even in minutes). This limits the practical application of such 

devices in fast photo-detection applications. Hence, an understanding of the fundamental 



 

67 

 

mechanisms which are responsible for such slow response, and a design procedure to obtain 

TMDs based high speed photodetector will be very useful. 

Apart from these planar metal-semiconductor-metal (MSM)photodetectors, different verti-

cal heterojunction devices have also been studied (Britnell et al. 2013 Hong et al. 2014 Lee 

et al. 2014 Lopez-Sanchez et al. 2014). similar studies in planar heterojunction devices is 

lacking in the literature and have recently started to attract attention (Howell et al. 2015 

Tosun et al. 2015). Changing number of layers along the channel of TMDs results in an 

abrupt heterojunction due to thickness dependent electronic properties of MoS2. In this 

work, we exploit this fact to fabricate planar monolayer/bilayer heterojunction and mono-

layer/few-layer/multi-layer double heterojunction MoS2 devices. We have used monolayer 

and bilayer devices as references devices. We systematically study their photoresponse and 

transient response using scanning laser excitation to elucidate the fundamental mechanisms 

involved. We show that the in-plane heterojunction photodetectors can be appropriately 

designed to obtain fast photo-detection by reducing hole trapping which happens near the 

source junction in SiO2.  

4.1 Device fabrication and experimental set up 

Thin MoS2 layers are exfoliated on a cleaned Si wafer on which 285 nm thick SiO2 layer is 

grown. The thickness of the MoS2 flake is determined by optical microscope (as this sub-

strate gives better contrast). Thickness of the layers is cross checked also by measuring the 

separation between the A1g and the E1
2g Raman peaks. Raman, Photoluminescence and 

AFM characterization of the samples are provided in Fig 2.1. The MoS2 layer are then 

patterned by electron beam lithography followed by etching for 20 s in BCl3 (15 sccm) and 

Ar (60 sccm), with an RF power of 100W and chamber pressure of 4.5 mTorr. This step is 

done to make the flake in the shape of a rectangular strip so that there is no shape dependent 

characteristics (like current crowding) in the photocurrent measurements.  In the next step 

lithography, contact pads are defined, followed by 5 nm/45 nm thick Cr/Au deposition us-

ing electron beam evaporation which is followed by metal liftoff in Acetone. No post met-

allization annealing was performed in these devices. The wafer is then bonded to a PCB 

using an Aluminium wire with the help of wire bonder. Photocurrent measurements were 

performed at room temperature. A 532 nm (2.33 eV) green laser was passed through a 100X 

objective and the sample stage was moved so as to scan the diffraction limited laser spot 



 

68 

 

from the source to the drain. The source is always kept grounded, and the drain is biased 

using a source meter (Keithley 2450). 

4.2 Material characterizations 

MoS2 flakes are having high optical contrast on 285nm SiO2 substrate. So these flakes can 

be easily identified with an optical microscope. Apart from this, MoS2 has peculiar Raman 

peaks whose positions change with the layer number. Number of layers of these flakes can 

be determined by corresponding Raman spectra. If the difference between two peaks in the 

Raman spectra is 19cm-1, it corresponds to a single layer flake. This difference increases as 

the number of layers increases.  

Photoluminescence (PL) is also used to characterize these flakes. As the monolayer MoS2 

flakes are direct band gap in nature, it shows very high PL intensity around 1.85eV, which 

is the monolayer band gap. As the number of layers increases, it becomes an indirect band 

gap material and hence the PL intensity reduces. Also, we should note that the PL peak 

position red shifts as the number of layers increases. This is due to the change in the band 

gap with change in the number of layers of TMDs, as discussed in the previous sections. 

Further, Atomic Force Microscopy (AFM) is used to measure the layer thickness. A clear 

step is visible at the interface between (i) single layer to SiO2 (ii) single layer and bilayer 

and (iii) single layer-few layer-multi layer flakes. The thickness of a monolayer is coming 

around 0.8nm from these measurements.  

Fig 4.1 shows Raman spectroscopy, Photoluminescence and AFM of MoS2 flakes. Fig 4.1 

(c) shows the variation in the PL intensity with the change in the number of layer in the 

case of 1L/2L layer junction. Fig 4.1 (e) shows the variation in the PL intensity with the 

change in the number of layer in the case of 1L/few layer/Multi-layer junction. Fig 4.1 (d) 

and 4.1 (e) are the thickness measurement of heterojunctions using AFM.  
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Fig 4.1 material characterization of MoS2 (a) Raman spectra of the different layer (b) PL spectra of different 

layers (c) PL intensity map of the 1L/2L junction (d) AFM image of 1L/2L junction (e) ) PL intensity map 

of the 1L/Few layer/Multi-layer junction (f) AFM image of the 1L/Few layer/Multi-layer junction 

4.3 Results and discussions 

4.3.1 Photoresponse of uniform channel - monolayer (1L) and bilayer (2L): Role of 

hot photo-electron injection 

 Fig 4.2 (a) shows the schematic of the experimental set up used for the photocurrent meas-

urements. A laser spot from is 100X objective is used for all the photocurrent measure-

ments. The two terminal device as shown in the Fig 4.2 (a) is biased using an external 

source meter and corresponding current is measured. The position of the laser illumination 

on the device was changed by moving the stage. In out experimental set up, the stage on 

which devices are kept was able to move in steps of 100nm. Photocurrent mapping with 
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laser illumination at various positions of the device could give insights to the underlying 

mechanism of photocurrent generations. Fig. 4.2(b)-(c) spatially resolved photocurrent 

characteristics for a monolayer MoS2 device at different drain voltages (Vds). There are 

different mechanisms by which the photoresponse can happen. It mainly includes Photoe-

lectric effect, Photo-thermoelectric effect and metal induced hot electron injection. Here 

these three photocurrents are denoted by 𝐼𝑒,ℎ
𝐸

 , 𝐼𝑒,ℎ
𝑆  and 𝐼𝑒,ℎ

𝑃  respectively. We have used scan-

ning photocurrent measurement is used to measure the relative contribution of each of these 

currents. The subscripts (e, h) correspond to electron and hole currents. 

when the laser is focused at the middle of the channel, photocurrent is found to be small. 

Photo-thermoelectric effect will be negligible at the center of the channel because it needs 

different materials (change in the Seebeck coefficients). At the center of the channel, hence, 

the photocurrent is dominated by photoelectric effect. The observation of small photocur-

rent at the center of the channel indicates that intrinsic photoelectric effect in monolayer 

MoS2 is very weak. It is seen that because of the strong out-of-plane confinement, small 

dielectric constant and large carrier effective mass in monolayer MoS2 results in extremely 

high exciton binding energy (~0.4 eV) (Hill et al. 2015).  This is shown in Fig. 4.2(d)-(e)].  
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Figure 4.2 Photoresponsivity of MoS2. (a) Schematic of the scanning photocurrent measurement setup with 

monolayer MoS2 device, with L = 1.9 m and W = 2 m. The laser power used is 2.6 W. Inset: Optical 

microscope image of the device. (b) Photocurrent measured as the laser spot is scanned from the grounded 

source (S) to the drain (D). Each line corresponds to a different Vds, varying from 0.1 V to 1 V, in steps of 

0.1 V. (c) 3D plot of the photocurrent as a function of Vds and the normalized laser position in the device. 

The color plot projection is shown at the top. (d) Schematic diagram of parabolic band structure of MoS2 with 

different excitonic states. 2.33 eV excitation creates hot electron-hole pairs which are ~ 0.215 eV higher than 

the A1s state. (e)-(f) Band diagram of monolayer MoS2 at positive Vds, with laser beam (green arrow) focused 

at the (e) center of the channel, and (f) at the source junction. The solid lines indicate band extrema with no 

excitonic effect (continuum, representing electrical band gap), while the red dashed lines indicate lowest 

excitonic state (A1s), with a binding energy BE ~ 0.4 eV. The dark golden arrows indicate direction of carrier 

flow of due to external bias induced drift-diffusion. The blue arrow indicates electron flow due to hot electron 

injection from metal. (g) Schematics diagram of uniform bilayer device with L = 1.8 m and W = 1.9 m.  

The laser power used is 2.6 W. Inset: Optical microscope image of the device. (h) Photocurrent ratio between 

bilayer and monolayer devices, with the laser spot at the source junction and at the center. (i) Photocurrent 

measured as the laser spot is scanned from the grounded source (S) to the drain (D). Each line corresponds to 

a different Vds, varying from 0.1 V to 1 V, in steps of 0.1 V. 

So large electric field is needed to separate the photo-generated electrons and holes effi-

ciently. MoS2 layers are contacted by metals at both sides. This metal electrodes will try to 

bend the bands in MoS2. But band bending of this kind will not be efficient in this case 

because (i) MoS2 layer is very thin and (ii) Doping concentration of MoS2 is less. So the 

presence of metal electrode will result in quasi linear (or linear) band profile in MoS2 as 

suggested by Poisson’s equation.  This results in a quasi-linear band profile as shown in in 

4.2(e)-(f). The lowest energy excitonic level (A1s) is shown by the red dashed line. The 

resulting electric field due to band bending is two orders of magnitude lower than the field 

required to break the exciton.it needs ~5 MV/cm, assuming a Bohr radius of ~8Å .  This 

results in a relatively weak photoelectric effect, in spite of excellent light absorption prop-

erties.  

Now the photocurrent is measured when the laser falls at the source metal-Mos2 junction. 

Photocurrent increases sharply when the laser is focused at the point between the edge of 

the metal electrode and the MoS2. Based on the above discussion of quasi-linear band pro-

file, the electric field close to the metal junction cannot be dramatically different from the 

center of the channel. Hence the contribution from photoelectric effect to the total current 

also will not be dramatically high. Hence, such photocurrent enhancement at the source 
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junction cannot be explained by the photoelectric effect. On the other hand, strong photo-

thermoelectric effect has been observed at metal-MoS2 junction (Buscema et al. 2013b) as 

monolayer MoS2 exhibits a larger Seebeck coefficient (|𝑆1𝐿|~103 − 105𝜇V/K depending 

on gate voltage) than that of the metal. However, in our devices, we observe strong external 

bias dependence of the photocurrent at the source junction. Since the thermoelectric effect 

should be independent of external bias, it is difficult to explain the enhancement in the 

photocurrent purely from photothermoelectric effect, particularly at large 𝑉𝑑𝑠.  

Hot electron injection from the metal electrode is the other effect which can play a role. 

The strong photocurrent at the metal junction can be explained by hot photo-electron injec-

tion from the metal to the channel region. When the laser shines at the source junction, the 

electrons from the metal tend to diffuse into the channel because of the bias. However, this 

requires the electrons to overcome the Schottky barrier between metal and the channel at 

the source junction, as explained in Fig. 4.2(f). The origin of the Schottky barrier at the 

source junction can be explained as follows: photons create excitons in the channel and 

these excitons cannot be driven electrically as they are neutral particles. So, in order to have 

conduction electrons, it is necessary for the electrons from the metal to jump from metal 

Fermi level to the states in the MoS2 channel that are close to or above the continuum level 

of the exciton as shown in Fig. 2(d). This corresponds to a barrier height in excess of a few 

𝐾𝐵𝑇. It is very difficult for the electrons which are already in quasi-equilibrium with the 

laser heated metal lattice, can overcome this potential barrier. On the other hand, with the 

absorption of 2.33 eV photons of the green laser, hot photoelectrons can be generated in 

the metal-MoS2 junction, which can efficiently cross over the potential barrier into the 

channel(Hong et al. 2015). Once an electron has sufficient energy to cross this barrier, it 

can be driven by the external bias. This results in bias dependent large photoresponse. On 

the other hand, a reverse electric field diminishes the photocurrent substantially because at 

this time, the laser spot is at the drain junction. 

The scanning photocurrent results from a bilayer device are summarized in Fig. 4.2(g)-(i). 

Fig. 4. 2 (h) shows that depending on the position of the laser spot and bias condition, the 

bilayer device exhibits 5- to 10-fold improvement in photocurrent compared with the mon-

olayer device. When the laser spot is falling at the center, the enhancement in the photo-

current can be attributed to: (i) increased light-matter interaction length in bilayer because 

of the extra thickness coming from the bilayer (ii) enhanced photoelectric effect, owing to 
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reduced excitonic binding energy (Cheiwchanchamnangij and Lambrecht 2012 Komsa and 

Krasheninnikov 2012); and (iii) reduced series resistance in bilayer owing to improved 

mobility and contact resistance of metal bilayer junctions (Yang et al. 2014b).  

So, when the laser spot is falling at the source metal edge, the photocurrent is the strongest, 

as shown in Fig. 4.2(i). We note from Fig. 4.2(h) that at this laser position, the photocurrent 

is 5- to 7-fold higher than that of the monolayer device. The peak photoresponsivity of this 

device corresponds to 921 mA/W at Vds = 1 V and 2.6 W incident power. Such an en-

hancement of the photocurrent in bilayer device over monolayer supports the explanation 

of metal hot photo-electron injection as the mechanism of photocurrent generation. This is 

due to the fact that bilayer MoS2 does not exhibit dramatically different Seebeck coefficient 

than that of monolayer (Wickramaratne et al. 2014 Hippalgaonkar et al. 2015 Yoshida et 

al. 2016), and hence we do not expect much larger thermoelectric effect than the monolayer 

case. On the other hand, bilayer MoS2 offers more efficient in hot carrier injection into the 

channel, due to two reasons: (i) bilayer offers reduced Schottky barrier height for the photo-

induced hot electrons from metal to channel, resulting from its relatively weaker exciton 

binding energy and (ii) the electronic coupling between the metal and the bilayer is better 

than the monolayer case. The better electronic coupling is the result of the delocalization 

of the spatial distribution of the electron wave function at the conduction band minimum. 

the band minimum point moves away from the 𝐾 or 𝐾′ point in monolayer to inside of the 

Brillouin zone in bilayer or multi-layer (Splendiani et al. 2010). 

4.3.2 Photoresponse of monolayer/bilayer (1L/2L) heterojunction 

Next, consider the photoresponse of a 1L/2L single heterojunction device photoresponse. 

The SEM micrograph of a typical heterojunction is shown in Fig. 4.3(a), indicating sharp 

junction between monolayer and bilayer. In Fig. 4.3(b), is plot which shows the spatial 

distribution of the separation between the A1g and E1
2g Raman peaks, which is commonly 

used to distinguish monolayer and bilayer MoS2 (Lee et al. 2010).  Further characterization 

of monolayer/bilayer heterojunction is performed using photoluminescence and atomic 

force microscopy (AFM) (see Fig 4.1). The scanning photocurrent response of such a het-

erojunction device [schematically shown in Fig. 4.4(a)], is plotted in Fig. 4.4(b)-(c). Due 

to strong out of plane quantum confinement of carriers in these ultra-thin two dimensional 

films, the bandgap changes appreciably with thickness of the layer, as explained earlier. 

For example, the excitonic gap of 1.9 eV in monolayer changes to 1.6 eV in bilayer. Also, 
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this is coupled with the fact that monolayer has stronger exciton binding energy than bi-

layer, which again results in an even larger electrical bandgap difference(as optical band 

gap is less than the electrical band gap by an amount which is equal to excitonic band gap).                           

Fig 4.3 Characterization of MoS2 heterojunctions. (a) SEM micrograph of a monolayer/bilayer heterojunction 

device. (b) Raman spectroscopic mapping in the highlighted region, where the spatial distribution of the dif-

ference between A1g and E1
2g peak positions are plotted, which indicate the monolayer and bilayer portions 

of the flake. (c) SEM micrograph of a monolayer/few-layer/multi-layer MoS2 double heterojunction device. 

(d) Raman spectroscopic mapping of the device in (c) characterizing the number of layers along channel 

length. 

A change in number of layers along the channel, thus, modulates the bandgap. Typically, 

the vertical heterostructures made out of different TMDs show Type-II band alignment. 

But in-plane monolayer/multi-layer junction has been shown to exhibit Type-I band align-

ment (Tosun et al. 2015), with the band offset being very small for conduction band and 

large for valence band. To explain the observed photocurrent characteristics, we solve Pois-

son equation for the heterostructure device, and the obtained the band diagrams are shown 

in Fig. 4.4(d)-(f). The energy scale in the band diagrams is kept in arbitrary unit since the 

different band-offsets and electrical band gaps are not precisely known.  
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For the case𝑉𝑑𝑠 > 0, the peak photocurrent is observed when the laser falls right at the 

1L/2L junction. This shows the significant role of the heterojunction. To understand this in 

much detail, the different components of the total photocurrent are shown in Fig. 4.3(d). 

The built-in potential step at the heterojunction helps to spatially separate the photo-excited 

hot electrons and holes. This is done by inhibiting exciton formation in the monolayer. The 

electron current (𝐼𝑒) and hole current (𝐼ℎ) thus created are asymmetric due to different 

built-in potentials in the conduction and the valence bands (Type-I arrangement). The total 

current in the channel is thus given by 𝐼 = 𝐼𝑒 + 𝐼ℎ = (𝐼𝑒
𝐸 + 𝐼𝑒

𝑆) + (𝐼ℎ
𝐸 + 𝐼ℎ

𝑆).  

At very small 𝑉𝑑𝑠, the thermoelectric current can significantly contribute to the total cur-

rent, which is the result of the laser induced high temperature at the heterojunction. This 

forces the electrons and holes to diffuse away from the junction. For the electrons, the con-

duction band built-in barrier offset is very small and hence, any net thermoelectric electron 

current can arise only from the small difference in Seebeck coefficient between the mono-

layer and the bilayer MoS2 (Wickramaratne et al. 2014 Hippalgaonkar et al. 2015 Yoshida 

et al. 2016). This would result in negligible 𝐼𝑒
𝑆 in all the bias configurations. However, the 

built-in potential step is large for the holes. Because of this, the holes are blocked to move 

to the monolayer side of the junction. This forced asymmetric flow of the holes would result 

in an appreciable𝐼ℎ
𝑆, which is stronger than 𝐼𝑒

𝑆, and controls the photocurrent profile to a 

certain extent. We should note the difference between the above mentioned effect and con-

ventional photothermoelectric effect observed that in barrier free junctions like Graphene 

heterojunction. In the case of Graphene, the built-in potential barrier is negligible. So the 

thermoelectric current results only from the difference in Seebeck coefficients for a mono-

layer and a bilayer Graphene. It is worth noting that in this configuration, the direction of 

𝐼ℎ
𝑆 is same as that with the photoelectric effect induced current. 

At higher positive 𝑉𝑑𝑠, on the other hand, there is a strong bias dependence of the photo-

current at the 1L/2L junction. This indicates that the photoelectric current (𝐼𝑒
𝐸 + 𝐼ℎ

𝐸) domi-

nates over the thermoelectric component. due  to improved mobility in bilayer (Yang et al. 

2014b) than monolayer, and improved coupling with contact, it is likely that 𝐼ℎ
𝐸 will be 

stronger than 𝐼𝑒
𝐸 as the holes are moving through the bilayer portion (less resistance for the 

hole movement). 
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Fig 4.4 Photoresponse of monolayer/bilayer heterojunction MoS2 device MoS2 device. (a) Schematic dia-

gram of the device, with L = 2.0 m and W = 1.9 m. The laser power used is 2.6 W. (b) spatially re-

solved photocurrent with positive (blue) and negative (red) Vds. Vds values are -1.0 V to 1.0 V in steps of 

0.1 V. The dotted vertical line represents the monolayer/bilayer heterojunction. (c) 3D plot of photocurrent 

as a function of laser position and Vds. The color plot projection is shown at the top. (d)-(e) Band diagram at 

(d) positive and (e) negative Vds, with the laser spot at the heterojunction. The different components of the 

electron and hole currents (see text) are shown by arrows. (f) Band diagram at negative Vds when the laser 

is at the drain end.  

The magnitude of 𝐼𝑒
𝐸 can be estimated from the photocurrent values for 𝑉𝑑𝑠  <  0. It is easy 

to see [Fig. 4.4(e)] that the holes are blocked by the 1L/2L valance band offset, resulting in 

𝐼ℎ
𝐸 ≈ 0. Note that, in this situation, direction of 𝐼ℎ

𝑆 is opposite to that of 𝐼𝑒
𝐸. This nullifies 

the net current partially, particularly at small negative 𝑉𝑑𝑠. If we neglect contribution of 

any thermoelectric current at large negative 𝑉𝑑𝑠, the total photocurrent measured in this 

situation can be approximately attributed to 𝐼𝑒
𝐸. Note that, for 𝑉𝑑𝑠 < 0, the electrons flow 

through the bilayer portion and hence 𝐼𝑒
𝐸(𝑉𝑑𝑠 < 0) is the upper limit of 𝐼𝑒

𝐸(𝑉𝑑𝑠 > 0) and, 

from Fig. 4.4(e), is an order of magnitude lower than (𝐼𝑒
𝐸 + 𝐼ℎ

𝐸)|𝑉𝑑𝑠>0. This shows that in 

the case of large positive 𝑉𝑑𝑠, more than 90% of the photocurrent is contributed by𝐼ℎ
𝐸. In 

summary, for large positive (negative)𝑉𝑑𝑠, the primary factor of photocurrent are 𝐼ℎ
𝐸(𝐼𝑒

𝐸), 

with|𝐼ℎ
𝐸(𝑉𝑑𝑠 > 0)| ≫  |𝐼𝑒

𝐸(𝑉𝑑𝑠 < 0)|. We attribute this to better separation of holes from 

the monolayer owing to larger valence band offset at the 1L/2L heterojunction. 
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For𝑉𝑑𝑠  <  0, the peak photocurrent is observed when the laser is at the drain junction [red 

curves in Fig. 4.4(d)], where 𝐼𝑒
𝑃 dominates. This observation is in agreement with the Type-

I band alignment of the heterojunction. Such a band alignment does not block the photo-

electrons generated at the drain side from moving to the source contact, as explained in Fig. 

4.4(f).  

4.3.3 Photoresponse of monolayer/few-layer/multi-layer double heterojunction de-

vice (1L/FL/ML) 

With the observation of photocurrent distribution in monolayer/bilayer device, we modified 

the design of the heterojunction to a more complex level. To increase the effect of the het-

erojunction, we next consider a 1L/FL/ML MoS2 double heterojunction device. The SEM 

of such a double heterojunction device is shown in Fig. 4.3(c). We note the changes in the 

number of layers as characterized by the separation of A1g and E1
2g Raman peaks shown in 

Fig. 4.3(d). Such a double heterojunction device, as schematically shown in Fig. 4.5(a), has 

two advantages. First, it efficiently creates electron-hole pairs at the 1L/FL junction when 

excited by a laser. This is because the few layer structures are, in general, optically more 

active than thick multi-layer MoS2. Second, the multi-layer portion provides efficient cou-

pling with the contact metal (hence better contact resistance), as well as helps to reduce 

trapping effect, as discussed later. Compared with 1L/2L junction, the 1L/FL junction pro-

vides improved spatial separation of electrons and holes due to (i) even stronger built-in 

barrier offset than the previous case of monolayer/bilayer (few layer has a bandgap of ~1.3 

eV), and (ii) even weaker excitonic binding energy (nearly an order of magnitude smaller 

than monolayer) in the few layer portion. There is a different mechanism by which such a 

1L/FL junction can provide additional conduction carriers. When the laser is at the 1L/FL 

junction, an exciton in the monolayer can thermally diffuse into the few-layer portion. As 

the exciton binding energy in the few-layer MoS2 is small, there is a high chance that the 

diffused exciton will break as it enters the few layer portion. This gives rise to excess car-

riers for conduction. Fig. 4.5(b) shows spatially resolved scanning photocurrent with a 

strong and sharp peak at the 1L/FL heterojunction. Interestingly, the peak occurs at nega-

tive Vds condition, unlike the 1L/2L junction, where the peak occurs in the positive bias. 

To understand further the peak current happening at opposite polarity compared with the 

1L/2L case, we plot the band diagrams in Fig. 4.5(c)-(d). The MoS2 layers in our devices 

are slightly n-type doped, even without any gating (the energy band diagram shows that the 
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Fermi level of MoS2 is much closer to the conduction band). The diffusion length (𝐿ℎ
𝐷) of 

holes in MoS2 is expected to be ~0.5 m (Wang et al. 2012b). This is much smaller than 

the combined length (~1.8 m) of the few-layer and multi-layer portion of the present de-

vice [Fig. 4.5(c)]. Hence, the photo-generated holes at the 1L/FL junction, when trying to 

reach the source contact under positive Vds, undergo strong recombination in the channel. 

This causes in significant reduction in the total hole current (𝐼ℎ
𝐸 + 𝐼ℎ

𝑆) at Vds > 0. We should 

note that due to much shorter device length, such recombination does not significantly sup-

press the hole current in the 1L/2L heterojunction device discussed earlier. The hole current 

being very small, the total current in the 1L/FL/ML device is thus governed by the electron 

current flow for positive Vds. Now, for the case Vds > 0, the electrons encounter a small 

uphill barrier due to built-in potential in the 1L/FL/ML device. Those electrons which are 

overcoming this barrier, will have to travel through the monolayer portion (which is having 

low mobility) of the device, to reach the drain contact. This results in reduced electron 

current. On the other hand, when Vds < 0, the electron current again dominates the total 

current due to suppression of the hole current resulting from larger valence band barrier at 

the 1L/FL junction. Nonetheless, the electron current is strong in this case, since the photo-

generated electrons at the 1L/FL junction do not face any barrier. These electrons are trans-

ported through the multi-layer portion (with relatively higher mobility). In the case when 

the laser is at the 1L/FL junction, we observe stronger net photocurrent when Vds < 0, com-

pared with Vds > 0.  
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 Figure 4.5 Photoresponse of monolayer/few-layer/multi-layer MoS2 double heterojunction device (a) Sche-

matic diagram of the device, with L = 3.7 m and W = 1.57 m. The laser power used is 2.6 W. (b) Spa-

tially resolved photocurrent with positive (blue) and negative (red) Vds. Vds values are -2.0 V to 1.8 V in 

steps of 0.2 V. (c)-(d) Band diagram at (c) positive and (d) negative Vds, with the laser spot at the mono-

layer/few-layer junction. The different components of the electron and hole currents (see text) are shown by 

arrows. (e) Ratio of photocurrent when the excitation laser is polarized perpendicular and parallel to the 

channel length, with the position of the laser spot being at the source edge (red bar) and at the mono-

layer/few-layer junction (green bar). 

For Vds > 0, and when the laser spot is close to the source metal-MoS2 junction, we observe 

a strong photocurrent, as in earlier devices. This reinforces the fact that hot photoelectrons 

can be efficiently injected from the source metal, resulting in strong 𝐼𝑒
𝑃 and this turned out 

to be the primary mechanism for large photoresponse at metal/MoS2 junction in these de-

vices. To see the effect of plasmonics effects in this context (which is another phenomena 

which generates photocurrent), photocurrent measurements are done with the change in the 

polarization of the incident linear polarized light. Interestingly, we have observed that at 

this position of the laser, the photocurrent is strongly dependent on the orientation of the 

linear polarized excitation, as shown in Fig. 4.5(e). The peak is observed when the polari-

zation is parallel to the source metal edge, i.e. perpendicular to the channel direction. How-

ever, there was no such strong polarization dependence of the photocurrent observed when 

the laser spot is at the 1L/FL junction. Such polarization dependence indicates possible 
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energy transfer to electrons in the metal through plasmons is also happening. Similar po-

larization dependence at metal/multi-layer junction has been observed recently in Hong et 

al.  as well (Hong et al. 2015).  

4.3.4 Fast transient response in heterojunction photodetector 

Monolayer MoS2 photodetectors are generally exhibiting slow transient response, varying 

from few seconds to minutes, in the case of planar devices(The transient characteristics of 

a typical monolayer MoS2 photodetector  are studied in response to the excitation laser 

being turned on and off either manually or by using a chopper). This is a practical limitation 

of these photodetectors for high speed applications. The origin of the observed long rise 

and fall times of these devices has been attributed to the proximity of the traps in the SiO2 

layer underneath monolayer MoS2 (Roy et al. 2013b). Consequently, increasing the number 

of layers helps to improve the transient response due to screening of the traps by the low 

lying layers.  

Long persistent photocurrent is generally observed in these 2D photodetectors, even after 

the laser is switched off. The role of the traps in SiO2 in these can be understood as follows. 

These traps (produced by light or by photocurrent) try to reduce the metal-MoS2 barrier, by 

acting as indirect gating towards the source barrier. Hence the source barrier reduces. As a 

result, there will be a more efficient carrier injection from the metal to the semiconductor 

(MoS2). These trap dynamics, in this way, keep changing the barrier height. Since the traps 

decay slowly, this will reflect in the rise and fall time of these planar devices. It can be 

clearly understood from this dynamics, that why the speed of the devices are not compro-

mised in vertical devices. Thus any active trap underneath the source junction is likely to 

impact the speed of the device more severely. In Fig. 6(a), we show the forward and reverse 

sweep of I-V characteristics with a slow scan in a typical heterojunction MoS2 device, in 

presence of laser excitation. The photocurrent is found to enhance in the reverse sweep. All 

our measured heterojunction devices exhibit similar characteristics.  

Such an enhancement in the current during the reverse sweep indicates hole trapping in the 

oxide near the source junction – forcing the effective barrier height reduction for electrons 

at the source junction. This mechanism is schematically drawn in the inset of Fig. 4.6(a), 

along with the resulting band diagram. While calculating the band diagram, we assumed 

uniform trapped hole density of 1017 cm-3 up to a distance of 50 nm from the source junc-

tion. 
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Figure 4. 6 Transient response of monolayer/few-layer/multi-layer device photocurrent with the laser illu-

mination at the 1L/FL junction. (a) Forward and reverse Ids-Vds sweeps indicate a larger current in reverse 

sweep direction, indicating hole trapping. Inset, schematic representation of hole trapping in the oxide un-

derneath the source junction, and the calculated band diagram showing source barrier height reduction for 

efficient electron injection. (b)-(c) Transient response of photocurrent of the device in Fig. 4, when the laser 

at the 1L/FL junction is turned on, and turned off, with (b) negative and (c) positive Vds. Positive Vds case 

exhibits excellent photoresponse times. (d) Transient response of another device (HJ2) with a sequence of 

laser on and off at the 1L/FL junction, with positive Vds. 

From the above discussion, we expect that a thicker layer towards the source junction would 

be more effective to reduce the trap induced source barrier height reduction effects as 

thicker layers will be more shielded from the substrate traps. We can see that the double 

heterojunction device serves this purpose efficiently, and is found to exhibit excellent tran-

sient response when the laser spot is at the 1L/FL junction. Fig. 4.6 (b) and (c) display the 

transient response of the device resulting from laser being turned on and off, at Vds = -2 V, 
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and Vds =2 V, respectively. The results from another double heterojunction device with Vds 

= 2 V are shown in Fig. 4.6(d).  

In Fig. 4.7(a), the laser position dependent fall time of the photocurrent is plotted. It shows 

an exponential increase of fall time as the laser spot is moved towards the source junction. 

Here we define the fall time as the time required for the photocurrent to reduce from 90% 

to 10% of its steady state value. In particular, the measured fall time is ~26 ms when the 

laser is at the 1L/FL junction. The possible mechanisms are explained schematically in Fig. 

4.7(b)-(c). The layers are extrinsically n-doped as we have discussed earlier. When the laser 

spot is at the 1L/FL junction, the diffusion length (𝐿ℎ
𝐷) of the photo-generated holes is much 

smaller than the separation (L) between the 1L/FL junction and the source metal junction.  

 
 

Figure 4.7 Mechanism of fast transient response in MoS2 heterojunction photodetector. (a) Fall time (defined 

as the time required for the photocurrent to reduce from 90% to 10% of its steady state value) after the laser 

is turned off, plotted as a function of the laser spot distance from the source junction. Vds has been kept at 2.0 

V. Inset, the laser excitation positions are shown schematically. (b) Schematic representation of the trapping 

scenario, when the separation (L) between the laser spot and the source junction is less than the hole diffusion 

length. Holes are trapped at the source junction, resulting in source barrier reduction for electrons, and hence 

long persistent photocurrent (larger fall time). (c) Schematic representation of the scenario when L is larger 
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than hole diffusion length, in which case, reduced number of holes are trapped at the source junction, improv-

ing fall time. 

Hence, the holes tend to recombine with the electrons before they reach the source junction. 

This suppresses the probability of hole trapping at the source junction. This will give rise 

to fast photo-response of these device. However, when the laser spot is moved closer to the 

source metal, a larger fraction of the photo-generated holes is able to reach the source junc-

tion as it does not get enough time to recombine with electrons. This, in turn, enhances the 

likelihood of hole trapping underneath the source junction, and thus, degrading the device 

photo-response. 

4.4 Conclusions 

In conclusion, we have investigated the electrical response to scanning photo-excitation in 

monolayer, bilayer, monolayer/bilayer, and monolayer/few-layer/multi-layer MoS2 devices 

to understand the fundamental mechanisms of photocurrent generation in these devices. In 

uniform monolayer and bilayer devices hot electron injection from metal results in a strong 

photoresponse with the laser spot on the source junction. Photoelectric effect in these de-

vices is found to be small in these materials due to its strong exciton binding energy. This 

is clear from the observation of very low photocurrent when the laser falls at the center of 

the channel (and in this situation, photoelectric effect is supposed to be maximum). In the 

case of heterostructure devices, strong photoresponse is observed when the laser is focused 

right at the heterojunction. This is due to the spatial separation of the photo-generated elec-

trons and holes as a result of potential barrier induced asymmetric driving of charge carri-

ers. The double heterojunction devices are found to provide much better photoresponse by 

avoiding hole trapping at the source junction when the laser spot separation from the source 

is longer than the hole diffusion length. Though MoS2 used for the device fabrication in all 

these experiments, the observations are expected to be valid for other TMDs also. The in-

sights obtained will be useful in designing fast optoelectronic devices based on two dimen-

sional transition metal Dichalcogenides. 
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Chapter 5 

Nature of carrier injection from Metal –TMDs interface 
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Overview:- 

This chapter discusses the mechanisms of charge transfer from metal to TMDs. Conven-

tional picture of band bending is re-visited in the context of very thin films of semiconduc-

tor. The charge transfer between the metal and semiconductor is analyzed using Raman 

spectroscopy, KPFM and XPS. The Schottky barrier height is measured using TLM meas-

urements with both Au and Ni contacts. From these experiments, the contact resistance of 

these devices is calculated. These studies are extrapolated to calculate the limit of the con-

tact resistance in such a system.  

5. Nature of carrier injection from Metal –TMDs interface 

Monolayer and few-layers of TMD materials have been shown to be very promising for 

light generation(Mak et al. 2010 Wang et al. 2012a Baugher et al. 2014b Pospischil et al. 

2014)and detection (Lopez-Sanchez et al. 2013 Yu et al. 2013) applications as seen in the 

previous sections. On the other hand, the ability to suppress surface roughness scattering at 

sub-nm thickness, coupled with appreciable bandgap, makes them promising candidates 

for making logic transistors smaller than 10 nm(Majumdar et al. 2014). However, the per-

formance of most of these electronic and optoelectronic devices are poor due to relatively 

large parasitic contact resistance(Léonard and Talin 2011 Radisavljevic et al. 2011 Allain 

et al. 2015 Xu et al. 2016). On the contrary, for photo detection applications, metal/TMDs 

interface plays active role in enhancing photoresponse(Buscema et al. 2013a Kallatt et al. 

2016). Thus, it is important to understand the physics of the interface between metal and 

the TMDs in these devices. Despite its importance, studies to understand the origin of in-

trinsic mechanisms that control the characteristics of such interface have been very limited. 

Generally, the metal-TMDs interface has been analyzed in a manner similar to metal-bulk 

semiconductor junction and, hence, the understanding is rather poor.  

Investigations on Schottky barrier height and the contact resistance of metal/TMD interface 

have been reported in the past (Chen et al. 2013 Das et al. 2013b Fang et al. 2013 Dankert 

et al. 2014 Leong et al. 2014 English et al. 2016).However, the findings of these works 

differ considerably from each other, particularly for the case of monolayer TMD – metal 

interface. In this chapter, we present detailed experimental measurements and parameter 

estimation to reveal the underlying mechanisms that control the Schottky Barrier formation 
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and the resulting contact resistance of metal-TMD interface. On the basis of material char-

acterization, we proposed a new two-barrier carrier injection model. These barriers control 

the charge transfer between contact metal and 2D material just underneath the metal. The 

magnitude of the effective potential barrier and contact resistance was obtained by using a 

novel TLM based estimation methodology. For the estimation of effective barrier height, 

the Richardson equation was appropriately modified incorporating suggestions from the 

existing literature. In this any ambiguity resulting from temperature variation of channel 

resistance of the TMD was eliminated. Finally, the Landauer limit of the contact resistance 

achievable in such structures is derived analytically and compared with the experimental 

results. All the experiments were carried out on devices using either Au or Ni for metal 

contact on monolayer MoS2films. The conclusions are general enough and are applicable 

to devices made using any 2D semiconductor material.  

5.1 Tunneling versus thermionic emission 

It is well known that TMDs have naturally passivated surface. This property of 2D materi-

als enables its integration with any substrate quite easy since one need not bother about 

lattice matching. However, when it comes to making electrical contacts on TMD films, 

passivated surface poses some problems. It is natural to treat metal-TMD contact similar to 

metal-bulk semiconductor junction, wherein the band bending model is adopted. In metal-

TMD contact the potential barrier formation is more complex due to the fact that the volume 

of the semiconductor available is insufficient for causing band bending. Such contacts have 

been treated in literature in terms of conventional band bending scheme together with a 

certain amount of Fermi level pinning and tunneling induced field emission as shown in 

Fig 5.1. We need to consider the presence of a thin air gap (tair) between metal and the 

TMD layer which is naturally passivated. However, this reduces the tunneling probability 

for carriers. As shown in Fig5.2, the tunneling probability of lower energy electrons in the 

metal side of the interface are even lower. This is because of the large tunneling distance 

seen by these electrons to reach the TMD channel for further transport. Although at higher 

energy levels, tunneling distance reduces as shown in Fig 5.2,but the number of hot elec-

trons is much less. If we consider d as the vertical air gap between metal edge and a point 

in 2D film and t (E) as the distance of the conduction band edge at energy E from the metal 

edge, we can quickly estimate the distance (tair (E)) through which an electron should tunnel 

through, in order to reach a particular point in 2D material as tair (E)=(d2
+t2(E))1/2  ≈ t(E) 

for t(E)>>d.  
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 The depletion width will be very large for these monolayers. This will be suppressing the 

field emission. So the electrons are forced to move directly downward, followed by a hor-

izontal transport, as against the direct tunneling to the channel.  

            

Fig 5.1 Schematic diagram showing possible carrier injection processes from metal to monolayer MoS2. 

In Fig 5.2, the tunneling process of the electrons from metal side to TMD channel is sche-

matically shown. A thin air gap produces a potential barrier between metal-TMD interfaces. 

The electrons have to tunnel through this potential barrier first and then through the band 

bending. The length of the blue arrow in Fig 5.2 is proportional to the probability of tun-

neling of electrons from metal to TMD.  

 

Fig 5.2 Conventional picture of band bending in a metal – semiconductor junction. Three different situations 

are shown to explain how the probability of electron tunneling changes with varying thickness of air gap tair. 

Length of the blue arrow in all the images is proportional to the probability of tunnelling of electron from 

metal to semiconductor side through the air gap. (I-III) Three different thickness of the air barrier for tunnel-

ling.   

Metal 

electrodes 

(a) 
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5.2 Charge transfer between metal and MoS2  

At the metal-TMD contact transfer of charge carriers from metal to TMD is facilitated by 

the alignment of the Fermi levels of both materials. The contact potential barrier determines 

the amount of charge flow across the barrier. In order to get a clear picture, we fabricated 

two different devices, one with Au as the metal electrode and the other with Ni, deposited 

on monolayer MoS2, to study the efficiency of charge transfer. It has been shown that in 

monolayer MoS2 ,electrons occupying conduction band minimum are contributed by Mo-

lybdenum atoms (Splendiani et al. 2010). In order to get better contact resistance, hence, it 

is mandatory to have a sufficient electronic overlap between contact metal orbitals and that 

of Molybdenum. Nickel has a better affinity to make bonds with Sulphur. So when MoS2 

is in contact with Nickel, the partially filled 3d orbitals of Nickel will be more delocalized 

than that of Gold, which has a completely filled 5d-orbitals. 

5.2.1 Characterization of MoS2 monolayer on metal 

To investigate the charge transfer from metal to MoS2, we employed Photoluminescence 

spectroscopy, Raman spectroscopy, X-ray Photoemission Spectroscopy (XPS) and Kelvin 

Probe Force Microscopy (KPFM). 

For these characterizations, we deposited parallel lines of Nickel on a SiO2/Si substrate and 

similarly with gold on a separate substrate. Lines of metals on the substrate enable us to 

estimate the thickness of MoS2 by the optical contrast measurement of the same on the 

extended portion of the oxide substrate.MoS2 monolayers are exfoliated on top of these 

metal lines.  

Raman shift of the A1g peak for MoS2 deposited on metal shows a larger broadening com-

pared to that deposited on SiO2. The E1
2g peak did not show any such substrate dependence. 

This situation is depicted in Fig 5.3 (a-b). Such a broadening can be attributed to anhar-

monicity  due to laser induced heating and doping(Chakraborty et al. 2012). However, 

larger broadening for monolayer samples on metals, as against SiO2 substrate, cannot be 

attributed to heating of the metal itself since the heat energy spreads over the entire metal 

film resulting in a lower temperature rise. This suggests that the additional broadening oc-

curs due to metal induced doping effect. Also, the photoluminescence intensity of A exciton 

peak is found to be dramatically suppressed for monolayer TMDs on metals as shown in 

Fig 5.3 (c). This suggests that there is a substantial amount of charge transfer between metal 

and MoS2. 
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On the basis of the above observations, we propose a new model to explain origin of the 

potential barrier between metal-TMD interfaces. The air gap between the metal surface and 

the TMD layer corresponds to a potential barrier ΦV in the vertical direction from the metal 

to TMD. This barrier is modeled as the vertical diode DV .The metal film transfers large 

quantity of electrons to the part of the TMD film just below the metal thereby heavily dop-

ing this part of the TMD channel. The electrons also experience a series resistance RD while 

travelling through this region. A second potential barrier ΦH is created between doped part 

of TMD and the part beyond the edge of the metal electrode, which remains practically un-

doped. This region is modeled as horizontal diode DH. The electrons experience further 

resistance RCH as they travel along the channel towards the second electrode. Fig.5.5 shows 

a schematic of the circuit model developed for our device. The charge carriers see the di-

odes DV and DH and the resistances RD and RCH as they flow from the source electrode to 

the drain electrode. The combination and predominance of all these circuit elementswould 

dictate the charge transport through the device.  

Fig 5.3 Characterization of monolayer MoS2 

on metal and on SiO2. (a) Raman intensity of 

monolayer MoS2 on various substrates. (b) 

The FWHM of Raman peaks as a function of 

substrate. (c) Photoluminescence spectra of 

monolayer MoS2 as a function of substrate, 

showing strong suppression on metal. 
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Fig 5.4 (a) the origin of the vertical diode DV (with barrier𝜙𝑉) between the metal and the monolayer under-

neath the contact, through a tunneling air gap; (b) Two possible origins of potential barrier 𝜙𝐻 in horizontal 

diode DH at contact edge. Left: doping difference induced built-in barrier (weak interaction with contact). 

Right: Fermi level pinning induced Schottky barrier (strong interaction with contact); (c) A schematic dia-

gram of the two barriers (𝜙𝑉 and 𝜙𝐻)  encountered by the electron injected from the metal at the source end. 

 

 

Fig 5.5 Schematic diagram of a series model of back to back diodes and resistor in a back gated device. 

For further characterization, MoS2 was exfoliated on Au and Ni coated substrates. In con-

trast to Raman spectroscopy and KPFM, the XPS characterization of MoS2 monolayer on 

metal was not accurate as XPS beam width was much larger than the monolayer flake size. 

The data obtained from XPS is a mix from layers of different thickness. Fig 5.6 is the XPS 

data which shows that there is a blue shift of peaks of MoS2on Au and Ni film, compared 

to MoS2onSiO2. Such a blue shift indicates that the Fermi level is relatively shifted upward, 

closer to the conduction band. Hence, it implies that the TMD samples on metals are doped 

more n-type compared with samples on SiO2.  

(a) (b) (c) 
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Fig 5.6 comparison of XPS spectrum of MoS2layers between (a) Gold and SiO2and (b) Nickel and SiO2sub-

strates.  

Kelvin Probe Force Microscopy (KPFM) is used to understand the role of the potential 

barriers. The devices used for KPFM measurements are shown in Fig 5.7. All the metal 

lines are grounded for the measurement. KPFM data corresponds to the contact potential 

difference (CPD) between the probe tip and the sample. Thus, the Contact Potential Differ-

ence, ΔW is given by, 

ΔW = Wtip– Wsample.  

For the Pt-Ir tip which we used for our KPFM measurements, Wtip= 5.3eV. Using the scan 

line 1(green line) in Fig 5.7, we first observe that Wtip-WAu≈ 0, which implies that WAu= 

5.3eV. We also see that WAu- WAu/MoS2 = 0.12eV. From this, we can infer that WAu/MoS2 = 

5.18eV. Using scan line 2 (red line) in Fig 5.7, we obtain WMoS2/SiO2 - WAu/MoS2 = 0.13eV, 

which directly implies that the barrier height between the two regions (ΦH) is 0.13 eV. For 

the Ni electrode, we obtained WNi= 5.06eV and WNi/MoS2 = 5.18eV and ΦH = 20meV. Hence, 

we can see that the electron transfer in MoS2 devices with Ni electrodes is higher than in 

devices with Gold electrode. Clearly charge transfer from metal electrode to TMD film in 

contact with it is not entirely dependent on the magnitude of the work function of the metal;   

both Nickel and Gold have large work functions. The potential barrier formation depends 

significantly on the electronic structure of metal too. 

 

(a) (b) 
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Fig 5.7 Characterization of monolayer MoS2 by KPFM (d) CPD image of monolayer MoS2 on Au and SiO2 

lines showing strong work function differences. Inset. A 2D AFM image of the flake. (e) Corresponding AFM 

image of Au lines and triangular monolayer flake. (f) Values of CPD along scan line 1 (MoS2/Au - Au) and 

scan line 2 (MoS2/Au – MoS2/SiO2 – MoS2/Au). (g) CPD image of monolayer/multi-layer MoS2 on Ni and 

SiO2 lines. (h) Corresponding AFM image of Ni lines and MoS2 flake. (i) Values of CPD along scan line 1 

(Ni – 1L MoS2/Ni – ML MoS2/Ni – Ni) and scan line 2 (1L MoS2/Ni – 1L MoS2/SiO2).  

5.3 Richardson equation for barrier height measurement 

In order to theoretically analyze the charge injection mechanism in our TMD devices the 

Richardson equation needs to be modified (Tersoff and Hamann 1983). For this purpose 

the MoS2 portion underneath the metal electrode is treated as a doped ultra-thin semicon-

ductor layer. A thin air gap is assumed to separate the metal and MoS2 layers. As mentioned 

earlier the electrode-TMD junction is modeled as a series combination of diode DV, con-

sisting of two planes of charges separated by the air gap and DH , a two-dimensional diode 

in the plane of the monolayer. Due to the difference in dimensionality, DV and DH obey 

different types of Richardson equation. Following the approach of Tersoff et. Al.(Tersoff 

and Hamann 1983), Richardson equation for the vertical diode DV may be written as 

𝐽𝑣 = 𝐴𝑉
′ 𝑒−2𝑘0𝑑𝑇𝛼𝑉𝑒−𝑞𝜙𝑉/𝑘𝐵𝑇 = 𝐴𝑉

∗ 𝑇𝛼𝑉𝑒−𝑞𝜙𝑉/𝑘𝐵𝑇 
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with 𝛼𝑉 = 1 and 𝜙𝑉 = 𝜙𝑉0 − 𝛽𝑉𝑔 − 𝛾𝑉𝑑𝑠. 𝜙𝑉0 is the barrier height without any bias, 𝛽, 𝛾 

are screening dependent factors. Adopting the formalism developed by Anwar et al(Anwar 

et al. 1999), we obtain the two-dimensional form of Richardson equation for diode DH : 

𝐽𝐻 = 𝐴𝐻
∗ 𝑇𝛼𝐻𝑒−𝑞𝜙𝐻/𝑘𝐵𝑇 

with 𝛼𝐻 = 1.5. It must be noted that both 𝛼𝑉 and 𝛼𝐻 differ from conventional values of 

𝛼 = 2 for three-dimensional diodes (Sze et al. 1971).  

The origin of current crowding effect and resistance 𝑅𝑑 in our devices may be understood 

as follows: the continuity equation for electric current requires that the loss due to the ver-

tical current must be compensated by reduction in the horizontal current. Thus, at the ith 

node, we obtain the voltage 𝑉(𝑥) from the continuity equation  

 𝜎 [
𝑉𝑖−1−𝑉𝑖

Δ𝑥
−

𝑉𝑖−𝑉𝑖+1

Δ𝑥
] = 𝐽𝑣(x)Δ𝑥  

where 𝜎 is the in-plane conductivity of the 2D material below the metal electrode. The 

more precise equation is  

 
𝑑2𝑉(𝑥)

𝑑𝑥2 =
𝜁

𝜎
𝑒𝑞𝑉(𝑥)/𝑘𝐵𝑇 

with 𝜁 = 𝐴𝑉
∗ 𝑇𝛼𝑉𝑒−𝑞(𝜙𝑉0−𝛽𝑉𝑔)/𝑘𝐵𝑇

. The solution for this equation is expressed as  

𝑉(𝑥) = −
2

𝛽
ln [𝑐𝑜𝑠 {

𝛽

2
(𝐷0 + 𝜆𝑥)}]   

where 𝛽 =
𝑞

𝑘𝐵𝑇
, 𝜆 = (

2𝜁

𝛽𝜎
)

1/2
, and 𝐷0 = −

2

𝛽
𝑡𝑎𝑛−1(√𝑒𝛽𝑉0 − 1). 

Thus the injected electrons experience an effective barrier due to cascading effect of DV, 

Rd and DH, following an effective Richardson equation: 

𝐽 = 𝐴𝑒𝑓𝑓
∗ 𝑇𝛼𝑒𝑓𝑓𝑒−𝑞𝜙𝐵,𝑒𝑓𝑓/𝑘𝐵𝑇 

where the effective barrier height 𝜙𝐵,𝑒𝑓𝑓 ≤ 𝜙𝑉 + 𝜙𝐻. The equality holds only when either 

of  𝜙𝑉 and 𝜙𝐻 is negligible (that is, zero reflection from one of the diodes) and the transport 

underneath the metal is near ballistic. Also, since 𝜙𝑉 and 𝜙𝐻 vary with biasing conditions, 

𝛼𝑒𝑓𝑓 varies in the range 1 ≤ 𝛼𝑒𝑓𝑓 ≤ 1.5 (Chen et al. 2013) 
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5.4 Estimation of effective barrier height 

In earlier works, both 𝛼𝑒𝑓𝑓 = 2 (Dankert et al. 2014 English et al. 2016) and 𝛼𝑒𝑓𝑓 = 1.5 

(Chen et al. 2013)have been used for barrier height calculation. Apart from the choice of 

𝛼𝑒𝑓𝑓, the Schotttky Barrier Height also depends on the fact that the channel resistance var-

ies  with temperature owing to strong dependence of carrier mobility on temperature in 

ultra-thin layers (Jariwala et al. 2013). Hence Richardson equation does not completely 

describe the temperature dependence of the current density. Thus the theoretical estimate 

of the barrier height is usually an under-estimate. 

 

Fig 5.8 TLM devices with MoS2 monolayers (a) Optical image and the corresponding Raman mapping of a 

typical TLM device. In the Raman map, red patch corresponds to the monolayer MoS2, and the yellow signal 

is from Si; (b) An SEM image of the device. Black strip is the monolayer MoS2and the white lines are the 

metal contacts of the TLM device. Width of the metal electrode is 500nm. Width of the monolayer MoS2 

strip is 1.5µm. Length of the channel portion between the electrodes were varying from 300nm to 2µm.  

To nullify the temperature dependent channel resistance effect, we fabricate a set of back 

gated devices with varying channel length and use the Transfer Length Method (TLM) as 

shown in Fig 5.8. SEM micrograph along with Raman mapping of the TLM device fabri-

cated for our measurements are shown in Fig 5.8. The Ids-Vg characteristics of a typical 

device with Au and Ni contacts are shown in Fig 5.9(a), at different temperatures ranging 

from 215 K to 290 K. All devices having nickel electrodes exhibit lower threshold voltage 

compared to devices having gold electrodes. This suggests Fermi level pinning close to the 

conduction band edge at the contact MoS2/channel MoS2 junction. Fig 5.9(b) shows the 

variation of Ids with Vds and the graph is seen to be almost free from hysteresis. Ids of 52 

A/m was obtained in a MoS2 device, with Au electrode, having 300nm channel length 

at Vg = 80 V and Vds = 2 V. 
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Fig 5.9 electrical characterization of the TLM device (a) Ids-Vg plot of Au and Ni contacted device, at multiple 

temperatures. Ni devices show lower 𝑉𝑡; (b) Forward and reverse Ids-Vds sweep of a 300 nm channel length 

back gated monolayer transistor, showing 52 A/m drive current at Vds = 2V and Vds=80 V. 

Fig 5.10 (a) shows the method of extraction of the contact resistance. The total resistance 

RT of our device is the combination of RCT, the electrode-TMD contact resistance, and RSH, 

the sheet resistance of the TMD channel, is given by  

𝑅𝑇𝑊 = 𝑅𝑠ℎ𝐿 + 𝑅𝑐𝑇𝑊   

where L is the length of the TMD between electrodes W is its width. Fig. 5.10 (a) shows 

that the variation of RT with L is linear. The intercept of the graph on the vertical axis yields 

the total contact resistance for both the source and the drain contacts. A more accurate value 

of the contact resistance at the source terminal RCS is estimated from the equation: 

𝑅𝑐𝑆(𝑉𝑔, 𝑉𝑑𝑠) = 𝑅𝑐𝑇(𝑉𝑔, 𝑉𝑑𝑠) − 0.5 × 𝑅𝑐𝑇(𝑉𝑔,𝑚𝑎𝑥, 𝑉𝑑𝑠,𝑚𝑎𝑥). 

Where Rcs is the source side contact resistance. Fig.5.10 (b) shows variation of current 

density J with temperature T. The plot of ln (𝐼𝑐𝑇−𝛼𝑒𝑓𝑓) with 
𝑞

𝑘𝐵𝑇
 , for𝛼𝑒𝑓𝑓 = 1, is a straight 

line which enables us to unambiguously determine 𝜙𝐵,𝑒𝑓𝑓, the Schottky barrier height. The 

calculated 𝜙𝐵,𝑒𝑓𝑓 values for the device with gold electrodes is plotted as a function of Vg 

and Vds in Fig. 5.11(a) and (c). Similar data for the device with nickel electrode is plotted 

in Fig5.11 (b) and (d). The nickel electrode devices were always showing very low contact 

resistance. This is also in accordance with KPFM data where nickel showed a better charge 

transfer with MoS2. At higher bias conditions, both gold and nickel showed very low bar-

rier.  
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Fig 5.10 (a) A typical TLM fit for Au and Ni devices with intercept corresponding to 𝑅𝑐𝑇 (b) 𝐼𝑐 = 𝑉𝑑𝑠/𝑅𝑐𝑆 is 

used in a Richardson plot at different biasing conditions. The slopes of the linear fits correspond to the effec-

tive barrier height. 

The extraction is performed with 𝛼𝑒𝑓𝑓 = 1.5 showing a difference of ~10 meV. The Nickel 

electrode contacted devices [Figure 5.11 (c) and (d)] consistently show lower 𝜙𝐵,𝑒𝑓𝑓 com-

pared with Au, in agreement with KPFM and XPS analysis.  
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Fig 5.11 Variation of effective barrier height with bias (a) The effective barrier height for Au-MoS2 contact, 

as extracted from TLM, is plotted as a function of Vds and gate electric field. (b) Horizontal slices of Figure 

(f) at different gate electric field. (c)-(d) The effective barrier height for Ni-MoS2 contact. 

To get insights into the Vg dependence of 𝜙𝐵,𝑒𝑓𝑓, we solve 1-D coupled Poisson-

Schrodinger (CPS) equations along the vertical direction of the device, both at the channel 

region and at the contact region. From the simulated potential, the barrier height is extracted 

in Fig 5.12(a), which will be valid for small Vds due to 1D nature of the equations. Using 

only channel doping as a fitting parameter, we were able to obtain good agreement between 

the simulation (red lines) and the TLM extracted SBH including the ‘knee point.’ The de-

viation of 𝜙𝐵,𝑒𝑓𝑓(𝑉𝑔) from linearity in the vicinity of the knee point arises due to gate field 

screening at high voltage. Using estimated values of 𝜙𝐻 from KPFM and assum-

ing𝜙𝐵,𝑒𝑓𝑓 ≈ 𝜙𝑉 + 𝜙𝐻, the individual components 𝜙𝑉 and 𝜙𝐻 are extracted at Vg=0. Fur-

ther, using 𝜙𝑉(𝑉𝑔 = 0), we calculate the doping of the monolayer MoS2 film underneath 

the contact, and using the same, the 𝜙𝑉 at non-zero Vg is also simulated (blue lines). At 

larger gate field, 𝜙𝐻 almost collapses, and 𝜙𝑉 dominates the total barrier. With an increase 
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in Vds, 𝜙𝑉 also is suppressed, and the device enters into “zero thermal barrier” regime of 

operation [bottom right corner of Figure 5.11(b) and (d)], where only 𝑑 and 𝑅𝑑 control the 

contact resistance.  

Thus, for devices with Gold and Nickel electrodes, the potential barrier is nearly zero at 

very high bias. It is worth noting that the barrier in the case of devices with Nickel electrode 

is very low even at low bias voltages. Hence, this device produces “zero barrier” at much 

lesser gate and drain bias voltages. According to the model which we have proposed at the 

beginning, the disappearance of the potential barrier under high bias voltages can be ex-

plained as follows: the horizontal barrier between undoped and doped portions of MoS2gets 

modified as the bias increases. Especially at high gate field, the TMD channel gets heavily 

doped all over the film. In this situation, the potential hill ΦH, vanishes. Also, the high gate 

field dopes the area under the metal electrode to even higher levels. This modifies the series 

resistance of the TMD film. The series resistance Rd also gets reduced by this gate induced 

doping of the entire channel. Since both parameters, which determine the barrier height 

between metal and TMD, disappear, the barrier reduces to almost zero. Still, the contact 

resistance is limited by the air gap controlled vertical diode Dv. This can be reduced by the 

application of an appropriate metal electrode which can reduce the thin air gap between 

metal and TMD by effectively delocalizing its valance electrons.  

5.5 Contact resistance limit 

In Figure 5.12(b), 𝑅𝑐𝑇 is plotted as a function of the 2D sheet carrier density (𝑛𝑠) for the 

devices with Au and Ni as electrode, at different temperatures. Carrier density 𝑛𝑠 is ob-

tained as 

𝑛𝑠 = 𝐶𝑜𝑥(𝑉𝑔 − 𝑉𝑡)/𝑞.  

At T=290 K, gate field = 0.167 V/nm and Vds = 1 V, the contact resistance (𝑅𝑐 = 𝑅𝑐𝑇/2) 

for monolayer MoS2 device with Nickel electrode was found to be 14 kΩ-µm and that of 

MoS2 device with Nickel electrode was found to be 23 kΩ-µm. Contact resistance of Nickel 

electrode contacted decide was reduced to 9 kΩ-µm after a vacuum anneal at 127℃ for 

one hour. In the case of devices with gold electrode, annealing did not produce any such 

improvement.  
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To see how these values compare with the fundamental limit of contact resistance achiev-

able, we used the Landauer approach to calculate the conductance in a monolayer MoS2 

device with metal contact using the following equation 

         𝐺 = (
2𝑞2

ℎ
) 𝑔𝑣𝑀T𝑒𝑓𝑓,             

where ℎ is Plank’s constant, 𝑔𝑣 is valley degeneracy (= 2 for monolayer MoS2), 𝑀 is num-

ber of current carrying modes per valley. T𝑒𝑓𝑓is the effective transmission probability 

through the three cascaded processes described earlier and is given by T𝑒𝑓𝑓 =
1

1

𝑇𝑉
+

1

𝑇𝑑
+

1

𝑇𝐻
−2

. 

For maximum transmission limit, 𝑇𝑒𝑓𝑓,𝑚𝑎𝑥 = 𝑒−2𝑘0𝑑 is obtained at the zero thermal barrier 

and ballistic limit, by noting that 𝑇𝑉,𝑚𝑎𝑥 = 𝑒−2𝑘0𝑑 (tunneling through zero thermal barrier 

air gap in DV), 𝑇𝑑,𝑚𝑎𝑥 = 1 (ballistic limit of MoS2 underneath metal), and 𝑇𝐻,𝑚𝑎𝑥 = 1 (zero 

thermal barrier in DH). At low temperature limit, only electrons at Fermi level take part in 

conduction, and hence 𝑘0 =
(2𝑚∗𝜑𝑎𝑣𝑔)1/2

ℏ
. Here we assumed𝜑𝑎𝑣𝑔 = 0.5(𝑊𝑚 + 𝜒𝑀𝑜𝑆2

). The 

number of modes of a two-dimensional conducting channel is given (Datta 2005) 

 𝑀 = 𝐼𝑛𝑡 [√
2𝑚∗𝑊2Δ𝐸

𝜋2ℏ2 ] ≈ 𝑊√
2𝑛𝑠

𝑔𝑣𝜋
  

where 𝑛𝑠 is given by 𝑛𝑠 = 𝑔𝑣
𝑚∗

𝜋ℏ2 Δ𝐸 ignoring Fermi-Dirac broadening. Here 𝐼𝑛𝑡[. ] is the 

maximum integer function. Hence,  

𝑅𝑐,𝑚𝑖𝑛𝑊 =
𝑊

𝐺𝑚𝑎𝑥
= (

ℎ

2𝑞2) 𝑒2𝑘0𝑑√
𝜋

2𝑔𝑣𝑛𝑠
 . 
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Fig 5.12 Experimental validation of thermionic model and the limits of contact resistance of MoS2 devices; 

(a) Comparison of coupled Poisson-Schrodinger (CPS) solution predicted 𝜙𝐵,𝑒𝑓𝑓 (shown in red solid line for 

Au and red broken lines for Ni) and the corresponding TLM extracted value (golden circle for Au and blue 

triangle for Ni), at small Vds using channel doping (6.3 × 109 cm-2 for Au and 2.24 × 1012 cm-2 for Ni) as 

fitting parameter. The star symbols indicate 𝜙𝑉 at Vg = 0, which is obtained by subtracting the KPFM ex-

tracted 𝜙𝐻 from Simulated𝜙𝐵,𝑒𝑓𝑓. The blue lines (solid for Au and broken for Ni) correspond to 𝜙𝑉at non-

zero Vg, and are obtained by fitting a doping concentration (7.0 × 1011 cm-2 for Au and 4.76 × 1012 cm-2 for 

Ni) underneath the contact corresponding to the star. (b) The extracted total contact resistance 𝑅𝑐𝑇 for Au and 

Ni at different temperatures (215 K to 290 K) are shown as a function of the 2D sheet carrier density. An-

nealed Ni contact is also shown at 290 K. The corresponding lower limits achievable for Au (𝑑 = 3Å, 𝑊𝑚 =

5.3 eV), Ni (𝑑 = 2.2Å, 𝑊𝑚 = 5.06 eV), and an ideal contact (𝑑 = 0) are shown for comparison. For mono-

layer (1L) and multi-layer (ML), 𝑔𝑣 = 2 and 𝑔𝑣 = 6 are used, respectively. 

In Figure 5.12 (b), the 2𝑅𝑐,𝑚𝑖𝑛𝑊 limits are plotted for Au and Ni electrode contacted de-

vices and also for an ideal contact where 𝑑 = 0 is assumed (no air gap). Also, the barrier 

height measured from KPFM measurements is also used. For comparison, ideal multi-layer 

limit is also shown using 𝑔𝑣 = 6. The obtained limits clearly allow provision for further 

technological improvement. We note that, at smaller Vg, the extracted 𝑅𝑐 decreases with an 

increase in temperature, due to enhanced thermionic emission efficiency. However, the 

trend diminishes and eventually reverses at higher bias, where the thermionic emission ef-

ficiency does not change appreciably due to negligible barrier. However, carrier scattering 

under the metal contact increases with an increase in temperature, in turn increasing contact 

resistance.   
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5.6 Conclusions 

In conclusion, using a combination of theoretical and experimental techniques, we investi-

gated the nature of current injection at the junction between a monolayer MoS2 and the 

contacting metal (Au and Ni). We have shown that the charge transfer between contact 

metal and MoS2 underneath plays a key role in such a contact, where the carrier from source 

is injected via two cascaded thermal barriers. The corresponding Richardson equation of 

such a Schottky diode requires appropriate modification in the power of T. At large gate 

and drain bias, both Au and Ni contacted devices offer zero effective thermal barrier con-

tact, where the contact resistance is limited by the tunneling air gap and the conductivity of 

the monolayer underneath the contact. At this zero barrier condition, the fundamental lower 

limits of contact resistance are obtained theoretically using Landauer approach.  The in-

sights obtained will be useful in designing well-behaved contacts for high performance 

two-dimensional electronic and optoelectronic devices. 
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Chapter 6 

Summary and conclusions 
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Overview: 

Chapter 6 outlines the summary of the work presented in the thesis along with important 

conclusions drawn from the study. Scope for further research has also been outlined. 

6. Summary and conclusions  

6.1 Summary 

Various optoelectronic properties of Transition Metal Dichalcogenides (TMDs), such as 

MoS2, WS2, WSe2 and MoSe2, were studied in this work. PL spectra of these materials were 

investigated in detail using linearly polarized laser for excitation. The PL spectra were rec-

orded over energies ranging from the excitonic band gap to the excitation energy using both 

horizontal and vertical linear polarization states of the laser light. It was observed that po-

larization of the incident light influences the PL spectra near the excitation energy. On the 

contrary, PL spectra at energies close to the exciton band gap does not show any polariza-

tion resolved characteristics. The PL experiment is repeated for non-resonant and resonant 

excitation conditions. In the case of resonant excitation, degree of polarization up to 40% 

was observed for MoSe2. Generation of valley coherence is important from the point of 

view of valleytronics, where manipulation of the valley degree of freedom by external stim-

ulation is exploited. Hence, demonstration of such coherence at room temperature, on one 

hand, is technologically important due to increased hopes for room-temperature valleytron-

ics and, on the other hand, provides greater flexibility in the choice of laser wavelength and 

sample temperature. From the analysis of PL spectra, the temperature of the charge carriers 

in the TMD films has been estimated. From the measurement of line-shift and line broad-

ening of Raman spectrum, the different paths for relaxation of hot carriers   have been 

identified. Such in-situ and nondestructive estimation of the temperature of charge carriers 

as well as the phonons separately is generally difficult for semiconductor under non-equi-

librium conditions. The technique can also be easily extended to other systems such as 

devices subjected to high electric fields. 

TMD based planar photodetectors were fabricated to study the different mechanisms that 

control the performance of TMD based devices. Though MoS2 is taken as the representative 

TMD, the observations are valid for other TMDs as well.  Electrical response to scanning 

photo-excitation in monolayer, bilayer, monolayer/bilayer, and monolayer/few-layer/ 

multi-layer MoS2 devices were studied to elucidate the fundamental mechanisms of photo-

current generation. In uniform monolayer and bilayer devices, hot electron injection from 
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metal to MoS2 results in a strong photoresponse when the laser spot is on the source elec-

trode edge on MoS2 surface. When the laser spot is entirely on the MoS2 material, between 

the two electrodes, in the device, the photocurrent generation is found to be small owing to 

the large exciton binding energy. In the heterostructure devices, a strong photoresponse is 

observed when the laser is focused right at the heterojunction, which is due to better spatial 

separation of the photo-generated electrons and holes, along with asymmetric potential bar-

rier at the junction area between the layers due to Type-I band alignment. The double het-

erojunction devices are found to provide faster photoresponse due to reduced hole trapping 

effect at the source junction and the device is longer than the hole diffusion length. The 

insights obtained will be useful in designing fast optoelectronic devices based on two di-

mensional transition metal Dichalcogenides 

A crucial factor dictating any device performance is the magnitude of contact resistance. 

We have investigated the origin of potential barrier between metal electrode and TMD film 

and, hence, the nature of carrier injection. We have proposed a new model for the potential 

barrier in metal-TMD junction. In our devices, amount of semiconductor material is so 

small that band bending, which is usually cited for contact resistance, is negligible. Devices 

were fabricated using monolayer MoS2 and either gold or nickel for electrodes. KPFM 

measurements revealed the existence of a potential barrier across the electrode-MoS2 inter-

face which may be modeled as a diode. A separate potential barrier is created in the MoS2 

channel close to the electrode edge due to heavy doping of the portion of MoS2 just below 

the metal electrode. This is also modeled as a diode. Our measurements showed that a sub-

stantial amount of charge transfer happens across these barriers. To obtain the effective 

barrier height, Transfer Length Measurements were done with monolayer MoS2 devices. 

The electrical measurements are done at varying temperatures to estimate the contact re-

sistance and barrier height. The corresponding Richardson equation, which is used for the 

measurement of the barrier height of such a Schottky diode, requires appropriate modifica-

tion before applying it to devices made using 2D materials. At large gate and drain bias, 

both Au and Ni contacted devices offer an effective contact potential barrier which is very 

close to zero. This is due to the doping effect of the gate and drain bias voltages, which 

lowers the horizontal barrier substantially. The contact resistance is limited by the tunneling 

air gap and the conductivity of the monolayer underneath the electrode. The electrical and 

KPFM data reveals that with Ni electrode, the   charge transfer to MoS2 film is higher than 

the case where Au is used as electrode. For zero barrier condition, the fundamental lower 
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limit for contact resistance may be theoretically calculated using the Landauer approach 

(Datta 2005). The insights obtained will be useful in designing good quality contacts and, 

thereby, ensure better performance of the electronic and optoelectronic devices made with 

TMD materials. 

6.2 Conclusions  

The main outcome of our investigations may be stated as follows. 

I. Linearly polarized light was used to study the hot luminescence from TMDs. Strong 

polarization resolved hot luminescence characteristics were seen for various TMDs. 

Normal Photoluminescence (PL) was found to be independent of the orientation of 

the plane of polarization of the laser beam. 

II. Hot PL and normal PL were used to estimate the carrier temperature when the sam-

ple was irradiated by laser light. This offers a new non-destructive method for car-

rier temperature measurement. Raman line width broadening was used for the cal-

culation of lattice temperature. Thus, a detailed picture of carrier excitation by lin-

early polarized light and carrier relaxation by different mechanisms was obtained.  

III. Various processes involved in the photocurrent generation were compared. Hot 

electron injection from the metal electrode is seen to be a dominant mechanism for 

photocurrent generation in TMDs. Maximum photocurrent was generated when the 

laser beam was incident on the edge of the source electrode. Photoelectric effect is 

very weak in these materials.   

IV. In planar heterojunction devices, maximum photocurrent is produced when the laser 

beam spot is incident on the hetero-junction zone for positive bias voltages. For 

reverse bias voltages the maximum current is generated when the laser beam spot 

moves to the source electrode edge.  

V. Photodetectors made using heterostructures, instead of monolayers, showed faster 

photo-response. This is ascribed to the efficient screening of traps in the substrate 

and also to the splitting of more excitons at the junction area.  

VI. The charge transfer from metal to TMDs is the major factor that controls the net 

photocurrent. It was seen that nickel electrodes provide better charge transfer than 

gold and devices with Ni electrode show much better characteristics. 

VII. Schottky barrier height was measured along with transfer length measurements for 

devices with both nickel and gold electrodes. Richardson equation was modified for 
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the case of 2D materials. At higher Vg and Vds, the Schottky barrier practically dis-

appears. This is more prominent in the case of devices with Ni electrodes.  

6.3 Scope for future work 

The investigations reported in this thesis indicate scope for further studies to exploit the 

various optoelectronic properties shown by TMDs. A few such studies are proposed below.  

I. Real strength of 2D materials lies in the fact that they have extremely thin body. 

Much more work is needed to explore the possibility of charge transport in the ver-

tical direction in the film in contrast to horizontal transport. An electron-hole pair 

created in the 2D material will be collected by the metal electrode within no time in 

the case of a vertical transport device. This could revolutionize the manner in which 

2D material based photodetectors are working. 

II. It is observed that the substrate on which photo detector devices are fabricated, has 

an influence on the device performance. Though SiO2 is used as the preferred sub-

strate, it has the problem of trap creation. Extended work is needed in this regard to 

find out the effect of other common dielectrics as Alumina, Silicon Nitride, Boron 

Nitride etch on the device performance.  

III. It is observed that metal-TMD junction show increased photo activity. More study 

is needed in this direction to study the role of metal plasmonics effect in the photo-

current generation. Also, the dependence of polarization of the incident light on the 

photocurrent generation has to be studied.  

IV. Coherent emission from K and K’ valleys are observed in the case of hot PL from 

TMDs with linearly polarized light. This experiment can be extended with circu-

larly polarized light, as circularly polarized light has shown to be used for optical 

manipulation of valleys(Jones et al. 2013).  

V. Binding energy of excitons is relatively high in TMDs. To a certain extent, this 

deters the electrical performance to TMD based devices as excitons are electrically 

neutral. So for applications like photo detection, more work is needed to break the 

excitons in to electron and hole.  

VI. More investigations are needed to understand the mechanism of barrier formation 

in the metal-TMDs interface. This study can help to frame a strategy reduce the 

contact resistance of this interface.  
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