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ABSTRACT OF THE DISSERTATION 

 

Barrier-free contact to MoS2 transistor and the transport 

properties of its localized states 

by 
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Doctor of Philosophy in Materials Science and Engineering 
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Professor Yu Huang, Chair 

 

The two-dimensional layered materials such as molybdenum disulfide (MoS2) have 

attracted tremendous interest as a new class of electronic materials. However, there 

are considerable challenges in replacing silicon with two-dimensional materials to 

build large-scale integrated circuits in the semiconductor industry. The 

commercialization of two-dimensional layered materials requires further enhancement 

of the electronic device performance. Therefore, the reliable device contact and carrier 

transport are significantly important. Here I would present a new protocol to make 

barrier-free contact to MoS2 transistor and an algorithm to profile the localized states 

based on the transport properties of MoS2 transistors.  
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Chapter 1 General Introduction 

Moore’s law slowing down 

Moore’s law is the observation that the transistor density on integrated circuit chips 

would be doubled and the characterization size of transistor would be halved every 

eighteen months1,2. In the last few decades, the Moore’s law has been driving the 

scaling down of transistor3,4. However, with the shrinking size of transistors, the short 

channel effects are becoming more and more severe5. Specifically, the gate 

capacitance control over the channel current would become much weaker6-8. 

Therefore, the scaling down trend is slowing down after year 20104. In order to extend 

the continuing progress of Moore’s law, multiple novel device designs have been 

proposed9-12.  

 

In the current semiconductor manufacturing industry, FinFET structure is utilized 

after the 22 nm nodes to solve the problem of weak gate control6,13,14. For the 

conventional planar MOSFET structure, the transistor is composed of a planar 

polysilicon gate electrode and planar silicon substrate. In contrast, the gate electrode 

of FinFET wraps around the channel region providing a better electrostatic control 

over the channel current. Although FinFET exhibits great short-channel behavior, its 

structure poses new technical challenges such as higher aspect ratios of the Fin 

structure. As illustrated in the data published by Intel15, the aspect ratio of Fin 

structure is increasing from 1 to 6 as the characterization length of device is shrinking 
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from 22 nm to 10 nm, which inevitability introduces difficulties into the fabrication 

processes. To circumvent such fabrication difficulties, the thickness of transistor 

channel can be reduced to nanometer scale in order to decrease the leakage region in 

the channel16,17. This method has been theoretically proved to be an effective 

approach to improve the performance. However in practice, the electron would be 

subject to extremely large surface scattering because of the surface roughness18. 

Therefore, in the IRDS (International Roadmap for Device and System) of 201719, 

transition to the new device architecture and exploring new high-mobility channel 

material (such as Geminium and other III-V materials) are listed as the focuses of 

future research. Meanwhile, the two-dimensional semiconductor materials are also 

considered as an excellent candidate for the next-generation device in the research 

community7. 

 

The rise of two-dimensional materials 

The two-dimensional materials generally represent a class of novel layered materials 

whose each layer is weakly coupled to each other via Van der Waals forces20-22. The 

first two-dimensional material discovered is grapheme, which is a single layer of 

carbon atom20. The two-dimensional crystal structure of graphene comes from the 

interactions of carbon-carbon σ bonds and sp2 hybridization23. The weak interaction 

between the adjacent graphene layers allows the easy mechanical exfoliation and 

leads to its discovery24. Ever since its discovery, graphene has become the star of the 
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fundamental physics studies and its tremendous physical and chemical properties have 

triggered numerous electronic device researches as well20. Due to the unique 

symmetry of graphene unit-cell geometry, it shows a semimetal (zero band-gap) 

property as its conduction band and valence band degenerate at the K-points of 

Brillouin zone25. Moreover, the band structure of graphene has a special linear 

dispersion in the vicinity of K-points, thus leading to extremely high carrier mobility 

and outstanding heat conductivity. Apart from these two characteristics, its good 

flexibility and transparency also make graphene an exceptionally good material for 

electronic device26,27. But unfortunately, the logic electronic device requires a sizeable 

band-gap to achieve certain on-off ratio and energy consumptions.  

 

Although there have been multiple attempts to open up the graphene band-gap (such 

as graphene nanoribbon28, AB-stack bilayer graphene29, hydrogenated graphene30), 

the as-produced graphene device unfortunately suffers from the higher 

crystal-structure defect densities and results in the low carrier mobility. Therefore, in 

recent years, the research focus has been shifted to the studies of two-dimensional 

semiconductor materials. One of the most studied classes of two-dimensional 

semiconductor materials is transition metal dichalcogenide (TMD)21,22,27. The intrinsic 

bandgap of some TMD materials address the zero-bandgap problem of graphene. In 

addition, as the research evolves, more intriguing properties of TMD are 

demonstrated, such as metal-insulator transition31, superconductivity32 and 

Shubnikov–de Haas oscillations33. Besides, the atomically thin geometry of 2D 
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semiconductors may promise lower power dissipation electronic devices for 

integrated circuits, and the direct bandgap monolayer materials have generated 

considerable interests for diverse electric and optoelectronic applications34-36.  

 

However, the attained field-effect mobilities in the device fabricated with 

two-dimensional semiconductor materials are still considerably lower than the 

theoretically predicted value37. This has largely stalled the further application and 

commercialization of two-dimensional semiconductor materials in the semiconductor 

industry. Recent studies have attribute the low motilities to the contact barrier and 

intrinsic scattering within the materials38,39.  

 

Therefore, in my dissertation, I would like to use MoS2 as an example of 

two-dimensional semiconductor materials, to demonstrate the approach to barrier-free 

contact of the field-effect transistors. Then I would utilize the barrier-free MoS2 

transistor as the platform to study the carrier transport properties and opens up the 

possibility to further enhance the MoS2 electrical properties. 

 

In the chapter 2, I would present a new strategy by using graphene as the back 

electrodes to achieve Ohmic contact to MoS2 in the chapter 2. With a finite density of 

states, the Fermi level of graphene can be readily tuned by a gate potential to enable a 

nearly perfect band alignment with MoS2. I would demonstrate for the first time a 

transparent contact to MoS2 with zero contact barrier and linear output behavior at 
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cryogenic temperatures (down to 1.9 K) for both monolayer and multilayer MoS2. 

Benefiting from the barrier-free transparent contacts, I show that a metal−insulator 

transition can be observed in a two-terminal MoS2 device, a phenomenon that could 

be easily masked by Schottky barriers found in conventional metal-contacted MoS2 

devices. With further passivation by boron nitride (BN) encapsulation, I would 

demonstrate a record-high extrinsic (two-terminal) field effect mobility up to 1300 

cm2/(V s) in MoS2 at low temperature. 

 

In the Chapter 3, I would demonstrate the simulations of the graphene MoS2 contact. 

In the framework of tight-binding model of graphene and Poisson equation of the 

electrons at the interface, the barrier was systematically studied with several tuning 

parameters. With the varying graphene stacks thickness and the varying carrier 

concentration of MoS2, the tunable work function range also changes. It is discovered 

that with the graphene thickness reduced to the monolayer and carrier concentration 

of MoS2 above a threshold value, the barrier between graphene and MoS2 can be 

tuned to 0 meV.  

 

In the Chapter 4, I will show that the field-modulated conductivity change can be used 

to probe the electronic structure of the localized states in monolayer MoS2. This 

would provide us a fundamental understanding of the charge transport mechanism in 

two-dimensional semiconductors (e.g., MoS2), which is crucial for fully exploring 

their potential in electronic and optoelectronic devices. A series of regularly 
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distributed plateaus were observed in the gate-dependent transfer curves. Our 

theoretical calculations based on the variable range hopping theory indicate that such 

plateaus can be attributed to the discrete localized states in the vicinity of mobility 

edge. Our approach provides establishes an effective approach for directly the 

localized states in the MoS2 conduction channel with an ultrahigh resolution up to 1 

meV. 

 

In the Chapter 5, I would dive deep into the simulations of the localized state transport. 

Based on the variable range hopping model and the gate capacitance model, the 

localized states’ electronic structure can be profiled. Finally, the vectorization of 

transport equations will also be demonstrated in order to leverage the parallel 

computer architecture, thus speeding up the computation.  
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Chapter 2 Contact engineering of graphene electrode to MoS2 field effect 

transistor 

Introduction 

MoS2, as a two-dimensional material has attracted a lot research interest and is 

considered as the material to replace silicon for next-generation electronics1-11. 

However, its promise is hindered due to the difficulties in fabricating perfect contact 

to the field-effect transistor. Considerable efforts have been devoted to decreasing the 

contact resistance, such as using low work function metal electrodes, high 

temperature annealing, and phase engineering12-20. However, such approaches are still 

not possible to achieve linear Ohmic contact. Particularly, the Schottky barrier would 

dominate the transport behaviour at low temperature. Fermi level pinning is generally 

considered as the primary reason of the nonlinear behaviour of contact for 

conventional metal-contacted device12. The large contact resistance not only remains 

a major bottleneck to optimize the device performance, but also prevents the 

investigation of MoS2 intrinsic properties, such as the observation of quantum 

transport behaviour at cryogenic temperature.  

 

Herein I present a protocol to use single-layer graphene as an adaptable contact to 

achieving Ohmic contact to the atom-thin semiconductors. As the density of states are 

finite in the vicinity of Dirac cone, graphene’s Fermi level can be modified by the 

nearby material without difficulties, thus resulting in an adaptable work function. 
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Specifically, the nearby MoS2 will dope the graphene, therefore increasing the Fermi 

level. The lined-up Fermi levels of graphene and MoS2 ensure a nearly perfect work 

function match with MoS2. Besides, systematic investigations of grpahene-MoS2 

contact are also conducted using variable thickness graphene. The results show that 

the barrier height increases with the increasing number of graphene layers, which can 

be attributed to the fact that increased density of state in thicker graphene makes the 

Fermi level more unadjustable. Importantly, I demonstrated that a monolayer 

graphene contacts are essential to achieve transparent contact to MoS2 without little 

contact barrier. For the first time, the linear output behaviours are achieved at 

cryogenic temperatures down to 1.9 K. With the barrier-free carrier transparent 

contacts, the MoS2 field-effect transistors show a metal-insulator-transition (MIT). 

This phenomenon could only be observed in in four-terminal devices while in our 

experiment it was observed in a two-terminal device. The reason is that the transition 

was easily masked by Schottky barrier in conventional metal-contacted MoS2 system. 

Furthermore, with the minimized contact barrier and reduced contact resistance, the 

graphene-contacted devices display the record high extrinsic (two-terminal) field 

effect mobility (1300 cm2/ V s).  I believe that the strategy of using graphene as the 

adaptable barrier free contact could generally address the contact engineering problem 

of 2D material transistor and shed light on other conventional transistors in general.  
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Device fabrication 

The device fabrication process includes multiple steps. Firstly, two strips of 

monolayer graphene are mechanically exfoliated onto the 300-nm silicon oxide 

substrate. The distance between the two strips of graphene defines the channel length 

of field-effect transistors as they are used as the contact electrodes in the next step. 

The direct contact of graphene upper surface is very essential as it would avoid the 

polymeric residues in the lithography/etching processes, which is impossible to 

remove and adversely impact the performances of the MoS2 devices. In the second 

step, the mechanically exfoliated MoS2 are picked up by a PPC/PMMA/PDMS stack 

from the silicon oxide wafer for aligned transfer. Next, the MoS2 stripe is aligned onto 

the graphene electrodes, forming a residue free interface. Finally, Cr/Au (10 nm/ 50 

nm) metal electrodes are integrated onto the graphene flakes with the standard e-beam 

lithography and metal deposition and lift-off processes. As the graphene and metal 

would form Ohmic contact, the final contact to the MoS2 would also be Ohmic. The 

final device structure is shown in the Figure 2.1a and Figure 2.1b. A cross-sectional 

sample was prepared with the same method by Focused Ion Beam (FIB) and 

characterized using TF20 TEM. As illustrated in the TEM cross-section image (Figure 

2.1c), the interface is atomically sharp and ultraclean, leading to a good van der Waals 

interaction between MoS2 and graphene. Moreover, this would minimize the defects 

and the trapping sites at the interface. 
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Electrical transport 

The D.C. electrical transport studies were conducted with a probe station connected to 

a computer-controlled analogue-to-digital converter at room temperature in vacuum 

under dark environment. Temperature dependent measurements were conducted with 

Quantum Design physical properties measurement system (PPMS). Figure 2.2a and 

Figure 2.2e respectively show the standard I-V output characteristic at room 

temperature for monolayer and multi-layers MoS2 (with the aspect ratio W/L~1). The 

MoS2 devices of different thicknesses exhibit linear I-V output characteristic without 

any post annealing process. Furthermore, the devices keep Ohmic behaviour with 

decreasing temperature down to 1.9 K (Figure 2.2b, 2.2f), suggesting that the 

graphene/MoS2 contact is barrier free and the carrier can flow through the contact 

transparently. This behaviour can be observed in all the samples. As far as I know, the 

Ohmic contact at this low temperature was never achieved in previous researches. The 

best approach in the previous literatures is utilizing Ti as contact metal with post 

annealing at high-temperature in the vacuum18, while an obvious nonlinear I-V output 

is still observed at a temperature of 5 K. The excellent contact in the graphene 

contacted MoS2 devices can be attributed to two reasons. First, due to the limited 

density of state in the vicinity of Dirac cone and the unique linear dispersion 

relationship, the Fermi level of graphene could be easily shifted by gate doping, 

forming a perfect band match with MoS2
21, 22. The tuneable work function of 

graphene therefore adaptively provides excellent band match, resulting in barrier free 

contact with MoS2. Moreover, the graphene strips are located underneath MoS2 flake 
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and used as back contact, which could enable direct control of graphene’s Fermi level 

with back gate voltage. For example, with 80V gate voltage applied, the work 

function of graphene could shift up to ~4.1 eV23, which is significantly lower than the 

electron affinity of MoS2 (~4.2 eV) 24. Compared with previous research using 

graphene electrodes on top of MoS2, the bottom graphene contact brings some more 

difficulties into the fabrication processes. However, the device structure with back 

graphene electrodes shows barrier free behaviour, in contrast to the obvious barrier 

behaviour of MoS2 device using graphene electrodes on top25-28. The difference in the 

contact barrier behaviour may come from the fact that gate electrical field can be 

screened by the electron gas in the MoS2 
29, reducing the electrostatic control of the 

graphene Fermi level by the back gate. Secondly, compared with conventional metal 

contacted MoS2 system, our integration protocol does not involve E-beam lithography 

and metal deposition process on top of MoS2 contact area, which avoid the damage to 

MoS2 and polymeric residue. Unlike metals, graphene is highly inert and stable, 

meaning the atomic diffusion or reaction with MoS2 is impossible15, 30. This 

non-damage van der Waals bonding provide an atomically sharp and ultraclean 

interface between graphene and MoS2. Both reasons stated above minimize the 

density of defects and charge trapping sites, further eliminating the Fermi level 

pinning, which dominate the contact behaviour in metal-MoS2 system12, 15.  

 

The transfer characteristics of the MoS2 devices are examined under different 

temperature. In the Figure 2.3, the temperature-dependent transfer curves of 
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monolayer MoS2 are illustrated and the corresponding temperature-dependent 

conductivities is plotted in the Figure 2.3d, providing useful transport information 

regarding the device. Particularly, the metallic transport state and insulating transport 

state can be differentiated, providing a means to probe mobility limiting scattering 

mechanisms.  

 

An insulating behavior (σ decrease with T) persists until Vg~50V. By increasing gate 

voltage to a larger value, the conductance is found to increase with temperature 

decreasing, indicating monolayer MoS2 enters a metallic state. These observations, 

metal-insulator transition (MIT), has been studied before in the MoS2 and my systems 

shows a consistent critical conductivity σ~e2/h with previous observations for 

monolayer MoS2 and theoretical expectations18, 20.  

 

Benefit from the barrier free contact, the metal insulator transition in observed on 

2-terminal FETs, while in the previous reports similar behavior was observed on four 

terminals measurement to exclude large contact resistance in the low temperature 

regime.  Similarly, the MIT is also observed in the multi-layer MoS2 devices, as 

shown in Figure 2.3g and Figure 2.3h, while the critical gate voltage decreases to 

approximately 20 V. This decrease may originate from the fact that thicker MoS2 has 

larger carrier concentration and smaller band gap (1.2 eV compared to the 1.8 eV for 

monolayer), leading to an easier transition into metallic state.  
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Carrier scattering mechanism 

To further analyze the transport behavior of MoS2 devices, I extract the two-terminal 

extrinsic FET mobility from transconductance using equations µ=[dIds/dVbg] × 

[L/(WCiVds)], where L /W is the ratio between channel length and width (~between 

0.5 to 2 in all devices in Figure 2.3 a-c) and Ci = 1.15 × 10-8 F cm-2 is the capacitance 

between the MoS2 channel and the 300-nm silicon oxide gate per unit area. By 

plotting the field-effect mobility of three devices plotted as a function of temperature 

in Figure 2.4a, further insight into the charge scattering mechanism is gained. In both 

monolayer device and multilayer devices, the mobility increases with decreasing 

temperature. The mobility can be fitted to the expression µ~T-γ temperature range 

from 100K to 300K, with the exponent γ around 1.1 for monolayer device and 2.3 for 

multi-layer device, indicating the mobility is limited by in the phonon. Generally, a 

power law dependence with a positive exponent is indicative of a phonon scattering 

mechanism, which is consistent with band-like transport that is observed in some 

other materials such as graphene31, Bi2Te3
32 and other layered material33. The 

theoretical prediction for the exponent γ is 1.52 for monolayer and 2.6 for bulk, which 

is consistent with the experimental results obtained in the graphene contacted MoS2 

device. Besides, I would like to mention that the graphene-contacted samples have 

closer values compared with the metal-MoS2 systems reported in previous studies and 

the reason lies in the elimination of contact Schottky barrier. The difference between 

the experimental measurement results and the theoretical prediction might come the 

from substrate polar optical phonons, which is another effect considered in the 



	 18 

theoretical model. Keeping decreasing the temperature from 100 K to 50 K, both 

devices has their mobility dropping due to the impurity scattering, which is predicted 

in the numerical calculation as well and consistent with previous measurements. In 

the temperature regime below 50 K, the mobility becomes saturated against 

temperature, indicating a balance between increasing impurity scattering and 

decreasing phonon scattering. 

 

Device optimization with Boron Nitride encapsulation 

To further optimize device performance, Boron Nitride (BN) is used to encapsulate 

MoS2 channel material. Due to the weak van der Waals interaction and missing lattice 

mismatch between MoS2 and BN, the encapsulation would significantly enhance the 

device performance. To integrate BN layer into the existing MoS2 device, the BN 

flake is transferred onto the MoS2 device by the dry transfer technique, where no 

polymer residue left in the van der Waals stacking process. The 

temperature-dependent mobility of device with only top stacking BN layer is 

illustrated in the Figure 2.3b. Similarly, as shown in Figure 2.3a, the multi-layer 

devices behave in a similar trend with a slightly different γ in the high temperature 

regime, while in the low temperature regime the mobility of monolayer device keep 

increasing with decreasing temperature with so saturation point. This indicates that 

the BN encapsulation layers greatly suppress the dominant impurity scattering in the 

low temperature. With decreasing phonon scattering with lower temperature, the 
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device mobility keeps increasing. However, this monotonic increasing phenomenon is 

not found in top BN covered multilayer device, where the mobility still decreases 

after a peak around 80 K. This can be explained by the larger impurity concentration 

exist inside MoS2 interlayers and could not be suppressed by top surface BN 

encapsulation. In terms of carrier mobility, the mobility overall increase ~120% for 

monolayer and ~30% for multi-layers compared with no BN encapsulation. The 

multilayer device has much smaller improve because the existence of top MoS2 layer 

already acts as a screening layer for the bottom MoS2 layer, which contribute most to 

the electronic transport. Besides, the top layer would also protect the bottom layer 

from the extrinsic scattering centers, resulting less effect for top BN integration. 

Furthermore, both bottom and top BN are also used to encapsulate device as a 

sandwich structure. Further improvement is observed for device mobility, as shown in 

Figure 2.3c, indicating that polar optical phonons from the underlying oxide may also 

play a role in the overall scattering at these temperatures. I would like to note the 

MoS2 flake in this BN/MoS2/BN sandwich structure could only be contacted by using 

graphene as electrode due to its atomic thickness, further highlighting the significance 

of the graphene electrodes architecture.  

 

In order to approach the intrinsic field effect mobility, the impact of contact resistance 

should be further reduced. For such purpose, a long channel device with high L/W 

ratio (35/1.7 µm) using BN/MoS2/graphene/BN sandwiched structure. With higher 

L/W ratio, the contact resistance would play less significant roles in the transport. The 
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device schematics is shown in Figure 2.4a. Figure 2.4b, c show the high L/W ratio 

MoS2 before being picked up by the BN van der Waals stack and the final 

architecture, respectively. The transfer characteristic versus different temperature is 

plotted in Figure 2.4d, which shows that the current rises rapidly with the decreasing 

temperature, where the Ion at 1.9 K is 1300% as large as Ion at 300 K. Compared to 

regular device geometry (W/L~1), the larger temperature modulation I1.9 K/I300 K here 

strongly indicate less contribution of contact resistance to the mobility measurement. 

Using the same equation used before, the field effect mobility can be extracted from 

Figure 2.4d. The mobility versus temperature of the device is plotted in Figure 2.4e. It 

is obvious that the two-terminal extrinsic mobility can go up to 1300 cm2 / V s at 1.9 

K, which is a record high extrinsic field effect mobility of MoS2 field effect transistor.  

 

Conclusions 

In summary, graphene can act as a work function adaptable electrode to the 

two-dimensional semiconductor materials. By using graphene as the contact material 

to MoS2 transistor, barrier free contact can be achieved. It is found that the graphene 

can perfectly match the electronic band structure of MoS2 leading to the Ohmic I-V 

output behavior in all temperature range from 300 K to 1.9 K, which cannot be 

achieved before using metal contact methods. Due to the Ohmic contact and the 

transparent transport of electrons across the interface, the metal-insulator-transition 

can also be observed in the two terminal devices. 
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Furthermore, device performance optimizations were carried out, such as 

encapsulation by only top BN and both sides BN, enabling BN/MoS2/BN sandwich 

structure with graphene atomically thin contact. Finally, a long channel device 

sandwiched by born nitride (BN) was fabricated. The long channel device 

demonstrates significantly better performance with record high extrinsic field effect 

mobility over 1300 cm2/ V s.  I believe the graphene electrode contact engineering 

methods, as well as the device architecture and the high performance could shed light 

on the future electronics and open a new way for low temperature quantum transport 

measurement of MoS2 and other 2D materials. 

	

Figures 

	 	 	 	 	 	 	 	 	

Figure 2.1 Device architecture and characterization of MoS2 transistor. (a), 

Perspective and cross-section view of MoS2 device structure with graphene electrodes. 

(b), Top view optical image of graphene electrode and the final device structure. 

Graphene is highlight by dash line. (c), TEM cross-sectional image of the graphene 

MoS2 interface, indicating the ultraclean and atomically sharp interface formed by the 

dry transfer technique.  
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Figure 2.2 Output characteristic and transfer behavior of monolayer device and 

multi-layer MoS2 device. (a, b), Output characteristic of monolayer MoS2 device at 

room temperature (a) and low temperature 1.9 K (b). Ohmic I-V behavior is observed 

in both cases. Gate voltage is from -60 V to 80 V with 20 V as a step. (c), Transfer 

characteristic of monolayer device shown in a, b, with various temperature (300 K to 

1.9 K, 20 K step). Vds is 100 mV. (d), The conductance of monolayer device shown in 

a, b, c, with various temperature (10 V to 80 V, 10V step).  (e, f), Output 

characteristic of monolayer MoS2 device at room temperature (e) and low temperature 

1.9 K (f). Linear I-V behavior is observed in both cases. Gate voltage is from -60 V to 

80 V with 20 V as a step. (g), Transfer characteristic of monolayer device shown in e, 

f, with various temperature (300 K to 1.9 K, 20 K step). Vds is 100 mV. (h), The 

conductance of monolayer device shown in e, f, g, with various temperature (10 V to 

80 V, 10V step).   
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Figure 2.3 Mobility engineering of MoS2 transistor by BN encapsulation. (a), 

Extrinsic field effect mobility for monolayer and multilayer devices versus various 

temperature (300 K to 1.9 K), linear fitting is used in phonon control region (100 K to 

300 K) to extract γ. Monolayer device is demonstrated in black and multilayer device 

is in red. (b), Extrinsic field effect mobility for monolayer and multilayer devices 

under various temperature with top BN encapsulation. Monolayer device is black line 

and multilayer device is red line. (c), Extrinsic field effect mobility for monolayer and 

multilayer devices under various temperature with bottom and top BN encapsulation, 

forming a BN/graphene/BN sandwich structure. Monolayer device is demonstrated in 

black and multilayer device is in red. 

	

	

Figure 2.4 Long channel sandwiched device (a), Schematics of BN/ graphene/ MoS2/ 
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BN sandwiched structure with edge graphene contact. (b), Optical image of the MoS2 

flake. (c), Device image after fabrication of edge contact. (d), Transfer characteristic 

of device shown in c, large I1.9K/I300 K can be observed in this device. (e), Extrinsic 

field effect mobility of the device shown in e as a function of temperature, with 

record-high mobility over 1300 cm2/ V s. 
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Chapter 3 Theoretical analysis of graphene/ MoS2 heterostructure 

Introduction 

In the Chapter 2, the graphene contact has been demonstrated as a protocol to achieve 

barrier-free contact to the MoS2 transistors. The reason is attributed to the doping of 

graphene by the adjacent MoS2. The doping increases or decreases the Fermi level 

position of graphene accordingly, making graphene an adaptable contact to the 

semiconductor channel materials. 

Derivation of equations of monolayer graphene/ MoS2 heterostructure.  

We start from Poisson’s equation in semiconductor: 

"#$%
"&#

= 	− *
+
(𝑁./ + 𝑝 − 𝑁23 − 𝑛)                       (1) 

where 𝜑7 is the electric potential in the system, 𝜖 is the dielectric constant of the 

material that we are considering. 𝑁./ and 𝑁23 are the ionized donor and acceptor 

concentration in the semiconductor, 𝑛 and 𝑝 are the concentration of electron and 

hole, respectively. The right side of the equation represents the net charge 

concentration in the semiconductor.  

For the MoS2: 

"#$%
"&#

= 	− *
∈:;<#,∥

𝑁./ − 𝑛 = 	− *?@
A

∈:;<#,∥
(1 − 𝑒D($%3$%,E))             (2) 

where ∈FGH#,∥  is the intralayer dielectric constant of MoS2 and ∈FGH#,∥= 15.61, 

𝜑7,L is the potential corresponding to intrinsic Fermi energy of MoS2 sufficiently far 

from the graphene/MoS2 interface, 𝛽 = 	 *
NO

, notation ∥  represents the direction 
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parallel to the MoS2/graphene interface. Compared to the equation (1), equation (2) 

neglect the term 𝑝 − 𝑁23 due to the fact that natural MoS2 is intrinsically n type 

semiconductor due to the sulfur vacancies.  

In order to solve the differential equation, multiply 𝑑𝜑7 on the left and right sides of 

equation (2) and integrate both parts in the range of [𝜑7,L,	𝜑7]: 

("$%
"&
)Q = 	− Q*?@

A

∈:;<#,∥
{(𝜑7 − 𝜑7,L) −

S
D
[𝑒D $%3$%,E − 1]}             (3) 

Assuming the device reaches electrostatic equilibrium in the contact region or the 

region far from the junction interface, 𝜑7,L could be set as zero. Therefore, the 

equation (3) is simplified as: 

("$%
"&
)FGH#
Q = 	− Q*?@

A

∈:;<#,∥
[𝜑7 −

S
D
(𝑒D$% − 1)]                   (4) 

Similarly, equation (1) can also be applied to graphene. As mentioned in the Chapter 2, 

graphene has a finite density of states near the Dirac cone and the Fermi level position 

is sensitive to the doping of adjacent materials. It is necessary to replace the constant 

carrier concentration with a function depending on the Fermi level. 

The relationship between carrier concentration and Fermi energy of graphene can be 

represented as2,3 

𝐸X = 	ℏ𝑣X 𝜋|𝑛 − 𝑛]|                            (5) 

where ℏ is the reduced Planck constant, 𝑣X	(= 1×10`𝑚/𝑠) is the Fermi velocity of 

electron3, 𝑛 is the face concentration and 𝑛] is the residual concentration of 

electron in graphene.  

Plug the equation (5) into equation (1) and the result is: 

("$%
"&
)dQ = 	

3Q*e

fg	∈h	ij	
# ℏ#	"

(𝜑X − 𝜑7)f                     (6) 
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∈d 	 (= 2.4)3 is the dielectric constant of graphene and d (≈ 0.34 nm)5 is the 

monolayer graphene thickness. 

 

At the interface of MoS2 and graphene, the boundary condition of electric field can be 

utilized. In other word, the normal component of electric displacement vector should 

be continuous across the graphene/MoS2 interface.  

∈d (
"$%
"&
)dmnopqrq =	∈FGH#,s (

"$%
"&
)FGH#                   (7) 

where ∈FGH#,s (= 6.34)1 is interlayer dielectric constant of MoS2, and ⊥ notation 

represents the direction perpendicular to the interface.  

Combining equation (4), (5) and (7), an equation for numerical solution can be 

obtained: 

−∈FGH#,v
Q Q*?@

A

∈:;<#,∥
[𝜑7 −

S
D
(𝑒D$% − 1)] = −∈dQ

Q*e?@,h
A

fg	∈h	ij	
# ℏ#	"

(𝜑X − 𝜑7)f        (8)  

 

As illustrated in Figure 3.1, 𝜑X is related to the work function of graphene, electron 

affinity of MoS2, and the distance from Fermi level to conduction band. 

From the geometric relation in Figure 3.1, the band bending of graphene is equal to 

the length of AB, therefore: 

		𝜑X = 𝐴𝐵 = yh3z:;<#3{|
3*

 where 𝛥𝐸 can be calculated using effective density of 

states 𝑁~ = 8×10SQ𝑐𝑚3Q.6 
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Derivation of equations of bilayer graphene/ MoS2 heterostructure.  

The bilayer MoS2/graphene system is analogous to the monolayer MoS2/graphene 

system except that in bilayer graphene case, the Fermi energy is related to carrier 

concentration in another form7: 

𝐸X = 	
ℏ#g|r3r�|

Q�∗                                (9) 

where 𝑚∗ = 0.033𝑚q is the effective mass of electron in bilayer graphene7,8. By a 

similar derivation procedure to that of monolayer graphene, equation (10) can be 

obtained: 

("$%
"&
)dQ = 	

Q*#�∗

g	∈hℏ#	"
(𝜑X − 𝜑7)Q                        (10) 

Combining equation (4) (7) (10), the equation for numerical calculation is acquired: 

𝐴(𝜑X − 𝜑7)Q = 	𝜑7 −
S
D
(𝑒D$% − 1)                      (11) 

where 𝐴 = 	
3∈h∈:;<#,∥�

∗*

g∈:;<#,v
# ℏ#	"	?@

A. 

 

Derivation of equations of multilayer graphene/ MoS2 heterostructure.  

Similarly, in order to solve the equation for numerical calculation for multilayer 

graphene/MoS2 junction, we start from the E-k relation of multilayer graphene9: 

𝐸N = 𝑡s𝑐𝑜𝑠(
gr
?/S

) ± (𝑣X|𝑘|)Q + 𝑡sQ𝑐𝑜𝑠Q(
gr
?/S

)                (12) 

where 𝑡s is the hopping energy between two adjacent carbon atoms, and we take 

𝑡s = 0.3𝑒𝑉 9. The ±  represents the conduction band and valence band of the 

graphene layer respectively. 
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In graphene system whose layer number N is larger than three, the carrier 

concentration as a function of Fermi level can be derived from (16). In other word, the 

total density of states can be obtained by adding up the density of states in individual 

layer of the graphene stacks. When the layer number is odd (𝑁 = 2𝑚 + 1,𝑚 =

1,2, … ..), the carrier concentration can be represented as  

𝑛 = S
g
ℏ3Q𝑣X3Q[

�/S
Q

∆𝐸�
Q − 𝑡s∆𝐸� cos	( rg

Q�/Q
)Q�/S

r��/S ]            (13) 

While for even number layered graphene stacks (𝑁 = 2𝑚,𝑚 = 1, 2, … . . ), the carrier 

concentration becomes: 

𝑛 = S
g
ℏ3Q𝑣X3Q[

�
Q
∆𝐸�

Q − 𝑡s∆𝐸� cos	( rg
Q�/S

)Q�
r�� ]            (14) 

Utilizing same solution method for monolayer graphene and bilayer graphene, we can 

derive the equation for numerical calculations: 

𝐴(𝜑X − 𝜑7)f + 𝐵(𝜑X − 𝜑7)Q = 	𝜑7 −
1
𝛽 (𝑒

D$% − 1) 

For odd layer numbers, 

 𝐴 =
*#+h∈:;<#,∥(�/S)

`gℏ#	∈:;<#,v
# 	ij	

# "	?@
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For even layer numbers,  

𝐴 =
*#+h∈:;<#,∥�
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r�� .          (16) 

 

Barrier lowering effect induced by image charge 

Apart from the doping effect, we further considered the barrier reduction due to image 

force effect on graphene/MoS2 interface. The barrier reduction due to image force 

effect is ∆𝜙 =
*|
��%
�� |

�g+�
, where 𝜖� is the dielectric constant of MoS2 and "$%

"&
 is the 
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electric field at the interface10. "$%
"&

 at the interface can be deduced from the values of 

𝜑7 calculated by numerical method. With the image force effect correction, the 

barrier at the interface of MoS2/graphene can be further lowered. 

 

Simulation results of the MoS2/graphene contact barrier 

In order to quantify the MoS2/graphene contact barrier, the mathematical models are 

implemented in Python. A binary search algorithm is utilized to find the solution of 

𝜑7. A discrete-valued grid is meshed in the state space of 𝜑7 in order to estimate the 

numerical solution and the grid density determines the solution precision. For our 

calculations, the solution precision is set as 0.05 meV. The simulation results are 

illustrated in the Figure 3.2. As shown in the Figure 3.2 (a), the graphene Fermi level 

shift, which indicates the doping level of graphene by the adjacent MoS2 layer can be 

represented as a function of graphene stack layer and the carrier concentration of 

MoS2 flake. Generally, as the MoS2 carrier concentration increases, the Fermi level 

shift of graphene stacks also increases. This can be easily understood by the carrier 

diffusion, where more electrons in MoS2 will diffuse into graphene layer when the 

carrier concentration increases. Besides, the Fermi level of graphene is also closely 

related to the layer of graphene stacks, which is expected in the derivation process. 

With increasing graphene layer number, the density of states will also rise, making the 

Fermi level shift less than that of thinner graphene stacks. Similarly, the Schottky 

barrier is dependent on the carrier concentration and graphene layer number as well. 
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The barrier height has the similar trends as the Fermi level shift, as shown in the 

Figure 3.2 (b). It can be seen that with graphene layer decreases to monolayer, the 

barrier height is zero even with intrinsic carrier concentration in MoS2. Figure 3.2 (c) 

illustrates the barrier heights of monolayer graphene and MoS2. The barrier height 

also depends on the mismatch between the initial band structures of monolayer 

graphene and MoS2. Generally, the less initial mismatch of the band structures leads 

to smaller barrier heights because less electrons are required to dope the graphene 

layer.  

	

Conclusions 

In conclusion, the analytical equation of the graphene/MoS2 is derived in this chapter. 

Based on the analytical equation of the interface, the barrier height can be solved 

numerically as a function of MoS2 carrier concentration, graphene stack layer number 

and initial band mismatch. In order to achieve the zero barrier height of the graphene 

and MoS2, the graphene thickness should be as thin as possible. Moreover, the smaller 

band mismatch and higher carrier concentration would also contribute to the 

elimination of Schottky barrier. The simulation results are consistent with the 

experimental results discussed in the Chapter 2.  
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Figures 

 

Figure 3.1. The band diagram of graphene/MoS2 heterostructure. The left side is 

graphene and the right side is MoS2. The Dirac cone of graphene is also plotted in the 

figure. At the interface, the segment DE represents the doping of graphene. 

 

Figure 3.2 Simulation results of adaptable graphene contact (a), The graphene Fermi 

level shift as a function of graphene layer number and carrier concentration of MoS2 

flake. (b), The barrier height of MoS2/graphene junction’s dependence on the 

graphene layer number and carrier concentration of MoS2 flake. (c), Barrier height as 

the function of initial band mismatch between MoS2 and graphene. 
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Chapter 4 Directly profiling the localized states in monolayer MoS2 with 

graphene contacted field effect transistor 

Introduction 

Two-dimensional layered materials (2DLMs) represent an exciting class of materials 

with many intriguing properties such as metal-insulator transition1, superconductivity2, 

and Shubnikov–de Haas oscillations3. Among these materials, molybdenum disulfide 

(MoS2) is the most investigated n-type semiconductor with a direct bandgap of 1.8 eV 

for monolayers and an indirect bandgap of 1.2 eV for multilayers4-6. The atomically 

thin geometry of 2D semiconductors may promise lower power dissipation electronic 

devices for integrated circuits7-9, and the direct bandgap monolayer materials have 

generated considerable interest for diverse optoelectronic applications10-14. However, 

the attained experimental field-effect mobility of MoS2 supported on SiO2 substrate 

thus far is still considerably lower than the theoretically predicted value1,15-17, which 

can be largely attributed to the scattering by disorders in MoS2 or at the 

substrate-MoS2 interface18-20
. 

 

Recent studies have demonstrated that both the encapsulation of MoS2 in the high-k 

dielectrics and passivation by the boron nitride could suppress the disorders in the 

system, therefore leading to high mobility1,3,16. Additionally, the suppression of 

disorders also contributes to a transition into metallic states at a lower carrier 
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concentration15. In the metallic regime, the electronic transport is mainly dominated 

by the extended state. On the other hand, in the insulating regime, the electronic 

transport shows the characteristics of variable-range hopping at cryogenic temperature, 

indicating the presence of localized states21-23. Recent studies suggest that the 

structural disorders such as sulfur vacancies are the primary sources of localized states 

while the charge trap states at the SiO2/MoS2 interface also contribute15. Transmission 

electron microscopy (TEM)24, scanning tunneling microscopy (STM)25 and the 

capacitance measurements26,27 have been utilized to investigate the localized states 

distribution, each with their own merits and drawbacks. For instance, it is impossible 

to obtain the electronic structure of localized states with TEM approach, while the 

STM measurement is merely able to resolve the electronic structure on the upper 

surface of the MoS2. Capacitance measurement can resolve the electronic structure of 

localized states, but it is incapable of excluding the capacitance contribution from the 

localized states away from the multilayer MoS2/SiO2 interface. Moreover, the 

capacitance of the localized states is rather small compared to the total capacitance in 

the measurement configuration, thus greatly degrading the resolution of density of 

states (DOS) measurement27. Overall, these techniques are insufficient to offer direct 

information on the conduction along the interface25-27, which is important for 

understanding the charge transport behavior and potential applications of atomically 

thin MoS2. 

 



	 40 

Here we report a field-effect detection approach to directly probe the electronic 

structure of localized states in monolayer MoS2. Distinct from the indirect studies 

described, the field-effect transport offers a robust approach to tune the carrier 

concentration and unambiguously probe the electronic states in conduction channel of 

MoS2 and at the MoS2/substrate interface. By applying an external gate voltage, the 

Fermi level can be readily tuned throughout the bandgap of MoS2, thus the transport 

properties of each state in the vicinity of the Fermi level can be accessed and probed. 

Furthermore, this method can effectively avoid altering the intrinsic properties of 

MoS2. For 2D electron gas systems, such technique has been widely utilized to study 

their temperature-dependent carrier concentration phase diagram28. In particular, 

Marré et al. have recently studied the localized states at the interface of 

LaAlO3/SrTiO3
29

, and observed thermal power oscillation with varying gate voltage, 

which has been attributed to multiple discrete localized states in the framework of 

Boltzmann transport and phonon drag model. Nonetheless, Marré’s study was not able 

to obtain the theoretically predicated periodic conductivity plateaus with the varying 

gate voltage due to the non-Ohmic behavior of contacts. 

 

We also present, for the first time, the discovery of multiple conductivity plateaus in 

the transfer curve of MoS2 field-effect transistors (FETs) without magnetic field. 

Distinct from the conventional MoS2 FET with metal contacts, our MoS2 samples 

were contacted with monolayer graphene as the source-drain electrodes, which 
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enables barrier-free contacts and allows the direct probing the localized states with 

small excitation voltage (Vds≤ 0.5 mV). By combining the transport measurements and 

the variable-range hopping model, we achieve a very high resolution (up to 1 meV) 

profiling of localized states in monolayer MoS2. The findings provide important 

insight into the fundamental transport properties of MoS2 and potentially offer the 

strategy to improve the performances of MoS2 devices.  

 

Electrical transport measurements 

To investigate the charge transport properties of MoS2, field-effect transistors were 

constructed on a 300 nm SiO2/Si substrate using monolayer MoS2 flake as the 

semiconducting channel and two strips of monolayer graphene underneath the 

monolayer MoS2 flake as the contact electrodes (Figure. 4.1 (a), inset of Figure. 1 (b)). 

The graphene contact to MoS2 has been demonstrated to form an atomically abrupt 

interface free of Fermi level pinning, thus leading to barrier-free transparent contacts16. 

The transistor characteristics were measured in dark from 1.9 K to 300 K using 

Quantum Design Physical Properties Measurement System (PPMS) coupled with the 

Agilent B2902A Precision Source/Measure Unit. The output characteristics of 

monolayer MoS2 with different gate voltages at 1.9 K show nearly perfect linear 

current-voltage (Ids-Vds) behavior (Fig. 1b), suggesting barrier-free Ohmic contacts, 

which are further confirmed by the temperature-dependent measurement and the 

positive slope in Arrhenius plotting (Figure 4.5)16,30. 
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Figure 4.2 (a) illustrates the gate voltage dependence of MoS2 sheet conductivity 

measured up to back gate voltage Vg = 80 V at various temperatures. The use of back 

gate allows effective tuning of accumulated carrier concentration up to 4.72´1012/cm2 

with applied gate voltage up to 60 V at room temperature, according to gate 

capacitance model 	𝑛 = 𝐶G&(𝑉d − 𝑉�p) 31, where 𝑛  is the accumulated carrier 

concentration induced by gate capacitance, 𝐶G&  equals to 12 nF/cm2 for the 

capacitance of 300 nm silicon oxide,𝑉d is the gate voltage and 𝑉�p is the threshold 

gate voltage. In the high carrier concentration regime at Vg > 60 V, we observed that 

the sheet conductivity increased with decreasing temperature, suggesting a metallic 

behavior of MoS2. As previous study has revealed, this metallic behavior is related to 

the interplay of the electron-electron interaction and the disorders22,28,32. In the 

metallic regime, the disorders are suppressed, so the metallic state can be stabilized by 

the Coulomb interaction between electrons. On the other hand, when the electron 

concentration is below a critical value (low gate voltage < 40 V), the sheet 

conductivity decreases with decreasing temperature, indicating an insulating state. 

The divergent point between metallic state and insulating state, which was estimated 

around e2/h in previous literatures1, was also observed in our experiment. In the 

insulating regime, the disorders, including some extrinsic charge impurities at the 

MoS2/SiO2 interface and the intrinsic defects such as the sulfur vacancies, prevail and 

dominate the electron transport at low temperatures18. 
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The existence of the disorders can also be proved by the temperature dependence of 

mobility. Figure 4.2 (b) shows the mobility of device as a function of gate voltage and 

temperature. The field-effect mobility is evaluated based on the equation 𝜇 =

𝑑𝐼"�/𝑑𝑉�d ∗ (𝐿/𝑊)/(𝐶G& ∗ 𝑉"�) , where L is the channel length, W is the channel 

width of MoS2 device and 𝐶G& is the normalized back-gate capacitance of silicon 

oxide(Cox = 12 nF cm-2 for 300 nm SiO2). Above 90 K, the mobility at all gate 

voltages keeps increasing with lowering temperature and can be fitted using the 

temperature-mobility relationship 𝜇~𝑇3  , where 𝜈 ≈ 0.49~0.76 , which is in 

agreement with previous studies in phonon scattering governed transport in 2D 

electron systems in the high temperature regime17,33-35. On the other hand, the phonon 

scattering is expected to be suppressed in the low temperature regime, where the 

dominant scattering mechanisms are long-range charged impurity scattering and 

short-range neutral impurity scattering. Indeed, the mobility at a lower gate voltage 

(Vg<30 V) decreases with decreasing temperature in the temperature range from 90 K 

to 2 K (Fig. 2b). This drop indicates that the impurity scattering begins to play a more 

important role in the electron transport at low temperature1,36. However, the mobility 

at a higher gate voltage (Vg>30 V) does not exhibit the similar trend below 90 K. 

Instead, it keeps increasing and finally saturates as the temperature is approaching 2 K. 

The absence of the mobility decline with decreasing temperature can be attributed to 

the more efficient screening of Coulomb scattering potential of charged impurity at 

larger carrier concentration36. It is worth noting that the charged impurity screening 
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effect was also observed before in high-𝜅 dielectric capped MoS2 devices1. 

 

Figure 4.2 (b) also reveals that the mobility exhibits saturation with increasing gate 

voltage in the cryogenic temperature regime from 2 K to 90 K, which is consistent 

with previous reports3,18. As the back-gate voltage increases from 0 V to 30 V, the 

screening of long-range Coulomb scattering leads to the enhancement of mobility. 

When the voltage exceeds 30 V, the long-range Coulomb scattering is gradually 

eliminated, leaving carrier concentration-independent short-range scattering as the 

primary mobility limiting factor. This phenomenon has been observed and 

well-studied in graphene37. 

 

Similarly, the device also exhibits mobility saturation with increasing gate voltage in 

the high temperature regime (T> 90 K) and the screening of charged impurity 

scattering also attributes to such phenomenon. At the same time, the increasing 

mobility with higher carrier concentration can also be cancelled out due to an 

increasing phonon electron scattering rate as the characteristic energy of electron is 

approaching that of longitudinal optical phonon and such scattering mechanism can 

be described by the Fröhlich interaction38-40. Therefore, the overall scattering rate 

finally gets saturated to a certain value as the electron conduction reaches a balance 

between the decreasing Coulomb scattering and increasing phonon scattering. 
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To gain a further insight into the transport mechanism, the Arrhenius plot of sheet 

conductivity at different gate voltages is shown in Fig. 2c. There are clearly two 

distinct transport regimes. In the high temperature regime (T>30 K), the sheet 

conductivity s of MoS2 shows an exponential decrease with 1/T, which can be 

described as thermal activated transport1. In such band-like transport, carriers are 

thermally activated to the delocalized extended states above the mobility edge. At 

those extended states, the carriers can be driven by the applied electric field freely and 

the sheet conductivity depends mainly on the carrier concentration at the extended 

states. Therefore, it can be fitted with the thermally activated transport equation	𝜎 =

𝜎]𝑒𝑥𝑝(
3|¨
NO
), where 𝜎]  is the prefactor of sheet conductivity, 	𝐸n  is the thermal 

activation energy, 𝑘 is the Boltzmann constant and 𝑇 is the temperature. Using this 

equation, the activation energy is found to decrease with increasing carrier 

concentration because the Fermi level is moving closer to the mobility edge41. As 

shown in the Fig. 2d, with higher gate voltage applied to the MoS2, the activation 

energy keeps decreasing from 10.4 mV to 0 mV, indicating the electrons are becoming 

more delocalized, consistent with the fact that localization length increases with 

higher carrier concentration in the percolation model27. 

 

Upon further decreasing temperature below 30K, the thermal activation of electron is 

barely possible and electrons mostly occupy the localized states below the mobility 
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edge rather than the extended states above the mobility edge. Therefore, the 

dependence of sheet conductivity on the temperature is weakened and the thermally 

activated transport behavior can no longer be observed. The dominating transport 

behavior in this regime is attributed to the variable-range hopping (VRH) and can be 

described as 𝜎 = 𝜎] exp −(O�
O
)S/("/S) , where 𝜎] is the sheet conductivity prefactor, 

𝑇] is the correlation energy scale,	𝑇 is the temperature and 𝑑 is the dimension of the 

system19,21,42. Previous study suggested that the VRH at low temperature originated 

from the midgap intrinsic defect states in the MoS2 samples and trap states at the 

MoS2/SiO2 interface15. 

 

To further examine the localized states in MoS2, small bias voltage on the order of 0.1 

mV was applied to the device. Distinct from the 0.1 V bias voltage applied in Fig. 2a, 

a small bias would not excite the electrons to the extended states above the mobility 

edge, therefore the electrons are most likely to migrate between the states near the 

Fermi level. Figure 4.3 (a) shows the transfer curves with 0.5 mV excitation voltage 

respectively at 2 K, 5 K, and 30 K. Importantly, these transfer curves (particularly the 

one at 2 K) show dramatically different features from those at high-bias-voltage (Vds = 

0.1 V) with notable conductivity plateaus with changing gate voltage. The first 

plateau spans from 22 V to 32 V along the x-axis, and as the gate voltage increases, 

the width of conductivity plateau gradually reduces to 5 V. Additionally, the universal 

conductance fluctuation patterns are also found to superimpose those plateaus. In 
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contrast to the wide conductivity plateaus, the universal conductance fluctuation 

patterns are a set of randomly distributed peaks with full width at half maximum 

around 1 V. The signatures of the universal conductance fluctuation are consistent 

with those found in other 2D electron gas systems with disorders, such as Si and 

graphene43,44.  

 

When the temperature is above 5 K, the universal conductance fluctuation patterns in 

the transfer curve almost completely vanish while the first conductivity plateaus still 

exist. Moreover, when the temperature further rises to 30 K, the conductivity plateaus 

completely vanish. The reasons for divergent characteristics of conductivity plateaus 

and universal conductance fluctuations lie in the different nature of the two transport 

processes. The universal conductance fluctuation is a coherent transport that is more 

sensitive to temperature than the phonon assisted hopping. However, the universal 

conductance fluctuation requires a large resonant density of states to be built up, 

whose process usually takes ~0.01 s in a two-dimensional electron gas system, 

without destructively incoherent scattering44,45. Nevertheless, the nature of hopping is 

a diffusive transport. Therefore, the disappearance of plateaus is caused by thermal 

broadening of conduction carrier distribution near the Fermi level. Figure 4.3 (b) 

illustrates the transfer curve at 5 K with different bias voltages; the positions of 

plateaus are independent of bias voltage. As the bias voltage determines the 

momentum of conductive electrons, the positions of plateaus are supposed to shift 
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with different bias voltages if the transport was coherent46. In contrast, the 

independence of plateau with bias voltage in our measurements indicates that the 

transport is dominated by the hopping process known as an incoherent transport, in 

which different conductive paths do not interfere with each other.  

 

Conductivity plateaus  

We have qualitatively investigated the localized-state induced conductivity plateaus, 

which are observed for the first time in the 2D disordered systems as far as we know. 

We attribute this discovery to the barrier-free Ohmic contact of MoS2 transistors. The 

existence of Schottky barrier in previous MoS2 FETs usually requires a large bias 

voltage to turn on the devices, therefore hindering the application of low excitation 

voltage that is necessary to probe these localized states near band edge. When the 

excitation voltage exceeds a certain value, the carrier would be pumped to the 

extended states with higher energy. Therefore, the transport of localized electrons is 

less significant and their features are covered up with the onset of band-like transport. 

Another important reason is that the voltage excitation would also broaden the 

conduction energy level in the same mechanism as temperature does47. Thus, when 

the bandwidth of conduction energy level exceeds that of discrete localized states, the 

signatures would fade away. In order to elucidate the contributions from the contact to 

the conductivity plateaus, MoS2 FETs with 5nm/50nm Cr/Au as contacts were also 

fabricated. In a negligible number of devices with undetectable Schottky barrier 
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through the Arrhenius plots method, the similar behavior was also observed (Figure 

4.5). However, most devices exhibit imperfect contacts with no conductivity plateaus 

observed due to the reasons stated before, which also confirms the indispensable role 

of transparent contact in the detection of conductivity plateaus. 

 

To confirm the hypothesis of plateaus’ origin, the sheet conductivity of MoS2 was 

simulated quantitatively by using an improved variable-range hopping model 

including a series of discrete localized states. This model can reproduce well the 

conductivity plateaus and their evolutions as a function of temperature. Two-types of 

states, including the localized states and extended states were included in this model 

and the mobility edge acts as the boundary separating those two kinds of states. 

Below the mobility edge, the electron would hop to the most probable localized states 

with the assistance of a phonon; while for the transport of extended states above the 

mobility edge, the electrons would behave as free electrons in a band-like transport. 

Therefore, the transport in this model is a combination of two mechanisms, which 

have been proved before in chemical vapor deposited MoS2
26. For the electrons in the 

extended states, the band mobility is commonly used to represent the transport 

properties. It is the free electron mobility in the extended states, and is different from 

the measured “effective” field-effect mobility which is indeed an average value for 

both localized electrons and free electrons at a given carrier concentration. As it can 

hardly be extracted from experiment, the theoretical band mobility was used in our 
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model39. In addition, as previously described, the positions of localized states in the 

band diagram were estimated by the activation energy fitted from the sheet 

conductivity-temperature relation 𝜎 = 𝜎]𝑒𝑥𝑝(
3|¨
NO
), utilizing the experimental data in 

the Arrhenius type transport regime (T>30 K).  

 

The calculation of net hopping conduction was implemented by the integration of the 

differential sheet conductivity of each state contributing to the conduction48. Then, the 

differential sheet conductivity was obtained through a complicated function of the 

successful hopping attempt frequency, localized states’ positions, average hopping 

distance, and the probability of phonon assistance. This model is consistent with the 

scenario that sheet conductivity depends proportionally on1/T1/(1+d), where T is the 

temperature and d is the dimension of the system. Furthermore, the distribution of 

localized states was obtained by inserting a series of localized states in the bandgap. 

Specifically, the width and DOS of the localized states were calculated by minimizing 

the deviation between theoretical and experimental transfer curves below 30 K. The 

profile of the discrete localized states was shown in the Figure. 4(a). The mobility 

edge is 0 meV in this diagram and the localized states are distributed in the range of 

-12 meV to -2 meV, which is close to the range estimated from the experiment. 

Additionally, by integrating the DOS, the total concentration of localized states can be 

estimated to be 4.52´1012 /cm2, which is largely consistent with the concentration of 

atomic defects in previous TEM study24. At last, we would like to note that the profile 
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of those localized states is enveloped in an exponential decaying function that was 

widely used to describe the distribution of localized states26. Together with this 

approach, the precision of electronic structure can be pushed up to the limit of 1 meV. 

 

The simulated and experimental transfer curves at 2 K and 30 K are illustrated in 

Figure 4.4(b). Significantly, the key features in the experimental data were well 

reproduced in the simulated curves. In the experiments, the width of conductivity 

plateau observed at a lower gate voltage is wider than those observed at higher gate 

voltage. In our theory, the reason for a narrower plateau at higher gate voltage is that 

the uplifted Fermi level would be closer to the mobility edge, leading to more 

electrons at the extended states. Therefore, the growing number of delocalized 

electrons covers up the features of hopping transport. In addition, the disappearance of 

plateau at higher temperature can also be interpreted in the framework of our model. 

As the bandwidth of conduction energy level near the Fermi level approximately 

equals to 4kT, it would be broadened as the temperature increases49,50. Once the width 

of conduction energy level exceeds that of localized states, the corresponding plateau 

would vanish as the results of “thermal smearing”. In the case of our device, the width 

of each localized states in the band diagram is approximately 2 mV. Hence as the 

temperature reaches 6 K, the conduction energy level starts to cover the adjacent 

localized states. Therefore, the adjacent localized states near the Fermi level 

contribute to the conduction and become irresolvable, making the conduction plateaus 
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begin to vanish. When the temperature exceeds 30 K, the conduction energy level is 

wider than that of the whole localized states region, leading to the complete 

disappearance of conduction plateaus in the transfer curves. To verify that the 

conductive plateaus are induced by the localized states, a multilayer MoS2 device was 

also measured and simulated with the same procedures. (Figure 4.5, Figure 4.6, 

Figure 4.7) The simulation results confirm the DOS of localized states in monolayer 

MoS2 is higher than that in multilayer MoS2, suggesting the monolayer MoS2 is a 

more disordered system. This trend is to that obtained with capacitance 

measurements27. 

 

Conclusions 

In conclusion, we have measured the electronic field-effect transport properties of 

MoS2 with graphene as barrier-free contacts. The sheet conductivity and mobility 

versus temperature relationships reveal that the electron variable-range hopping 

dominates the transport property below 30 K. In the hopping transport dominated 

temperature range, the transfer curves with low bias voltage (Vds≤ 0.5 mV) display a 

series of conductivity plateaus, which are believed to be induced by the discrete 

localized states in the MoS2 conduction channel. 

 

This behavior was unprecedented in the previous literatures due to the non-Ohmic 
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behavior contact to the MoS2. With the transparent contact of graphene, we firstly 

observed this behavior and the electronic structure of the localized states can be 

resolved within the framework of variable-range hopping model. The electronic 

structure of localized states can be directly characterized and the resolution of the 

localized states can be achieved up to 1meV, which is beyond the limit of other 

techniques such as capacitance measurement and photoluminescence measurement. In 

this regard, our method offers a general approach for directly probing the localized 

states and a direct evidence of the hopping transport origin.   

 

Figures 

 

Figure 1.1 The schematic and the Ids-Vds output of monolayer MoS2 device at 1.9K. 

(a), Schematic of a monolayer MoS2 FET with monolayer graphene as electrodes. The 

picture shows that the monolayer MoS2 as the FET channel material is contacted by 

monolayer graphene. The drain and source electrodes are connected to source 

measurement unit with Ti/Au (50nm/50nm) electrodes. (b), The Ids-Vds output curves 

of MoS2FET with different gate voltage at 1.9K. The inset shows an optical image of 
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a typical monolayer MoS2 device. The graphene electrodes are marked by white 

dashed lines in the image. Scale bar, 5	µm. 

 

 

Figure 2.2 Transfer curves and temperature-dependent transport properties of MoS2 

FET. (a), The transfer curves of MoS2FET at different temperatures from 300K to 

1.9K. At lower back gate voltage below 60 V, the sheet conductivity 𝜎decreases with 

decreasing temperature while as the gate voltage increases above 60V the sheet 

conductivity increases with decreasing temperature, indicating the transition from 

insulating regime to metallic regime. (b), The mobility of MoS2 as a function of 

temperature at different gate voltages from 0V to 60V. (c), The Arrhenius plot of the 

sheet conductivity 𝜎of monolayer MoS2 in the insulating regime (Vbg< 60 V). The 

weakened dependence of sheet conductivity over the temperature below 30 K is 
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indicative of variable-range hopping dominant transport in this temperature range. (d), 

The activation energy Ea as a function of back gate voltage Vbg. 

	

 

Figure 3.3 The temperature-dependent and bias voltage-independent sheet 

conductivity plateaus. (a), The sheet conductivity𝜎of MoS2 as a function of back gate 

voltage Vbg at 2 K, 5 K, and 30 K with 0.5 mV as the excitation bias voltage. The 

conductivity plateaus can be clearly observed in the 2 K curves and gradually 

disappear when temperature increases. (b), The current plateaus at 5 K with different 

excitation voltage, the position of the plateaus is independent of the excitation 

voltage. 

	

 



	 56 

Figure 4.4 Simulated DOS of localized states and corresponding transfer curves. (a), 

The DOS of localized states extracted from the sheet conductivity plateau with 

variable-range hopping model. 0meV is the mobility edge, below which lie the 

regularly distributed discrete localized states. (b), The simulated transfer curves at 2 K 

and 30 K with the localized states in Figure. 4.4 (a) and the comparison with the 

corresponding experimental transfer curves. 

 

Figure 4.5 The optical image of MoS2 device and its temperature-dependent 

characterization. (a), The optical microscope image of a MoS2 sample device with 

metallic contact, the channel length is 300 nm. (b), The Arrhenius plot of normalized 

conductivity of the device in Figure 4.5 (a) and the hopping behavior. (c), The 

Arrhenius plot of the metal contact device, the positive slopes indicate the Schottky 

barrier is undetectable in the temperature-dependent conductivity measurements. (d), 

The normalized transfer curves with excitation of 0.5 mV source voltage at 2 K and 
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40 K respectively. The conductivity plateau could also be observed in the transfer 

curve at 2 K and it disappeared at 40 K.  

	

 

Figure 4.6 The optical microscope image and temperature-dependent electrical 

measurement of MoS2 device. (a), The few-layer MoS2 contacted by graphene 

electrodes. (b), Temperature-mobility relationship of few-layer device. With low gate 

voltage applied, the mobility decreases with lower temperature under 100 K, 

indicating the dominant impurity scattering at low gate voltage. Furthermore, the 

transition from dominant impurity scattering regime to a screened scattering regime 

happened at a lower gate voltage then the monolayer sample. (c), 

Temperature-conductivity relationship indicates two dominant transport mechanisms 

at high temperature and low temperature respectively. (d), Regularly distributed 

plateau in the transfer curves of few layer MoS2 device with 0.5 mV source voltage 
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applied, indicating the presence of discrete localized states. The length of plateau is 

shorter than that of single layer sample. 

 

Figure 4.7 The simulated density of states and simulated transfer curves of few-layer 

MoS2. (a), The density of localized states extracted from the conductivity plateau with 

variable range hopping model. 0mV is the mobility edge and the discrete localized 

states are enveloped in an exponentially decay function below the mobility edge. The 

density of localized states is lower than that of single layer device, leading to a more 

band-like transport. (b), The simulated transfer curves at 2 K and 30 K with the 

simulated localized states and the comparison to the corresponding experimental 

transfer curves. 

 

Figure 4.8 The optical microscope image of thick MoS2 sample and its conductivity 

plateaus. (a), The optical microscope image of a thick MoS2 device. (b), The transfer 

curves with excitation of 0.5 mV source voltage. The conductivity plateau is almost 
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negligible, indicating the density of localized states is even smaller compared to 

few-layer and monolayer sample.  
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Chapter 5 Derivations of hopping transport equation of MoS2 field effect 

transistor 

Introduction 

In this chapter, I would derive the transport equation of the localized states in the 

MoS2. As mentioned in the Chapter 4, the localized states transport in the cryogenic 

temperature regime is dominated by hopping and the transport will gradually 

transition into the ordinary band-like transport with increasing temperatures1. 

Therefore, a model including two types of states, which are the localized states and 

the extended states, would fit the case2. When the Fermi level is below the mobility 

edge (𝐸X < 𝐸¯), all the electrons in the material exist in localized states whose 

positions distributes in a quite wide range randomly. For the reason that the 

concentration of localization centers is relatively low, the distance between adjacent 

localization centers tends to be large, making the electron cannot transport freely from 

one hopping center to the adjacent ones. Therefore, the electrons have to be assisted 

by the energy of phonon and “hop” to other hopping centers3. As the phonon energy is 

proportional to the system temperature, for a system only consisting of localized 

states, its conductivity at zero Kelvin 𝜎 = 0, meaning that it is insulator. Only when 

temperature is not zero, electrons can absorb energy from phonons by thermal 

activation and then tunnel from one localization center to another generating hopping 

conductivity. In other words, hopping is a progress in which electrons tunnel from one 

localized state to another with the help of phonons. Such hopping process is called 
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variable range hopping as the hopping range varies and it was firstly studied by Mott1. 

It is discovered that the energy difference between the initial state and final state 

becomes smaller as the hopping distance becomes larger. Apart from the variable 

range hopping process, there is another hopping process called nearest neighbor 

hopping where the electron only hops between the nearest localization centers4. 

Usually the nearest hopping occurs in the system whose phonon energy is large 

enough and variable range hopping is a more generalized case. 

 

Now consider the tunneling between two localized states that are located at 𝑹𝒊 and 

𝑹𝒋  with energy 𝐸7  and 𝐸³  (𝐸7 > 𝐸³ ). In quantum mechanics, the probability of 

which electrons tunnel from 𝑹𝒊 to 𝑹𝒋 through a distance 𝑹𝒊 − 𝑹𝒋  is in proportion 

to the square of the overlap integral of the wave functions localized at 𝑖 and 𝑗. For 

localized states, the wave function can be simplified using 𝜓 𝒓 − 𝑹𝒊 ∝ exp − 𝒓 −

𝑹𝒊 /𝜆  where 𝜆 is localization length5. For simplicity, the localization lengths of 

localized states are approximated as the same value. So, the overlap integral can be 

expressed in the form 

𝜓∗ 𝒓 − 𝑹𝒊 𝜓 𝒓 − 𝑹𝒋 df𝑟 ∝ exp − ½
¾

      (1) 

Thus, the tunneling probability between 𝑹𝒊 and 𝑹𝒋 localized states are in proportion 

to exp −2𝛼𝑅 , where 𝛼3S ≡ 𝜆. On the other hand, difference exists between the 

energies of initial hopping state and the final hopping state. The energy difference 

𝑊 = 𝐸³ − 𝐸7 > 0  is needed by the hopping process from site at 𝑹𝒊 to site at 𝑹𝒋 

and the energy must be provided by phonons. As a result, although there is significant 
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overlap between two adjacent localized state wave functions, electrons cannot 

overcome the energy difference 𝑊  between two localized state wave functions 

without phonons at 𝑇 = 0K  and the transition probability is zero. When the 

temperature is non-zero, the distribution of thermal phonons with energy 𝑊  is 

exp 𝑊/𝑘Ã𝑇 − 1 3S, which can be simplified with Boltzmann factor exp −𝑊/

𝑘Ã𝑇  when 𝑘Ã𝑇 ≪ 𝑊. Therefore, the hopping probability from state at 𝑹𝒊 to the 

state at 𝑹𝒋 is not only in proportion to the hopping probability exp −2𝛼𝑅  but also 

the number of the phonons in thermal equilibrium. Adding the phonon term 

exp −𝑊/𝑘Ã𝑇 , the hopping probability can be written as: 

𝑤7³ = 𝑤] exp −2𝛼𝑅 − Æ
NÇO

,𝑊 = 𝐸³ − 𝐸7 > 0     (2) 

This is the basic equation for both nearest-neighbor hopping and variable range 

hopping, where 𝑤7³  represents the probability hopping from occupied state 𝑖 to 

empty state 𝑗 per second. 

 

Nearest neighbor hopping conductivity 

Nearest neighbor hopping occurs between the adjacent localization centers where 

𝑅 = 𝑅] is the average distance. Supposing that the concentration of the impurities in 

the disordered system is 𝑛È and according to the condition 4𝜋/3	 𝑅]f𝑛È = 1, we 

have 

𝑅] =
f

�grÉ

Ê
e          (3) 

Besides, for nearest neighbor hopping process, the term exp −2𝛼𝑅]  is a constant. 
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Especially in weak localization situation 𝛼𝑅] ≤ 1 and exp −2𝛼𝑅]  can even be 

ignored. On the other hand, the energy term in the equation (1) plays a more 

significant role. Assume the energy 𝑊] is the average energy needed by electrons 

transiting between adjacent localization centers. Thus, the nearest neighbor hopping 

occurs often at the temperature when there are enough phonons with energy 𝑊] 

provided. The conductivity can be written in the form of thermal activation: 

𝜎 𝑇 = 𝜎] exp − Æ�
NÇO

        (4) 

 

Variable range hopping conductivity 

When the temperature is further decreased and the number and energy of the thermal 

activated phonon are small, there is nearly no phonons with energy 𝑊] assisting 

nearest neighbor hopping. But electrons can still absorb lower energy phonons 

(𝑊 < 𝑊]) and hop to the localized states whose distances are further but energy 

differences are smaller. When 𝑅 is large, the relation between 𝑊 and 𝑅 can be 

obtained from density of states, 𝑁 𝐸 . In a state variable sphere with its center at 

localized state 𝑹𝒊 and radius 𝑅, the number of states with energy between 𝐸 and 

𝐸 + Δ𝐸  is 4𝜋/3 𝑅f𝑁 𝐸 Δ𝐸 . Considering that the dominant contribution of 

conductivity comes from electron transition between localized states near Fermi level 

𝐸X, it is rational to assume that the initial localized state 𝐸7 and final 𝐸³ are both in a 

small range of 𝑊  near 𝐸X  and moreover 𝐸³ = 𝐸7 +𝑊  as the energy is 

conservative. As there is one available hopping state in this sphere, 
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�g
f
𝑅f𝑁 𝐸X 𝑊 = 1          (5) 

where 𝑊 = 𝐸³ − 𝐸7, 𝐸³ > 𝐸7. 

Thus, 

𝑊 𝑅 = f
�g½e? |j

              (6) 

This equation holds only when 𝑊 is small and 𝑅 is large. The transition probability 

between state at 𝑹𝒊 and the state at 𝑹𝒋 is in proportion to exp −2𝛼𝑅 − 𝑊 𝑅 /

𝑘Ã𝑇 , where we can see that the two factors in the exponential term have opposite 

tendencies against varying 𝑅. In other words, although the overlap factor of wave 

functions exp −2𝛼𝑅  decreases as 𝑅 increasing, the compensation can be gotten 

from exp −𝑊 𝑅 /𝑘Ã𝑇 , the Boltzmann factor of phonons absorbed, due to the fact 

that 𝑊 decreases rapidly as 𝑅 increases. As a result, for a some 𝑅, the hopping 

probability reaches its maximum. 

𝑄 𝑅 ≡ 2𝛼𝑅 +𝑊 𝑅 /𝑘Ã𝑇             (7) 

The maximum of 𝑄 𝑅  can be obtained when 

ÎÏ ½
Î½

= Î
Î½

2𝛼𝑅 + f
�g½e? |j NÇO

= 0          (8) 

Thus, the most probable hopping distance is 

𝑅 = Ð
ÑgÒ? |j NÇO

Ê
Ó           (9) 

Obviously, 𝑅 increases as temperature decreases. Substituting 𝑅 in to 𝑄, we can 

get the most transition probability is in proportion to 

exp −𝑄 𝑅 = exp − Ñ
f
𝛼𝑅 = exp − Ñ

f
𝛼 Ð

ÑgÒ? |j NÇO

Ê
Ó = exp −𝐵/𝑇

Ê
Ó     (10) 

where 
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𝐵 ≡ Ñ
f

Ð
�g

Ê
Ó Òe

NÇ? |j

Ê
Ó ≈ 2 Òe

NÇ? |j

Ê
Ó       (11) 

Substituting equation (9) into equation (3), we can obtain the variable range hopping 

conductivity: 

𝜎 𝑇 = 𝜎] exp −𝑄 𝑅 = 𝜎] exp −𝐵/𝑇
Ê
Ó          (12) 

The above formula is the famous Mott’s 𝑇
Ê
Ó law, which is the characteristics of the 

VRH conductivity in 3-D disordered systems6. For 𝑑  dimensions (𝑑 = 1,2,3 ) 

systems, we can derive the conductivity in a similar way and obtain 

𝜎 𝑇 = 𝜎] exp −𝐵/𝑇
Ê

�AÊ         (13) 

When fitting the ln 𝜎 in a linear relationship against 𝑇3S/�, the slope is −𝐵. The 

fitting results are illustrated in the Table 5.1. According to the fitting results, the 

localization length 𝜆 is approximately 25Å.  

 

Calculations of density of states of localized states 

Following the derived variable range hopping conductivity model, the density of state 

of localized states can also be obtained using the model.  

Firstly, the conductivity can be represented in the form of an integral of the 

differential conductivity: 

𝜎 𝑇 = 𝜎 𝐸, 𝑇 d𝐸 = 𝑒𝑔ØÙ 𝐸 𝑓 𝐸, 𝑇 𝜇 𝐸, 𝑇 d𝐸    (14) 

where 𝑔ØÙ  is the density of states near the conduction band tail. 𝑓 𝐸, 𝑇 =

1/ 1 + exp 𝐸 − 𝐸X /𝑘Ã𝑇  is the Fermi-Dirac distribution function. The 

differential hopping mobility 𝜇 𝐸, 𝑇  is dependent with the energy of electrons and 
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the temperature. According to the Einstein’s relation, we can obtain the differential 

mobility 𝜇 via calculating the diffusion coefficient 𝐷 𝐸, 𝑇 : 

𝜇 𝐸, 𝑇 = 𝐷 𝐸, 𝑇 q
NÇO

        (15) 

Consider the material whose electrons do not distribute uniformly only in one 

direction. We can divide the material into several parallel planes normal to this 

direction and set the distance between planes to be hopping distance 𝑅. 

 

Assuming that there is an electron in a localized state in plane 1 and it is in thermal 

motion at a frequency 𝜈. The thermal motion means will cause the electron attempt to 

move in all the directions, therefore the frequency of the motion which leads to plane 

2 is S
`
𝜈  in the three-dimensional case (in two-dimensional case it’s S

�
𝜈 ). As 

illustrated in Figure 5.1, if the densities of electrons in plane 1 and plane 2 are 𝑛S 

and 𝑛Q, the net flux from plane 1 to plane 2 is 

𝑗 = S
`
𝑛S − 𝑛Q 𝜈 =

S
`
𝑐S𝑅 − 𝑐Q𝑅 𝜈 = S

`
𝑅Q Î~

Î&
𝜈     (16) 

Thus 

𝐷 = S
`
𝑅Q𝜈          (17) 

Also, according to the previous analysis, 𝜈 = 𝜈] exp −2𝛼𝑅 exp −𝑊/𝑘Ã𝑇 . 

Therefore, the diffusion constant can be obtained: 

𝐷7³ =
S
`
𝑅7³Q 𝜈7³ =

S
`
𝑅7³Q 𝜈] exp − Q½%Ü

¾
×
exp |%3|Ü

NÇO
, for	𝐸³ ≥ 𝐸7

1, for	𝐸³ < 𝐸7
   (18) 

where 𝐸7 and 𝐸³ represent the energy of the initial state and final state. 𝜆 is the 

localization length which has the relation with energy 𝜆 𝐸 ∝ 𝐸¯ − 𝐸 3].à 7.  
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In the fitting of MoS2 localized state transport, the localization length has the form 

𝜆 = 25 𝐸¯ − 𝐸 /0.8eV 3].àÅ. 𝜈] is the attempt frequency and its range is usually 

10SQs3S < 𝜈] < 10Sfs3S. Here 𝜈] ≃ 4×10SSs3S is utilized for the MoS2 transport 

at low temperature. 

 

Dealing the hopping of each individual localized states to get the exact 𝐷7³ is a 

computationally impossible task for us. Therefore, the average 𝐷 𝐸  is evaluated 

instead by calculating the average hopping distance 𝑅 𝐸 8. It is easy to know that the 

relation between the average distance and the average concentration of the vacant 

states: 

𝑅 𝐸 = 𝑁ã
3S/f          (19) 

 

Furthermore, 𝑁ã can be divided into two parts: one consists of the states with energy 

below 𝐸  (𝑁S 𝐸 ) and the other consists of those with energy higher than 𝐸 

(𝑁Q 𝐸 ): 

𝑁ã 𝐸 = 𝑁S 𝐸 + 𝑁Q 𝐸          (20) 

Where by definition 

𝑁S 𝐸 = 𝑔ØÙ 𝜀 1 − 𝑓 𝜀 d𝜀|
3L        (21) 

and 

𝑁Q 𝐸 = 𝑔ØÙ 𝜀 1 − 𝑓 𝜀 exp |3å
NÇO

d𝜀L
|     (22) 

where the hopping probability exp 𝐸 − 𝜀 /𝑘Ã𝑇  is considered to obtain the average 

value. 
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By calculating the results of the above formulas, the average value of hopping 

distance 𝑅 𝐸  can be obtained.  

Therefore, the average diffusion coefficient 𝐷 𝐸  will be 

𝐷 𝐸 = S
`
𝑅Q 𝐸 𝜈] exp

3Q½ |
¾

       (23) 

As a result, the hopping conductivity 

𝜎 𝐸X, 𝑇 = q# �
NÇO

𝑔ØÙ 𝜀 𝑓|j 𝜀, 𝑇
S
`
𝑅Q 𝜀 exp 3Q½ å

¾
d𝜀   (24) 

 

Theoretically, knowing the relation 𝜎 𝐸X ~𝐸X, we can solve this non-linear integral 

equation to get 𝑔ØÙ with Newton iterative method. However, experimentally we can 

only obtain the relation of σ~Vç. In order to obtain σ Eé ~Eé, the relationship 

between gate oxide voltage and induced charge was utilized: 

𝑄 = 𝐶êë𝑉ì ≈ 𝑔ØÙ 𝜀 d𝜀
|j
|j;

        (25) 

 

So far, the method to obtain the density of state of the MoS2 localized state has been 

derived. The solution can be obtained numerically but the computation cost is still 

beyond our capability. Therefore, in order to speed up the calculation, the equation is 

vectorized and the parallel computation architecture can be leveraged.  

 

To discretize the equation, we start from the concentration of the hopping electron 

near the Fermi level, 𝑁ã 𝐸 : 

𝑁ã 𝐸 = 𝑁S 𝐸 + 𝑁Q 𝐸 = 𝑔ØÙ 𝜀 1 − 𝑓 𝜀 d𝜀|
3L + 𝑔ØÙ 𝜀 1 −L

|



	 75 

𝑓 𝜀 exp |3å
NÇO

d𝜀 = 𝑔ØÙ 𝜀 1 − 𝑓 𝜀 exp |3å
NÇO

, 𝜀 ≥ 𝐸
1, 𝜀 < 𝐸

d𝜀L
3L = 𝑔ØÙ 𝜀 1 −

𝑓 𝜀 𝑝í 𝐸, 𝜀 d𝜀             (26) 

where the piecewise function 𝑝í 𝐸, 𝜀  can be expressed with matrix: 

𝑝í 𝐸, 𝜀 =

1 ⋯ exp |Ê3å%
NÇO

⋯ ⋯ ⋯ exp |Ê3åïðñ
NÇO

⋮ ⋱ ⋱ ⋮
1 ⋯ ⋯ exp |ô3åÜ

NÇO
⋯ ⋯ exp |ô3åïðñ

NÇO

⋮ ⋱ ⋱ ⋮
1 ⋯ ⋯ ⋯ exp |ïðñ3åõ

NÇO
⋯ exp |ïðñ3åïðñ

NÇO

= 𝑝7³

                    (27) 

Therefore, the vacant state concentration can be calculated approximately in the 

discretized form: 

𝑁ã 𝐸7 = 𝑁ã7 = Δ𝜀 𝑔ØÙ³ 1 − 𝑓|j³ 𝑝7³³       (28) 

and the energy-dependent localization length can also be written as7,9 

𝜆 𝐸7 = 𝜆7 = 25 |ö3|%
].Ñ÷ø

3].à
Å       (29) 

Finally, the conductivity is obtained approximately with the formula below: 

𝜎 𝐸X, 𝑇 = 𝑒Δ𝐸 𝑔ØÙ7𝑓|j7𝜇77 = q#ù|
NÇO

𝑔ØÙ7𝑓|j7𝐷7 =7

q# �ù|
`NÇO

𝑔ØÙ7𝑓|j7 Δ𝜀 𝑔ØÙ³ 1 −³7

𝑓|j³ 𝑝7³
3Q/f exp −

Q ùå dúûÜ S3�üjÜ o%ÜÜ
ýÊ/e

Qà
üöýü%
�.þïÿ

ý�.!                    (30)                    

 

Furthermore, we can change the relation of 𝜎~𝐸X  into 𝜎~𝑉ì  to make it more 

convenient fitting the experimental data. Assuming that the gate voltage data array 

𝑉ìS, 𝑉ìQ,⋯ , 𝑉ì÷"Î has same increment, we are able discretize the energy increment, 
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d𝐸, respectively. Specifically, the gate voltage array can be also represented as, 

Î#¯$%
qdúûÊ

, Î#¯$%
qdúûÊ

+ Î#¯$%
qdúû#

,⋯ , Î#¯$%
qdúûÊ

+ ⋯+ Î#¯$%
qdúûïðñ

     (31) 

Therefore, the increments of energy d𝐸 can also be presented as an array. 

Î#¯$%
qdúûÊ

, Î#¯$%
qdúû#

,⋯ , Î#¯$%
qdúûïðñ

        (32) 

Then substitute (32) into (26), we have 

𝑁ã 𝐸7 = Î#¯$%
qdúûÊ

𝑔ØÙS 1 − S

S/÷ë& 3ñ'ö$%(õÇ)
Ê

húû#
/⋯/ Ê

húûô

+ ⋯+ Î#¯$%
qdúû%AÊ

𝑔ØÙ7/S 1 −

S

S/÷ë& ñ'ö$%
(õÇ)

Ê
húûôAÊ

/⋯/ Ê
húû%AÊ

exp − Î#¯$%
qNÇO

S
dúû%AÊ

+ ⋯+ Î#¯$%
qdúûïðñ

𝑔ØÙ÷"Î 1 −

S

S/÷ë& ñ'ö$%
(õÇ)

Ê
húûôAÊ

/⋯/ Ê
húûïðñ

exp − Î#¯$%
qNÇO

S
dúû%AÊ

+ ⋯+ S
dúûïðñ

=

Î#¯$%
q

exp Î#¯$%
qNÇO

S
dúûôAÊ

+ ⋯+ S
dúû%

÷ë& 3ñ'ö$%(õÇ)
Ê

húû#
/⋯/ Ê

húû%

S/÷ë& 3ñ'ö$%(õÇ)
Ê

húû#
/⋯/ Ê

húûô

+ ⋯+

S

S/÷ë& ñ'ö$%
(õÇ)

Ê
húûôAÊ

/⋯/ Ê
húû%AÊ

+ ⋯+ S

S/÷ë& ñ'ö$%
(õÇ)

Ê
húûôAÊ

/⋯/ Ê
húûïðñ

    

            (33) 

Then 𝑅 𝐸7  and the conductivity can also be expressed and obtained in a similar way. 

After modifying the calculation in this way, the relationship of DOS vs. gate voltage 

can be calculated. Finally, the 𝜎~𝑉ì  results are also calculated for the comparison 

with the experimental data. 

 

In the calculation progress, in addition to determining the position of the Fermi level, 

we also have to assume that the DOS has a contribution according to the most 

probable range of the localized states. To estimate the range, the relation of 𝜎~1/𝑇 

in the band-like transport regime is utilized. In the thermal activated hopping range, 



	 77 

the carrier is activated from the localized states to the conduction band and then 

transport freely in the extended state. So, the activation energy is a good measure to 

estimate the position of the localized states in the band gap as mentioned in the 

Chapter 4. Using the temperature conductivity of MoS2 above 30 K, the range of 

localized states is estimated to be around 10 meV. 

 

Finally, it is also necessary to consider the conduction contribution from the electrons 

activated to the extended states. The expansion of the Fermi distribution function’s 

tail is about 10 meV which is comparable to the expansion of the conduction band tail 

and will sweep into the conduction band. Thus, the electrons in the conduction band 

are also involved in the conduction. For this reason, we have to combine the hopping 

conductivity with thermal activation. The conductivity at extended state is in 

proportion to the number of the electrons in the conduction band, which is in 

proportion to the Fermi distribution function 𝑓 = 1/ 1 + exp 𝐸¯ − 𝐸X /𝑘Ã𝑇 . For 

the low gate voltage which cannot fill the electrons into the conduction band, 

exp 𝐸¯ − 𝐸X /𝑘Ã𝑇 ≫ 1, making the conductivity approximately proportional to 

exp − 𝐸¯ − 𝐸X /𝑘Ã𝑇 , which is in agreement with the thermal activated transport 

𝜎 ∝ exp −1/𝑇 . 

 

Calculations results and discussions 

After combining the variable range hopping conductivity at low temperature with the 
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thermal activation at high temperature, by fitting the experimental data of 𝜎~𝑉ì  at 

low 𝑉.H, the density of localized states in the conduction band tail can be obtained.  

 

As illustrated in the Figure 5.2 (a), the conductivity at T=30 K is affected by the 

mobility of electrons in the conduction band. As the gate voltage increases, the Fermi 

level approaches closer to the extended states, making the band-like transport plays 

the more significant roles. Therefore, the change of mobility induces larger change of 

conductivity in the high gate voltage regime. Oppositely, as the temperature decreases, 

the contribution from the extended states becomes more trivial and the conductivity is 

nearly independent of the extended states mobility (Figure 5.2 (b)). Besides, in Figure 

5.2 (a) and (b), it can be seen that when 𝑉ì < 10	V, the conductivity is nearly zero 

because the Fermi level is not in the range of localized states (band tail) yet. While 

𝑉ì > 20	V the conductivity significantly increased as the Fermi level enters the 

energy range of localized states. 

 

We can obtain the simulation results which are in agreements with the experimental 

data at 2 K and 30 K when assuming the electrons in conduction band have a constant 

mobility 1000cmQ/ V ∙ s , which is in the agreement with the experiment10. The 

width of the localized states is about 7 meV. We would like to note that due to the 

reason that the Fermi level does not the energy level of the localized states until the 

gate voltage is about 20 V, it is necessary to assume that there are also some states 

existing in the energy gap and the DOS is 1.5×10Sfcm3QeV3S. The fitting also 
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depends on the position of 𝐸X  at 𝑉ì = 0, which cannot be obtained from the 

experimental data. However, this will not affect the form of localized states.	 

 

Conclusions 

In conclusion, the transport equation of electron transport in MoS2 at low temperature 

is derived in the framework of variable range hopping and band like transport theories. 

In the equation, the conductivity becomes a function of localized states density and 

the mobility of extended state in the conduction band. By fitting the experimental 

transfer curves with different conduction band mobility, the localized state density can 

be obtained. Finally, it is found that the conductivity gradually transitions from the 

band-like transport to the variable range hopping as temperature decreases or gate 

voltage decreases.  

 

Table and Figures 

𝑉ì  (V) 10 20 30 40 50 60 

𝐵 -4.93 -2.99 -1.75 -1.05 -0.48 -0.14 

Table 5.1 The linear fitting of experimental data according to Mott’s 𝑇
Ê
Ó law. The 

average carrier density is selected as 𝑁 = 5×10Qfcm3feV3S in the calculations. 
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Figure 5.1 The schematic of electron diffusion in the material. 

 

Figure 5.2 The simulated transfer curves with different extended state mobility (a), 

The simulated conductivity as a function of back gate voltage at T =30 K. The 

conductivity also increases as the extended state mobility increases. (b), The 

simulated conductivity as a function of back gate voltage at T = 10 K. The 

conductivity is almost independent of the extended states as the hopping transport is 

the dominant transport in the low temperature regime. 
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