
Copyright

by

Omar Badr Mohammed

2019



The Dissertation Committee for Omar Badr Mohammed
certifies that this is the approved version of the following dissertation:

Transition Metal Dichalcogenides Heterostructure-Based Electronic

and Optoelectronic Devices

Committee:

Sanjay K. Banerjee, Supervisor

Leonard F. Register

Deji Akinwande

Jack C. Lee

Alex Demkov



Transition Metal Dichalcogenides Heterostructure-Based Electronic

and Optoelectronic Devices

by

Omar Badr Mohammed,

DISSERTATION

Presented to the Faculty of the Graduate School of

The University of Texas at Austin

in Partial Fulfillment

of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT AUSTIN

August 2019



To my family



Acknowledgments

The first person I would like to thank is my supervisor Prof. Sanjay Banerjee

for his continuous guidance and support throughout my PhD program, and for giving me

the opportunity to work in his group. None of this would have been possible without

him and his instantaneous help. I would also like to thank Prof. Leonard Register for

his guidance, enthusiasm, creative thoughts, and fruitful discussions. I possibly can’t

thank him enough for his tireless effort to make this work publishable. I thank Prof. Deji

Akinwande, Prof. Jack Lee and Prof. Alex Demkov for being in my PhD committee and

sharing their valuable thoughts and suggestions on this work.

I would like to thank my mentors, colleagues and friends at the Microelectronics

Research Center. Special thanks to Hema Chandra Prakash Movva, Tanmoy Pramanik,

Anupam Roy, and Sangwoo Kang for mentoring and helping me learn the theoretical con-

cepts and experimental techniques. Thanks to Amithraj Valsaraj for the computing sys-

tem. I also thank Amritesh Rai, Rik Dey, Sarmita Majumdar, Tanuj Trivedi, Nitin Prasad,

Atresh Sanne, Md. Hasibul Alam, Sayema Chowdhury, Bahniman Ghosh, Kyounghwan

Kim, Jaehyun Ahn, Stefano Larentis, Donghyi Koh, Andreas Hsieh, Chris Luth, Ryan

Schalip, Matthew Disiena, Jessica Depoy, and Omar Ismaeel for their friendship, support

and for the wonderful time.

I would like to take this opportunity to thank the staff members at Microelectron-

ics Research Center, especially Ricardo Garcia, William James, and Johnny Johnson for

training me on the tools and for their tireless effort to keep every equipment running.

Many thanks to Jean Toll, Christine Wood, Janet Monaco and Melanie Gullick for taking

care of all the paperwork from the first day of my graduate study.

v



I would also like to thank the staff members of the higher committee of educa-

tional development (HCED) of Iraq for their exceptional efforts to facilitate the adminis-

trative affairs of my fellowship throughout the PhD program.

Finally, I thank my parents, Badr, Inam, my parents-in-law Abdulazeez, Basma,

my brothers, Mohanad, Mohammed, Hamza, Abdulrahman, My sister Duha. Last but not

the least, I thank my wife Asmaa for her endless love and support, my children Ibrahim,

Moamin, and Kenan for bringing joyfulness and happiness to our life. Thank you for

being patient with me and taking care of me during the most difficult times in the past

years.

Omar Badr Mohammed

Austin, Texas, USA

July 2019

vi
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and Optoelectronic Devices
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Supervisor: Sanjay K. Banerjee

Advances in the techniques used to combine various two-dimensional (2D) mate-

rials into a single heterostructure with almost defect-free interfaces, along with the unique

properties of these 2D materials, make these heterostructures appealing, both as a plat-

form to investigate basic physics and for the potential applications they offer. In the first

part of this work, we investigate the electrical properties of the rhenium disulfide (ReS2)

2D material, which is a member of the transition metal dichacogenides (TMDs) fam-

ily. ReS2 is a direct band gap material, regardless of its thickness, with its conduction

band minimum located at the Γ-point. The observation of a p-type branch in the transfer

characteristics allows the fabrication of a p-n junction, which is covered in chapter two.

WSe2/hBN/ReS2 vertical heterostructure is another p-n junction that has been investi-

gated, where we make a diode with a rectification ratio of up to 106. In chapter three, we

report the fabrication and characterization of a vertical resonant interlayer tunneling field-

effect transistor (ITFET) created using exfoliated, few-layer ReS2 flakes as the electrodes,

and hexagonal boron nitride (hBN) as the tunnel barrier. Due to the Γ-point conduction

band minimum, ReS2-based system offers the possibility of resonant interlayer tunneling

and associated low-voltage negative differential resistance (NDR) without a complicated

rotational alignment of the electrode crystal orientations. Substantial NDR is observed,
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which appears consistent with in-plane crystal momentum conserving tunneling, although

considerably broadened by scattering consistent with low mobility ReS2 flakes. And in

chapter four of this dissertation, we present an experimental comparison between two de-

vices; the first is an ITFET with its two ReS2 electrodes are misaligned, while the other

has its two electrodes having a zero-degree rotational alignment. in both cases we have

been able to achieve an NDR although, in the second device the NDR peak-to-valley ratio

is lower due to the added top gate, and the less-perfect intefaces as a result of the etching

step during fabrication, where both increase scattering. We also, investigated the effect

of changing tunnel barrier thickness on the peak current, an increase of about two orders

of magnitude in the peak current associated with the use of the two monolayer thinner

hBN tunnel barrier in this study, i.e., about one order of magnitude per hBN monolayer,

consistent with a Gr/hBN/Gr system. Finally, we used one of our NDR devices to realize

an SRAM memory cell.
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Chapter 1

Introduction

1.1 Tunneling Devices

A tunnel device uses quantum mechanical tunneling as its major current transport

mechanism. According to classical mechanics, if the carriers have energy less than the

barrier height, then it will be confined by that barrier. Whereas in quantum mechanics

there will always be a possibility for these carriers to appear on the other side of the

barrier through tunneling. The probability of tunneling through the barrier will depend

exponentially on the barrier thickness and height [4] [5]. Quantum mechanical tunneling-

based devices have the following features:

1. tunneling is a majority-carrier effect and the time elapsed for tunneling through the

barrier is governed by the quantum transition probability per unit time only, which

is very short. This feature allows the use of tunneling devices in the very high

frequency applications such as gigahertz-range and beyond oscillators, frequency

converters, and amplifiers.

2. tunneling current does not depend monotonically on the applied bias. This is be-

cause tunneling depends on the availability of states in both the source and the drain

electrodes, hence, a negative differential resistance could be observed in tunnel de-

vices.

In general, there are two basic mechanisms for tunneling: either interband nonresonant

tunneling as in tunnel (Esaki) diode, or intraband resonant tunneling as in the resonant

1



tunneling diode (RTD) [6] [7]. There is yet another category of devices which combine

these two tunneling mechanisms to produce a device having a very high peak-to-valley ra-

tio (PVR), which is an important characteristic for digital applications [8] [9]. Various de-

vice structures were suggested to utilize the quantum mechanical tunneling phenomenon.

In the following we will outline the main progress of these devices.

The first attempt to realize a tunneling device experimentally was made by L.

Esaki, wherein 1958 he reported the fabrication of the first tunnel diode [10]. Current in

Esaki diode is conducted via the interband or nonresonant tunneling mechanism using a

heavily doped p-n junction. Where in forward bias, carriers can flow between the two

regions through the potential barrier (depletion region) as long as:

1. the energy and momentum is conserved,

2. there is a window of energies on the opposite sides of the barrier that is overlapping,

3. there are filled states in the cathode region (the region that emit the carriers)

4. and empty states in the anode regions (the region that collect the carriers).

When the energy and momentum conservation break, the current starts to drop drastically;

therefore, a negative differential resistance in the interlayer I-V characteristics is seen in

this device. By increasing the bias, another component of current starts to dominate

which is the thermionic emission over the barrier. Several applications for this device

were proposed by Esaki such as pulse generators, limiter and switching applications.

Two different structures have been realized and reported in literature to utilize

quantum confinement in order to achieve resonant tunneling of carriers: the first is 3D-

3D resonant tunneling, and the second is 2D-2D resonant tunneling. The advances in

molecular beam epitaxy (MBE) made it possible to fabricate precisely controlled het-

erojunctions made of various compound semiconductors. The most studied case is the
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GaAs/AlGaAs heterojunctions, where we have a band-edge discontinuity essential for

carrier confinement. To implement carrier confinement, we should have a proper choice

of semiconductor materials with a band-edge discontinuity such that a well is introduced

in between two potential barriers. In the case of GaAs/AlGaAs system, the well is the

undoped GaAs layer which is sandwiched between two undoped AlGaAs layers. The

two electrodes are heavily doped 3D (bulk) GaAs which serve as the source and drain of

carriers. The resonant tunneling diode (RTD) implements 3D-3D carrier conduction via

the 2D bound states in the well, such that carriers in the source region (the 3D heavily-

doped GaAs) is conducted via the two dimensional electron gas (2DEG) bound states to

the drain region (which is another 3D heavily-doped GaAs). The carrier transport mech-

anism can be explained as follows. As carriers originate from the source region, it will

tunnel through to the drain region if its energy and momentum coincide with that of the

2DEG energy levels of the well, and the tunneling probability will be high. However,

if the energy and momentum do not coincide with the bound states of the well, then the

tunneling probability will be reduced drastically. Therefore, the I-V characteristics will

show a peak in the current at bias corresponding to the case when we have energy and

momentum conservation and an NDR feature can be seen in the characteristics [4].

Utilizing the MBE technique again, a modification to the previous RTD has been

reported by Eisenstein et. al. [11] where they construct a superlattice comprised of two

quantum wells regions, made of undoped GaAs, confined by two potential barriers of

undoped AlGaAs. The two 2DEG formed are separated by a potential barrier of un-

doped AlGaAs.The interacting 2DEG regions of the electrodes will have a bound states,

and whenever an alignment among these states occur (the energy levels of the two quan-

tum wells coincide), a high tunneling probability, and a peak current will pass through

the potential barriers, whereas, the tunneling probability decreases drastically otherwise.

Hence, NDR will be shown in the I-V characteristics. The current conduction in this
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structure occurs by passing the current between two 2DEG as opposed to the former

case when current conduction mechanism occurs between 3D-3D electrodes through the

2DEG bound states of the quantum well.

1.2 The Two-Dimentional Materials

The Two-Dimentional (2D) materials are a class of materials which have attracted

the attention of the solid-state physics community. Quantum carrier confinement in semi-

conductors can be done by several methods. Up until 2004, various methods such as

epitaxial growth, etching, sputtering, and precipitation chemistry were used for quantum

confinement of carriers [12]. In 2004, the Manchester group led by Geim and Novoselov

successfully isolated a monolayer of graphene using the scotch tape method and hence,

added a new aproach for carriers confinement [13]. After this novel work, there was

an explosion in the number of publications treating different aspects of the 2D materials

studies from basic physics, device mass production, to characterization and real-world

applications. 2D materials exhibit diverse electronic properties which range from insu-

lators such as hexagonal boron nitride (hBN), semiconductors such as transition metal

dichalcogenides (TMDs) (e.g. molybdenum disulfide (MoS2)), and semimetals such as

graphene. The 2D materials show many interesting properties compared to their bulk par-

ent materials such as novel electronic and optical properties due to carrier confinement

in the direction perpendicular to the 2D plane. The absence of dangling bonds makes it

easier to integrate 2D materials with other materials systems such as waveguides in pho-

tonic structures [14]. Due to the weak van der Waals force that bind different 2D material

layers together, it is possible to construct complex heterostructures without the need to

worry about lattice mismatch. Most 2D materials interact strongly with light even though

they are atomically thin, for instance, a monolayer of MoS2 absorbs about 10% of verti-

cally incident light at excitonic resonances, and 2D materials can cover a wide range of
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wavelengths due to their diverse electronic properties [15].

1.3 The Transition Metal Dichalcogenides

Even though Transition Metal Dichalcogenides (TMDs) have been studied for

decades, the recent advances in the nanoscale materials characterization and device fab-

rication have opened new horizon for the 2D TMDs in many areas.

Several methods are being used to grow 2D TMDs. High quality natural or syn-

thetic crystals can be used to produce thin flakes using mechanical exfoliation, and be-

cause of its simplicity which only requires a bulk crystal , a good adhesive tape and an

optical microscope, it is a very popular method for making device prototypes with good

quality, and this helps rapid expansion of research in this field. However, the lack of

scalability, and the relatively small area flakes, this method is of limited use for manufac-

turing. A scalable method to produce these 2D materials is MBE. Because TMDs do not

have dangling bonds TMDs can, in principle, be grown on other TMDs and passivated

surfaces without the need to satisfy lattice matching. Chemical vapor deposition (CVD)

is considered the most practical method to produce high-quality TMDs, which does not

require ultrahigh vacuum and can be integrated to the existing industrial methods easily;

thus; it is a cheap technique. Another technique is the metal-organic CVD (MOCVD)

which uses gas-phase precursors [16].

TMDs exhibit a variety of interesting electronic, optoelectronic, and spintronic

properties which can used for energy harvesting, flexible electronics, sensing, DNA se-

quencing, personalized medicine. Mechanical, chemical, and thermal applications which

will be the focus of research for many years. These properties can be tuned widely by

doping, strain, external field, and environmental effects, in part because of the atomic

thickness of these materials.
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The general chemical formula for TMDs is MX2, where M is a transition metal

(Mo, W, Re..), and X is a chalcogen, generally S, Se, or Te. A single sheet of TMD con-

sists of one plane of transition metal atoms sandwiched between two planes of chalcogen

atoms, forming a trilayer, with strong covalent bonds. Multiple trilayers are stacked and

held together by weak out-of-plane van der Waals interactions.

TMDs have a long interesting history, where in 1923, Linus Pauling determined

their structure for the first time, and by the late 1960s about 60 TMDs were known, at

least 40 of which were layered structures. The use of adhesive tape exfoliation technique

to produce ultrathin MoS2 flakes was reported in 1963 by Robert Frindt [14] [13].

The position of the conduction and valence band edges in most semiconducting

TMDs change with decreasing thickness, and in general, the indirect bandgap semicon-

ducting bulk materials turns into direct bandgap in monolayer material.

The digital logic applications require certain properties such as high carrier mo-

bility for fast operation, high on/off ratio for effective switching, high conductivity and

low off state current for low power consumption. Graphene attracted the attention of the

scientific community for decades for its excellent properties and can be used for radio

frequency transistor with cutoff frequency in the hundreds of gigahertz, but owing to its

semi metallic properties (the lack of band gap), it has motivated the researchers to look for

other 2D materials with a semiconducting property, TMDs have the advantage over the

graphene in terms of having extended bandgap tunability through composition, thickness,

and strain control. Although mobility is an important factor in device performance, based

on quantum transport, however, some performance improvement will result with decreas-

ing device length below 10 nm, where the device generally shows ballistic transport at

such lengths, which results in improved transistor operating frequencies [14].

TMDs can also be used for spintronics applications. Spintronics uses the spin

of the electron which is a quantum property. Spin transport is more robust against elec-
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trical fluctuations than charge transport and dissipates less energy. It exploits the spin

of the electron and manipulates its angular momentum. Semiconducting TMDs, unlike

graphene, show, in addition to its finite bandgap, a large spin-orbit splitting in the mono-

layer form, which is a fundamental characteristic for spintronics applications due to the

fact that the spin-orbit-coupling makes the spin degree of freedom respond relativistically

to the electric field in the environment, and results in spin splitting of electronic bands in

inversion-asymmetric systems. Therefore, TMDs exhibit very large spin orbit splitting,

which increases with the size of the bandgap to reach about 500 meV for the case of

monolayer WTe2 [17].

1.4 Applications of the Resonant Interlayer Tunneling Field Effect
Transistors

NDR, the S-shaped or the N-shaped in the I-V characteristic, is a key feature for

novel nanoelectronics circuits that utilize bistability and positive feedback such as mem-

ories, multi-valued logic, inductor-free compact oscillators, etc [18]. The use of NDR

devices like RTDs made possible achieving very high switching frequencies. However,

the carrier dwell time in the quantum confined wells which is in the picosecond range, and

other parasitic effects limit the switching frequencies compared to the 2D Resonant Inter-

layer Tunneling Field Effect Transistors (ITFET) devices which do not require conduction

through an isolated quantum wells, allowing for even higher oscillation frequencies [3].

The demand of the telecommunications market for the ultra-wide band (UWB)

frequencies urges the need to fabricate oscillators with the ability to keep up with the

ever-higher bandwidth [19]. One of the most celebrated uses of NDR devices is as an

active element in the high-frequency oscillator circuits. By connecting an external in-

ductor in series with the resonant tunneling device, employing the tank circuit composed

of the external inductor and the parasitic capacitor of the resonant tunneling device, and
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biasing the resonant tunneling device to operate in the NDR region, the circuit sustained a

stable sine-wave oscillation as reported in reference [20], and by varying the tank circuit

elements, we can manipulate the oscillation frequency. The operation mechanism of this

oscillator can be explained as follows: the LC resonator produces a damped oscillation,

the oscillation frequency will depend on the resonator element value, while the damping

is due to the dissipation associated with the parasitic resistance of the circuit, when the

resonant tunneling device biased in the NDR region, it will cancel out the effect of the

internal resistance, and therefore, sustain stable oscillation of the resonator. In another

study, a careful design of the RLC circuit and the use of the resonant tunneling device as

an active element have led to implement an oscillator working in the mid-gigahertz range.

The study also investigated the effect of changing the parameters of the resonant tunnel-

ing device on the oscillator frequency, when the tunnel barrier thickness is decreased, it

increases the tunneling current, which will increase the oscillation frequency. The ef-

fects of adjusting the doping level of the electrode material such as obtaining a perfect

band alignment, as well as achieving electrode zero-rotational alignment, all enhance the

oscillation frequency [21].

NDR devices can also be used to realize logic gates which will require fewer

devices per logic gate compared to conventional CMOS. This leads to less power con-

sumption and faster operating speed. Many proposals in literature have been reported

for using NDR-based logic gates. Kang et.al. [3] performed SPICE simulations for NDR

devices to implement various logic gates, while in reference [22] it used NDR devices to

experimentally realize logic gates. NDR devices can also be used as a memory element,

as reported in reference [23], which demonstrated an NDR-based SRAM.
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1.5 Dissertation Overview

Chapter one introduces the 2D materials and their heterostructures, with emphasis

on the resonant interlayer tunnel field-effect transistor device (RITFET).

Chapter two deals with the subject of exploitation the ambipolarity of the ReS2

material by using the electrostatic doping approach. Homojunction and heterojunction

p-n diodes made from these 2D transition metal dichalcogenides (TMD) are fabricated

and studied experimentally.

Chapter three introduces the RITFET device, which uses ReS2 as an electrode

material. In this chapter, a detailed explanation of the various aspects of device fabrica-

tion and characterization is presented, and a physical model is developed which accounts

for the observed NDR. A theoretical calculation for device and material energy bands

have shown the effects of rotational alignment on the performance of the device. And

finally, reconciliation between the experimental results presented in this chapter and its

corresponding found in literature, which gives proof for the origin of the observed NDR.

In chapter four, the effects of tunnel barrier thickness on the interlayer I-V charac-

teristics of the RITFET device are presented. While the rotational misalignment between

the two electrodes, shown in chapter three, is irrelevant in the case of ReS2-based RIT-

FET, however, in this chapter, a comparative study for the effects of rotational alignment

between the two electrodes of the RITFET is developed experimentally. finally, and by

using one of our RITFET devices, an NDR-based SRAM cell has been shown experimen-

tally as a proof-of-concept.

Chapter five concludes the dissertation and discusses the potentials for future

works.
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Chapter 2

Two Terminal Devices Based on 2D Materials

2.1 Introduction

The p-n junction is one of the earliest electronic devices ever made, and still con-

sidered an important and essential element in any electronic system. Various materials

can be used to build a p-n junction device, and 2D materials is one of them. 2D ma-

terials have many interesting properties, and since the first successful attemp to isolate

a monolayer-thick of graphene, the advance in 2D materials research has appreciably

matured. 2D materials can be isolated from the bulk layered materials, their atoms are ar-

ranged in layers which have a strong in-plane bonds (covalent), and weak interlayer bonds

(van der Waals), these layers can have one atomic plane like graphene and hBN, or mul-

tiple atomic plane like TMDs which have three atomic planes [24]. An important feature

2D materials can offer is the ability to tune their electronic properties (for example: band

gap and polarity) easily, unlike their 3D materials counterparts. Moreover, the dangling-

bonds-free surfaces of the 2D materials allows for engineering a near-perfect interfaces

between different 2D materials, which for many applications considered vital [25] [26]. It

is also possible to integrate these materials with other dimensional material systems like

3-D, 1-D, and 0-D materials to construct a mixed dimensional structures [27].

TMDs are one branch of the 2D materials, it offers a broad variety of materials

with diverse electronic properties ranging from insulating to metalic, including the semi-

conducting materials [28]. ReS2 is a member of the TMDs family, it is very stable in

This work has been presented as "Two Terminal Devices Based on Two-Dimensional Materials” 61st
Electronic Materials Conference, 2019, by Omar B. Mohammed, and Sanjay K. Banerjee.
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ambient conditions, and unlike most other TMDs, it has a direct band gap regardless of

its thickness which makes it appealing for optoelectronic applications [29] [30]. ReS2

is naturally an n-type material, and up until now, there are very few studies which have

aimed at changing its polarity [31] [32]. In this chapter we will study the characteristics

of this material and its behavior under different electrostatic conditions, and in this regard

we will use a locally-gated structure and utilize the superior interfacial characteristics

between different van der Waals materials to change the polarity of the ReS2.

Having had the ability to change the material polarity, we can move on to design

a p-n homojunction made from ReS2 material. In any dimensional system, the design

of the junction can take one of two structures: lateral or vertical junction structure [24].

In the next part of this chapter we will cover the fabrication, and the electrical charac-

terization of two different p-n junction structures: the lateral 2D homojunction device

made from ReS2 material, and the vertical 2D heterojunction device made from a stack of

WSe2/hBN/ReS2, where for both cases we used the top-down approach, that means we

exfoliate the 2D material from its bulk. The bottom-up approach, which is not covered

here, uses 2D material prepared from a CVD-grown technique for example, is another

interesting approach which could be of practical importance from the industrial point of

view since it provides scalability.

2.2 Global Back-Gated Devices

In this section we will describe the fabrication and the characterization of a single

gate field effect transistor (FET) device with a channel made from ReS2. The highly

doped Si substrate serves as a global back gate which can be used to tune the carrier

densities in the ReS2 channel material, the 300 nm thick SiO2 made by thermal oxidation

of the Si substrate, serves as a gate dielectric material, a few-layer thick of ReS2 was

transfered on top of the Si/SiO2 substrate by using the dry transfer technique, a window
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Figure 2.1: Temperature-dependent I-V characteristics of the global back-gated device.
(a) the output characteristics, where the Schottky barrier has more effect at lower temper-
ature, all curves have been done at substrate voltage VS = 60V. (b) the transfer charac-
teristics at Vd = 100mV, a VTH shift is noticed as temperature decreases as indicated in
the main text, from this curve we can determine the approximate Schottky barrier height,
which is ∼140meV. Apparently, there is no possibility for hole accumulation in this struc-
ture.
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was opened by e-beam lithography followed by Cr/Au metal deposition to make S/D

contacts to the ReS2. For all of the fabricated devices the channel length is in the range of

∼ 1-2 µm, and there is no capping layer to isolate the channel material from the ambient.

Figure 2.1(a) shows the temperature-dependent output characteristics of the ReS2

FET at a constant back gate voltage, in this figure we notice that the contacts show a near

ohmic behavior at room temperature, however, as temperature decreases, the characteris-

tics become nonlinear, indicating an increasing contact resistance which associated with

Schottky barrier. To further characterize the device behavior, we plotted the transfer char-

acteristics of the ReS2 FET device as a function of temperature shown in figure 2.1(b),

where we notice a positive shift in the threshold voltage (VTH) as temperature decreases,

presumably due to channel carrier concentration reduction, and widening of the energy

band gap. This is consistent with the contacts changing from ohmic to Schottky type as

temperature decreases; the layer characteristics results are in a good agreement with the

previous studies [33]. Furthermore, we have not noticed any degradation of the fabri-

cated devices after more than two years of monitoring, although there is no capping layer

to protect the device, which means ReS2 is a very stable material in ambient conditions.

To estimate the Schottky Barrier Height (SBH) from the temperature dependent

transfer characteristics, we can use the activation-energy method [6], where in this method

the electrically active area is not required. To derive the relations needed to extract the

SBH from the plot of figure 2.1(b) we assume the carrier transport mechanism through the

Cr/ReS2 interface follows a thermionic-emission-diffusion transport mechanism, where

the current-voltage relation is:

Jd = A∗∗T 2exp(
−qΦBn

KT
)[exp(

qVd
KT

) − 1] (2.1)

Next we multiply both sides by the electrically active area A, and take the natural loga-
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Figure 2.2: The activation energy method for Schottky barrier height estimation.

rithm for both sides:

log(
Id
T 2

) = log(A∗∗A) − q(ΦB − Vd)

KT
(2.2)

Take derivative with respect to 1/KT :

d

d( 1
KT

)
log(

Id
T 2

) ≈ −q(ΦB − Vd) (2.3)

For a Vd = 100 mV, VBG = 0 V the barrier height extracted to be ∼ 140 meV.

2.3 Local-Gated Devices

As we saw in the previous section, the use of SiO2 as a gate dielectric in the

global gate structure does not allow for hole accumulation, and as a result the polarity of
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the channel can not be reversed, this can be attributed to the properties of the SiO2/ReS2

interface as well as to the ReS2 material itself. As we mentioned previously, ReS2 is an

n−type material and this is presumably due to the sulfur vacancies in the material [34], in

addition, the trapped donors in the Si2/ReS2 interface [35] increase the N-doping in the

channed material even further, which make it extremely difficult to reverse the polarity

in such structures. Add to this the very high electric field needed to accumulate holes

which can lead to a catastrophic breakdown due to the high defect density inside the

SiO2, which is observed experimentally [6]. On the other hand, the hBN/ReS2 interface

has considerably lower such interface states [36], and this can be attributed to the lower

traps (like Na atoms in the insulator material), and O dangling bonds-free surfaces.

We prepared the device as follows: a metal pad was patterned on a Si/SiO2 sub-

strate, and by using the dry transfer technique, we transfered a stack of ReS2 on top of

hBN above the metal pads, and finished the device by opening a window using e-beam

lithography followed by palladium metal depositionto to make S/D contacts to the ReS2.

The use of a high work function metal is essential in this structure, since it improves

the hole injection efficiency. In literature, ionic liquid (IL) dielectric materials have been

used to make a FET device, which proved the ability to reverse material polarity and

achieve hole accumulation in ReS2 [32], but on the other hand, the IL FETs are not flex-

ible structure. Electrical characterization has been done to analyze the quality of the the

fabricated devices. Figure 2.3(a) shows the temperature-dependent output characteristics

at a constant back gate voltage, where we notice that the Schottky barrier in this structure

is similar to the global gate structure with respect to temperature dependency behavior,

but with a little lower SBH value (∼ 112 meV as it can be extracted from the temperature-

dependent transfer characteristics), which is expected since we are using a different metal

with a different work function. Figure 2.3(b) shows the temperature-dependent transfer

characteristics, which shows clearly the hole accumulation, and as in reference [32], the
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Figure 2.3: Temperature-dependent I-V characteristics of the local-gated device. (a) The
output characteristics, where the Schottky barrier has more effect at lower temperature,
all curves have done at substrate voltage VS = 6V. (b) The transfer characteristics at VD

= 100mV, we can determine the approximate SBH from this plot, which is ∼ 112 meV.
Hole accumulation in this structure is possible, and it occured here at VD ≈ −6V
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hole conductivity is less than that of electron, presumably due to the lower mobility of

holes in ReS2 (∼ 25 times lower). Nonetheless, the ambipolar characteristics of ReS2, in

addition to its direct band gap have potential applications in electronics and optoelectron-

ics.

2.4 Lateral Homojunction Device

The ability to accumulate electrons and holes in the ReS2 material by using the

electrostatic doping made possible to construct a lateral homojunction device. In litera-

ture, different approaches have been used to achieve this goal for example, the use of gold

nanoparticles to dope ReS2 material, the Au3+ cations will absorb electrons from ReS2

surface and reduced to Au nanoparticles on the material surface [31], with the proper de-

sign, a p-n junction can be made using this chemical doping technique. We prepared our

samples using the electrostatic doping structure described next. Two separate metal pads

were deposited on a Si/SiO2 substrate by using e-beam lithography followed by metal

deposition. One pad will be assigned to dope part of the ReS2 flake n-type, while the

other will be used to dope the other half p-type; the separation between the two pads is

∼ 0.5 µm. and by using the dry transfer method, we transfered a stack of ReS2 on top of

hBN above the metal pads, and finished the device by opening a window using e-beam

lithography followed by palladium metal deposition. Figure 2.4(a) shows an optical mi-

crograph of a completed device, a schematic of the device structure is shown in figure

2.4(b).

The I-V characteristics of the fabricated diode before heat treatment is shown in

figure 2.5(a) as a function of temperature. The cut-in voltage for the fabricated diode is

unusually high. Normally the upper limit of the cut-in voltage in a lateral homojunction

device is comparable to the material band gap. Therefore, the possible explanation is

that the high barrier associated with a Schottky barrier is playing a role here, where this
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Figure 2.4: (a) Optical micrograph of a completed p-n junction, two p-n junctions have
been made from a single flake to utilize the area. (b) schematic of the fabricated device
(not to scale).
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Figure 2.5: Temperature dependent I-V characteristics for (a) p-n junction before heat
treatment, the cut-in voltage is unusually high and ∼ −6 V, (b) p-n junction after anneal-
ing, where cut-in voltage is in the normal range (equal approximately the ReS2 band gap)
∼ −1.5 V. For both curves the reverse current is very low and in the range of tenth of
nano amps, while the gate leakage currents from both gates is very small and in the range
of tenth of pico apms.
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Schottky barrier is connected in series with the p-n junction, and we have to overcome this

barrier before a significant current can pass in the device. Therefore, the cut-in voltage is

high. In order to mitigate this problem we annealed the samples in ultra-high vacuum at

340 ◦C for 8 hours. It is believed that the heat treatment will help to degas the interfaces

from moisture and other processing-related contaminants which will decrease the barrier

between the metal and the ReS2 material, which in turn, improves the carrier injection

efficiency through the interface [6]. Figure 2.5(b) shows the I-V characteristics of the

same device after heat treatment, a well-behaved diode with a cut-in voltage ∼ 1.5V

(which is comparable to ReS2 band gap) at room temperature, and slightly increases as

temperature decreases, which is again consistent with the carrier density reduction and

energy band widening.

The gate bias modulate the carrier density in the corresponding area, as the gate

voltage increases, the cut-in voltage, which we use it here as an indicator of the gate

bias effect on the device, will increase also, presumably due to the increase in the built-

in potential of the p-n junction. This effect becomes less as temperature drops down.

This could be attributed to the increase of the SBH which dominates the built-in potential

effect. The main characteristic of any p-n junction is its ability to rectify electrical signals,

such that it allows current to flow in one direction (forward bias), and blocks it in the other

(reverse bias). The rectification ratio (RR) measures the capability of the fabricated diode

to rectify signals, which is defined as the ratio of the current in the forward bias to that of

the reverse bias, the devices in this work have RR in the range of 105 which is comparable

to that reported in literature for other TMDs [37]. The rectification ratio of the fabricated

devices is gate bias-dependent due to the dependency of the band alignment between the

two regions of the junction and the contact resistance on the gate bias.

During measurements, the p-type region was always connected to ground and the

bias was connected to the n-type side to avoid the high gate leakage current through the
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Figure 2.6: Band alignment of both sides of the p-n homojunction, (a) before applying
the forward bias, and (b) after applying the forward bias. We need to apply a higher gate
voltage to populate ReS2 with holes, since it is naturally an n-type material, which will
lead to high gate leakage current if we apply the bias to the p-type side of the homojunc-
tion.
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p-type side gate dielectric. Figure 2.6 shows a schematic of the band diagram before and

after applying bias. ReS2 is an n-type material, presumably due to the sulfur vacancies

in its structure, therefore, a higher gate voltage is needed to accumulate holes, now if we

apply the forward bias on the p-type side, this will add up to the existing high potential

drop across the gate dielectric of the p-type side due to the gate bias and will induce a

high leakage current. On the other hand, a small gate bias is needed to turn the channel

of the n-type side on, and therefore, unless a high forward bias is applied, we can safely

sweep the forward bias beyond the cut-in voltage without inducing a gate leakage current.

2.5 Vertical Heterojunction Device

Van der Waals layered materials offer a good collection of band alignments which

could be used to band engineer various heterostructures, this in turn, could be used to

investigate basic physics and to construct exotic devices [26]. In our search of making

a better performance diode, having a superior optoelectronic properties, we investigated

several combinations of 2D materials with various structures. WSe2 is a 2D TMD ma-

terial with a good ambipolar properties, in its monolayer it is a direct band material, if

combined with the ReS2 material, they form type II heterojunction such that WSe2 has

a lower electron affinity [38]. With the WSe2 is the p-type side, and ReS2 is the n-type

side, the induced p-n junction potential barrier combined with the hBN interlayer dielec-

tric, results in a very low reverse saturation current. When forward biased it will pass a

high current, and since the tunnel barrier is very thin the tunneling current, and hence, the

forward current is high.

The device was assembled by dry transfer method as follows: few layer WSe2

flake is transfered on top of few layer hBN flake both transfered on top of the ReS2

flake. The whole structure were transfered on a local bottom gate electrode and finished

by depositing a top gate electrode, figure 2.7(a) shows an image of a completed device.
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Figure 2.7: (a) Optical micrograph of a completed WSe2/hBN/ReS2 heterostructure,
the ReS2 flake is on the left of the device, while the WSe2 is on the righ. (b) The I-V
characteristics of the device, showing a very high rectification ratio of ∼ 106. The inset is
a magnified portion of the characteristics, showing that the reverse current is very small
compared to the forward current, and the cut-in voltage is abrupt in this device.
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The I-V characteristics of the two-terminal device at room temperature is shown in figure

2.7(b). The characteristics of the fabricated device show a well-behaved diode, with a

rectification ratio of up to 106. This heterostructure could be used for various electronic

and optoelectronic applications.
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Chapter 3

ReS2−Based Interlayer Tunnel Field Effect Transistor

3.1 Introduction

Resonant interlayer tunneling field effect transistors (ITFETs) represent a possi-

ble application of 2D material heterostructures, exploiting resonant tunneling between

semiconducting 2D materials electrodes through a 2D material tunnel barrier to achieve

negative differential resistance (NDR) in the current-voltage (I-V) characteristics. How-

ever, with the band edges of monolayer or Bernal bilayer graphene located at the K-points

of the Brillouin zone, realization of such resonant interlayer tunneling to date has required

precise control over the rotational alignment of the electrode crystals to allow for crystal

momentum (h̄k) conserving resonant tunneling [39] [40] [41].

The TMD ReS2, unlike mono and bilayer graphene and most TMDCs, has been

reported to have a direct band gap irrespective of its thickness, which has made it an

interesting material for optoelectronic applications [42] [43]. Of interest here, however,

a conduction band minimum located at the Brillouin zone center Γ-point regardless of

the flake thickness [29] [30] should allow momentum-conserving resonant tunneling of

electrons between the two flakes without precise control over the rotational alignment

between the crystal orientations of the two crystals [44] and, thus, make these devices

potentially easier to fabricate. In this chapter, we experimentally demonstrate NDR in

This work has been published as "ReS2−based interlayer tunnel field effect transistor” Journal of ap-
plied physics, 2017, 122, 245701 by Omar B. Mohammed, Hema C. P. Movva, Nitin Prasad, Amithraj Val-
saraj, Sangwoo Kang, Chris M. Corbet, Takashi Taniguchi, Kenji Watanabe, Leonard F. Register, Emanuel
Tutuc, and Sanjay K. Banerjee. The dissertator, Omar B. Mohammed, fabricated and characterized the
samples, and contributed to data analysis and writing the paper.

25



ReS2-hBN-ReS2 heterostructures with few-layer electrodes and tunnel barrier. This NDR

appears consistent with in-plane crystal momentum conserving tunneling, although con-

siderably broadened by scattering consistent with previously reported low mobility ReS2

flakes.

3.2 Device Fabrication

An ReS2-hBN-ReS2 ITFET was fabricated using few layer ReS2 and hBN flakes.

Individual ReS2 and hBN flakes were exfoliated onto SiO2/Si substrates from bulk crys-

tals, and their thicknesses were determined using a combination of optical contrast and

Raman spectroscopy [45] [46]. We used 3 to 5 monolayer thick ReS2 flakes and 6-9

monolayer thick hBN flakes. The flakes were picked up and layered to form ReS2-hBN-

ReS2 stacks on clean SiO2/Si substrates using a van der Waals layer transfer method [47].

The top and bottom ReS2 flakes were assembled without any intentional rotational align-

ment. The sample were then annealed at 340 ◦C for 8h in vacuum (10−7Torr) to remove

any hydrocarbon residues, followed by e-beam lithography and metal deposition to de-

fine 40 nm thick Au-on-5 nm thick Cr contacts on each ReS2 flake. the highly doped

Si substrate serves as a back gate, which can be used to tune the carrier densities in the

ReS2 flakes. Figure 3.1(a) shows the optical micrograph of the ReS2-hBN-ReS2 device

in a cross-shaped pattern. Note, however that the fourth (unlabeled) terminal did not

exhibit good contact, leaving us with only three functional contacts, two to the bottom

flake (Contacts B and B’ as labeled in) and one to the top flake (Contact T). Figure 3.1(b)

shows a schematic of the fabricated device.

3.3 Experimental Results

Figures 3.2(a)-3.2(d) show the inter-flake current (I) vs. voltage (V ) characteris-

tics at various substrate voltages VS measured at 77 K, 100 K, 150 K and 300 K, respec-
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Figure 3.1: (a) Optical micrograph of a completed ReS2-hBN-ReS2 device. Top and
bottom ReS2 flakes, the multilayer hBN tunnel barrier and Cr Contacts T, B, and B’ as
described in the text are labeled. (b) Schematic of the fabricated device (not to scale).
This figure has been adapted from [1].
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Figure 3.2: Inter-ReS2-flake current IB vs. voltage VB characteristics with VT grounded
as a function of substrate (back gate) voltage VS , showing clear negative differential re-
sistance characteristics, at (a) 77 K, (b) 100 K, (c) 150 K and (d) 300K. The shift in the
voltage of the current peak at 77 K as a function of substrate voltage appears to be associ-
ated with substantial series contact resistance at 77K, as illustrated by (e) the field effect
characteristics IB vs. VB−VB′ at 77K. At higher temperatures series resistance appears
negligible, consistent with the substantially VS and temperature independent position of
the current peak at higher temperatures. Note the near saturation of IB for VB less than
some interflake voltage VB,− and for VB greater than some substrate bias VS dependent
interflake voltage VB,+, as illustrated in (b) for VS = 60 V. This figure has been adapted
from [1]
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tively, with clear NDR characteristics in all cases. For all of these inter-flake current mea-

surements, the current is measured between Contacts B and T, with Contact T grounded

and Contact B’ floating, such that the interflake I-V characteristics reduce to the current

through Contact B, IB, vs. the voltage applied to contact B, VB. Figure 3.2(e) shows

the FET I-V characteristics between Contacts B and B’ vs. substrate voltage at 77 K.

Although the current path is different, the increase in the interflake voltage VB to achieve

the peak interflake current IB of ∼ 8 nA with decreasing back gate voltage seen in Figure

3.2(a) is qualitatively consistent with the FET I-V characteristics at 77 K. The superlinear

shape of the FET I-V characteristics suggests that this source of series resistance is asso-

ciated with a Schottky-like contact behavior. From temperature-dependent I-V measure-

ments, we estimate the Schottky barrier height to be ∼ 140 meV. The interflake current

flow measured at higher temperatures, however, appears strongly tunneling-limited, with

relatively small contact and/or channel series resistance, with the location of the interflake

current peak remaining nearly fixed at VB ≈ 250 mV, independent of the substrate bias

and temperature and, thus, Schottky barrier properties and channel carrier concentrations

and conductance.

In addition, the interflake current appears to become substantially independent of

the interflake voltage below a near-zero but slightly negative value of VB, labeled as VB

≈ VB,−, and above at a positive value of VB, VB ≈ VB,+, which increases with increas-

ing substrate bias magnitude. The fixed interflake currents below VB ≈ VB,− and above

VB ≈ VB,+ are consistent with fixed band alignments and fixed cathode electron con-

centrations resulting from electron depletion from the top and bottom flakes so that only

the interlayer voltage range VB,− < VB < VB,+ appears to provide information about

the mechanism of interflake current flow and, specifically, observed NDR. Figure 3.3

schematically illustrates this behavior. In this figure, the system has been simplified for

conceptual clarity, with the temperature taken as zero, each flake taken as intrinsic with
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a field-independent band structure and an infinite density of states above the conduction

band edge, and the dielectric constant taken as spatially uniform. With the fixed dielectric

constant, the electric field changes only due to charge. With no top gate and neglecting

multidimensional effect, the electric field above the top flake must vanish. With only

electron charge to consider, the slope change of the electrostatic potential energy across

either ReS2 flakes only can be zero under electron depletion or negative under electron

accumulation. Therefore, as shown in figure 3.2(a), at negative values of the bottom flake

voltage VB with respect to the grounded top flake, the bottom flake chemical potential,

µB=−VB/q, where q is the magnitude of electron charge, is pulled upward, along with

the bottom flake conduction band edge, which becomes pinned to µB given the assumed

high density of states above the conduction band edge. In the absence of the possibility

of a positive change in the electric dispalcement field across the top flake, the top flake

band edge must remain aligned with bottom flake band edge and, thus, rises above the

fixed chemical potential of the grounded top flake, µT=−VT /q, consistent with electron

depletion of the top flake. Meanwhile, neglecting the small relative changes in the lower-

flake-to-substrate voltage and associated electric displacement field within the thick oxide

for a fixed substrate voltage (an ∼ 1% or less effect with the considered VB), the charge

in the bottom flake is fixed as required to screen out the electric displacement between it

and the substrate charge layer. With the electron concentration in the bottom flake, which

is the cathode for negative VB, and the band alignment fixed, the interflake current also

is fixed, substantially consistent with the experimental result of figures 3.2(b) and figure

3.2(c) and even 3.2(a). Similarly, as shown in figure 3.3(c), as the bottom flake volt-

age VB is increased, a substrate-bias-dependent positive VB=VB,+ (negative µB=µB,+)

is reached at which the electron charge is depleted from the bottom flake. The electric

displacement field across the bottom flake becomes constant, the bottom conduction band

edge becomes fixed in energy in absolute terms and relative to the conduction band edge
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Figure 3.3: Idealized model of experimental system simplified for visual clarity. Positive
and negative curvature parabolas represent the ReS2 flake conduction and valence bands,
respectively, for the top and bottom flakes. The dotted lines are the chemical potentials µ
of the respective layers, and the solid line is the electrostatic potential energy referenced
to the conduction band edge. For visual clarity in this figure, the ReS2 flakes have been
taken as ideally two-dimensional, and the dielectric constant has been taken as constant
such that the electric field changes only due to charge. With no top gate and neglecting
multidimensional effects, the electric displacement field above the top flake must van-
ish. Only electron charge on the ReS2 flakes is considered in this figure, such that the
change in the electric field (the slope change of the electrostatic potential energy) across
either ReS2 flakes only can be zero under electron depletion or negative under electron
accumulation. The density of states with the energy bands has been taken as infinite such
that the Fermi level is pinned to the conduction band edge under electron accumulations.
In this figure as in the experiment, the top ReS2 flake is grounded, an interflake volt-
age VB = B/q is applied to the bottom flake, and a positive substrate voltage is applied
through a thick oxide below the bottom flake. The nearly constant interflake currents seen
experimentally below a negative interflake voltages, VB < VB,− ≈ 0 (µB > µB,− ≈ 0)
and above a large positive interflake voltage VB > VB,+ (µB < µB,+) are consistent
with fixed energy band alignments and fixed cathode (most negatively biased, electron-
injecting contact) flake electron concentrations resulting from electron depletion from (a)
the top flake and (c) the bottom flake, respectively. Only (b) with VB,− < VB < VB,+

(µB,− > µB > µB,+) is neither layer depleted and the interflake voltage VB controls
the relative band alignments between the two ReS2 flakes. This figure has been adapted
from [1]
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of the top flake, the bottom flake chemical potential µB falls into the bandgap of the bot-

tom flake and the charge now in the top flake is fixed as required to screen out the electric

displacement field between it and the substrate charge layer. with the electron concentra-

tion in the top flake, which becomes the cathode for positive VB, and the band alignment

fixed, the interflake current again is fixed, again substantially consistent with the experi-

mental result of figure 3.2(b) and 3.2(c) (and even 3.2(a), allowing for some voltage drop

across the contacts). An estimate of VB,+ to deplete the bottom flake, but allowing for

different dielectric constants, is obtained from VB,+(εIF/dIF ) ≈ −VS(εOX/dOX), where

dIF and εIF are the effective interflake separation and dielectric constant, respectively,

and dOX and εOX are the corresponding values for the SiO2 layer. The considered device

has ReS2 flakes consisting of 2-4 layers of ≈ 2/3 nm thickness each and 9-10 intervening

hBN layers of ≈ 1/3 nm thickness each, for a mid-ReS2-flake to mid-ReS2-flake sepa-

ration of roughly 5 nm. We also take the effective interflake hBN dielectric constant to

be approximately 6. dOX and εOX are 300 nm and 3.9, respectively. Therefore, as the

substrate bias VS varies from 40 V to 60 V, VB,+ would be expected to vary from ap-

proximately 0.43 V to 0.65 V, which is reasonably consistent with the experimental data.

In the remaining voltage range VB,− < VB < VB,+, as shown in figure 3.3(b), both the

top flake and bottom flake conduction bands contain electron, their condution band edges

Ec,B and Ec,T are pinned to their respective chemical potentials µB= −qVB and µT=0,

and the energy band alignment between the two flakes, Ec,B−Ec,T , follows the interflake

voltage, Ec,B−Ec,T=−µB=qVB. Moreover, the electron concentration in each flake fol-

lows the change in electric displacement field across the flake. In particular, the charge

in the now-cathode top flake is proportional to the interflake displacement field which, in

turn, is proportional to the interflake voltage VB.
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3.4 Relaxed Case

While the idealized conditions of figure 3.3 illustrate the essential physics, the

effect of relaxing these conditions must also be considered. Different dielectric constants

must be considered, as already allowed for in the estimate of VB,+. In addition, the ReS2

flakes are not instantly depleted as the chemical potential falls below the conduction band

edge, but instead the bands become accumulated and depleted on the scale of ±kBT ,

making the transitions about VB ≈ VB,− and VB ≈ VB,+ not entirely abrupt nor is the

conduction band entirely pinned to the band edge under strong electron accumulation, so

that most but not all the applied interflake voltage in the voltage range VB,− < VB <

VB,+ is translated to the interflake electrostatic potential energy difference. In a simple

parabolic approximation with an effective mass of 0.65 times the free electron mass me

[obtained from density functional theory (DFT) calculations for multilayer ReS2 to be

discussed subsequently] the density of states is ≈ 2.7 × 1011 states/meV/cm2, and the

effective density of states is ≈ 2.3× 1012 states/cm2, 3.5× 1012 states/cm2 and 7.0× 1012

states/cm2 at 100 K, 150 K and 300 K, respectively. Also, the combined charge density

in the top and bottom flakes varies from ≈ −2.9× 1012 q/cm2 to −4.3× 1012 q/cm2 for a

substrate bias varying from 40 to 60 V, almost all in the bottom flake at VB ≈ VB,− and

almost all in the top flake at a value VB ≈ VB,+. As a result, the Fermi level should reach

only a maximum of about 11 meV to 16 meV, respectively, in either flake at 0 K, and

somewhat less at higher temperatures. In previous work [48] on substrate-gated ReS2-

flake-based FETs on SiO2, a significantly positive substrate gate threshold voltage was

observed, also consistent with the results of Figure 3.3, which decreased with increasing

temperature. Such a positive threshold voltage suggests a negative effective charge on the

ReS2 not associated with conduction band electrons (whether actually within the ReS2

layer, on its surface, or position weighted within the SiO2). Such negative charge on

the bottom ReS2 flake here would decrease VB,+. In particular, an increase in effective
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surface charge on the bottom flake (now perhaps including position-weighted charge with

the hBN flake) with decreasing temperature as in reference [48] would be qualitatively

consistent with the reduction in VB,+ with decreasing temperature, as seen in figure 3.2(b)

and figure 3.2(c). Such negative effective charge on the bottom ReS2 flake, however,

would not affect the value of VB,− below which the top-flake is depleted of electrons

and the current is saturated. A comparable negative effective charge on the top flake

would lead to electron depletion of the top flake at a noticeably positive and temperature-

dependent value of VB,− rather than the idealized zero value of figure 3.3. However,

the top ReS2 flake exists in a different environment than the bottom ReS2 flake here

and the ReS2 flake of reference [48]. The top ReS2 flake is isolated from the SiO2 by

multiple layers of hBN as well as by the bottom ReS2 flake, and only charge within the

top ReS2 flake or its surface or, position weighted, within the hBN layer would shift

the value of VB,−. Thus, a different effective charge, if any, in magnitude and sign and

perhaps origin on the top ReS2 flake would not be unexpected, and the value of VB,−

actually seems, if anything, slightly negative and not obviously temperature dependent.

Finally, the electronic states of the ∼2 nm thick ReS2 flakes are not ideal two-dimensional

systems, and their energy-space and real-space distribution may change under sufficient

normal (and self-consistent) electric fields, an issue we will return to subsequently.

3.5 Theoretical Results and Discussion

Toward considering the interflake tunneling mechanism, we first look more care-

fully at monolayer and few-layer ReS2 band structures, as shown in figure 3.4. These

band structures and accompanying densities of states were calculated with Density Func-

tional Theory (DFT) using the projector-augmented wave method with a plane-wave basis

set as implemented in the Vienna ab initio simulation package (VASP) [49] [50] by my

colleague, Amithraj Valsaraj (Prof. Register group). We used the in-plane lattice vec-
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Figure 3.4: Band structure of (a) single layer ReS2, (b) 3-layer ReS2, and (c) 5-layers
ReS2 obtained using DFT calculations. Dashed lines (red online) indicate the near-Γ-
point conduction band edge after a 30◦ rotation about theΓ-point and illustrates the rela-
tive insensitivity of the near-Γ-point band structure to rotational misalignment provided
by ReS2. The inset in (a) shows the band structure including the valence band for refer-
ence. This figure has been adapted from [1]
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tors for ReS2 reported in reference [51] for the distorted-1T (1Td) phases of ReS2 (with

a slightly non-regular hexagon unit cell). A κ-mesh grid of 7×7×1 for the sampling of

the first Brillouin zone of the supercell was selected according to Monkhorst-Pack type

meshes with the origin at the Γ-point for relaxing the atomic positions, while a fine grid

of κ-points along the major axes was used for band structure calculations. The local den-

sity approximation (LDA) was used for the exchange-correlation functional [52]. This

LDA method can model materials well with the same orbital character at conduction and

valence band edges [53] and in previous work on TMD materials on high-κ dielectrics,

we had compared LDA, generalized gradient approximation (GGA), and hybrid (HSE06)

methods and found no qualitative or substantial quantitative differences [54] [55] Van

der Waals forces also were simulated due to the absence of covalent bonding among the

TMD layers. The DFT-D2 scheme was adopted to model the non-local dispersive forces

wherein a semi-empirical correction is added to the conventional Kohn-Sham DFT the-

ory [56]. Figure 3.4(a)-figure 3.4(c) show, specifically, the thus-calculated conduction

band structures and densities of states of 1, 3, and 5 layer ReS2 flakes, respectively, under

flat-band conditions. In all cases, the zero energy reference is the top of the valence band.

With increasing layer number, each single-layer conduction band [figure 3.4(a)] is split

into an equivalent number of−for the lack of better terminology− sub bands with de-

creasing energy separation [figure 3.4(b) and figure 3.4(c)]. Note the limited orientation

dependence of the near-band-edge band structure that motivates this work on ReS2-based

inter-flake tunneling. Within the range VB,− < VB < VB,+, the current flow appears

consistent with the desired in-plane momentum, conserving resonant tunneling between

ReS2 flakes, although strongly collision-broadened. As previously discussed, the IB vs.

VB data in figure 3.2 in the voltage range VB,− < VB < VB,+ weights the average tunnel-

ing probability between flakes by the electron concentrations. To approximately isolate

an average net tunneling strength from any initial state in the top flake/cathode to all
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Figure 3.5: Interflake conductance IB/VB vs. interflake voltage VB between the cur-
rent saturation limits with a 60 V substrate voltage. This conductance is approximately
proportional to the average tunneling probability for electrons between the layers. This
figure has been adapted from [1]
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states in the bottom flake/anode within a reasonable approximation, we divided out the

voltage from the data of figure 3.2(b)-figure 3.2(d) over the voltage range VB,− < VB

< VB,+ at a substrate bias VS of 60 V (which has the largest voltage range 0 < VB <

VB,+ and best shows the current minimum at 300 K) to obtain the (absolute, not differ-

ential) conductance data of figure 3.5. This simple approximation may be responsible for

the small peaks seen at negative VB at 100 K and 150 K. The selectivity for tunneling

at values of VB near the conductance peak is more apparent here than in the raw IB vs.

VB data. The VB range of 150 mV to 200 mV for the conductance also lies within the

upper range of the DFT-calculated sub-band Γ-point energies of figure 3.4(b) and figure

3.4(c) resulting from splitting of the lowest conduction band of the individual ReS2 layers

within the multi-layer ReS2 flakes under flat-band conditions. However, there should be

approximately 90 to 130 mV potential drops across a 2 nm (3 layer) bottom/anode ReS2

flake for 40 to 60 V substrate biases VS , respectively, at VB ≈ 0 where the field is largely

terminated in the flake itself (taking the average electric field within the bottom flake to be

one-half the substrate electric displacement field) and about twice these potential drops

at VB ≈ VB,+. As a result, some spatial localization of the sub-bands of the bottom flake

among its individual ReS2 layers is to be expected at the conductance peak, with the mean

position of the lower energy sub-bands closer to the substrate and that of the higher energy

sub-bands closer to the upper/cathode flake, making the highest energy sub-band most

available to tunneling. Such spacial localization of the sub-bands may be the reason that

only one NDR peak is observed in the experimental data. Lorentzian collision broadening

of the initial and final states would be consistent with the reduction of the peak conduc-

tance (by about 40%) with the proportional increase of the full width at half maximum

(FWHM) of the conductance peak as the temperature is increased from 150 K to 300 K,

presumably due to increased phonon scattering. The corresponding average scattering

rate R considering Lorentzian broadening of both the initial and final states would be R

38



= (FWHM)/(2h̄) ≈ (250 meV)/(2h̄) ≈ 1.9×1014/sec at 100 K and 150 K, which would

correspond to an electron mobility of µe ≈ q/(Rm∗) ≈ 14 cm2/V.sec, with the effective

mass of ∼ 0.65 me taken from the DFT calculation. with FWHM increasing to about

420 meV at 300 K, the estimated R increases to about 3.2×1014/sec and the estimated µe

decreases to ∼ 8.5 cm2/V. sec. This analysis assumes the broadening of the conductance

peak is primarily associated with tunneling to a single anode sub-band. Comparable tun-

neling to more than one anode sub-band would necessitate collision broadening of each

sub-band, but the broadening would have to remain sufficient to obscure the energy sep-

aration between the sub-bands in our experimental results. We have no direct measure

of the ReS2 mobility in this work. That the current in this work is limited primarily by

interflake tunneling even at the interflake current peak only leads to a requirement that the

electron mobility µe roughly satisfies µe � 0.3 cm2/V. sec at 100 K and 150 K, and µe �

0.2 cm2/V. sec at 300 K (assuming a generous channel length-to-width ratio of 4 and the

electron density of 2.9×1012/cm2 associated with the smallest substrate bias considered,

VS = 40 V), both of which are easily satisfied by the collision-broadening-based esti-

mates of mobility. However, these collision-broadening-based estimates of mobility are

reasonably consistent with measured 6.7 cm2/V. sec room temperature field effect mo-

bilities of FETs also based on substrate-gated and unencapsulated few-layer ReS2 flake

from reference [33]. Finally, we note that even if the conductance peak is associated with

resonant tunneling, the increase seen in current just prior to VB=VB,+ at high VS at 300K

may still be associated with a temperature-dependent background of scattering-assisted

tunneling, as seen in other 2D-to-2D resonant tunneling systems [40].
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Chapter 4

Tunnel Barrier Thickness, Interlayer Rotational
Alignment, and Top Gating Effects on ReS2/hBN/ReS2

Resonant Interlayer Tunnel Field Effect Transistors

4.1 Introduction

Heterostructures made of 2D materials are the focus of many studies, owing to

reduced carrier dimensionality combined with near-perfect interfaces. Of interest here is

the exploitation of negative differential resistance (NDR) in tunnel devices heterostruc-

tures. In a prior study [1], we demonstrated NDR both at low and room temperature with

a peak-to-valley ratio (PVR) ≤ 2 in a ReS2/hBN/ReS2 Resonant Interlayer tunnel field

effect transistor (RITFET) heterostructure. With two new devices, we show, respectively,

the effects of changing the tunnel barrier thickness, and of ReS2 interlayer rotational

alignment and added top gating, which provides additional insight in the origin of the

observed NDR.

4.2 Tunnel Barrier Thickness Effects

The basic bottom-gated device structure of the first device is much the same as that

in our previous study [1]. However, the interlayer hBN tunnel barrier is now 6 monolayers

thick versus 8 previously. Figure 4.1 shows the completed device and a cross sectional

This work has been published as "Tunnel Barrier Thickness, Interlayer Rotational Alignment, and
Top Gating Effects on ReS2/hBN/ReS2 Resonant Interlayer Tunnel Field Effect Transistors” 2019 77th
Annual Device Research Conference (DRC), 2019 by Omar B. Mohammed, Leonard F. Register, and Sanjay
K. Banerjee. The dissertator, Omar B. Mohammed, fabricated and characterized the the samples, and
contributed to data analysis and writing the paper.
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Figure 4.1: (a) Micrograph image of a completed device, contacts to the left corresponds
to the top electrode while the ones to the right corresponds to the bottom. (b) Cross-
sectional diagram. The highly-doped Si serves as the bottom gate electrode, and the SiO2

layer as the back gate dielectric. This figure has been adapted from [2]
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diagram. Figure 4.2(a) shows the interlayer IV characteristics at 77 K at different gate

voltages. A clear NDR can be seen with a PVR ≈ 2, with an NDR peak that shifts to

lower interlayer voltages as the gate voltage increases. A slight reduction in the NDR

peak and increasing current beyond resonance with increasing temperature can be seen

in figure 4.2(b), which rules out phonon-assisted tunneling as a contributor to the NDR,

while also suggesting it as a likely candidate for the beyond resonant contribution. The

temperature dependence the NDR peak location seen in figure 4.2(b) is consistent with

more Schottky-like contacts at low temperature, as seen for current flow between separate

contacts to the top layer in figure 4.3(a). In addition, there is negligible hysteresis in these

measurements as well as current transfer measurements in figure 4.3(b), arguing against

a significant trap-assisted contribution to tunneling [57]. In combination, results point

to the origin of the observed NDR as resonant tunneling. There is also an increase of

about two orders of magnitude in the peak current associated with the use of the two

monolayer thinner hBN tunnel barrier this study, i.e., about one order of magnitude per

hBN monolayer, consistent with a Graphene/hBN/Graphene system [53].

4.3 ReS2 Interlayer Rotational Alignment and Top Gating

Because ReS2 has a conduction band minimum located at the Brillouin zone cen-

ter (Γ-point) regardless of its thickness, as illustrated by DFT calculations in our previous

study, it is expected that rotational alignment between the two ReS2 electrodes is largely

irrelevant to achieving NDR in a ReS2/hBN/ReS2 RITFET [1]. However, unlike our prior

work, we achieved a 0◦ interlayer rotation during fabrication of the 2nd device of this

work to allow experimental comparison. Figure 4.4 shows the processing steps, com-

pleted device, and a cross-sectional diagram. A single exfoliated 3-monolayer flake of

ReS2 was patterned and etched to form two equal parts, and the dry transfer technique

was used to form a bulk-hBN/ReS2/9-monolayer-hBN/ReS2 stack, with the two ReS2

42



Figure 4.2: Interlayer IV characteristics, (a) at different back gate voltages, and (b) at
different temperatures. Gate voltage and temperature dependencies are evident. This
figure has been adapted from [2]
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Figure 4.3: (a) Output characteristics of the top ReS2 electrode. The contacts become
more Schottky-like as temperature decreases. (b) Transfer characteristics where there is
negligible hysteresis in these measurements, arguing against a significant trap-assisted
contribution to tunneling. This figure has been adapted from [2]
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electrode layers rotationally aligned, on top of a prepatterned gold contact on a Si/SiO2

substrate. The highly-doped Si serves as the bottom gate electrode, and the SiO2 layer

as the back gate dielectric. The device is finished with a deposited gold top gate, which

allows us to probe further into the ReS2 band structure. During measurements, the in-

terlayer bias is applied to the bottom ReS2 electrode, while the top ReS2 electrode is

grounded, and the top gate voltage is varied while the bottom gate is grounded.

Figures 4.5(a) and 4.5(b) show the interlayer IV characteristics at different top

gate voltages and temperatures, respectively. NDR can be seen at low temperatures at

an interlayer voltage of ≈ - 1.5 V, along with two additional kinks at ≈ - 0.8 V and ≈

- 0.4 V. These three total kinks are consistent with injection of electrons from the bot-

tom of the conduction band of the bottom ReS2 electrode to three expected conduction

band energy subbands, respectively, of the top 3-monolayer ReS2 electrode. However,

the peak-to-valley ratio is limited in this latter device, likely due to increased scattering

and associated momentum relaxation resulting from surface degradation by the reactive

ion etching (RIE) plasma step and the addition of the top dielectric and gate. The cur-

rent saturation under positive interlayer voltage appears consistent with depletion of the

bottom ReS2 electrode, as schematically illustrated in figure 4.6 and consistent with the

discussion in our prior work [1], and is largely independent of the top gate voltage which

is screened from the bottom ReS2 electrode by the occupied top one. Similarly, but with-

out the screening of the top gate, the top ReS2 electrode at the smallest magnitude top

gate voltage only, also appears to become depleted just prior to where the third kink in

the interlayer current voltage current otherwise would be expected.

4.4 SRAM Application

SRAM is one of two major types of the randon access memories which is a volatile

memory. As a potential application of this NDR characteristic of the ITFET, we use it
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Figure 4.4: Processing steps used to make the heterostructure (a), (b) before and after
etching, respectively. (c) and (d) intermediate layer transfer, (e) pre-patterned gold con-
tact, and (f) last transfer step. (g) Cross-sectional diagram of the completed device. This
figure has been adapted from [2]
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Figure 4.5: Interlayer IV characteristics at (a) different back gate voltages and at (b)
different temperatures. Weak NDR is evident at low temperatures, at VIL ≈ - 1.5 V with
two additional kinks at ≈ - 0.8 V and ≈ - 0.4 V. This figure has been adapted from [2]
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Figure 4.6: Energy band alignments at different interlayer biases. For illustration only, an
infinite density of states is assumed in the energy bands. The top flake is grounded, while
bias is applied to the bottom flake. (a) At equilibrium, both electrodes are populated with
electrons. (b) Interlayer bias is negative prior to saturation, and (c) interlayer positive bias
after saturation. This figure has been adapted from [2]
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in a one-device latch or static random access memory (SRAM). A load line from a 100

MΩ load resistor connected in series with our NDR device, intersects the NDR device

characteristic curve at two stable points (left and right) (figure 4.7(b)). The resulting

SRAM cell operation can be described as the following: while VD increases from low to

high, Vout will be settled to a point where the load line and characteristic curve make an

intersection at the low voltage region (left stable point). By increasing VD more, the load

line moves up along the characteristic curve until it reaches the peak voltage (VP ) and

then Vout will suddenly jump to the high voltage region where the load line intersect with

the right point of the characteristic curve. When VD decreases from high to low, Vout will,

again be determined by the intersection point between the load line and the characteristic

curve, remain high until the load line reaches a point where the right stable point forms

at the valley of the device characteristic curve, at which point the intersection point will

jump from right to left and Vout will fall from high to low. We can control the operating

window of the SRAM by simply changing the gate voltage of the NDR device, where

this will change the peak-to-valley ratio and therefore, will change the position of the

intersection points. The replacement of the load resistor with a conventional MOSFET

allows it to function as an access transistor. Compared to a conventional MOSFET-based

SRAM which needs six MOSFETs (four transistor for storage, and two for access), the

NDR-based SRAM will needs only one MOSFET and one NDR device which, if the

NDR device technology matured, will reduce the power consumption greatly and reduces

the area needed and hence increases the packing density [7].
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Figure 4.7: (a) Output characteristics of the SRAM circuit. The operation window is 1.2
V. The inset of (a) is the configuration used to implement the SRAM circuit. (b) IIL as
a function of VIL at VBG = 60 V at 300K. The load line crosses the I-V characteristics
at two stable points, which gives rise to a latch operation. This figure has been adapted
from [2]
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Chapter 5

Conclusion

5.1 Summary of the dissertation

We made FET devices, which have the channel material made of ReS2. Utilizing

the electrostatic doping by virtue of local gates, and the hBN material as a gate dielectric

which makes an interface layer with ReS2 free of n-doping traps (unlike the case of SiO2/

ReS2 interface), the fabricated FETs showed ambipolar behavior. We made two separate

metal pads as gate electrodes, we were able to construct a lateral homojunction device,

which shows a good rectification ratio of up to 105. We made a vertical heterostructure of

WSe2/hBN/ReS2 which shows a high rectification ratio of 106. Both p-n junctions have

potential applications in electronics and optoelectronics.

We reported the fabrication and characterization of a vertical resonant interlayer

tunneling field effect transistor (ITFET) created using exfoliated, few-layer ReS2 flakes

as the electrodes, and hexagonal boron nitride (hBN) as the tunnel barrier. Due to the

Γ-point conduction band minimum, ReS2-based system offers the possibility of resonant

interlayer tunneling and associated low-voltage NDR without rotational alignment of the

electrode crystal orientations. Substantial NDR was observed, which appears consistent

with in-plane crystal momentum conserving tunneling, although considerably collision

broadened, consistent with strong scattering in low mobility ReS2 flakes.

In chapter four we presented an experimental comparison between two devices;

the first is an ITFET with its two ReS2 electrodes are misaligned, while the other has

its two electrodes having a 0◦ rotational alignment. In both cases we have been able
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to achieve an NDR although, in the second device the NDR peak-to-valley ratio is lower

due to the added top gate, and the less-perfect interfaces due to the potential contaminants

associated with the etching steps during fabrication, both the top gate and the interface

states increase scattering and hence, reduce the resonant tunneling component of inter-

layer current. We also, investigated the effect of changing tunnel barrier thickness on the

peak current, where an increase of about two orders of magnitude in the peak current as-

sociated with the decrease of two monolayers of hBN tunnel barrier, i.e., about one order

of magnitude per hBN monolayer, consistent with a Graphene/hBN/Graphene system.

5.2 Future work

Light emitting diode (LED)

is an essential part of everyday life today, it finds applications in many areas such

as optical communication, house appliances, entertainment and agriculture. The p-n junc-

tion is the building block of any LED device, therefore, the first step in designing an LED

is to pick the appropriate p-n junction. The key element in choosing the appropriate ma-

terial for building a p-n junction is to have a direct band gap, and here where ReS2 comes

as a good candidate. Several characteristics qualify ReS2 to be the material of choice for

LED applications: it has a direct bandgap, it has a layered structure which makes it pos-

sible to isolate down to monolayer, and it is ambipolar. Up until now, there are very few

studies aimed at exploiting the electroluminescence effect in ReS2 material. Here we pro-

pose the use of a homojunction p-n diode mentioned in chapter two of this dissertation,

and the motivations for this work are:

1. the observation of hole accumulation in the transfer characteristics of ReS2-based

FET devices by using electrostatic doping approach.

2. the construction of a well-behaved diode as the one discussed in chapter two
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3. and the lack of a detailed study of such a device for LEDs.

It is expected for this homojunction diode to emit light in the near IR range upon forward

biasing.

WSe2/hBN/ReS2 heterostructure for electronic and optoelectronic ap-
plications

the proposed structure is the same as the one mentioned in chapter two of this

dissertation, which is a novel structure and it has improved electronic and optoelectronic

characteristics over those in references [38], and [58]. Various potential applications are

expected for this structure such as a rectifying diode, a photodetector, and a solar cell.

Logic gates based on ITFET device

the main difference between the conventional MOSFET and the tunnel devices is

the possibility of breaking the inherent 60 mV/dec barrier of subthreshold swing of the

conventional MOSFET in the tunnel devices, since it utilize carrier tunneling through-the-

barrier and not over-the-barrier as in thermionic emission in MOSFET. ITFET devices

could provide a solution to several problems in today’s technology, due greatly to its

ultra-low power consumptions it can be used instead of today’s MOSFET technology

especially in ultra-high-speed devices. One potential application is the use of this device

as a logic gates, figure 5.1 shows a schematic of the proposed structure. We are aiming at

using our ITFET devices to experimentally realize such logic gates. The ultra-low power

consumption of the ITFET devices, and the reduced number of components needed per

each logic gate, which further reduces power consumption, will make this device of great

importance.
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Figure 5.1: Schematic of the logic gates, (a) inverter, (b) buffer, (c) NAND and (e) NOR
gates implemented with IFETs [3].

ITFET as an Oscillator

It is possible to connect a simple tank (LC) circuit to our NDR devices to sustain

a stable sine-wave oscillation, as discussed in chapter one.
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