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Abstract

The extraordinary intrinsic properties of low dimensional materials depend highly on the envi-
ronment they are subjected to. Hence they need to be prepared, processed and characterized
without defects. In this thesis, I discuss about how to control the environment of low dimensional
nanomaterials such as graphene, MoSs and carbon nanotubes to preserve their intrinsic physical
properties. Novel solutions for property enhancements are discussed in depth. In the first part,
we fabricate state-of-the-art, edge-contacted, graphene Van der Waals(VAW) heterostructure
devices encapsulated in hexagonal-boron nitride(hBN), to obtain ballistic transport. We use a
technique based on 1/f-noise measurements to probe bulk and edge transport during integer
and fractional Quantum Hall regimes. In the second part, the same fabrication concept of VAW
heterostructures has been extended to encapsulate monolayer MoS, in hBN to improve optical
properties. In this regard we present an extensive study about the origin and characterization
of intrinsic and extrinsic defects and their affect on optical properties. Further, we describe
a technique to probe the interlayer coupling along with the generation of light with spatial
resolution below the diffraction limit of light. Finally, we discuss a natural systemic process
to enhance the mechanical properties of natural polymer silk using HipCO-made single walled
carbon nanotubes as a food for silkworm.



Résumé

Les propriétés intrinseques extraordinaires de ces matériaux de faible dimension dépendent
fortement de I’environnement auquel ils sont soumis. Par conséquent, ils doivent étre préparés,
traités et caractérisés sans défauts. Dans cette these, je discute de la maniere de controler
I’environnement des nanomatériaux de faible dimension tels que le graphene, le MoSs et les
nanotubes de carbone afin de préserver leurs propriétés physiques intrinseques. De nouvelles
solutions pour ’amélioration des propriétés sont discutées en profondeur. Dans la premiere
partie, nous fabriquons des dispositifs d’hétérostructure a base de graphene de Van der Waals
(VAW) de derniére génération, en contact avec les bords, encapsulés dans du nitrure de bore
hexagonal (hBN), afin d’obtenir un transport balistique. Nous utilisons une technique basée sur
des mesures de bruit 1 / f pour sonder le transport de masse et de bord lors de régimes Quantum
Hall entiers et fractionnaires. Dans la deuxieme partie, le méme concept de fabrication des
hétérostructures VAW a été étendu pour encapsuler la couche monocouche MoS 9 dans le hBN
afin d’en modifier les propriétés optiques. A cet égard, nous présentons une étude approfondie
sur origine et la caractérisation des défauts intrinseques et extrinseques et leur incidence sur
les propriétés optiques. En outre, nous décrivons une technique pour sonder le couplage entre
couches ainsi que la génération de lumiere avec une résolution spatiale inférieure a la limite
de diffraction de la lumiére. Enfin, nous discutons d’un processus systémique naturel visant a
améliorer les propriétés mécaniques de la soie polymérique naturelle a I’aide d’une nanotube de
carbone & paroi unique fabriqués par HipCO comme aliment pour le ver a soie.
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Preface

This thesis work addresses multitude of topics, that covers electronic, optical and mechanical
properties of low dimensional materials accomplished under the protégé of Dr.Vincent Bouchiat.
Such a broad range of activities were possible as a result of efficient team-work from Hybride
group, Institut NEEL (Vincent Bouchiat, Nedjma Bendiab, Johann Coraux, Laetitia Marty and
Julien Renard) specialized in different nanotechnological domains. This thesis was a result of
collaborations, not only with the other members of the group but also with international entities.

The work based on graphene is collaboration between principal investigators Dr.Vincent
Bouchiat (Institute NEEL, CNRS, Grenoble) and Dr.Aveek Bid (Indian Institute of Science,
Bangalore) under the framework of CEFIPRA (Indo-french organization for science). All the
sample fabrication were accomplished by me at Institut NEEL, Grenoble under supervison of
Dr.Vincent Bouchiat and Dr.Julien Renard. The low temperature-high magnetic field quan-
tum transport measurements were carried out in Indian Institute of Science (IISc), Bangalore
under the supervision of Dr.Aveek Bid. In this regard, Dr.Kazi Rafsanjani Amin and Ramya
Bhaskaran have supported me during the dilution fridge measurements who were PhD students
in Dr.Aveeks’s lab at that time. Weilai, a chinese visiting PhD student also supported me for
preparing heterostructures at the end of my PhD.

The work based on monolayer MoSs is a result of collaboration between different team
members of Hybride. In this work, all the synthesis and sample fabrications and optical char-
acterization were carried out by me. Data analysis and figures were supported by Dr.Simone
Lisi who was post-doc in the team. DFT simulations were supported by Van-Dung Nguyen
and Laurence Magaud of our team. STM measurements were done in collaboration with Pierre
Mallet and Jean-Yves Veuillen of QNES team in Institute NEEL and STM simulations by
Yannick J. Dappe of CEA, Saclay. The FWM measurements and analysis were carried out by
Tomasz Jakubczyk and Jacek Kasprzak of Institut NEEL. The low-temperature photolumines-
cence measurements were performed in collaboration with Maxime Richard, Petr Stepanov and
low-temperature cathodoluminescence measurements were executed in collaboration Fabrice
Donatini. hBN and MoSs synthetic crystals for the experiments were provided by K.Watanabe
and T. Taniguchi of NIMS, Tsukuba, Japan.

Finally the work based on carbon nanotubes and silk were performed in collaboration with
Mr.Gadhadar, CEO of Nopo Nanotechnologies, Bangalore under the guidance of Dr.Vincent
Bouchiat. The growth and production of carbon nanotube silk were carried out by Nopo team.
All the characterization techniques,mechanical measurements were performed by me at Insti-
tut NEEL except TEM data supported by Dipankar Kalita,Hanako Okuno of CEA /INAC and
XRD-synchrotron measurements by Christian Riekel of ESRF,Grenoble and Manfred Burgham-
mer (ESRF, ID13 beamline responsible).
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Outline of the thesis

Nanomaterials in particular one dimensional nanotubes and two-dimensional layered materials
discovered with extraordinary properties have been touted as the components for next gen-
eration technologies. The discovery of Graphene has led to the innovation of a flurry of two
dimensional materials. These include semimetals like graphene, insulators such as hexagonal
boron nitride(hBN), and transition metal dichalcogenides(TMDC) semiconductors. Over the
years graphene has bagged plenty of interest owing to its unique electronic properties especially
its high mobility whereas most of the TMDCs attracted the researchers due to their direct
bandgap at the monolayer limit that make them optically active. On the other hand carbon
nanotubes discovered long before the 2D materials have been found to have excellent mechanical
and electronic properties that could result in different kind of applications.

To obtain the potential outstanding property of the nano-material, it needs to be produced
in the purest form and also processed and maintained in the same form even when used in
different applications. This is a very challenging task where degradation could lead to catas-
trophic failures. Hence each of the steps such as the nanomaterial production, processing and
behaviour in the environment needs to be studied in depth. This needs several characterization
techniques to quantify the quality of the nanomaterial. Based on these studies, protection and
enhancement solutions could be envisioned.

This thesis work is divided into five chapters starting from the introduction explaining the
general concepts, motivation and questions that are being addressed in the thesis. The re-
maining four chapters are based on different physical properties of nanomaterials being probed.
(electronic or optoelectronic or mechanical) In second, third and fourth chapter, a 2D material
is interfaced with another 2D material in a layered fashion to form a stack kind of structure
called Van der Waals heterostructure which basically enhances the electronic and optoelectronic
properties of the 2D material. In the fifth chapter, 1D single walled carbon nanotubes are in-
tegrated with natural polymer fiber (Bombyx Mori silk) to enhance the mechanical property of
the initial material.

In the second chapter, few layer of hexagonal boron nitride (hBN) is used with graphene
to significantly boost its mobility and thus the quantum electronic properties. In this case the
graphene is encapsulated between two few layered hBN flakes which acts as an ideal substrate
and gate dielectric to improve its electronic properties. It was found out that the extraordi-
nary intrinsic properties of 2D materials depends highly on the substrate upon which they are
resting. The Si/SiO2 substrates while convenient were later found not to be ideal ones due to
roughness and charged impurity effects.

The quest to find an ideal substrate resulted in forming Van-der-Waals heterostructures
with atomically flat and inert 2D hBN. A state-of-the-art method was introduced by Cory
Dean group[l] to encapsulate the graphene in its pristine form between two hBN flakes with
one-dimensional edge-contacts to obtain ballistic devices. These ballistic transport devices show
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very high mobility of up to million cm?/V.s allowing the observation of fractional quantum Hall
effect. We have also measured the 1/f noise behaviour at these regimes to better understand
the transport dynamics in the bulk and along the edges.

In the third chapter, hBN is employed again and interfaced with monolayer MoSs to en-
hance its optical properties. Here h-BN acts as an atomically-flat buffer substrate to improve
the optical properties of the direct band gap monolayer MoSs. In these kind of samples, we
have studied the possible origin of intrinsic and extrinsic defects which may affect the optical
properties of the monolayer MoSy. This is explained with detailed examination of the samples
using different characterization techniques such as Raman spectroscopy, photoluminescence and
scanning tunnelling microscopy.

In the fourth chapter,the same fabrication concepts as that in chapter two has been ex-
tended to monolayer MoSs where hBN encapsulation has been found to improve the excitonic
features. Narrow linewidths approaching to intrinsic limit have been reported. We study again
the influence of defects and disorder using four wave mixing spectroscopy technique. In addi-
tion, we describe a technique where hBN is no more just a passive buffer layer but has an active
role while generating light from monolayer MoSs. Further using a technique based on SEM
called cathodoluminescence, we perform the probing of interlayer coupling in VAW heterostruc-
tures during generation of light where the spatial resolution is below the diffraction limit of light.

Finally, in the fifth chapter, single walled carbon nanotubes (SWCNT) are used to amplify
the mechanical properties of the Bombyx Mori silk fibers. SWCNTs, one of the strongest known
materials, is doped into the silk fibroin matrix by natural means to significantly improve its
mechanical properties. The resulting nano-composite has been characterized using techniques
such as Raman spectroscopy, scanning electron microscopy, transmission electron microscopy
and X-ray diffraction. We further study the mechanical properties based on tensile load exper-
iments of the nano-composite SWCNT silk where SWCNTs span over a large range of dose and
found an optimum value for nanotube doping.
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Chapter 1

Introduction: order/disorder in low
dimensional materials
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1.1 Motivation of the work

For any kind of applications whether it is electronic or optical or mechanical, pristine material
in its purest form is very important. If not then the device may get degraded very easily and
fails to reach its potential. Further it is also very important in any application to maintain over
the course of events, the desired material in pristine form. The quality of the material could
be degraded by various means such as irreversible defects in the material, surrounding environ-
ment affecting the material with reversible defects, and disorders formed due to manufacturing
processes. Continuous improvements in processing and manufacturing have to be made in each
of these factors to get best out of the material.

For example, in the microlectronic industry, ultra pure silicon is used for electronics and
photovoltaics. The silicon used is perfect, defect-free single crystalline material where the pu-
rity is 99.9999999% famously called as 'nine-9’. Pure silicon has very low conductivity and in
practice to enhance the conductivity, it is doped with small concentration of other elements.
This doping improves the conductivity of silicon greatly and is used in semiconductor applica-
tions.

In this case, it is very important that the silicon used is very pristine and that the process
of doping is also carried out in a controlled way. If these two basic points are not fulfilled, (i.e
if the purity of starting material and the manufacturing process are not good enough) it may
jeopardize the functionality and there would be severe degradation in the applications.

Pristine and defect free

Protect harsh

Environment Novel

Applications

No degradationduring
process

Property enhancement
solutions

Figure 1.1 — Schematic block diagram with factors involving in the conversion of a material into
sucessful application by harnessing their physical property.

The condition that we have discussed for 3D silicon is even more true when one reduces the
dimensionality of the devices. In this thesis, the materials used are low dimensional nanomate-
rials like two-dimensional graphene and MoSy and one-dimensional carbon nanotubes. In the
pristine form, each of these nano materials are wonder-materials with the potential of defining
future electronics, optoelectronics and mechanical applications.

Nano objects or nanostructures can be categorized according to the number of its dimension
in nanoscale. Nanoparticles including fullerenes have all the three dimension in the nanoscale
and are named as 0-D nanostructures. One-dimensional nanostructures having two of their
dimensions in nanoscale such as nanowires and nanotubes are considered to be ideal systems for
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studying the effects of size reduction and quantum confinement on transport properties. Both
0-D and 1-D systems have also been used to embed in a bulk solid to form nanocomposites.

The two-dimensional nanostructures having at least one dimension in nanoscale, are starting
to be explored by the microelectronics industry. They have gained a lot of scientific interest in
the past few years after the discovery of graphene. Indeed, in the wake of Moore’s law, there
has been continuous efforts on reduction on the size of electronic devices.

1D and 2D nanostructures such as carbon nanotubes, semiconductor nanowires, graphene,
transition metal dichalcogenides (TMDs) appear as strong candidates to be the building blocks
for the fabrication of such devices. The properties like excellent electronic transport and direct
bandgap have been stimulating the utilization of 1D and 2D nanostructures in a number of
electronic and optoelectronic devices.

2D Graphene

3D Graphite
0D Fullerene

1D} Carbon nanotubes

hBN
gfaph.ene graphene ) BCN fluorographene | graphene oxide
family ‘white graphene’
semiconducting metallic dichalcogenides:
dichalcogenides: i
20D MoS,, WSI' MuSEz, WSe oge NbSEb Nsz, Tas,, Ti5;, Mise,, etc.
[hﬂl(ﬂgeﬂidei & z Mﬂ‘TEz, WTE;, |a¥":_|r|:_|d semiconductors:
IrS,;, Zrie,, etc. GasSe, GaTe, InSe, Bi,5es, etc.
i hydroxides:
LLELE MoQ3, WO, perovskite-type: 4
) BSCCO Ni{OH),, Eu(OH),, etc.
2D oxides — LaNb; 0y, (Ca,5r):Nb304q,
aye TiO;. MHD;, "-";D;, S -
Bi Tis0,;, Ca,Ta,TiO,,, etc. OTHERS
Cu oxides | TaOs, RuO,, etc. o T R e

Figure 1.2 — (Top) Low dimension nanomaterials: structure of carbon-based 0D, 1D and 2D
nanomaterials (Bottom) Classification of 2D materials. Figure adapted from [I],[2]
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1.1.1 The Questions addressed in this thesis

Owing to their absence of bulk, these nanoscale few-atoms-layer materials could become easily
defective either during its production or processing. In this thesis, I aimed at providing an
in-depth study regarding how to preserve the nanomaterials during its pristine form and to
optimize its environment.

How to identify or probe the defects if there are any and how to characterize or classify them?
How external factors such as environment and manufacturing processes play a role in enhancing
or degrading the quality? And finally what are the solutions to enhance the properties of the
material regarding how to get the best property out of the material by combining different prop-
erties of distinct materials? In this work, the nanomaterials under test are graphene, MoSy and
carbon nanotube, whereas the properties being tested are electronic, optical and mechanical
respectively.

From past 15 years, graphene has been studied and it posses unique electronic properties. It
took quite some time to grow/isolate the material in pristine form to obtain very high electron
mobility as predicted. Here in this thesis, the state-of-the-art technique is used to maintain
it in pure form. Another 2D material called hexagonal boron nitride (hBN) with completely
opposite electrical property has been used to make a composite structure called Van der Walls
heterostructures to get the best out of graphene.

Hence, here hBN protects graphene from external factors, optimize its environment and
helps it to be itself and show its true worth. Further the probe used to characterize the de-
fects is low frequency noise measurements. In this case we operate graphene in quantum Hall
regimes (integer and fractional) and we obtain ballistic edge-transport. Still if the bulk part
has higher defects it may affect the edge transport and this can be probed using low frequency
noise measurements.

After the advent of graphene, flurry of 2D materials were discovered out of which the most
prominent are the family of transitional metal di-chalcogenide (TMDC) materials. The unique-
ness of these 2D-materials is that most of them become direct band gap in the monolayer limit.
Hence these materials are touted as next generation semiconductors for opto-electronics. As
expected, we study optical properties of MoSs, a TMDC material in this thesis.

Especially for optoelectronics, pristine material is of utmost importance where even a tiny
defect can affect its performance. Hence we perform in-depth studies ranging from defects al-
ready intrinsic to material to defects caused by environment and fabrication processes. Further
to improve and obtain the optical properties close to its intrinsic potential, similar Van der
Waals heterostructures discussed before are fabricated and studied.

Carbon nanotubes (CNT), one-dimensional materials discovered long before 2D materials
have exceptional mechanical properties. In the previous chapters, a 2D material is coupled with
another 2D material to enhance the physical property. In this chapter, a nano scale material
has been incorporated into a macro scale natural polymer to get the best of both. When CNTs
are mixed together to form a fiber, it has been seen that the mechanical properties degrade
compared to just single CNT.Hence small quantities of CNTs have been added as fillers to
a natural polymer matrix to enhance the possible mechanical property. However the mixing
should be controlled as it may induce amorphization into polymer matrix. A thorough study is
made to check the influence of CNTs in the natural polymer environment and how it changes
the properties and the structure of the fiber.
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Chapters Out- Crystal Degradation Protection

standing defects solutions
property

Chapter2 Graphene Electronic Structural Substrate/process  hBNembedded
(High defects Jenvironment heterostructure
mobility (interfacing)
2D)

Chapter3 MoS, Optical Vacancy Substrate/process  hBN embedded

Chapterd (Direct defects Jenvironment heterostructure
bandgap) (interfacing)

Chapter5 CNTs/ Mechanic Amorpho  Nano-enrichment Nanocomposites

(silk]) -alf -usization  of structure ( bio systemic)
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crystal)

Figure 1.3 — Table describing the nanoscale and macroscale materials used in the thesis along
with the physical properties being probed, the possible causes of deterioration and the enhance-
ments solutions applied to improve the properties.

1.2 Order in solids: crystals

Crystals are solid materials arranged in a highly ordered microscopic structure. All the two di-
mensional materials are obtained from their respective crystals. Crystals are obtained naturally
for example during mining but they can be manufactured artificially too. Graphene is isolated
from graphite crystal, which is nothing but packed several layers of single layer carbon atoms
held by forces called Van der Waals (VAW) explained in the coming paragraphs.

Similarly, monolayer MoSs is also obtained from natural occuring molybdenite crystal. To
isolate defect-less monolayers, it is important that these natural crystals are very pure with-
out any impurities. Normally , impurities such as amorphous elements, aggregates and other
dopants from the environment can affect the quality of these natural crystals.

Hence to overcome these possible disorders in the crystal, artificial methods have been im-
plemented to obtain pure synthetic crystals. In case of graphite, artificial methods like over
heating of silicon carbide, graphitization or production of Kish-graphite crystals during cast-
iron processing have been used to obtain synthetic crystal. When it comes to MoSs, literatures
have pointed out that natural crystals have many point defects and therefore they have been
plenty of studies to grow the crystals artificially.

In this thesis, synthetic MoSy crystals grown by NIMS Lab in Tsukuba, Japan using their
dedicated and unique high-pressure, high-temperature process have been used. An attempt
is made to characterize and compare them against natural sources in order to produce future
ultra-pure MoSy crystals. This has been explained in details in the chapter 3 of the thesis.
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1.3 Defects and disorder in 2D materials

As explained before, defects are detrimental to the quality of the 2D materials and therefore
the applications they have been used in. It is thus important to understand, classify them
and identify their origin in order to engineer materials with optimized and sometimes enhanced
properties. By studying the kind of defects and origin, we could engineer to obtain defect-less
materials. In this section, we explain the different kind of defects, their origin and possible
techniques to characterize and ways to find a solution to get rid of them. We can broadly
classify the defects into two types, namely intrinsic defects that are internal to the material and
extrinsic defects that are originating from external effects.

1.3.1 Intrinsic defects

Intrinsic defects are the disorders originating from the inner structure of material itself.(i.e
degradation of the crystalline structure) There could be defects in the 2D material crystal dur-
ing its synthesis or acquired while isolation to obtain 2D material from the crystal. The most
common and abundant defects experimentally observed in 2D materials are point defects. The
different kind of intrinsic point defects observed are single vacancies, double vacancies, complex
or line vacancies, and substitutional impurities. The simplest single vacancy defect is nothing
but a single missing atom in the crystal lattice structure. While in case of a substitutional
defect, one of the dopant not belonging to the crystal structure occupies one of the atom site
in the lattice.

The different kind of intrinsic defects explained in previous paragraph are shown in the

figure

(d) Vi  ©S, DSy,

Figure 1.4 — Different types of point defects in MoSs 2D crystal a) single Mo vacancy b)single
Mo adsorption c) single substitution of S atom d) sulfur vacancy e) sulfur adsorption f) single
substitution of Mo atom. Figure adapted from [3]

1.3.2 Extrinsic defects

Extrinsic defects are the disorder in the material originating from the external environment or
external sources. We know 2D materials cannot stand by themselves but need a substrate to
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hold them as they do not have any bulk and basically consist only two surfaces. These sub-
strates may not be ideal as they introduce unnecessary charges into the 2D material system that
may degrade its original property. So substrate induced charge effects are one of the extrinsic
defects. Further, the environment to which the 2D material is exposed to can interfer with
surface impurities. These impurities may just adsorb and deteriorate the quality or they can
make a structural damage by covalent reactions or oxidations. These kind of extrinsic defects
can be reduced and suppressed using proper substrate and protection techniques that will be
discussed in the coming subsections.

graphene

<
2\
~

bubble

= G'réph'eﬁ'é _._j" <

Impurities

Figure 1.5 — (Left) Extrinsic defects originating from susbtrate, exposed environment. (Right)
Extrinsic defects due transfer processes in form of blisters or bubbles. Figure adapted from [4],

[5].

1.4 Defect characterization techniques

Characterization studies become very important during the defect study, where it is used to
identify the nature of defects and quantify them. Over the years a wide range of characteriza-
tion techniques have been used to study defects. The structural point defects have been studied
by employing techniques such as transmission electron microscopy (TEM), scanning tunneling
microscopy (STM) and X-ray photoelectron spectroscopy(XPS).While these techniques give a
very good spatial resolution, it is difficult and complex to prepare the samples and also to char-
acterize very large ones. Moreover, some of these techniques are invasive and highly detrimental
to the samples, where there could be damages from the electron beam which could render the
samples no more pristine for any further measurements.

This brings in a need to find new characterization solutions where there is sufficient spatial
resolution, easiness to measure large structures and more importantly not to degrade the quality
of the two dimensional material. So in this thesis work, optical spectroscopy techniques such as
Raman and photoluminescence have been employed to characterize and differentiate different
kind of defects. The advantages of using these techniques are that they are non-invasive and
can be carried out easily at room temperature over large area samples in a time efficient manner.

As we know, the defects degrade the optical properties, by reverse engineering concept new
features could be observed in these optical spectroscopic methods which classify and quantify
the defects. Moreover, these techniques can probe and help to distinguish the different defects
such as structural point defects, charge/doping effects from substrate or environment, strain
or stacking. More details about these optical spectroscopic techniques will be discussed in the
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chapter 3.

The spectroscopy techniques discussed above have maximum spatial resolution of half a
micron determined by the minimum achieved laser spot size. In order to improve the spatial
resolution below the diffraction limit of light, electron beam has been employed as a photon
pump which creates probing source in a method called as cathodolminescence (CL). This tech-
nique allows us to have spatial resolution in order of few 10s of nanometers. Normally CL
technique could be destructive, but using a special stack architecture, the optically-active 2D
material could be protected. This has been discussed in detail in chapter 4 of this thesis.

Source of defect  Crystalline imperfections Chemical/charge-
fluctuations
(spatial/temporal)

Origin of defect = Vacancy defects, Substrate effects
substitutional defects Surface contaminants

Characterization = STM,XRD, Raman Raman spectroscopy

techniques spectroscopy, XPS, Photoluminescence(PL)
Photoluminescence(PL) Cathodoluminescence (CL)

Cathodoluminescence (CL)

Figure 1.6 — Table of classification of defects in two dimensional materials with respect to their
types and possible origin. Typical characterization techniques also included that are used to
identify them.

1.5 Solutions for protection and physical property enhance-
ments

In the previous section, we explained the different kinds of defects and ways to probe and char-
acterize them. The next task is now to protect them from additional degradation over time in
order to enhance the physical properties. The intrinsic defects related to the material could be
overcome by optimizing the growth properties during the crystal generation. Although in this
thesis we have compared the different crystal sources, the optimization of the growth parameters
to get rid of internal defects is still an on-going topic.

This brings us to the second category of defects, the extrinsic ones, which could be avoided by
using fabrication techniques that control the environment. In addition, these passive solutions
enhance the physical property of the active 2D materials. As we know the corrugated non-
atomically flat substrate cause charge transfer, atomically flat and inert/insulator substrates
could be used to get rid of this substrate effect. In order to further protect the 2D material
from the harsh environment, we can cover or encapsulate them again with an atomically flat or
inert material. Hexagonal boron nitride (hBN) has been discovered as this atomically flat and
inert material whose lattice constant almost matches that of graphene is explained in the next
subsection. Hence with all these ideas, a new field in 2D materials, made like a composite of
2D materials called Van der Waals heterostructures was born.
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Similarly, by using a macroscale materials, we can protect or enhance the property of a
nanoscale material by forming composites. These called as nanocomposite are made up of low
dimensional nanomaterial filler in a macroscale polymer matrix. Different physical properties
such as mechanical, conductive etc can be enhanced using these nanocomposite solutions. The
nanocomposites can be made naturally or by synthetic techniques explained in the further
sub-sections. In this thesis, we embed single walled carbon nanotubes (SWCNT) in a natural
polymer silk and study their possible enhancement in the mechanical properties.

1.5.1 Van der Waals (VdW) heterostructures

The period of layered two-dimensional materials started after the discovery of graphene by
graphite exfoliation. Immediately, a flurry of 2D materials as shown in the table of the figure
[I.2) were discovered with different physical properties than their bulk. In depth studies informed
us that the bulk is nothing but several monolayer held together by Van der Waals forces.

In these layered materials, the strong covalent bond provide the required in-plane stability
whereas the weak Van der Waals forces in the out-of-plane direction are barely enough to hold
them together. This is the reason that monolayer sheets could be formed just by mechanical
exfoliation. Hence upon exfoliation and Van der Waals adhesion of the flakes on Si/SiO9 sub-
strates, 2D insulators like hexagonal boron nitride, monolayer-semiconductors like transition
metal dichalcogenides and monolayer semimetals such as graphene are available in the research
labs for exotic experiments.

Previously we discussed that hBN plays an important role in carrying the 2D material in
its pristime form and also protecting them from environment. Hence by employing flat hBN
flakes with the major support of Van der Waals forces (both discussed in next subsection), we
could build heterostructures where a single-atomic layer of 2D material is encapsulated between
20 to 40 layers of inert hBN. This superstructure keeps the monolayer material in its 2D form
without any influence of external factors. Similarly these VAW heterostructures can be built at
will using any desired 2D materials equivalent to playing a two dimensional LEGO game. In this
section, we will describe about the different methods to fabricate these VAW heterostructures.

1.5.1.1 Van der Waals (VdAW) forces

Van der Waals forces were firstly described by Johannes Diderik van der Waals in the year 1873.
These interactions are noncovalent type and are dependent on distance where they quickly van-
ish at the longer distances. This VAW interactions are characterized by power laws in the
distance R between the two or more objects. It could be characterized either by a short range
strong repulsive core with a R~'? dependence or a long range attractive tail with a R~% depen-
dence. With the absence of any other forces, the equilibrium position at which this force begins
to be repulsive rather than attractive determines the Van der Waals contact distance.

To generalize, if the interatomic distance is greater than 0.6nm (approximately), the force is
found to be not strong enough to be observed whereas as the interatomic distance becomes less
than 0.4nm the force exhibits repulsive character. Van der Waals forces are one of the weakest
interaction forces in nature with a strength just between 0.4 and 4 kJ/mol (compared to covalent
bonds that are 1350 kJ/mol), but are very strong during the multitudes of such interactions.
Recently it has been shown that VAW interactions exhibit wave-like charge density fluctuations
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at the nanoscale.

SIMPLE ATOM SIMPLE ATOM

SIMPLE ATOM SIMPLE ATOM

Figure 1.7 — Van der Waals force description resulting from attractive dipole-dipole interaction.
(Figure adapted via agpa.uakron.edu)

Generally, there are four contributions for this intermolecular VAW forces. These include a
repulsive component from Pauli exclusion principle, an electrostatic component (Kessom inter-
action) either attractive or repulsive arising due to charges, dipoles or quadrapoles, an attractive
polarization interaction between the multipoles (Debye’s force) and an attractive dispersion in-
teraction (London dispersion) created by instantaneous multipoles.

However the classification of Van der Waals force is debatable as it has a composite origin.
While some include only attractive forces, and others consider the totality of intermolecular
forces including the repulsive ones. In this thesis, we consider only the attractive part of the
VAW forces which promotes the adhesion between the surfaces that is the basic principle which
enable the formation of artificial heterostructures.

Force Repulsive Forces

T T ! e e —
- Distance
B [\ Attractive Forces
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Figure 1.8 — Van der Waals force-distance curve description. The attractive force increases
when distances between the interacting atoms increase until the point electron clouds touch
each other where they repel electrostatically.
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Van der Waals forces have some amazing characteristics such as their non-directionality, their
independence against temperature, additive and unsaturable etc. However they are anisotropic
and hence depend on the orientation of the objects (atoms, molecules, 2D layers) at stake. The
polarization and dispersion interactions are always attractive irrespective of object orientation
whereas the electrostatic interaction may change sign upon rotation. With these characteristics
they can still support or hold together macroscopic mega-structures as the forces are additive.

Surface topography is another main parameter on which the VAW forces of adhesion de-
pends upon. If there are surface asperities which provide larger area of contact, then VdW
forces of attraction are higher. However the presence of impurities of any other kind could be
unfavourable. These forces are effective when surface contact area is maximised. VAW forces af-
fect flat surfaces and play a very important role during the assembly of complex heterostructures.

1.5.1.2 Hexagonal Boron Nitride (hBN), the work horse of 2D VdW heterostruc-
tures

Boron Nitride is a compound made of Boron and Nitrogen which has isoelectronic structure sim-
ilar to that of Carbon lattice. The hBN is the most stable structure corresponding to graphite of
Carbon where each layers are made of sp? conjugated boron and nitrogen atoms in a honeycomb
structure, whereas the layers are held by weak van der Waals forces. hBN appears as white,
inert and has excellent thermal, chemical stability and dielectric properties. hBN nanosheets
are electrical insulators with a wide indirect bandgap[6] of 5.9eV which had lead to its usage in
2D electronics such as gate dielectrics and substrates. Recently it has been discovered that it is
the best substrate to hold graphene owing to its similar lattice constant to that of graphene and
hence it is used as a work horse to form heterostructures due to its affinity towards polymer films.

Hexagonal boron nitride structure

0.1446 nm

Covalent bonds

Nitrogen (N) __—»
atoms —

Van der Waals —

bonds
J
Boron (B) —
atoms T—

0.6661 nm

Figure 1.9 — Lattice structure of hexagonal Boron Nitride showing similar structure to that of
graphene. The lattice mismatch with graphene is only 1.7%. Figure adapted from [7]

1.5.1.3 VdW heterostructures obtained by direct growth

After the discovery of graphene by exfoliation, there were plenty of research works going on
after, to grow the monolayer 2D materials directly on the intended substrate. This was done
using different types of chemical vapor deposition (CVD) and epitaxial methods. Many research
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groups used metallic substrates because of their catalytic properties and were successful in pro-
ducing graphene, MoS2 and many other 2D materials. However the problem was that they
could not be directly used for experiments or applications as they were on metallic substrates.
Since the growth on desired silicon or silicon oxide substrate was difficult, many solutions were
devised to transfer them on to the desired substrates.

In Keun Soo Kim et al [], they grew graphene on nickel layer and used PDMS film to
hold on to the graphene, etch off the nickel and stamp it on the desired substrate. In another
technique, they also etched the nickel film and fished the graphene floating on the solution.
Various groups have made growth of graphene on copper sheets, spin coated PMMA on the
graphene, etched the copper, fished the graphene on desired substrates and finally removed the
PMMA on the graphene. The disadvantage of these methods are that they could not reach the
minimal level of purity and kinetics of growth was another problem. Though several groups did
excellent experiments with these 2D materials but fell short of their initial predicted potential
by different theories. So the need of the hour was to develop transfer methods to preserve the
intrinsic cleanliness of 2D-materials.

Recently, many experimetalists have succeeded in growing 2D materials directly on required
substrates and even on hBN flakes. Shown in the figure is graphene/hBN heterostructure
by direct growth using CVD technique in our group. However it required further in-depth stud-
ies for direct growth of large scale heterostructure by CVD, ALD or epitaxial techniques.

Figure 1.10 — (Top) Van der Waals heterostructures prepared by growth on metal followed by
transfer to oxidized silicon wafers. (Bottom) Heterostructures produced by direct growth of
graphene on hBN. Figure adapted from [9] [10]
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1.5.1.4 VdW heterostructures by exfoliation and polymer transfer

With the advancement of smart transfer methods and innovation of atomically flat substrates,
the first Van der Waals heterostructure was build by Dean et al [I1] where exfoliated graphene
was transferred on to an exfoliated hBN to form a graphene/hBN heterostructure. Boron Ni-
tride having almost similar lattice, insulating large bandgap, inert and free of dangling bonds
or surface charge traps, atomically planar surface became the most appealing and suitable sub-
strate to bring the real predicted potential of graphene. They used a similar but upgraded
transfer technique where PMMA was coated on graphene later separated from the substrate
using a water-soluble layer. They aligned this graphene on PMMA on the intended hexagonal-
Boron Nitride with the help of a glass plate and finally removed the PMMA. Electron transport
measurements of graphene in these heterostructures showed electron mobilities three times
higher than that of graphene on silicon oxide indicating the decrease in scattering caused by the
charged impurities. Moreover , the Quantum Hall effects were observed at lower fields, more
than a factor of two compared to that of graphene on SiOs.

The employment of hBN as high quality ultra flat substrate for graphene was confirmed by
scanning tunneling microscopy and spectroscopy by LeRoy group.[12] Just by using the hBN as
a high quality substrate many new properties of graphene appeared or were found out by dif-
ferent research groups. At higher magnetic fields, multi-component fractional Hall effects were
reported in graphene by CR Dean et al.[I3] Multiple Dirac points were observed in graphene
due to leakage of the insulating properties from the hBN into graphene when both are oriented
at specific tilt angles.[I4] This further opened a new branch in physics called Moiré superlat-
tices and structures in which the additional periodicity gives to the material novel electronic
properties.
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Figure 1.11 — (a)Histogram of the height distributions for graphene on SiOy (blue squares) and
graphene on hBN (red triangles) along with Gaussian fits. (b)STM topographic images of a
Moiré pattern produced by graphene on hBN. The scale bar is 2 nm. The inset is a zoomed
region of 2nm area with a scale bar of 0.3 nm. (c) STM topographic image of monolayer
graphene on hBN showing the underlying surface corrugations and d) monolayer graphene on
SiO9 showing increased corrugations. Figure adapted from [12].

3
3

This concept of VAW forces keeping the layers together has given rise to a new emerging
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field of research called van der Waals heterostructures. These hetero-structures are artificially
assembled structures with quality matching those of molecular beam epitaxy (MBE). This ex-
traordinary process of making heterostructures opened a completely new field in 2D physics to
fabricate high quality devices for transport to imaging and optics to applications. The idea in
this VAW heterostructure is pretty simple to put one monolayer on the top of another mono-
layer or multilayer to form a stack which is made artificially.

This artificial assembly method gives you the additional freedom to choose any 2D materials
and build up atomically flat 2D heterostructure which has been compared to atomic scale struc-
ture construction by A.K Geim et al.[I] Different methods or processes have been proposed and
demonstrated to build these heterostructures in both large scale and small scale areas. There
are several polymer based transfer techniques such as Polycarbonate PC method [I5], PDMS
viscoelastic stamping method [16] and polypropyl carbonate (PPC) method[I7] to name a few.

The state of the art method is a Van der Waals attraction based pickup technique to make
heterostructures using polymer called polypropyl carbonate[I7]. In this technique, the quality
of graphene/2D material is maintained prisitine as none of the polymer or wet chemicals come
in contact with graphene. Hence graphene was encapsulated between two pristine, inert and
insulating hBN flakes to overcome the charged substrate effects and also to protect the graphene
from the possible environmental impurities on the top. One of the major challenge in these kind
of structures were to provide good metal contacts to graphene to observe its potential intrinsic
properties.

Further state-of-the-art high quality electrical contacts were realized again by C.R.Dean
group [I7] to provide graphene one dimensional electrical contacts where graphene edges were
exposed by etching. Similar method is utilized to prepare the devices in this thesis and ex-
plained in the device fabrication section of chapter 2 in detail. With this architecture graphene
has been found to manifest mobility up to few million ¢m?/V's allowing for ballistic transport
of over 15 micrometers at low temperatures.

Another method called PDMS viscoelastic stamping method allows us to build the het-
erostructures quickly in time.[I6] In this method, the 2D materials are directly exfoliated on
the PDMS, aligned and stamped on another desired 2D material or any other substrates. This
method enables us to build very large heterostructures. However, the disadvantage of this
transfer technique is that the 2D material is in contact with the polymer PDMS and hence
the prisitinity is not preserved. Nevertheless, major areas are clean to fabricate the required
devices for measurements. This PDMS-method of stamping has been used and will be further
presented in chapter 3 of this thesis.

In this thesis, we predominently use the so-called PPC transfer technique for assembling
ultra-clean heterostuctures as well as PDMS transfer technique for large scale heterostructures.
In chapter 4, we will compare the cleanliness and the quality of the heterostructures prepared
using these two polymer transfer techniques.

1.5.2 Nanocomposites

Nanomaterials like nanotubes, fullerenes, graphene or other 2D materials could be used as ideal
fillers in a matrix of a macroscale bulk material such as polymers or metals. The resulting
nanocomposite is formulated to improvize one of the physical property of the bulk material.
Van der Waals forces and hydrogen bonding also play an important role here where it could
enhance or degrade the formation of such nanocomposites. If proper care is not taken, then

25



the nanomaterial fillers could agglomorate due to VAW attraction and destroy the purpose of
nanocomposites. There were many theoretical and experimental reports where nanomaterials
such as graphene, CNT's etc.. were used as nanofillers in different polymers such as PVA, nylon
etc.. using various artifical processing methods. It was found out that by adding just a little
quantity of nanomaterials, the mechanical properties can be boosted significantly. This high
perfomance triggered rapid studies on nanocomposites.

During the studies, it was noted that there were issues of adhesion and dispersions which
resulted in low-tensile loading and weak interfacial interactions, when higher quantity of nano-
materials were added. These issues in traditional polymer nanocomposites inspired to study
the natural polymer fibers like cotton, Spider silk and Bombyx Mori silk, which then finally
resulted in studies of bio inspired polymer nanocomposites. Further, these bio-inspired polymer
nanocomposites can be processed using different techniques from artificial methods to natural
systemic one where in particular, a living organism is used in preparing the composite as ex-
plained in the next subsections.

1.5.2.1 Nanocomposites by artificial processing methods

As explained before, many low dimensional nano-objects have been incorporated into natural
polymers to enhance their mechanical properties. For these artificial processing methods such
as layer-by-layer, evaporation, filtration, freeze casting, hydrogel casting and electrophoretic
deposition have been employed to realize a homogeneous dispersion and good interfacial inter-
actions. Onme of the nice example is silver nanoparticles that are homogeneously dispersed in
the cotton fiber. This unique inorganic-organic hybrid structure changed the fiber morphology
and demonstrated significant increase in tenacity and brittle failure behaviour.[1§]
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Figure 1.12 — (left) Schematics of the microfibrillar structure of cotton fiber modified by the
in-situ synthesis of the silver nanoparticles and TEM images of the same. (right) Elongation

for control, alkali treated and silver nanoparticle doped cotton. Figure adapted from Sunghyun
Nam et al.[19]
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However, these nanocomposites have their own disadvantages such as large scale production
and precise control of the structures. Hence new methods have been identified where nanos-
tructures are incorporated by natural method into these natural polymer fibers.

1.5.2.2 Nanocomposites by natural systemic approach

The novel method to integrate the nanomaterials into fiber is natural systemic approach. In this
method, the low dimensional materials are fed to bio-organisms that prepare the natural fibers.
By ingesting the nanomaterials, these bio organisms produce natural polymer fibers integrated
with nanomaterials. The method is very facile and several experiments have reported that the
mechanical properties have improved significantly. One such example is a reinforced spider silk,
where spiders were fed with CNT and graphene resulting the production of CNT/Graphene
spider silk with enhanced mechanical properties.
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Figure 1.13 — a)Schematics of spider producing silk integrated with graphene and CNTs. b)
Tensile-load set-up ¢) The stress-strain experiments for reinforced fibers show a significant

increase in mechanical properties compared to the control spider silk fibers. Figure adapted
from Emiliano Lepore et al.[20]

In the chapter 5 of this thesis, a similar approach has been adopted, where CNTs were
sprayed on mulberry leaves and were fed to Bombyx Mori silkworm. These silkworms digest
the leaves along with the low diamter (1nm) single walled carbon nanotubes (SWCNT) to pro-
duce the silk embedded with SWCNTs. The hence obtained SWCNT silk is expected to have
improved mechanical properties. In the chapter we characterize the silk to confirm the presence
of SWCNTs. We also perform characterizations to check the differences in structure of the
SWCNT silk and probe if the mechanical properties indeed have improved.

27



Chapter 2

Nowvel technique to probe defects of
the bulk mm quantum Hall regimes in

hBN /graphene/hBN
heterostructures
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2.1  Brief Introduction to the chapter

Graphene is an atomically-thin lattice of carbon atoms. Discovered in 2004 by K.Novoselov and
A.Geim at University of Manchester, it is the world’s first two dimensional material [2I] and
was soon found to display outstanding physical properties. In particular, the sp? hybridization
of carbon lattice known to exist in graphite is preserved down to the monolayer. This property
combined with quantum confinement associated to the reduced dimension, gives to graphene
zero-bandgap semiconducting properties in a 2D gas of high mobility charges with electrostatic
control of the density of charge carriers[22], a linear band structure and relativistic massless
Dirac fermions. Such properties have attracted a huge interest in the community and culmi-
nated with the Nobel prize awarded to the discoverers in 2010.

Graphene is stable in air but, as a material without any bulk and thus reduced to two sur-
faces, its properties are super-sensitive to the environment and those can be strongly affected
by adsorbates and interfacial charges. Also graphene usually needs a substrate as support and
it has been found that properties of graphene are extremely dependent on the quality of the
substrate used [23]. In order to bring in its intrinsic properties, the graphene layer can be
suspended [24] to decouple it from its environment but with this solution it is very cumbersome
to fabricate, not fully scalable and have limited gate control.

As explained in the introduction chapter, hexagonal boron nitride (hBN) flakes have been
found to behave as ideal substrates [I1]. Unlike silica, they do not have have any dangling bonds
nor charged adsorbates and their lattice symmetry and parameters are similar to graphene. Such
properties associated with a full encapsulation strategy [17], greatly help graphene to maintain
his pristine electron transport properties. Ballistic transport combined with the specificity of
Dirac fermions has lead to a complete new range of electronics devices where electrons trajec-
tories behave like optical beams. [25]

In this chapter, we are going to present the design, fabrication methods and characteriza-
tion of edge-contacted hBN-encapsulated graphene devices suitable for high-quality quantum
electron transport. These state-of-the-art devices show charge mobilities reaching one million
em?/V.s at very low temperature. The Integer quantum Hall effect (i-QHE) together with the
fractional quantum Hall effect (f~QHE) that is observed under high magnetic fields are further
proofs for the high quality of these devices. As a further development beyond the current state-
of-the-art, we present preliminary results of a novel technique to further investigate the nature
of charge carrier, especially in the regime of -QHE by studying the noise behaviour in graphene
in the low frequency regime.
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2.2 Electronic properties of Graphene

This section gives a short overview about structure and properties of graphene regarding its
crystal lattice, dispersion relation with complete band structure and resulting electric field ef-
fect. It is based on references [26][27] where more detailed explanation can be obtained.

2.2.1 Crystal structure
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Figure 2.1 — Graphene lattice represented in real-space and reciprocal space. (Left) Lattice
structure of graphene, made out of two interpenetrating triangular lattices. ( a; and ag are the
lattice unit vectors, and ¢;, i = 1, 2, 3 are the nearest neighbour vectors.) (Right) Corresponding
Brillouin zone of graphene with two Dirac points located at the K and K’ points. Figure adapted
from Castro Neto et al. [20]

Graphene lattice is composed of carbon atoms arranged in a honeycomb structure where neigh-
boring carbon atoms (blue dots and yellow dots) withstand inequivalent cristalline environment.
As a consequence, it can be described as two inter-twinned triangular lattices A and B with
two atoms per unit cell. One has to note, however, that the honeycomb lattice is not a Bravais
lattice as this latter can be seen as the rombi defined by a; and as vectors. The atoms in
graphene occupying the two sublattices are identical. The existence of these two sub-lattice has
important implications to its electronic band structure.

The vector a; and ag represent the corresponding basis of the Bravais lattice given by:

a1 = g(?,, V3),as = g(?,, V3. (2.2.1.1)

The nearest neighbour vector 41, d2 and d3 are:

51 = %(1, V3), 0y = %(17 —/3), 05 = —a(1,0). (2.2.1.2)

The reciprocal lattice is also a hexagonal structure but rotated by 7 /2 in comparison to real
space lattice. The corresponding first Brillouin zone with its centre I' and the reciprocal vectors
b1 and by given by:

b= 2T (1,V3),bs = 271, —V/3) (2.2.1.3)
1 = 3@ 5 , U2 — 3(1 5 . PP/ oY
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As shown in the ﬁgurethe Brillouin zone (BZ) comprises of two in equivalent points K and
K' at corner where Dirac cones are located and their momentum space coordinates are given by:

2r 2w 2T 2T

K=Gg0m) /= o505 (2.2.1.4)

2.2.2 Electronic band structure

Graphene exhibits sp? orbital hybridization which constitutes in a combination of orbital s,
pr and p, that forms an o-bond with each of its three neighboring carbon atoms. The car-
bon—carbon o-bonds are 0.142 nm long and are 120 degrees apart. These very strong bonds are
responsible for the planar structure of graphene and for its exceptional mechanical and thermal
properties. The remaining p, electrons make up the w-bond that is oriented out of plane.

These m-bonds hybridize together to form the m-band and 7*-band. Each carbon atom con-
tributes one electron to this band so that it is only half filled. Hence due to these delocalized
m-electrons over the full area, graphene exhibit a surface exposed 2D electron/hole gas of high
mobility. The anomalous electronic properties of graphene is due to its 2D structure, honey-
comb lattice and the fact that all the sites on its honeycomb lattice are occupied by the same
atoms, which introduces inversion symmetry.
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Figure 2.2 — Depiction of sp? hybridization in graphene with o-bonds(left) and 7 bonds(right).
Figure adapted from [2§]

Band structure due to these m-band electrons in graphene is approximated by tight binding
approach. In this model an electron can hop between the nearest neighbor(nn) and the next
nearest neighbor(nnn). When we consider an independent atom, its wavefunction is ¢*(r) . But
in a crystal lattice, atoms are not independent and hence on the application of Bloch wavefunc-
tion, we obtain:

Yr(r) = eap(ik.R;)¢\ (r — Ry), (2.2.2.1)
where R; = mjai + njas are the Bravais vectors of the lattice.

Also in graphene the unit cell has two atoms and two sublattices A and B. There is lack of
symmetry between these sublattices and hence must be considered separately represented by
different wavefunction. The trial wavefunction of the two electrons would be:
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Ur(r) = apti (r) + beti (). (2.2.2.2)

where a;, and by are complex wavefunction of the wave vector k.

The solution of time dependent Schrédinger equation gives the energy dispersion:

Hiy(r) = extbp(r). (2.2.2.3)

The energy dispersion relation takes the form of:

3 3
=2 Z cos(k.a;) + Mpn, |3+ 2 Z cos(k.a;). (2.2.2.4)
i=1 =1

where t,,,, is the nearest neighbor hopping amplitude and ¢/, is the effective nnn hop-
ping amplitude considering the overlap correction yielding the renormalized hopping amplitude.
A = +1 corresponds to two solutions representing the two bands, conduction band (7*) and the
valence band (7) respectively.

As we could see from the figure the valence and the conduction band touch at the point
where the equations 62 become zero. The valence band is filled with electrons and the conduc-
tion band is empty , then the Fermi level is located above the last filled state at the point where
equation 62 is zero. These points are called as Dirac points.

Hence there are six Dirac points out of which only two are independent and are represented
as K and K’. If we expand the equation around K point until the second order in qK with
k= K+q(] ¢ |< K), the dispersion relation can be linearised in the vicinity of Dirac point under
the long wavelength limit and low energy excitations. Thus we obtain first order approximation:

E+(q) = Mwp | 7| (2.2.2.5)

where v = 1 x 10% m/s is the Fermi velocity.

This equation [2.2.2.5] indicates the existence of two Dirac points K and K’ where the lin-
ear energy bands of electrons and holes touch with no energy gap leading to two fold valley
degeneracy in graphene. This linear energy dispersion appears similar to that of relativistic
particles whose dynamics could be described by massless Dirac equations. The group velocity
of charge carriers is independent of energy unlike the parabolic dependence of energy in case of
two dimensional electron gas in III-V heterostructures (2DEG).
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Figure 2.3 — (a) Graphene band structure. (b) Zoom in to low-energy dispersion at one of the
K points shows the e-h symmetric Dirac cone structure crossing the zero energy plane. Figure
adapted from A. Castro-Neto et al.[26]

2.2.3 Field effect properties

The figure [2.4h describes the electrical field effect behavior in graphene. The inset shows conical
low-energy spectrum E(k) of graphene, indicating changes in the position of the Fermi energy
Er with changing gate voltage V;. Positive V, induce electron-doping while negative V, induce
hole-doping . This implies that graphene exhibits a strong ambipolar electric field effect such
that charge carriers can be tuned continuously between electrons and holes in concentrations
up to few 103cm =2 and room-temperature mobility up to 50,000 ¢m?/V's can be induced by
applying a gate voltage (for example of a few tens of volts on the back-substrate ) .

As shown in the figure 2.4h, under negative gate bias, the Fermi level drops below the Dirac
point, introducing a significant population of holes into the valence band; while under positive
gate bias, the Fermi level rises above the Dirac point, promoting a significant population of
electrons into the conduction band. The rapid decrease in resistivity p on adding charge carri-
ers indicates their high mobility.
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Figure 2.4 — (a) Ambipolar field effect in mono-layer graphene . (b) The gate voltage and
temperature dependence of resistivity of the high mobility sample (i = 20,000cm?/V s), p versus
V, at three temperatures, 7' = 0.03K, 77K, and 300 K.(c) The gate voltage and temperature
dependence of resistivity of the low mobility sample (1 = 2,000cm?/V's), p versus V, at three
temperatures, 7' = 0.03K, 77K, and 300K. Adapted from Geim et al [2] and Y-W. Tan et al.[29]

Moreover as shown in the figure 2.4b, the observed mobility weakly depends on tempera-
ture, which means that mobility at 300K is still limited by impurity scattering and therefore
can be improved significantly. From the peak position in resistance, we obtain a corresponding
gate voltage for the charge neutrality point. A finite value of this indicates an unintentional
doping of the graphene samples whose origin may be from electrostatic effects caused by surface
charged impurities.

In the figure 2.4c for low mobility sample, the Dirac point is shifted to a large positive
gate voltage value. Such a large shift of the charge neutrality point indicates that there is
heavy doping of the sample due transferred charges from the environment. Ionized charge
traps in the substrate or adsorption of molecules on the graphene surface may locally induce
a chemical doping that might be partly responsible for the low mobility observed in this sample.
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2.3 Sample fabrication

This section gives the complete process flow for fabricating graphene devices from flakes prepa-
ration to bonding the device pads. As explained in the introduction chapter, to improve its
mobility graphene has been encapsulated into two thin atomically flat hBN flakes and are pro-
vided with one dimensional contacts. This preparation of Van der Waals heterostructure will
be discussed in deep to obtain a stable recipe. The difficulties experienced during critical step
of etching for the realization of 1D contacts would be discussed. Also state-of-art lithography
techniques used to fabricate these devices will be shown in detail.

2.3.1 Mechanical exfoliation and identification of graphene and hBN

During the mechanical exfoliation, a natural graphite crystal is placed in a scotch tape, pressed
together and peeled repeatedly to obtain thinner layers of graphite. Nobel prize winners A.Geim
and K Novoselov were the first to introduce this method to obtain monolayer Graphene. In
our case we use a 3M Magic scotch tape in which a Imm? size piece of crystal is placed on
adhesive side, folded and pressed beside itself repeatedly without gaps or overlaps to obtain a
homogeneous square like structure as shown in the figure 2.5. This structure on the scotch tape
could be attached to any desired substrate and peeled down slowly at different angles to which
leaves behind some of the flakes on the target substrate out of which some would be monolayers.
We also use application of heat up to 100°C while peeling to obtain larger flake coverage on the
substrates.

Figure 2.5 — Homogeneous square-like structure of flakes obtained after repeated exfoliation
steps on the same scotch tape

Variety of substrates could be used as the host substrate after rubbing of scotch leaving
behind the ultrathin flakes. These can be Si /SiOgy substrate, metals like copper, quartz, glass
or even polymers like PDMS. It is very important to start with very clean and high-quality
substrate for exfoliation to obtain clear-cut clean flakes. Generally highly-doped Silicon with
290nm of SiO9 as capping oxide is used as a common substrate in labs for fabricating devices.
There are two basic but important advantages in using this substrate. The structure of SiO»
capping layer acts as a dielectric which is convenient to be used a gate oxide during applicaiton
of a voltage on the substrate. Another advantage is that 290nm of SiO5 is at a sweet spot for
optical interfererometry so that monolayers of graphene deposited on top could be identified
with ease with an optimized contrast [30].
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As said before, to obtain ultra clean Si/SiOg substrates several methods are employed. These
Si/SiO9 wafers are cut into lem x lem squares and while cutting using a diamond cutter, care
is taken that none of the residue fall on the surface which may change the surface adhesion of
the substrate. Any particles or residues are detrimental for exfoliation or for the future steps of
fabrication. If the substrates are maintained clean while cutting, then virgin substrates could
be used for exfoliation without the need of cleaning it.

In case there are Si/SiO2 particles everywhere, then it needs cleaning procedures. Sev-
eral complicated cleaning procedure such as RCA cleaning, Piranha solution, Nitric acid based
cleaning are being employed to obtain a clean substrate. In our case we use a simple method
where we ultrasonicate the substrates in acetone for about 5 mins followed by rinsing in iso
propyl alcohol (IPA) for a minute. The substrates were then dried by blowing with Nitrogen
gas. Further sometimes a minute of 10 Watt oxygen plasma is carried out to get ultra clean
substrates with hydrophilic properties.
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Figure 2.6 — a) Optical image of monolayer graphene mechanically exfoliated on Si/SiO2(290nm)
substrate. Visible contrast is maintained down to the monolayer. b) Optical image of 20nm-
thick hBN flake mechanically exfoliated on Si/SiO2(290nm) substrate.

Selection of flakes with proper size, homogeneity and color is a critical step before preparing
a Van der Waals heterostructure. In our graphene devices, we need strictly monolayer graphene
and few layer hBN about 20 to 25nm in thickness. Optical microscopy is the technique that
is usually used to identify the monolayers. Based on contrast difference and color, it is easy
after a while, to identify with rapid visual inspection under a simple optical microscope strictly
monolayered flakes with reasonable yield. While the monolayer graphene appears as a faint
purple or violet in colour as shown in the figure 2.6a, with increase in thickness the colour turns
out to be darker version of violet.

Further we could use a more reproducible and quantitative approach to establish correspon-
dence between optical contrast and number of layers for a given material (graphene, hBN, but
also dichalcogenides...) and illumination. Note that it is easier to identify the adequate hBN
flakes as, for our usage, thickness uncertainty of £5nm have little to no significance on the
device properties.
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Figure 2.7 — AFM topography image of ultra-clean graphene(left) and hBN flakes(right).

In order to further confirm the monolayer nature of graphene, Raman spectroscopy (ex-
plained in detail in next chapter) could be used. When excited with green laser 532nm |,
monolayer graphene has a characteristic Raman signature as shown in the figure 2.8. There
are two peaks around 1580cm~! and 2700cm ™! which are assigned to G band and 2D band of
graphene respectively. Furthermore absence of defect peak D at 1350cm ™! indicates the high
quality of graphene without defects or disorder. The single peaks with full width at half max-
imum which is around 22cm™! confirms that the graphene is single layer. In case of bilayer
graphene the full width at half maximum of 2D peak broadens to be above 40cm™! as the peak
starts to divide into two.
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Figure 2.8 — Raman spectrum of hBN-encapsulated graphene, exhibiting characteristic G and
2D band of monolayer graphene and signature of hBN peak.

In the previous paragraphs, we have emphasized the importance of cleaning substrates.
While super-clean substrates are important as starting materials, the cleanliness of the exfoli-
ated flakes deposited on top are equally crucial for good devices. All the optically identified
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flakes that are suitable for preparing a heterostructure are then scanned using Atomic Force Mi-
croscopy (AFM) to determine their flatness and tidiness. Any flakes contaminated with scotch
tape glue residues or with any other particle impurities are rejected from the further steps of
fabrication. Only atomically-flat and residue-free hBN flakes of thickness of about 20 to 25nm
are selected. Another bare minimum criteria for selection of the hBN flakes is that they should
be larger in size than the monolayer graphene which are used to make the stack so that they
are fully protected. hBN flakes produced from the crystals provided by our collaborators (K.
Watanabe and H. Taniguchi at NIMS, Tsukuba, Japan) have lateral size repeatedly exceeding
100 micrometers with homogeneous thickness, giving ample surface for hosting further top lay-

ers.

29.7 nm

250

150

1.0

Figure 2.9 — AFM topography image of hBN flakes showing impurities on its surface caused by
contamination during processing (possibly from scotch tape glueduring repeated cleaving.)

2.3.2  Stack preparation recipe using PPC Method

Here we present the process and recipes for preparation of hABN/Graphene/hBN heterostructures
using the pickup technique method first demonstrated by Dean et al. [I7] . This technique is
based on the principle that graphene is picked-up by hBN previously exfoliated on a Polypropy-
lene Carbonate (PPC) Stamp. This picking of graphene is based on the strong graphene/hBN
Van der Waals adhesion force caused by their respective flatness optimizing the contact area.
As a consequence, the graphene has a stronger interaction with hBN compared to silica which
enables the pickup with good reproducibility. This so-called ”PPC method” provides the clean-
est heterostructures with pristine graphene encapsulated as never in the process graphene is
placed in contact with polymers . Further, one-dimensional contact to graphene is realised by
side-contacting to obtain high mobility graphene devices. In this context, lithography tech-
niques used to fabricate the devices are explained in detail.

2.3.2.1 Polypropylene Carbonate (PPC) Stamps

In this polymer transfer method, we use a copolymer called Polypropylene Carbonate (PPC)
that is made of carbon dioxide and propylene oxide. PPC is a low-weight polymer that has a
glass-transition temperature between 25°C to 45°C and a melting temperature of about 120°C.
It is soluble in polar solvents. We prepare a PPC solution as follows: 3 grams of PPC crystals
are dissolved in 20 ml of Anisole. This solution is stirred continuously using a magnetic stirrer
and is maintained at 50°C temperature for about 24 hours. Later the solution is purified using
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a 0.2pm filter paper and stored under ambient conditions.

To obtain a homogeneous PPC film, we spin coat for 60sec the PPC solution on 1x1 cm?
silicon substrate which is further peeled for later use. Speed and acceleration for this spin coat-
ing are 4000 rpm and 4000 rpm/s respectively. This is followed by hard-baking for 5 mins at
temperature of 90 “C. Below is the recipe to make the PPC stamps on the glass slide.

1. A square shaped PDMS of 1x1 cm? is cut out and placed at centre of a clean glass slide
at lcm from one of the end.
2. A crystal clear tape is taped down on it to get a dome shaped surface over the PDMS.
3. Take a piece of 3M magic scotch tape and cut out a small circular hole that is enough to
cover the PDMS piece.
4. Take the PPC film that was previously spinned over Si substrate and make a scratch at one
end of the substrate.
5. Stick the tape with circular hole over the centre of PPC film on the Si substrate and peel off
such that the PPC film is attached to the tape having circular hole.
6. Paste the PPC film on tape with circular hole on the glass slide such that the circular hole
with PPC covers the PDMS piece on the glass slide.
7. Heat the thus prepared stamp on a hot plate at 90°C for about 30s so that the PPC homo-
geneously sticks over the PDMS without any air bubbles.

Figure 2.10 — Picture of a glass-slide stamp prepared using the steps explained above. The PPC
film is exposed in the circular hole region above PDMS for the pick-up.

2.3.2.2 Microtransfer setup

The figure[2.11|shows the custom-built micro-transfer setup which basically consists of an optical
microscope(A) (equiped with long focal distance objectives with 10X and 50X magnification),
a camera connected to computer (B), a X-Y-Z motorized stepper-motor stage(C/D), a manual
3-axis micromanipulator(E) and a temperature controller(F). The whole setup is placed on a
vibration-isolated table to provide stable conditions during the transfer. The stage (holding the
sample to be stamped) can be moved in X, Y and Z direction using a joystick coupled to a PC
controller with a precision control of 20nm in Z and 0.2 micron in X,Y (Micos GmbH). There
is a variable temperature, vacuum-assisted sample holder at the middle of the stage and the
stage could also be heated from room temperature up to 200 ‘C and cooled using nitrogen gas
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circulation inside the stage . A high precision PID temperature regulator(F) has sensitivity of
up to 0.1°C for slow heating. Further the glass slide holder/ manual micromanipulator could
be fixed on the thick steel plate at desired angle. This holder can be moved in X, Y and Z
directions manually with the help of the knobs. Both the movable stage and the glass slide
holder/ manual micromanipulator help in alignment of the desired flakes.

The substrate holding stage as shown in the figure (bottom) is fixed on lower elevator
stage. It is a nickel plated copper(1) with a size of 2 inch diameter assisted with vaccum (11).
The copper plate is integrated with a Type-J thermocouple(2) that is heated uniformly by two
175 W heating cartridges. The whole unit is supported by a stainless steel plate(3) mounted
via insulating fiberglass pedestals(4) on a fibregalss screening plate(5). This screening plate has
three adjusting screws(6) with spherical bearing surfaces(7), thereby giving an angular adjust-
ment +2° with respect to the XY plane, for bringing the substrate and the glass side exactly
parallel. After the transfer process, rapid cooling of copper plate could be realized by nitrogen
gas circulation, fed via a flexible coaxial metal tube(10), through a dissipator chamber(9) inside.

Figure 2.11 — (top) Pictures of microtransfer setup used to build the heterostructures. The
micro-transfer apparatus: the microscope and display, the XYZ displacement elements, the
sample-holding stage and temperature controller.(bottom) Inside picture of the temperature
controlled sample-holding stage.

2.3.2.3 Pick-up transfer technique Recipe using PPC

Following are the steps executed during the pick-up transfer technique to produce heterostruc-
tures involving graphene encapsulated between two hBN flakes. To begin with, we prepare
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the raw materials required for the preparation of heterostructures. We exfoliate hBN and the
graphene flakes on two respective Si/SiOy substrates. We then select and identify the flakes
that have to be picked up in the micro-manipulator. Optical images and AFM images helps
in selecting clean and flat flakes as explained before. We also prepare the PPC stamp placed
on a PDMS cushion and fixed on the glass slide following the instruction given in the previous
sections.

2.3.2.3.1 First pick-up of top hBN After the PPC stamp on glass slide has been pre-
pared, we place the substrate with hBN flake to be picked up first (final top (i.e. capping) hBN
layer ) under the microscope on the stage that is firmly held by vacuum. One makes sure that
the thickness of hBN flake is above 10nm. We fix the glass slide which was preheated at 80 °C
for 30s (PPC surface placed upside down) on to the glass slide holder and we align it such that
the circular PPC area is exactly over the hBN flake. We then focus on the selected hBN flake
through the transparent and optically clear (glass/PDMS/PPC) stamp to get a clear image of
the flake that is aligned versus the stamp using X and Y motorized manipulator. We focus
on hBN as well as PPC and align the hBN flake to be at the centre of circular PPC area on
the PDMS using the fine tuning manual XYZ micromanipulator holding the glass slide stamp.
We move down using the Z direction of the glass slide holder and bring the glass slide with
PDMS very close to the hBN flake . As you go down towards the flake while the PPC touches
the substrate, choose a contact point which is not very far from the hBN flake appears and is
clearly seen as a black contact contour/line. The dome shape of the stamp allows the PPC to
be touched on to a very small area of the substrate.

When the PPC touches the surface of the substrate, there is around the contact area, optical
interference patterns (equal thickness fringes) called Newton rings that help a lot in monitoring
the approach. As we go down these Newton rings move along with the contact line. When
these rings are very close to the flake to be picked up, we gradually increase the temperature of
the stage from 38°C in steps of 0.5°C until the flake is completely covered. Thermal effect allow
fine control of the contact line and also makes PPC sticky. The Newton rings move over the
hBN flake due to temperature gradient as the PPC softens. When these rings have completely
crossed the flake, we reduce the temperatures in the steps of 0.5°C back to 38 “C along with tiny
upward movements in Z direction of the holder.The spreadover PPC surface over the substrate
should move back very slowly and in the process the hBN flake will be picked up by the PPC.
Here the hBN is picked up due to its very strong adhesiveness towards polymer film PPC. It
has been found out that the thick hBN flakes of 10nm and above readily adheres to PPC when
brought in contact along with change in temperature as discussed before. Once the first hBN
flake is picked up, move the glass slide away from the substrate using the Z direction upward
movement of the glass slide holder.Verify in the optical microscope if the desired hBN flake is
picked up and take the picture. The hBN flake would appear whitish in color on the PPC.

2.3.2.3.2 Further pick-up steps for any 2D material After a very flat hBN flake above
10nm has been picked-up as explained in the previous paragraph, we heat the glass slide again at
90°C for approximately around 30 seconds before the pickup of any other 2D material (graphene
in this case). This step should be performed every time before pickup. Now we place the sub-
strate with graphene flake on the stage and align it such that the hBN flake on PPC film and
graphene flake on substrate are overlapping such that hBN covers the complete area of graphene.
We then increase the temperature by gradual steps of 0.5°C from initial temperature of 38°C
as explained before, but during this time we stop when the graphene flake is fully covered by
PPC, but not the whole hBN flake. This allows for an easy pick up of graphene as some part of
hBN flake would be still on PPC and would ensure that the stack is picked up. In subsequent
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pickups, it is always convenient to keep a part of first hBN still on PPC during the cool down
and pickup step for the same reason. In this case the graphene is picked up as a result of stonger
Van der Waals attraction towards the hBN upon contact.

2.3.2.3.3 Graphene encapsulation in pristine condition After the graphene has been
picked up, again we heat the glass plate at 90°C for approximately around 30 seconds. Again we
place the substrate with bottom hBN flake to be picked up, on the stage and align with the al-
ready picked top hBN + graphene on PPC film so that the latter could be encapsulated between
two hBN flakes. Use the ritual pickup steps of increasing and decreasing the temperature by
gradual steps that cover and pickup the required bottom hBN flake. In this way the graphene is
maintained pristine where it is not in contact with any polymer or chemicals during the transfer
process. Further by encapsulating it into two hBN flakes, it is maintained in pristine condition
without any contact with the environment. Hence by employing this method, we can obtain the
cleanest heterostructure as possible almost comparable to the vacuum conditions as any surface
impurities would be pushed outside the heterostructure. The same ritual steps could be used
to pick up as many 2D material flakes as possible, almost up to 4 to 6 layers of different 2D
materials.

2.3.2.3.4 Drop-down of stack from PPC to desired substrate After the desired 2D
material flakes have been picked-up, the entire heterostructure would be on the PPC and could
be landed on to desired target substrate (Si/SiO2 in this case) for further fabrication steps. For
that purpose, we take a clean Si/SiO9 substrate, we place it on the stage such that stack is
aligned at the desired location. As described before, we move the glass slide downwards and
with gradual increase in temperature and with the movement of PPC over the substrate, the
stack comes in contact with substrate. We then heat the stage to 110°C to 120°C gradually in
steps of 20°C upon which PPC softens and would be at semi melting stage. After about 10
minutes, slowly move the glass slide away from the substrate in small steps. The PPC film with
the heterostructure melts on to the substrate and detaches from the glass slide.The substrate
with the stack and residual PPC could be washed with acetone followed by rinsing in IPA to
remove the PPC. But there are high chances that the stack would flow away with PPC in ace-
tone.To avoid any wash away of the heterostructure, we anneal the stack for 30 minutes under
high vacuum conditions up to temperatures of around 350°C. In this way the heterostructure
could be built without the use of any solvents. After the annealing one could perform AFM
characterization to check the quality and cleanliness of the stack.
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Figure 2.12 — (Top) Process flow diagram of PPC pick-up technique. In the first image hBN
is already on PPC film and aligned with graphene for pickup. Second image the graphene is
picked up as explained by the recipe. Third image depicts the drop down of the stack from the
PPC to the target substrate as explained by recipe. (bottom) The optical images of the stack
first with hBN, second with graphene/hBN on PPC film, third the complete stack dropped
down on Si/SiO9 substrate.

2.3.2.4 Improvements in the stacking process

The quality of the heterostructures prepared depends not only on cleanliness of the flakes used
but also the time used for its fabrication. As explained before the PPC or PPC/hBN spreads
over the flake to be picked up by gradually increasing the temperature. If this temperature is
increased very fast during the pick-up, bubbles trapped with air or impurities could be formed
as shown in the figure 2.13] a,b,c. These bubbles could degrade quality of the stacks and thus
electronic properties. We can get rid of these bubbles to some extent by long annealing of the
stack at 350°C for about 2 hours. As a result of annealing the bubbles move over the surface and
get accumulated at the edges of graphene as shown in the 2.13d. Further, we could avoid any
bubbles by slow pick-up process where the pick-up temperature is increased slowly by uniform
gradual steps of 0.2/0.1 “C. The e,f shows the bubble free stacks prepared using such a
slow pick-up process.

44



Figure 2.13 — a) Scanning electron microscopy image of a hBN/graphene/hBN Hall bar with bub-
bles that may effect the mobility. b) Atomic force microscopy image of a hBN/graphene/hBN
Hall bar with bubbles. c¢) Optical image of the as obtained stack with bubbles. d) Optical
image of the long annealed stack with bubbles moved to the graphene edges. e,f) Bubble-free
heterostructures prepared using slow pick-up process.

2.3.3 Nanofabrication of edge-contacted devices

After the preparation of the heterostructure, one can proceed to devices design and fabrication.
For the fabrication of edge-contacted device, we need several steps of lithography for alignment
marks, stack shaping and etching, gate buffer deposition and finally for the metal contacts.
Here we use a three-step lithography process with the help of both the optical lithography for
markers and electron beam lithography for etching and metal deposition. We also present the
very critical etching process to obtain one dimensional contacts by depositing metal layer on the
sandwich edge. The figure shows the process flow of the fabrication that was developed,
stabilized and further refined during the course of the thesis. Each sub-step is described in
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details in the following subsections.

Negative resist ARN 6600x
hBN/Graphene/hBN Markers Device area ebeam litho

M@.

After development
Reactiveion etching CHF3+02 After Etch

After resist removal

=" —=—n

Positive resist PMMA 4% After cold development
Contact ebeam litho

N Y e

Figure 2.14 — Process-flow for the fabrication of the edge-contacted devices. The process includes
realizing markers by laser lithography, EBL using negative resist for device area follwed by
reactive ion etching(RIE) and resist removal, and then final EBL using positive resist for metal
contacts followed by metal deposition and liftoff to obtain the edge contact devices.

After metal deposition and liftoff

2.3.3.1 Markers using Laser Lithography

Figure 2.15 — (Left) Design file with markers for laser lithography. (Right) Optical image of
markers on the desired location on the susbtrate after laser lithography followed metal deposition
and liftoff.

In this step of lithography, we basically design markers for alignment case for the further elec-
tron beam lithography procedures. When we place the final stack, it is possible that it would
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be randomly distributed on the substrate. The relative position of the stack should be very pre-
cisely known especially when we do electron beam lithography. Hence we use a markers around
the stack as shown in the figure which could be used for design of the device using the
CAD software and for the precise alignment while doing the ebeam lithography (EBL) .Relative
errors during the alignment process can be reduced down to 10 nm or less using NanoBeam
Mini-Masker EBL writer as it is equipped with an interferometric stage.

Here we use an automated optical lithography called Laser lithography which is fast and
dynamic for this kind of marker design which does not require a very high precision of below
a micron. Here we design 8x8 micron square shapes around the stack to recover the exact
positions of the stacks during further EBL steps. Since it is based on direct writing optical
lithography, we spin coat an optical resist (S1805) on the stack-stamped substrate . Lithogra-
phy will be always followed by development using different developers. All the parameters of
spinning, development and liftoff are presented below.

UV Resist : S1805
Spinnning parameters: speed 6000 rpm, acceleration 4000 rpm/s, time 30s
Baking parameters: 115°C for 1 min
Exposure Dose: 15mJ/cm?
Development: Microposit Developer /DI water 1:1, 1 min dip followed by DI rinse and Nitrogen
blowdry
Metal deposition: Ti/Au 5nm/50nm at any rate
Liftoff: Acetone dip 2 hours, IPA rinse 1 min followed by Nitrogen blow-dry.

2.3.3.2 E-Beam Lithography (EBL) for device area definition

We take the optical images after the deposition of the markers around the stack. These images
are imported into the CAD design so that we can get very precise alignment and positioning
of the device design in the required area of the stack. The basic device shapes are designed
using the design software, (KLayout/AutoCad in our case) by aligning the optical image on the
underlying markers as shown in the figure[2.16h. Since we need relative alignement between the
steps better than 50nm, we use ebeam lithography for the design of the devices that would be
further etched into required shapes.

EBL requires resists which are sensitive to electrons. These resists are of two types, a
positive-tone resist, which upon exposure by electrons see its polymer chains modified and is
dissolved during the development and a negative-tone resist which upon exposure gets cross-
linked and remains non-soluble after the development. For the etch lithography, we use negative
resist like HSQ or ARN to get the desired shapes on the stack upon development. During the
etching time, it is found out that HSQ/ARN resist further solidify and occasionally becomes
glassy which indeed is difficult to remove during the liftoff. Hence when we use HSQ/ARN we
need a another layer of resist PMMA underneath so that it is easy for removal during the liftoff
process. Below are the parameters presented for the HSQ and ARN processes.
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Figure 2.16 — (Left) CAD design file with device area (in black) defined for electron beam
lithography. (Right) Optical image of the device area on the stack after ebeam lithography
followed by development.

2.3.3.2.1 HSQ (hydrogen silesquioxane) process: 2-Layer Resist
1st Layer: PMMA 950K 2%, speed 4000 rpm, acceleration 4000 rpm/s, time 60s, bake 200°C/
d5mins
2nd Layer: HSQ 6%, speed 4000 rpm, acceleration 4000 rpm/s, time 60s, no bake
Dose: 600 microC/cm? at 80keV
Development: MF26 90s, DI water rinse 60s, Nitrogen blow dry
Liftoff: Acetone dip 2 hours, IPA rinse 1 min and Nitrogen blowdry.

Since HSQ has a very short shelf life and is expensive, we developed another recipe based
on the negative resist ARN 7700.18 which could be directly used or in a bilayer configuration
with PMMA underneath for better liftoff and resist cleanliness.

2.3.3.2.2 ARN 7700.18 process: 2-Layer Resist

1st Layer: PMMA 950K 2%, speed 4000 rpm , acceleration 4000 rpm/s, time 60s, bake 200°C/
dmins
2nd Layer: ARN 33%, speed 4000 rpm, acceleration 4000 rpm/s, time 60s, bake 85°C/ 1mins
Dose: 1200 microC/cm? at 80keV
Development: Hard bake 105°C/ 2mins, DI water : AR 300-46 1 : 4, 60 sec, DI water rinse 60s,
Nitrogen blow dry
Liftoff: Acetone dip 2 hours, IPA rinse 1 min and Nitrogen blowdry.
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2.3.3.3 Reactive ion etch process

Top hEN flake

Mcnolayer graphene —g3—3—3—3—3—3—0—3—3—2—0
e SN N

Graphite backgate (optionnal) —

Figure 2.17 — (Top) Single layer graphene edge-atoms exposed for realizing the 1D contacts after
the etching process. (Bottom) Optical image of the stack after the reactive ion etching process.

After the development of the device shape, graphene needs to be exposed at the edges so that
low-resistance one-dimensional edge contacts (as pioneered by Cory Dean group at Columbia )
could be realized in the forthcoming steps. This is achieved by reactive ion plasma etching pro-
cess of the hBN/G/hBN stack. It should be noted that the thicknesses of both top and bottom
hBN flakes are typically 30 to 40 times that of graphene and hence a recipe that specifically
etch hBN and is less efficient on graphene (to preserve the edge protrusion) must be found and
optimized. In the seminal paper of Wang et al.[I7], they show that a small angle arises at the
etched sidewalls (pyramid like stack edge as seen in figure which is of paramount impor-
tance for obtaining reliable electrical contacts of the deposited metal film connecting graphene
edges. The recipe and parameters that was developed during the thesis and used during RIE
etching are presented below.

1. Oxygen plasma etch:
Power 10 Watt, temp 15°C, pressure 5 mBar, 20 sscm for 1 min.
This etch step is for removal of bottom PMMA layer. We need to confirm from optical images
that indeed all PMMA has been removed.

2. CHF3-Oxygen plasma etch:
Power 60Watt, temp 15°C, pressure 5 mBar, CHF3:02 in 5:1 ratio, 20 sscm: 4 sscm, etch rate

36nm/min.

It should be also noted that the etching step is the most critical step to get the cumbersome
one-dimensional contacts and it should be executed in a super clean stable environment with
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respect to pressure and temperature. It is always helpful to execute a 10-min oxygen plasma
to clean the chamber from previous process residues followed by dummy etching process before
the actual etching. Sometimes if the chamber is not clean or the used resist was outdated or
impure, the etching would not be as good and thus partial or no contacts would be established.
One such example is shown in the SEM figure where we could see the deposition of the
resist impurities at edges of the sample. This residues cover the graphene edges and no contacts
were established in such kind of devices.

Figure 2.18 — (Left) Optical image of the stack after the flawed etching process. (Right) Elec-
trically insulating residues (shinny deposits in SEM image) could be seen at the stack edges
which prevent the realization of graphene edge contacts.

2.3.3.4 Ebeam Lithography (EBL) for contacts electrode definition

A second electron beam lithography step is carried out after the etching process in order to
incorporate metal contacts. We use low current (1.1nA) during the lithography of the fine con-
tacts and higher currents (15nA) for larger contacts and pads. Here we use the positive resist,
double layer PMMA to realize the contacts. The double layer serves for the precision in the
critical size and also during the liftoff process. The recipe parameters of this step used during
the thesis are presented below.

Bi layer PMMA Resist:
1st Layer: PMMA 4% , speed 5000 rpm, acceleration 4000 rpm/s, time 30s, bake 200°C/ 5mins
2nd Layer: PMMA 950K 2%, speed 1500 rpm, acceleration 2000 rpm/s, time 60s, bake 180°C/
dmins
Dose: 1000 microC/cm? at 80keV

Developers:
MIBK : dip 30s , rinse in IPA, blow dry
Cold developer: DI Water: IPA (1:3) at 4°C, dip 90s, rinse IPA, blow dry

Liftoft:
Acetone dip 2 hours, IPA rinse 1 min and Nitrogen blowdry.

50



lateral edge contact

Figure 2.19 — (top) Optical image of the device after the lithography and development that
defines the contacts. The contacts and the pad area used for bonding could be seen in the
figure. (bottom) Diagram showing the one dimensional lateral edge contact realized for 2D
graphene.

2.3.3.5 Metal deposition and lift-off process

After the electron beam lithography of the contacts, a very short 2-4 seconds, 10 Watt oxygen
plasma is carried out just before the metal deposition process. This is to ensure that there are
no residues of PMMA left at the edges of the stack which would degrade the contacts. We use
the electron beam deposition technique to evaporate the desired metal as the contacts. The
evaporation must be uniform and homogenous for which reason we use a rotating stage with a
small angle tilt of about 2 degrees. We use a thin adhesion layer of chromium which is found
to stick well on graphene surface followed by a thicker gold layer.

Gold Au thickness 70nm, deposition rate 0.5nm/s
Chromium Cr thickness 2nm, deposition rate 0.11nm/s

Finally the pads of the device are carefully micro-bonded to the chip holder and device
should be ready for electrical test.
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Figure 2.20 — Final device structure after the metal deposition and liftoff.

2.3.3.6 Top gate backend process

Most of the times it is difficult to have an arrangement where the top gate or quantum point
contacts gates to be realized during the contact and pads lithography. Since the contacts are
edge-contacted, the graphene is exposed at the edges and not possible to design the top gates
with out a work-around as gates might contact the graphene. In this case, I have developed
a process where we use a over-exposed-glassy reticulated PMMA patch just near the edges to
sufficiently cover them. Care is also taken that the PMMA patch doesnt extend too much over
the heterostructure which may diminish the gate effect. Taking this into account only 50-100nm
of patch is fabricated on the heterostructure as shown in the figure

Over-exposed
PMMA

top gate (for QPC)

Figure 2.21 — (Left) Top gate process depiction to avoid the exposed graphene at the edges.
(Right) SEM image of graphene edge-contacted device where red dotted lines shows the PMMA
patch that was over-exposed to solidify it into a glass non removable structure so that the gate
metal contact can pass over it without coming into contact with graphene exposed at the edge.

In this gate-last process, in continuation to previous processes, fourth and fifth steps of e-
beam lithography is utilized for PMMA patch and gate contacts . We use a single layer PMMA
as positive resist, design the required small structures to cover the edges, develop them and
highly overexpose the PMMA during lithography. This over-exposed PMMA turns solid and
glassy because of cross-linking of its polymer chains. The liftoff is not necessary here and even
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if one carries out the liftoff process, glassy PMMA remains stable.

PMMA patch:
PMMA 2% , speed 4000 rpm, acceleration 4000 rpm/s, time 60s, bake 200°C for 5mins
Dose: 5000 microC/cm? at 80keV

2.4 Dilution fridge measurement technique

All the measurements in this chapter of the thesis were executed in Oxford Triton 400XL
cryogen-free dilution refrigerator integrated with a superconducting magnet . This system can
reach a base temperature lower than 20mK, thanks to the dual pulse-tube refrigerators pro-
ducing 1.5 Watt and 1 Watt @ 4.2 K respectively. The sample stage is inserted inside a 57
mm-bore superconducting solenoid with a huge mass of 130kg, an inductance of 60H and an
operating current of 140 A that gives a provision of applying high-magnetic fields up to 16 T.
As shown in the figure the Oxford-Instruments Triton system consists of a cryostat with
a pulse-tube cooler, gas handling and control rack, magnet power supply rack, pump rack and
a pulse tube compressor which occupies almost a big room of 40m?. The system is equipped
with a bottom-loading stick allowing samples to be changed while the cryostat is still cold.

When we are performing very low temperature measurements that requires low-noise high
precision electronic measurements, the suppression of external source of noise becomes extremely
important. Coaxial cables were used to achieve good shielding. Isolation transformer was used
to reduce the electrical noise originating out of the raw power supply. The main goal of the
isolation transformer was to separate the measurement system’s ground from the raw power
supply’s ground. Any floating wires in high magnetic field could also generate noise and for the
same reason all the cables were well anchored inside the dilution fridge. In order to suppress
the high frequency noise above a cut-off frequency of f. = 50 MHz, the electrical lines inside
the dilution fridge were filtered using three-stage passive low-pass RC filters. These filters inte-
grated on PCBs were mounted on the mixing chamber plate of the dilution fridge.

Our measurements are carried-out generally at sub-Kelvin temperatures and cooling down
the electrons down to this temperature is highly strenuous task as filterings of measurement
lines is necessary. Lattice cooled down to certain temperature does not also mean that electron
were also cooled-down to that temperature as the electron phonon coupling are suppressed at
lower temperatures. Several steps were ensured in the dilution fridge in cooling down of elec-
trons. To minimize thermal loads from the room temperature components to the target device,
resistive coaxial cables were used from room temperature connectors to the mixing chamber
plate inside the dilution fridge. A thin layer of General-Electric varnish was used for thermal
coupling of all the cables. Sample holder was anchored to the mixing chamber connector using
thin long copper wires which were well-clamped to the mixing chamber plate.
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Figure 2.22 — (Left): Cryogen-free dilution refrigerator used for measurements situated at Prof.
Aveek Bid Lab, IISc, Bangalore. Note the large cryostat vessel cylinder hosting the dry 16T
superconducting magnet surrounding the dilution fridge. (Right): block diagram of the 4-cold
stage inside dilution fridge (the sample is placed on the lowest (coolest) part which is coupled to
the mixing chamber of the dilution fridge (base temperature 20mK).Figure adapted from [31]

2.5 Quantum electron transport in the quantum Hall regime

In this section, we shall discuss about the electrical transport characteristics in graphene. We
start by introducing the concept of diffusive transport regime and classical motion of electron in
the magnetic field. It is then followed by transport in 2DEG system of how low dimension, low
temperatures and high fields induce quantization effects in the electron transport leading to the
introduction of interesting concepts in the ballistic regime such as Integer Quantum Hall effect.
We would explain then how graphene has different integer quantum Hall effect compared to
conventional 2DEG systems. The theory explained is based on[32][27][33][34] could be referred
for detailed description.

2.5.1 Classical motion of electron in a magnetic field

In the diffusive transport regime, the electronic charge carriers experience elastic scattering be-
cause of the instantaneous collision with the impurities indicating that the conductivity would
be better with less impurities. The average time between the subsequent collisions of an electron
is 7 also called as relaxation time. If we apply an electric field to the system , then according
to the Drude model the momentum based equation of motion reads:

D
— =—=+4ek. 2.5.1.1
dt ¢ ( )

The carrier mobility can be defined as vy = uFE where vy is carrier drift velocity and hence
the mean free path of electron would be [ = vy7.

These equations imply that higher the mobility means the conductivity would be higher and
the electrons would have a higher mean free path.
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Now for the above system having transverse electric field in the x direction, the electrons
are restricted to move in (x, y) plane resulting a constant current I in the x direction. If we
apply a constant magnetic field in the z-direction , it induces a voltage V}, in the y direction.
This effect is called as Hall effect discovered by Edwin Hall in 1879.

This classical Hall effect arises due to the fact that the applied magnetic field causes the
charged particles to move in form of circles. The corresponding equation of motion would be:

m% = —ev X B. (2.5.1.2)

The frequency with which the charged particle rotating as a circle in the magnetic field,
called as cyclotron frequency is given by:

B
wp = . (2.5.1.3)
m
The Hall resistance and the longitudinal resistance p,; and pg, could be derived from the
Drude model given as:

m

- _B (2.5.1.4)
Poz =2 Pey = Lo T

2.5.2 Shubnikov de Haas effect

The classical Hall effect equations show that the longitudinal resistance is independent of the
magnetic field while the Hall resistance is linearly proportional to the magnetic field. Mean-
while, during the transport measurements of 2D electrons in a strong magnetic field, Shubnikov
and de-Haas found out that, above some critical value, longitudinal resistance starts oscillating
as a function of the magnetic field. This so-called Shubnikov de Haas (SdH) effect is the first
demonstration of possible quantum phenomena in the 2D electron systems. SdH effect is a
direct consequence of energy quantization of the 2D electrons systems in a strong magnetic
field. This quantization of cyclotron radius of electron in a magnetic field is called as Landau
quantization which would be explained in detail in the next section.

As a result, the kinetic energy also gets quantized into Landau levels(LLs) given by:

€n = hwo(n +1/2). (2.5.2.1)

Using the Einstein’s diffusion relation longitudinal conductivity could be defined as:

or = e2D,(EF). (2.5.2.2)

From the equation it can be seen that the longitudinal conductivity depends rather on den-
sity of states (DOS) at Fermi energy instead of electronic density.
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Figure 2.23 — a) Graph explaining the Shubnikov-de Haas effect. Above a critical field B, (black
dotted line), the longitudinal resistance (grey) starts to oscillate as a function of the magnetic
field. The Hall resistance varies linear with respect to B. b) Density of states (DOS). In a
clean system, the DOS consists of equidistant delta peaks (grey), whereas in a sample with a
stronger impurity concentration, the peaks are broadened (dashed lines). The continuous black
line represents the sum of overlapping peaks, and Er denotes the Fermi energy. Figure adapted
from Mark Goebirg notes[32].

As a consequence of Landau quantization, the DOS of the clean system forms a sequence
of delta peaks as seen in the figure 2.23] These peaks would be broadened due to impurities in
the system and may also overlap. During the increase in the magnetic field, the energy distance
between the Landau levels increases and as a result DOS becomes maximum when Fermi energy
coincides with the energy of a LL and minimum if Fermi energy lies in between two adjacent
LLs. From the diffusion equation we have seen that the longitudinal resistance is a function
of DOS. Hence the above mentioned oscillation in DO