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ABSTRACT OF THE DISSERTATION

2D Dirac Materials: From Graphene to Topological Insulators

by

Desalegne Bekuretsion Teweldebrhan

Doctor of Philosophy, Graduate Program in Electrical Engineering
University of California, Riverside, June 2011
Professor Alexander A. Balandin, Chairperson

Silicon has been reaching physical limits as the semiconductor industry moves to smaller
device feature sizes, increased integration densities and faster operation speeds. There is a
strong need to engineer alternative materials, which can become foundation of new
computational paradigms or lead to other applications such as efficient solid-state energy
conversion. Recently discovered Dirac materials, which are characterized by the liner
electron dispersion, are examples of such alternative materials. In this dissertation, I
investigate two representatives of Dirac materials — graphene and topological insulators.
Specifically, I focus on the (i) effects of electron beam irradiation on graphene properties

and (ii) electronic and thermal characteristics of exfoliated films of Bi,Tes-family of

viii



topological insulators. | carried out Raman investigation of changes in graphene crystal
lattice induced by the low and medium energy electron-beam irradiation (5-20 keV). It
was found that radiation exposures result in appearance of the disorder D band around
1345 cm™'. The dependence of the ratio of the intensities of D and G peaks, I(D)/1(G), on
the irradiation dose is non-monotonic suggesting graphene’s transformation to
polycrystalline and then to disordered state. By controlling the irradiation dose one can
change the carrier mobility and increase the resistance at the minimum conduction point.
The obtained results may lead to new methods of defect engineering of graphene
properties. They also have important implications for fabrication of graphene nano-
devices, which involve electron beams. Bismuth telluride and related compounds are the
best thermoelectric materials known today. Recently, it was determined that they reveal
the topological insulator properties. We succeeded in the first “graphene-like” exfoliation
of large-area crystalline films and ribbons of Bi,Tes with the thickness going down to a
single quintuple. The presence of van der Waals gaps allowed us to disassemble Bi,Tes
crystal into the five mono-atomic sheets consisting of Te®-Bi-Te®-Bi-Te”. The
exfoliated films had extremely low thermal conductivity and electrical resistance in the
range required for thermoelectric applications. The obtained results may pave the way for
producing Bi,Tes films and stacked superlattices with strong quantum confinement of
charge carriers and predominantly surface transport, and allow one to obtain theoretically

predicted order-of-magnitude higher thermoelectric figure-of-merit.
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Chapter 1

Introduction

1.1 Motivations

Considered to be one of the greatest invention of the 20™ century, the transistor is the
most active component of all of modern technology. Experimentally first observed and
demonstrated by John Barseen, Walter Bratain, and William Shockley in 1947 at Bell
Labs, the transistor is a solid piece of semiconductor material with several contact
terminals that connect it to an external circuit. Although transistors can be packaged
individually, it wasn’t till they were embedded into integrated circuits, vastly increasing
their functionality, that they helped revolutionize the electronics field to unprecedented
levels both technically and economically. In initial setups, several semiconductor
materials were used to produce transistors which included germanium, gallium arsenide,
silicon and even silicon carbide. Although it required higher melting temperatures and

was naturally reactive, silicon offered the best prospects for better performance,



especially in logic based applications. Silicon transistors had shown to have far less
leakage issues as compared to germanium, and in 1954 were the first commercially
available transistors developed by Texas Instruments. Today, our technology is
dependent on highly automated semiconductor processing methods based around silicon

to mass produce low cost per-volume transistors.
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Figure 1.1: Plot of number of transistors and power density on a chip between the years
1970 and 2010. Plot from data provided by Intel Corporation.

As the basis roadmap of the semiconductor industry, Moore’s Law has
continuously projected performance gain that have resulted in shrinking transistor gate
length, increase in number of transistors per wafer, wafer size growth, and reduction in

defect density reduction. Along with the ability to help predict technological



expectations, Moore’s Law has also been associated with the growing number of
challenges from each new generation that the industry will continually need to address.
With high performance capacity, silicon-based contemporary metal oxide
semiconductor (Si-CMOS) based transistor architectures are the most common used in
today’s electronics industry. Every two years, the industry makes changes to these
fundamental structures of the transistor on the basis of using a miniaturization process.
Also plotted, alongside the Moore’s Law trend, in Figure 1.1 is the average power
densities of processors with advancements which have shown to increase within the chips
over the past 30 years. With miniaturization comes increased heat generation per unit
area and increase thermal resistance so better cooling systems are necessary for further
advancements in many technological application. Currently levels of heat generated in
processors exceed 100 watts/cm?, which can be categorized to be on the order, if not
greater, than the heat produced from a nuclear reactor. As shown in Figure 1.2, the past
shows that similar thermal issues were observed, prior to switching to CMOS

architecture, in bipolar type transistors.
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Figure 1.2: Plot indicates the increasing trends of heat produced from different generation
of bipolar and CMOS architecture generations.

Currently, commercial products are available in the 45 nm and 32 nm technology
node regimes, while advancements towards 22 nm and lower features sizes have already
began production. As silicon based transistors reach physical and technological
limitations, continuous research towards novel material with extraordinary properties
have growingly been important to help meet the demands of the next generation of
devices [1]. In the field of material science and disciplines alike, extensive research
studies has been devoted into looking at alternative materials for devices integration with
current technology.

The transistor is made up of several materials with a variety of physical properties
that together allow for fast switching capabilities in the presence of an external field.
Traditionally, thin layers of several semiconducting material and high thermal
conductivity metal such copper have been used to construct such devices. The aggressive

downscaling of the feature sizes and compact integration for new and complex structures



continuously requires expensive replacement of tools and instrumentations. With that the
technology is being pushed to its limits, standard materials and new materials must both
be capable of being processed using state of the art lithography methods for device
fabrication. New and innovative ideas are also critical to meet the demands of device
miniaturization and patterning techniques. A promising approach has recently been to
look at incorporating materials with low dimensionalities that exhibit extraordinary

properties into the chip design to help improve the device ability to perform effectively.

1.2 Dirac Materials

Dirac materials are defined as a class of material who possess a unique Dirac-like cone
type of low-energy band structure within the first Brillioun zone. This allows for the
production of extraordinary electrons that are distinctive from standard electron produced
in metals. Typical electrons, like those found in standard metals, tend to behave like
massive particles and have a quadratic energy dependence on momentum. Such massive
electrons are said to obey Schrodinger’s equation. Dirac electrons, on the other hand,
have energies that contain a linear dependence on momentum and follow Dirac
equations, see Figure 1.3. The linear dispersion will result in a d%/dk? = 0 according to

Eq. [1.1], which is used to determine the effective masse of electron in a material.

1_1d%
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As a result, Dirac electrons behave like massless fermions which allow for ballistic
transport along the surface of the Dirac material. Unlike other massless particles though,
such as neutrinos, Dirac electrons have a charge. As a result, electrons in Dirac materials

are charged massless particles that can easily be influenced by an external magnetic field.

E~k? E~k

. iR

SchroedingerEq. K Dirac Eq.

Figure 1.3: On the left is an illustration of the energy dispersion dependence for electrons
in a typical metal that tends to follow Schrédinger’s Equation and have a quadratic
dependence to momentum. On the right is the dispersion relation for Dirac electrons
which posses a linear Dirac-like dependence.

This opens the door to some exotic physics and physical properties in Dirac
materials that are not found in typical materials, which may be utilized for a plethora of
future applications. The pseudospins in the momentum direction are called chirality,
which is used to refer to the additional built-in symmetry between electron and hole parts
in the spectrum. We will discuss two types of Dirac materials here as possible candidates

for future electronic application. These are single layer graphene and newly found Dirac



materials of bismuth telluride based topological insulator materials (i.e. Bi,Tes, Bi,Ses,

etc).
1.2.1 Graphene

Graphene, a single atomic layer of graphite, is a flat sheet of carbon atoms tightly
packed into a two-dimensional honeycomb lattice, and is a basic building block for
graphitic materials of all other dimensionalities i.e. 0D buckyballs, 1D nanotubes, or 3D
graphite. Theoretically, graphene has been studied for over sixty years, and is widely
used for describing properties of various carbon-based materials. The material had not
been considered to exist in the free standing state until it was reported by Andre Geim
and K.S. Novoselov from University of Manchester, UK in 2004 [2]. Both Geim and
Novoselov, would become recipients of the 2010 Noble Prize in Physics for their work
with the new material. Graphene is a source of remarkable electronic properties, one of
the reasons being its unique energy band structure. The electronic structure results from a
simple nearest neighbor, tight-binding approximation. As seen in Figure 1.4, Graphene
posses a two atoms per unit cell in its lattice structure which accounts for two conical
points per Brillouin zone, called the Dirac points located at the two inequivalent Brillion
zone corners (k and k’). At these corners of the Brillouin zone, the valence and the
conduction band meet, with the Fermi energy level passing through these points. Energy

dispersion curve in the vicinity of these points can be approximated to introduce a linear
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Figure 1.4: Crystal structures of Graphene which has two atoms per unit cell, which
accounts for two Dirac points per Brillouin zone. Both are located at the two inequivalent
Brillion zone corners (k and k”) of its reciprocal lattice structure shown on the right.

relationship with momentum and is given by the Eq. [1.2],

0 k, —ik
HZth ) ! y ZthO'.k [1.2]
ky +1Ky 0 '

where vs is the Fermi velocity. Now, only graphene and its bilayer have such simple
electronic spectra, they are both zero-gap semiconductors. For three and more layers, the
spectra become increasingly complicated, where several charge carriers appear and the

conduction and valence bands start notably overlapping.
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Figure 1.5: Energy band structure of graphene. The energy bands become cone shaped at
the corner Dirac points at K and K’. Here the conductance band touches valence band.

The interaction between electrons and the honeycomb lattice causes the electrons
to behave as if they have absolutely no mass. As a result, they are referred to as massless
relativistic Dirac fermions. The electron dynamics in graphene obey the 2D Dirac
equation, where the quantum mechanical description of electrons moving relativistically.
The speed of light is associated with the material by its Fermi velocity of v¢ = ¢/300. Thus
graphene could even be utilized effectively to study quantum field theory without the use

of a huge charge accelerator.

One of the most important merits of graphene is an ambipolar electric field effect.
Here, charge carriers can continuously be tuned between the electrons and holes which
may have mobilities that exceed 15000 cm?V's™ at room temperature. This feature
makes graphene based devices achievable on silicon integrated circuits. In Figure 1.6,

it’s shown the effect an electric field has on a graphene device. The hall resistivity



changes polarity at Vg ~ 0V. This behavior shows that substantial concentrations of
electrons (or holes) can be induced by positive (or negative) gate voltages. As a result,
the resistance decreases with increasing carrier concentration with typical 1/ne

dependence. Moreover, the resistivity follows a similar trend.
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Figure 1.6: Graphene’s ambipolar behavior change carriers with voltage bias.

1.2.2 Bi,Te; Based Materials

The bismuth telluride (Bi,Tes) families of materials (i.e. Bi,Ses, Sb,Tes) have
unique properties with a potential for diverse range of applications. Since the discovery
of its extraordinary thermoelectric properties, Bi,Tes has become a vital component for
thermoelectric industry [3-5]. Bulk Bi,Tes-based materials are known to have the highest
thermoelectric figure of merit, ZT ~ 1.14 at room temperature (RT). The thermoelectric
figure of merit is defined as ZT=S?oT/K, where S=-AV/AT is the Seebeck coefficient (4V

is the voltage difference corresponding to a given temperature difference AT), o is the
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electrical conductivity and K is the thermal conductivity, which has contributions from
electrons and phonons. It is clear from ZT definition that in order to improve
thermoelectric figure of merit one should increase the thermopower S?c-and decrease the
thermal conductivity. Different approaches have been attempted in order to enhance the
thermoelectric properties of Bi,Tes or its alloys. These approaches included change in
stoichiometry, the use of polycrystalline materials with different grain sizes, intentional
introduction of structural defects and incorporation of different dopants, e.g. Sb or Se,
into Bi,Tes lattice. The optimization of bulk Bi,Tes led to incremental improvements but

no breakthrough enhancement in ZT was achieved.

Bi,Tes has the rhombohedral crystal structure of the space group Dsg” — R(-3)m
with five atoms in one unit cell. The lattice parameters of the hexagonal cells of Bi,Te;
are ay= 0.4384 nm and cy = 3.045 nm [6]. Its atomic arrangement can be visualized in
terms of the layered sandwich structure (see Figure 1.7 below). Each sandwich is built up
by five mono-atomic sheets, referred to as quintuple layers, along the cy axis with the
sequence — [Te®-Bi-Te®@-Bi-Te®W] — [Te®-Bi-Te®-Bi-Te™] —. Here superscripts (1)

and (2) denote two different chemical states for the anions.
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Figure 1.7: Schematic of Bi,Tes crystal structure of Dsg°— R(-3)m space group showing a
positions of Bi and Te atoms in a single five-fold quintuple layer.

Topological insulators is a relatively new and exciting area that looks at materials
which have a bulk insulating gap and conducting surface states that are topologically
protected against scattering by the time-reversal symmetry. This newly discovered class
of materials was predicted to reveal many unique properties, e.g. quantum-Hall-like
behavior in the absence of magnetic field. Some of these properties have already been
demonstrated, stimulating interest into topological insulators as possible materials for
guantum computing and magnetic memory with pure electrical read-write operations. As
topological insulators, surface states of certain crystals are predicted to consist of a single
Dirac cone. Moreover, it has been shown that the layered structures of Bi,Tes; and related

materials such as Bi,Se; and Sh,Tes are also topological insulators [7-9].
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The particles in topological insulators coated with thin ferromagnetic layers have
manifested exotic physics and were proposed for possible applications in the magnetic

memory where write and read operations are achieved by purely electric means.
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Figure 1.8: An idealized band structure for a topological insulator. The Dirac cone falls
within the gamma point of the first Brillioun zone for the topologically-protected surface
states.

Behind its theoretical physics, topological insulators are fundamentally described
as material that behave as complete insulator within its interior while allowing ballistic
transport of charges on its boundary. In the interior of a bulk three dimensional
topological materials the electric band structure would be like that of any other insulator
with the Fermi level being within its band gap. Now theoretically it has been determined
that at the surface and edges, special states lie with the bulk band gap which allow for
conduction of carriers. These carriers are allowed protected ballistic transport when their
spin states are aligned and opposite with their momentums, which restricts scattering

from occurring at particular energies as shown in Figure 1.9 [8, 10].
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Figure 1.9: IHllustration of the band structure for topological insulators. With the Fermi
level falling within the bulk band gap which allow for dissipationless transport from
protected surface states.

For observation of such effects, it is important that the material be free of defects,
as the Fermi level must be within the band gap of the material [13, 14]. As such tuning
effects can be done by doping or gating to challenge the effects bulk carriers and defects
impurities [15, 16]. Konig et al. predicted and observed that in grown films of layered
mercury telluride sandwiched between cadmium telluride topological effects occurred for
a short period of time. Afterwards several experimental works were conducted, primarily
with use of angle resolved photoemission spectroscopy, and wide variety of bulk
materials were observed to be 3D topological insulators. The best observed results
coming from Sb, Bi,Ses, Bi,Tes, and Sh,Tes based materials [11, 12]. Beyond ARPES
measurements, methods to observe such topological effects experimentally initially

eluded researchers. This stimulated the search for methods to produce confined
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nanostructure forms of quasi-2D crystalline forms of topological insulator based

materials for even further enhance methods of characterizing such effects.

1.3 Confined Nanostructures

As a result of spatial confinement, it is been shown that classical physics breaks down
and new effects can modify a material’s properties. For example, in confined structures it
has been theoretically shown that modification to a material’s density of state occurs
which directly affect how the material interacts with electrons, point defects, phonons,
etc. As a benefit, in some cased low-dimensional confinement may also be utilized to
enhance some material properties and allow for increased functionality e.g. electronic
band gap tuning. Typically, one would need to produce nanostructures with thickness

shorter than de Broglie wavelength of the material, typically less than 100nm in feature
size. h E

P ¢ [1.3]

1.3.1 Quantum Wells

It has been theoretically predicted that atomically thin films metals and
semimetals are thermodynamically unstable, and none could be shown to exhibit any

notable field effect. Theoretical predictions have also projected that significant change in
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Figure 1.10: Electronic density of states modifications for a) bulk 3D crystalline
semiconductors, b) 2D quantum wells, ¢) 1D nanowires or nanotubes, and d) 0D quantum
dots. Low dimensionality of materials also exhibits other physical phenomena, other than

a density of electronic states (DOS), which may be useful for enhancing thermoelectric
performance.

the thermal properties of quantum well structures is possibly due to the confinement of
charge carriers, which results in change to the carrier density of states [19]. These reports
however ignored the effects of spatial confinement of phonons and bulk values of thermal
conductivity were used. The spatial confinement of phonons in nanostructures and thin
films can affect the phonon dispersion strongly and modify phonon properties such as
phonon group velocity, polarization, and the interaction of phonons with other particles
[20]. Such altered affects in quantum wells is only possible if materials are crystalline
and essentially free of defects. The thickness of the thin film required to achieve the
guantum confinement conditions has to be on the order of few atomic layers.
Superlattices, which are commonly used for confined wells, are only partially confined

with small potential barrier height and of relatively low material quality.
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Chapter 2

Experimental Setup

This chapter focuses on the initial processes that were developed for synthesis and
fabrication methods for experimental analysis of 2D graphene as well as some new
properties observed along the way. We start with a simple overview of some of these
preparation methods, present experimental results that demonstrate unique methods of
making such films, and characterize some of its intrinsic properties using Raman
Spectroscopy. Introduction to the basics of the Raman Effect and electrical transport

methods are also presented.

2.1 Thin Film Synthesis and Fabrication Methods

Before the first successful exfoliation method used to produce pristine graphene by
Novoselov et al. [1, 12] in 2004, chemists used intercalated methods as a means to derive
thin films of graphite for study. These methods required extensive processing, where the
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graphite used for the intercalation was thoroughly dried by heating in vacuum at 150° C
for at least 24 hours and preserved in dry boxes filled with dry nitrogen, or mixed with
different salts and heated at 110° C for a few days. Later graphite films with few single
layers were synthesized by simpler chemical exfoliation methods based on direct
graphene intercalation methods [2]. The polymerization of unsaturated hydrocarbons as a
result of these processes can be observed by using potassium as a catalyst that show the
ability to exfoliated thin graphite films into graphene sheets. However, none of these
methods allowed for detection and isolation of single graphene layer in chemical

solutions of many different multi-layers graphite films.

From thermal decomposition method of 6H-SiC [3], a graphene monolayer can be
synthesized due to the disjointing of carbon atoms from the SiC substrate. The formations
of thin film carbon layers were observed to be formed in semi-orderly fashion due to the
strong carbon-carbon interactions within a graphene layers and the good epitaxial fit to
the substrate lattice structure. Such epitaxial growth method of graphene films offered
one of the better viable routes towards electronic application. The limitation is that the
process can only produce graphene films on particular substrates. Ultrathin epitaxial
graphite films were produced on the Si-terminated (0001) face of single-crystal 6H-SiC
by thermal desorption of Si. After surface preparation by oxidation or H, etching,
samples are heated in ultrahigh vacuum (base pressure 1x10™° Torr) to ~1000 °C in order
to remove the oxide (some samples were oxidized/deoxidized several times to improve
the surface quality) [4]. Scanning force microscopy images showed that the best initial

surface quality was obtained with H, etching. After verifying by Auger electron
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spectroscopy that the oxide has been removed, samples are heated to temperatures
ranging from 1250 °C to 1450 °C for 1-20 min. Under these conditions, thin graphite
layers are formed where the number of layers is determined predominantly by the

temperature and the amount of time exposed to such annealing conditions.

Chemical vapour deposition (CVD) methods on certain crystal plane of metals
(Cu [5], Pt [6], Pd [7], Co [7] and Ni [8-9]) of semiconductor (SiC [10], TiC [11]) can be
also be used to synthesize graphene. Considered the most promising method for
industrial production [10], CVD graphene is attractive as it provides the capability to
produce large area coverage of transferable single layer graphene. Here the metal
substrates are heated in a furnace which is attached to a gas delivery system. The gaseous
carbon source (i.e. methane) is streamed across the metallic surface. The heated wafer
attracts absorbents to the metal surface and as the temperature is cooled graphene is
formed on the surface. Current challenges that CVD grown method include long range
single crystal graphene formation (i.e. graphene grains produced), effective transfer from
metallic surface to substrate of choice, and complete removal of functional groups from

graphene surface.

In the absence of a high quality graphene production method, most experimental
groups currently use graphene samples produced by micromechanical exfoliation of bulk
graphite. This is the same technique that allowed the isolation of pristine graphene by
Geims and Noveselov [1, 12]. Here an adhesive source, similar to scotch tape was used to

repeatedly peel small flakes of graphite off a graphite source or mesas to form ultrathin
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graphene regions. The combination of optical microscopy, Raman spectroscopy, and
atomic force microscopy can be used to selectively locate thin film regions that are only a
few graphene layers thick. For graphitic films thinner than 50 nm, there exist
transparency levels to visible light when placed on thin SiO; on Silicon substrates. Here,
the optical path shifts when interacting with thin graphitic films as compared to the
substrate. The color for a 300 nm thick SiO,, the standard oxide thickness used, on Si
wafer gives off a violet-blue contrast and the extra thickness due to graphitic films shifts

it to different blue shading based on its thickness [13].

—t AcoV  Spot Magn Det WD I—{ZOum
10 micron 10.0kv 3.0 1600x SE 5.8

Figure 2.1: Images of a mechanically exfoliated thin graphitic flake in optical (left) and
scanning electron (right) microscopes. Few-layer graphene is clearly visible in SEM but
not easily optically.

Although invisible in optics, few-layer graphene (FLG) can still be seen clearly in
a high-resolution SEM. Comparison between optical and scanning-electron micrographs
of large areas on the wafer can be used to identify FLG films. Figure 3.5 shows a flake,

which is easily identifiable on both SEM and optical images because of a thick region
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nearby. The FLG film gives a clear contrast in SEM but would be impossible to see by
optical methods if an isolated FLG film were shown. High-quality graphene crystallites

up to 100um in size have been synthesized using micromechanical cleavage method.

For Bi,Te; based materials, to observe useful low-dimensional confinement
effects for the enhancement of the materials thermoelectric properties would require the
production of quasi-two-dimensional structures with thickness of a few-atomic layer and
high quality interfaces. Conventional chemical vapor deposition, electrochemical or other
means are not capable of producing such quality structures. Molecular beam epitaxial
(MBE) growth of low-dimensional thermoelectric materials was also much less
successful than that of optoelectronic or electronic materials due to the lattice mismatch
and other factors. These considerations create very strong motivations for the search of

alternative approaches to fabrication.

The lattice spacing between layers has a direct relationship with the atomic bond
strength between the neighboring layers. For this reason the weakest Te®-Te® bond
correspond to the largest spacing d~0.37 nm. What is also important for our purposes is
that the strength and length of Bi-Te®® bond is not much different from the van der Waals
gaps of Te®W-Te®. Experimental measurements of atomic layer spacing between layers
are tabulated from several sources in Table 1. The latter suggests that the mechanical
exfoliation may lead not only to [Te”-Bi-Te®-Bi-Te™] quintuples but also to separate
atomic planes of Bi-Te and Te-Bi-Te. One should note here that for thermoelectric

applications, the quintuple layers or bound atomic planes of Bi-Te and Te-Bi-Te are of
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greater interest than single atomic planes of Bi or Te atoms. For this reason, in this study
we are mostly interested in producing individual quintuples or few-quintuple layers. The
quasi-2D quintuple layers are also of principle importance for the investigation of

topological insulators.

Te—Tep References
3.04 A 3.24 A 372 A Ref. 23
3.12A 3.22 A 357 A Ref. 24
3.065 A 3.246 A 3.627 A Ref. 25
3.10A 3.235 A 3.64 A Ref. 26

Table 1: The bond lengths between the atomic layers in Bi,Tez quintuple layers. There is
a correlation between the bond lengths and bond strength.

2.2 Raman Spectroscopy

The Raman Effect, which was discovered in 1928 by C.V. Raman, received a Nobel Prize
in 1930. Today, the Raman scattering process is a well known characterization technique
[14]. The basis of the effects is based on the inelastic scattering of photons with atomic
lattice of a material resulting in the absorption or creation of a phonon. In crystalline
material, phonons are simply the quantization of the vibrational waves as an atom in the
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lattice is displaced from its equilibrium position. Raman spectroscopy is a robust non-
destructive technique that uses resulting molecular vibrations to effectively characterize

and analyze nanoscale physical changes.

When a photon hits a sample its lattice loses or gains energy hwyi, Where h is
Planck’s constant and i, IS the characteristic phonon frequency. As such, there will be
an increase or decrease in the frequency of scattered photon, hence ws = wo + wyipb OF
®s = My — Wvip respectively. So with an increase in frequency, a scattered photon has
annihilated a phonon from the sample in a Raman process called anti-stokes process. If
the frequency of the scattered photon is decreased then a phonon is absorbed by the
sample in a Raman process called Stokes process. During Raleigh scattering, a photon
interacts with the sample where the frequency of the initial photon and the scattered one
are the same and there is no transfer of energy. In Figure 2.2, all scattering processes are
illustrated showing change in energy and relative Raman intensity associated with each

process.

A Raman spectrum consists of a plot of intensity (count of photons) versus
Raman shift (cm™). The Raman shift represents the frequency (or energy) difference
between the incident photon and the scattered photon. Peaks in the Raman spectra arise
due to inelastic scattering of photons, giving us information on the vibrational modes of

the atoms in the unit cell i.e. BZ center optical phonon modes.
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Figure 2.2: Rayleigh, Stokes, and Anti-Stokes scattering processes at the same laser
frequency (below). Here the energy relationship of the photon during Rayleigh, Stokes,
and anti-Stokes scattering is illustrated (top).

The Stokes process is the scattering of photons which shift to longer wavelengths
and the anti-Stokes process which shift to shorter wavelengths. This is results in the
photon shifting to lower and higher energy, respectively. The intensity of the anti-Stokes
peak is heavily temperature sensitive. This arises due to the fact that the anti-stokes
process allows for an energy transfer to the incident photon lowering the electron energy
in the material to a ground state. Slight variances in thermal energy provided to the
sample from that of the equilibrium state will create excitation of a few electrons to the
higher excited states. This will allow for anti-stokes Raman spectroscopy to sense and
monitor the temperature change in the material from that of an equilibrium state. In

addition to temperature monitoring, Raman spectroscopy can be used to evaluate crystal
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quality, alloy composition, carrier concentration, scattering time, ion-damage, annealing
effects, and strain in semiconductors. In nanostructures, the phonons mean free path can

be larger than the characteristic length giving rise to boundary scattering.

For our measurements, we use a micro-Raman spectroscopy which is carried out
using the confocal Renishaw instrument [15]. The spatial resolution in our experiments
has been limited only by the laser spot size (~1um), which allowed us to selectively
examine different regions of the few-micrometer sized thin film samples. The spectra
were excited by the 488 nm visible laser. An optical microscope with 50x objective was
used to collect the backscattered light. The spectra were recorded with the 1800 lines/mm
grating. A special precaution was taken to avoid the local excitation laser heating of the

samples by keeping the power on top of the samples below 4 mW.
2.2.1 Raman Spectrum of Carbon Materials

Raman spectroscopy has been widely used to characterize the structure of
graphitic materials in the past forty years. The Raman spectra of graphite can be affected
by basic structural properties such as in-plane crystallite size and out-of-plane stacking
order. However, due to the poor sample quality, quantitative analysis was lacking.
Amorphization takes place in mico- and nanometer sized graphitic materials, which
increases the sp® carbon sample content and thus leads to significant changes in the
Raman profiles. Recent systematic studies greatly improve the research using Raman

scattering as a method to analyze nano-graphite. An empirical formula for the in-and out-

27



of-plane crystalline size dependence of the Raman scattering intensity has been

established [16-18].

It was recently demonstrated that Raman spectroscopy can serve as a convenient
technique for identifying number of graphene layers [15, 16, 19]. Ferrari et al. [16]
studied the evolution of a 2D-band, which is a second order Raman active signature band
found in carbon materials, and determined using a double-resonance model the shifting
effects that the addition of single layer graphene create to the peak. The work goes on to
demonstrate that micro-Raman spectroscopy can be used for unambiguous and high-
throughput identification of the exact number of graphene layers with both the G peak
and 2D bands. The details for this process will be discussed in section 3.2.1.

Beyond its uses as a nanometrology tool, Raman spectroscopy can be expanded to
graphene-based devices to investigate the changes in the Raman signature peaks with
temperature. This is essential for the graphene-based devices since applied electric bias
and gate voltages may result in the device self-heating e.g. joule heating. Although the
thermal conductivity of graphene is expected to be high, there are always some thermal
resistances associated with the contacts and interfaces between different materials [20,
21], which may lead to local temperature increase which can be detected in the Raman
spectrum [22]. These considerations provided an additional motivation for the

temperature study of the graphene Raman signatures.
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2.3 Electrical Transport

Materials may be characterized by the manner in which sub-atomic particles such as
electrons or phonons travel through the material. When applying a voltage onto a
material, information can be collected to identify how well the material may be able to
transport electromagnetic information. The voltage difference between two points on the

material is described by ohm law:
V =1R [1.1]

where V is the voltage difference across the conductor, | is the current, and R is the

resistance. This is proportional and better understood terms of a resistivity p defined as:

L
R=p A [1.2]

where L is the length of the material and A is the cross sectional area. Usually it is more
appropriate to use resistivity rather than resistance measurements to characterize the

intrinsic property of materials.

Scattering of and random moving of charged particles, i.e. electrons and holes, in
conductive material occurs in all directions. Such scattering may occur due to phonons,

defects in the lattice structure of the material, or interfaces between different materials.
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The net velocity at which the particle travels due to an applied field is known as the drift

velocity, vg. This is related to density of current J by:
J = nev, [13]

where n is the charge carrier density and e is the electron charge. The mean free path
between scattering points shortens with lose of drift velocity and has a direct relation to

the mobility of charged particle in that material:
u=vylE [1.4]

where, u is the mobility. One can quantify the intrinsic transport properties of conductor

by also using:

P = [1.5]
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Chapter 3

Graphene Preparation and Characterization

3.1 Preparation Methods of Atomically-Thin 2D Graphene

There are many methods reported to obtain atomically thin film samples i.e. mechanical
exfoliation, chemical exfoliation, chemical vapor depositions or molecular beam epitaxial
growth. For our work we use the common method of mechanical exfoliation which
involves the cleavage breaking of van der Waals gaps from bulk layered materials. The
identification and selection of thin layer regions is conducted by using a combination of
optical microscopy, scanning electron microscopy, atomic force microscopy and Raman
spectroscopy to characterize our single layer graphene (SLG), bilayer graphene (BLG),

and few layer graphene.
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3.2 Raman Spectroscopy of Graphene

The unique properties of graphene have recently attracted major attention of the physics
and device research communities [1-2]. Raman spectroscopy has been successfully
utilized as a convenient technique for identifying and counting graphene layers on the
Si/Si0, substrates [3-4]. The most notable features of the spectrum are G peak at ~1580
cm™, which corresponds to the Eoy mode, and a relatively wide 2D band around 2703
cm™ [3-4]. The 2D band is an overtone of the disorder-induced D band, which is
frequently observed in carbon materials at ~ 1350 — 1360 cm™. The D band corresponds
to the in-plane A4 (LA) zone-edge mode, which is silent for the infinite layer dimensions
but becomes Raman active for the small layers or layers with substantial number of
defects through the relaxation of the phonon wave-vector selection rules [5]. The band at
~2445 cm™ was attributed to the T+D, combination similar to the one observed in the
carbon-implanted HOPG [6] and graphite crystal edge planes [7]. While the presence of
D band in the spectra taken from a graphitic sample away from its edges indicates the
structural disorder or other defects, it is not the case for 2D band. The second-order
phonon 2D band is always present in graphene and other carbon materials owing to the
double-resonance processes [8] involving two phonons. The expected spectral position of
the D band is ~1350 cm™.

It was shown that the evolution of the 2D-band Raman signatures with the
addition of each extra layer of graphene can be used to accurately count the number of

layers [3] together with the position of G peak, which up-shifts with the increasing 1/n,
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where n is the number of graphene layers [4]. Most of the Raman spectroscopy studies of
graphene were limited to graphene layers on Si/SiO, substrates with a carefully selected
thickness W of the SiO, layer (W=300 nm). The latter is explained by the fact that
graphene becomes visible in an optical microscope when placed on top of Si wafer with
the 300-nm thick oxide layer due to the light interference. At the same time, it is not
obvious that the features of the 2D band and G-peak position will be preserved when
graphene is transferred to another substrate due to possible changes in the nature and
density of the defects, surface charges and different strength of graphene — substrate

bonding.

Raman Spectrum of Single
and Bilayer Graphene
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Figure 3.1: Raman spectrum of a nanographite sample. The G peak and 2D (G’) bands
that were taken with laser excitation energy of 2.41 eV (A = 488 nm).
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3.2.1 Raman as Nanometrology Tool for Graphene

Raman spectroscopy is known to be an effective tool for characterization of
graphene and graphene multilayer’s on the standard Si/SiO, (300 nm) substrates, which
allows one to determine non-destructively the number of the graphene layers and assess
their quality. The Raman phonon peaks undergo modification when graphene is placed
on other substrates due to changes in the nature and density of the defects, surface
charges and different strength of the graphene — substrate bonding. In Ref. [4], it was
shown that despite the spectrum variations the deconvolution of the double-resonant 2D
band allows one to identify the number of graphene layers. The results extend the

application of Raman spectroscopy as nanometrology tool for graphene and graphene-

based devices.
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Figure 3.2: Raman spectrum of single, bilayer, 3-layer, 4-layer, and 5-layer graphene.
Intensity ratio of 2D band to G peak for few-layer graphene is suppressed compared to

single layer graphene.
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Here, in Figure 3.2, its demonstrated the sensitivity of the 2D band to the number
of graphene layers allowing one to count the atomic layers when graphene on 300nm
Si0O, atop Si substrates. The procedure of separating SLG and FLG on Si/SiO;, substrates
from graphitic flakes is well established and relies on differences in the G-peak and 2D-
band. The wave numbers of the deconvoluted peaks for graphene with n=1-5 on the
standard substrate under 488-nm excitation are summarized in Table 1. Since 2D band is
a resonant band the Lorentzian peak positions depend on the excitation energy. As shown
in the spectra in Figure 3.3, it’s been indicates that the peaks and bulges appearing in the

2D band of BLG can be seen when on other substrates as well [4].

—— Raw Raman Result
----- Lorentzian Peaks

A =488 nm

Intensity (arb. units)

2550 2600 2650 2700 2750 2800 2850
Raman Shift (cm™)

Figure 3.3: 2D band for SLG and BLG on a Si/SiO; substrate. Based on the number of
Lorentzian elemental peaks in the deconvolution of SLG and BLG spectrums are
explained by the double-resonance model. Adapted from Ref. [4].
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Number of Lorentzian Peak Positions (cm™)

Layers
n=5 D,a = 2728, Do = 2762
n= D,a = 2702, Dog = 2732
n=3 D,a = 2697, Dog = 2719
n=2 2D = 2661, 2D;a = 2688 2D,p = 2706, 2Dy = 2719
n=1 2D = 2691

Table 2: From the deconvolution of the 2D band for few-layer graphene, layers can be
distinguished easily on standard SiO,/Si substrate. Table was retabulated from Ref. [4].

3.3 Experimental Results

In order to achieve further progress in graphene electronics one has to develop a
technology for producing a large area continuous graphene sheets with a controlled
number of layers and low defect density. As of today, the highest quality graphene layers
were produced by the mechanical exfoliation of graphene from the highly oriented
pyrolytic graphite (HOPG) with the help of some adhesive like a scotch tape [1]. Besides
using mechanical exfoliation method with standard HOPG and Kish commercial graphite

sources, we investigated a new approach for producing high quality graphene layers
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using the high-pressure high-temperature (HPHT) growth process and describe the

physical properties of the resulting material.
3.3.1 Synthesis Using HPHT Method

Graphene is able to be produced by the high pressure — high temperature (HPHT)
growth process from the natural graphitic source material by utilizing the molten Fe-Ni
catalysts for dissolution of carbon. For this synthesis of graphene, a mono-layer of carbon
atoms arranged in a honey comb lattice, and assessment of the properties of obtained
graphene layers are observed using the micro-Raman characterization. The resulting
large-area graphene flakes were transferred to 300 nm SiO,-Silicon substrates for the
spectroscopic micro-Raman and scanning electron microscopy inspection. The analysis
of the G peak, D, T+D and 2D bands in the Raman spectra under the 488-nm laser
excitation indicate that the high pressure — high temperature technique is capable of
producing the high-quality large-area single-layer graphene with a low defect density.
The disorder-induced D peak around ~1359 cm™ while very strong in the initial graphitic
material is completely absent in the graphene layers. The proposed method may lead to a

more reliable graphene synthesis and facilitate its purification and chemical doping.

Also known as the temperature gradient process [13], to prepare the graphitic
material by HPHT methods the samples were synthesized in the split sphere growth
apparatus, which is conventionally used for diamond growth [14]. The detail description
of the apparatus has been reported by Abbaschian et al. [15]. To produce easily exfoliated

graphitic layers we loaded bulk natural graphite on top of the solvent, which was placed
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on a substrate of stabilized zirconia infiltrated with CsCl (see Figure 3.4 (a-c)). Figure 3.4
(a) shows a schematic of the chamber while Figure 1 (b) illustrates the growth process. In
order to grow a mono-crystal material we used metal catalyst consisting of Fe - Ni alloy
and placed a small seed diamond crystal. During the growth process, the graphite source
material completely dissolves in the solvent and re-grows on the substrate as either
single- or polycrystalline diamond or graphitic layers, depending on the growth

conditions (see Figure 3.4 (b)).

Regardless of the catalyst used, the most critical requirement for producing the
desired carbon material is the control of the temperature T and pressure P through the
entire process. By varying the growth conditions, we found a regime which leads to the
formation of the loose graphitic layers and flakes of graphene rather than diamond. The
selected T and P values were in the range 5 — 6 GPa and 1300 — 1700 °C, which
correspond to the region right below the diamond — graphite equilibrium line in the
HPHT phase diagram [12]. Excessive growth rates lead to inclusions and morphological
instabilities resulting in strain and high density of defects. For this reason, we kept our
mass growth rates low, at about 4 mg/h during the initial stage (less than 40 h), and
gradually increased them to about 20 mg/h at the final stage. Such a regime corresponded

to an approximately constant deposition rate per unit area (mm/h).

The resulting material, removed from the growth chamber, has a cylindrical shape
with ~ 1 cm diameter and height (see Figure 3.4 (c)). Although most of the cylinder

material is of graphitic nature, the bottom re-crystallized carbon layers (up to ~1 mm) are
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very loosely connected to each other and can be easily peeled off. We have transferred a
number of layers to Si/SiO, substrates without the help of the adhesives but by simply
rubbing the cylinders against the substrates. In order to confirm the number of layers and
assess the quality of HPHT graphene we used micro-Raman spectroscopy, which has
proven to be the most reliable tool for graphene characterization [3-4]. It was not possible
to carry out micro-Raman characterization of the top graphene flakes directly on the
cylinders, removed from the growth chamber, because of the large background signal
from the underlying carbon material. The obtained graphene flakes are large in size with
many exceeding ~10 um in one of the lateral dimensions (see Figure 3.5 (a)). Figure 3.5
(b) is a scanning electron microscopy (SEM) image of a graphene sample, which was

taken to verify the material uniformity [16].
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crystal
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graphene
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graphite source

Figure 3.4: (a) Schematic of the graphene growth “cylinder”; (b) illustration of the high
pressure — high temperature growth in the “split sphere” apparatus; (c) image of the
cylinder with the material after it was removed from the growth chamber. Note that the
region in the center, near the seed, is uniform indicating crystalline layers while the
material at the edges is rough amorphous carbon. Reproduced in part with permission
from: F. Parvizi, D. Teweldebrhan, S. Ghosh, I. Calizo, A.A. Balandin, H. Zhu and R.
Abbaschian, Micro and Nano Letters, 3, 1, 29-34 (2008). Copyright 2008. Institution of
Engineering and Technology.
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Figure 3.5: (a) Optical image of the HPHT grown graphene flakes. The gray — green
color regions correspond to single layer graphene while yellowish regions are bulk
graphitic pieces. (b) Scanning electron microscopy image of the edges of a large
graphene flake with the dimensions of ~ 10 um x 3 um produced via the HPHT growth.
The SEM inspection confirmed the uniformity of graphene layers.
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Figure 3.6: Raman spectrum of the single layer graphene (a) and few-layer graphene (b)
produced via the HPHT melting growth process with Fe-Ni catalysts. The shape and
location of the G peak and 2D band were used to count the layers. The absence of the
disorder D band near 1350 cm™ attests to the high quality of the grown graphene.
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Figure 3.6 (a-b) shows a typical spectrum from the HPHT single layer and few-
layer graphene. Its absence of the disorder band, D-peak, in the spectra of HPHT
graphene and graphene multilayer confirms the quality of the grown material. To
understand the evolution of the material during the HPHT growth process and determine
the number of graphene layers we analyzed the G peak region and the shape of 2D band
in the initial graphite and resulting HPHT material. Figure 3.7 shows a close up of the G
peak region for the initial bulk graphite loaded to the growth apparatus (marked by
squares), HPHT as-grown graphitic layers (marked by triangles) and single layer
graphene separated from the top of the HPHT cylinders (marked by circles). The G peak
position in graphene is slightly up-shifted as compared to graphite, which is in line with
Refs. [8-9]. It is interesting to note that the disorder-induced D band at 1359 cm™ is very
strong in the initial low grade natural graphite source material but completely absent in

as-grown HPHT graphitic layers and single layer graphene.
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Figure 3.7: Raman spectrum of the initial natural bulk graphite source, as-produced
HPHT graphitic layers and single-layer graphene in the G-peak region. Note that the
disorder-induced D band is very strong in the spectra of the initial bulk graphite and it is
completely absent in the spectra of graphene. This suggests the material quality improves
during the growth process via melting and re-crystallization. Reproduced in part with
permission from: F. Parvizi, D. Teweldebrhan, S. Ghosh, I. Calizo, A.A. Balandin, H.
Zhu and R. Abbaschian, Micro and Nano Letters, 3, 1, 29-34 (2008). Copyright 2008.
Institution of Engineering and Technology.

The absence of the D band indicates that HPHT graphene has higher crystalline
order and lower defect concentration. The latter was attributed to the fact that in HPHT
process carbon is completely dissolved with the help of the molten Fe — Ni catalysts and
purified during its transport to a growth site and following re-crystallization. One should
note here that the stage when carbon is dissolved is suitable for its chemical doping. From

the further examination of the figure, one can see that the G-peak intensity decrease as
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one goes from the initial bulk graphite to as-grown HPHT material, and to the single
layer graphene is expected due to the reduction in the number of the interacting carbon

atoms.
3.3.2 Raman Detection of DNA polymers

Using Raman Spectroscopy we were able to show that single strand DNA (ss-
DNA) fragments act as negative potential gating agents that increase the hole density in
graphene. Patterning of bio-molecules on graphene could provide new avenues to
modulate the electrical properties. Current-voltage characterization of this hybrid ss-DNA
/ graphene system indicates a shift of the Dirac point and “intrinsic” conductance after ss-
DNA is deposited. The effect of the ss-DNA is to increase the hole density in the
graphene. The increased hole density is calculated to be 2 x 10' cm™. This increase is
consistent with the Raman frequency red shift in the G peak and 2D band and the
decrease of the full width half max values (FWHM) in the G peak. Ab initio calculations
using density functional theory rule out significant charge transfer or modification of the

graphene band structure in the presence of the ss-DNA fragments [17].
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Figure 3.8: Micro-Raman spectroscopy of the signature G-peak and 2D band for pristine
graphene and DNA/graphene based system. In (a) the G-peak centered at 1580 cm™, seen
at 488 nm excitation wavelength, shifts and average 2 cm™ after DNA coating. In (b)
second order 2D band shifts a value of ~4 cm™ as a result of DNA coating. Both signature
peaks also show relative shortening of their respective full width half max values
(FWHM) as a result of coating as well. More details on Ref. [17].

3.3.3 Thermal Characterization of Suspended Graphene

Using Raman Spectroscopy we investigation thermal conduction of suspended
graphene across trenches in Si/SiO, wafer. The measurements were performed using a
non-contact micro-Raman spectroscopy based technique developed by Dr. Alexander A.
Balandin at UC Riverside. This ‘optothermal’ technique is based on the different

amounts of power dissipated in graphene films, while corresponding temperature rise is

determined from the spectral positioning and integrated intensity of graphene's G mode.

As the electronic industry moves towards nanometer designs, one of the most
important challenges as was mentioned in the motivations is the growing chip power

consumption. As the performance of ultra-large scale integrated (ULSI) circuits depends
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on temperature T, even a small increase in T results in reduction of the device lifetime
[18]. A possible approach for solving the thermal problem is finding a material with
extremely high thermal conductivity K, which can be integrated with Si complementary
metal-oxide-semiconductor (CMOQOS) technology. To solve some of these problems,
carbon based methods have been considered for such thermal management applications

[19-20].

The applicability of material for thermal management also depends on its
suitability for integration with CMOS technology. Crystalline diamond and CNTs have
proven to be rather difficult materials in this respect. To investigate the thermal
properties of graphene, we used Si/SiO; substrates with an array of trenches fabricated by
the reactive ion etching (RIE). The nominal depth of the RIE trenches was ~300 nm
while the trench width D varied in the range 1 — 5 um. Among the samples we selected
long graphene flakes with a relatively constant width W suspended over the trenches and
connected through the few-layer graphene regions to large graphitic pieces at the distance
of few um from the trench edges. The suspended single-layer graphene (SLG) flakes
were located with the help of Raman spectroscopy [8-9]. Several long graphene flakes

suspended across trenches with the flake length L longer than the width, i.e. L>>W.

None of the conventional techniques for measuring thermal conductivity of
material worked well for the atomically-thick graphene layers. For this reason,
Balandin’s optothermal method is the best method for studies of thermal transport across

suspended confined structures. Here, the laser light is focused in the middle of the
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suspended SLG with the spot size of about ~1 um [23]. A fraction of the excitation light
(A=488 nm) is absorbed by graphene, which results in the heating power Pg, while the
remaining light is absorbed by the trench. Due to the small cross-sectional area of the
heat conducting channel, even a small power dissipated in graphene can lead to a

detectable rise of the local temperature [24].

The heat transport in graphene layer in our experiment is at least partially
diffusive. The latter is expected from the phonon MFP data reported for a rather similar
material system such as suspended CNTs [21-22, 26-27]. It was found that MFP in
CNTs is ~ 250 — 750 nm at RT [26]. In our setup, the distance from the trench edge to
multilayer graphite heat sink was in the range 6 — 10 um. The temperature rise ATg in
the middle of the suspended portion of graphene can be established by measuring the
shift in position of the graphene G peak Aw and using the peak temperature coefficient
xa, Which we reported earlier [24]. In this case, the micro-Raman spectrometer acts as a
thermometer, which gives ATg=Aw/ys. Although the measurements were performed at
RT we induced substantial heating in the middle of the suspended portion of the graphene
flake. The average temperature rise along the length of the graphene flake was about ~70-

100K.

For the plane-wave heat front propagating in two opposite directions from the
middle of SLG, we can write K=(L/2agW)(APs/ATs). Here ATg is the change in the
temperature in the suspended portion of graphene flake due to the change in the power

APg dissipated in graphene. Finally, the thermal conductivity can be determined as here
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K =(L/2aW) 7. (Aw/ AP,)™ [3.1]

the power absorbed in SLG can be written as P; =aga;(1+Rg)I, A where A is the

illuminated area, I, is the laser intensity on the surface, o is the absorption coefficient in
graphene and Rs; is the reflection coefficient of Si. Here we took into account the power,

which is reflected from the Si trench and absorbed by the suspended portion of graphene.
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Figure 3.9: The shift in G-peak spectral position vs. change in total dissipated power. The
slope of the dependence is used for the extraction of the thermal conductivity of
graphene. Reprinted with permission from: S. Ghosh, I. Calizo, D. Teweldebrhan, E.P.
Pokatilov, D.L. Nika, and A.A. Balandin, Applied Physics Letters, 92, 151911 (2008).
Copyright 2009, American Institute of Physics.

Figure 3.9 shows a change in the G peak position with the total dissipated power

Pp for a typical suspended SLG. In this figure the peak position change Aw is referenced

to the value at the lowest excitation power. The extracted slope is Aa/APp =~ —1.226 cm’
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!/mW. Knowing calibrated intensity of G peak in graphene vs. HOPG for a given sample

and power range one can recalculate the measured slope into the value of Aw/AP;.
Using yc = — 1.6 x10? cm™/K [24] and plugging into Eq. (1) the values of ag, L,
Aw/!AP; we obtain for the examined set of SLG samples the averaged values in the

range K~ 3080 — 5150 W/mK. One should note that the upper bound of K for graphene is

higher than the conventionally accepted values for individual CNTs [21-22].

3.4 Discussion

The process of peeling of graphene from HOPG pieces is not well-controlled,
provides only small size graphene flakes, which are time consuming to produce and
hardly can be scaled up with standard HOPG and Kish graphite sources. The reported
alternative techniques of looking at HPHT molten methods of graphene synthesis provide
an advantage to other methods such as radio-frequency plasma-enhanced chemical vapor
deposition (PECVD) [9], high-vacuum graphene growth by Si sublimation from 6H-SiC
or 4H-SiC (0001) surface [10], electrostatic deposition [11], as well as chemical methods
[12]. It was shown that large area graphitic material by HPHT methods were synthesized
in the split sphere growth apparatus, which is conventionally used for diamond growth

[14].

We observe important implication of extremely high thermal conductivity of

graphene for possible use for thermal management in future ULSI circuits. While SLG is
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hard to produce, graphene multi-layers are much cheaper and are expected to retain most
of the excellent heat conducting property. Graphene layers can be naturally attached to
larger graphitic pieces acting as heat sink, thus avoiding the problem of thermal contact
resistance, which is a major problem for CNTs. The flat plane geometry of graphene

simplifies its integration with Si CMOS circuits for the purpose of thermal management.

From the Wiedemann-Franz law we estimated that the contribution of electrons to
the thermal conductivity is less than 1% at RT. From this we can evaluated the phonon
MFP A in graphene from the expression K=%CV A, where C is the specific heat and V is
the averaged phonon velocity. The coefficient %2 appears due to the two-dimensional
nature of SLG. Using similarity of graphene and CNT material parameters and the data
provided in Ref. [26], we estimated from our K values that MFP in graphene is A~ 775

nm near RT.

3.5 Summary

The changes in the Raman spectrum of graphene allows one to identify the
number of graphene layers, crystal quality analysis, thermal detection, and monitoring
change in carrier concentration were discussed. The procedure for producing large area
graphene films using an HPHT method were shown as a new method for growth of the
high-quality large-area graphene layers from the natural graphite. The proposed method

may lead to a larger scale graphene synthesis and a possibility of the efficient purification
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and chemical doping of graphene during the melt phase of the growth. The evolution of
the disorder D peak as one goes from the initial source carbon to the graphitic layers and
then to graphene suggests that the density of the defects reduces and the quality of
material improves. We were able to demonstrated that ss-DNA fragments act as a
negative potential gating agents that increase the hole density in graphene. Heat transport
in graphene layer could be determined by monitoring the temperature rise AT in the
middle of suspended portion of graphene by measuring the shift in position of the
graphene G peak Adw and using the peak temperature coefficient ys. This allows micro-
Raman spectrometer to act as a thermometer, which gives ATc=Adw/ys. Although the
measurements were performed at RT, the induced substantial heating in the middle of the
suspended portion of the graphene flake. These results are important for extending the
application of Raman spectroscopy of graphene for a wide variety of graphene and

graphene-based devices applications.
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Chapter 4

Low-Energy Electron-Beam Irradiation
Effects on Graphene and Graphene Devices

4.1 Motivations

Graphene characterization and device fabrication require an extensive use the scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and focused ion
beam (FIB) processing. These and related techniques involve electron beam (e-beam)
irradiation of the samples, which may result in damage and disordering. The radiation
induced defects are expected to lead to significant deterioration of the electron and heat
conduction properties. Despite the importance of this issue for device applications no
investigation of the e-beam effects on graphene properties has been reported so far. In
addition to the practical significance, the influence of the irradiation on graphene

properties is of major fundamental science interest. A wide variety of physical properties
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of carbon nanostructures is determined by the possibility of influencing their lattice

structure, including by inducing defects.

4.2 Defects and Disorder in Carbon Materials

One of the methods for modifying the properties of carbon materials is the formation of
defects through e-beam irradiation [1]. The effect of the particle and sub-particle
irradiational interaction with bulk graphite has been studied extensively due to graphite
applications in thermal nuclear reactors [2-4]. At the same time, no irradiation data is
available for single-layer graphene (SLG) and bi-layer graphene (BLG). Here we report
the first investigation of the modification in graphene lattice induced by the low and

medium energy e-beam irradiation.

Figure 4.1: AFM topography indicates differences between irradiated and non-irradiated
graphene.
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4.2.1 Raman Spectrum of Disordered Graphene

Raman spectroscopy methods are capable for detecting small changes in the
crystal structure and have been used extensively in the analysis of the irradiation damage
on other carbon and carbon-based nanostructure materials [3, 5, 6]. These possible
consequences of the irradiation would lead to changes in the vibration, i.e. phonon modes
of graphene. For this reason we studied micro-Raman spectroscopy effects that result
from electron beam irradiation in graphene and graphene field effect transistors
(GrFETs). As few tuning methods of graphene properties have been studied, new
methods for controllably modifying the properties of graphene is by introducing different

concentration of disorder or defects to its pristine crystal structure.

4.3 Experimental Results

We report micro-Raman investigation of changes in the phonon modes of single layer
and bi-layer graphene induced by the low and medium energy electron-beam irradiation.
All Raman spectra were measured using Renishaw micro-Raman spectrometer under the
488 nm excitation. The spectra were recorded in the backscattering configuration through
50x objective at RT. In order to prevent local heating the excitation power was kept
below 2.0 mW. Previously, it was established that Raman spectrum of graphene is rather

sensitive to the temperature variations [8].
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Graphene samples were produced by the mechanical exfoliation from three
different types of initial carbon material: (i) bulk highly oriented pyrolitic graphite
(HOPG), (ii) Kish graphite and (iii) high-pressure high-temperature (HPHT) graphitic
layers. Graphene synthesis through HPHT process were determine to have high quality
also as discussed in the previous chapter (section 3.3.1) and details can be found in Ref.
[9]. For this reason we refer to the material as graphene whether it was produced from
HOPG or HPHT source. All graphene flakes were placed on the standard Si/SiO, (300

nm) substrates and initially identified with an optical microscope.
4.3.1 Graphene Susceptibility to Electron-Beam Irradiation

SLG and BLG sample were isolated with the help of micro-Raman spectroscopy
using a 2D-band deconvolution procedure [10]. The SEM image of graphene with

indicated SLG and BLG regions is presented in Fig 4.2.

1.6x 10° nm?

AcoV  Spot Magn Det WD 20um AcoV  Spot Magn Det WD 20um
10.0kv 3.0 1600x SE 58 10.0kv 3.0 1600x SE 5.8

Figure 4.2: SEM of selected single layer and bilayer regions within fixed exposure area.
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With low-energy acceleration energy, 5 keV - 20 keV, electron irradiation was
performed with the help of the XL-30 FEG field-emission system. The graphene samples
were subjected to continuous e-beam from the electron gun of the electron microscope
focused on an area. In Fig. 4.2 it is shown an area of 1.6 x 10° nm? of exfoliated thin film
regions with selected which contains both single layer and bilayer regions for
investigation. Under a beam current of ~0.15 nA, irradiation is investigated with an
electron beam dosage density of 3.905 x 10' electrons cm™s™, depending upon the
selected region (as the cross-section areas of SLG and BLG differ within the exposed

regions).

To ensure free of contaminant, the samples were kept under vacuumed conditions
with a base pressure at 8.5 x 10 Torr. A constant emission current of 235 pA is used
throughout exposure for our samples. The working distance between the samples and the
tip of the electron gun was kept at a relative constant distance, in the Fig. 4.2 the working
distance WD = 6.0 +/- Imm. Since the flux has been maintained constant for each of the

experiments the electron dose is proportional to the irradiation time.
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Time (Sec) Irradiation Dosage

(e'/cm?)
0 0
420 2.34x 10"
600 3.34x10°
900 5.02 x 10™°
1200 6.69 x 10™°
1800 1.06 x 10"’
2700 1.51 x 10"’

Table 3: The irradiation dosage (fluency) of electron beams on graphene at ~0.15 nA
beam current. With all variables fixed the dosage is depended on exposure time.

4.3.2 Raman Spectrum of Irradiated Graphene

In Figure 4.3 we show the effects observed in Raman spectra of SLG before and
after electron beam irradiation exposure. As one can see, the graphene spectra manifest
three important features: disorder D and zone-center G peaks near ~1350 cm™ and ~1580
cm’™, respectively, as well as the second-order 2D band and 2D’ band at ~2700 cm™ and

~3250 cm™ under laser wavelengths of 488 nm and 633 nm.

It is important to notice here that in pristine graphene samples the disorder D peak
is absent. The latter indicates the high quality of graphene and its crystalline nature. It
should be noted the dependence of the D-peak intensity dependence different laser

energies. Here both the 488 nm and 633 nm spectrums are taken at the same location with
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Figure 4.3: Raman spectra of graphene before and after e-beam irradiation under 488 nm
and 633 nm laser excitation. Reprinted with permission from: D. Teweldebrhan and A.A.
Balandin, Applied Physics Letters, 95, 246102 (2009). Copyright 2009, American
Institute of Physics.

the same irradiative dosage. The D peak is made up of phonons of A;y symmetry near
the K-zone boundary. These phonons are not Raman active due to the momentum
conservation in the scattering process. The peak only appears in the presence of defects
or structural disorder [7]. A rather intriguing result is that even a very short time
exposure, e.g. few minutes, of SLG to 20 keV e-beam irradiation leads to an appearance
of large disorder D peak. The intensity of the D peak decreases with increasing dose of
the irradiation. The G peak broadens under e-beam irradiation. The peak at ~1620 cm ™',
referred to as D’, was detected after the second step of irradiation. This peak was

attributed to the intra-valley double-resonance process in the presence of defects [11].
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43.2.1 Non-monotonic Ip/lg Defect Concentration

The irradiation-induced evolution of the Raman spectra of BLG is similar to that
of SLG. The disorder D peak, completely absent in spectrum of pristine BLG, appears
strong after few-minutes e-beam irradiation even for the low-energy excitation of 5 KeV.
As a result of the low or medium energy irradiation, we are able to observe the
appearance of a second-order combination D+D’ band near 2940 cm™ in both SLG and
BLG. The appearance of D peak and broadening of G peak and 2D band indicate disorder
as a result of e-beam irradiation. Another observation from these spectra is that the lattice
damage in graphene appears at smaller e-beam energies and exposure times (few
minutes) as compared to other carbon materials. For examples, the exposure times

utilized to induce similar damage in carbon nanotubes (CNTSs) were few hours rather than

minutes [6].
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Figure 4.4: First order and second order Raman spectrums for Irradiated graphene.
Reprinted in part with Premission: D. Teweldebrhan and A.A. Balandin, Applied Physics
Letters, 94, 013101 (2009). Copyright 2009, American Institute of Physics.
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To rationalize these results, we plotted the ratio of D and G peak intensities
I(D)/1(G) as a function of the e-beam irradiation time (see Fig. 4.5). After the first few
minutes of irradiation the ratio 1(D)/I(G) attains its maximum and then falls rapidly. The
continuation of the irradiation results in a slower decrease or saturation of 1(D)/I(G). This
trend was observed for both SLG and BLG in the examined e-beam energy ranges (5-20
keV). It is illustrative to compare the dependencies in Fig. 4.5 with the amorphization
trajectory proposed by Ferrari and Robertson for the disordered, amorphous and diamond
— like carbon [7, 12]. The trends summarized by the amorphization trajectory indicate
that 1(D)/1(G) increases as one goes from graphite to nanocrystalline (nc) graphite and
then decreases with increasing disorder when material becomes more of an amorphous-
like nature. This amorphization trajectory appears suited well for our case when
crystalline graphene under e-beam irradiation first transforms into nanocrystalline phase

and then, as the radiation damage increases, becomes more disordered.
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Figure 4.5: Evolution of the ratio of the intensities of the D andG peaks as a function of
the irradiation exposure for single layer (SLG) in red and bilayer graphene (BLG) in
black. Using Tuintra-Koening relation of grain size to Irradiation fluence was
determined. Reprinted in part with Premission: D. Teweldebrhan and A.A. Balandin,
Applied Physics Letters, 94, 013101 (2009). Copyright 2009, American Institute of
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Figure 4.6: Evolution of the ratio of the intensities of the D andG peaks as a function of
the irradiation for single layer (SLG) giving a 1/T or 1/La like dependence for up to 2hrs
of irradiation.

Amorphization Trajectory

65



It’s known that the presents of the D-peak is clear indication of defects and
disorder, but as a result of broadening of all selective graphitic peaks within the Raman
spectra (i.e. D, G, and 2D) a possible detectable method for understanding the quantity or
nature of disorder which is currently unknown [12, 13]. We take a look at the effect
exposure duration has on the FWHM of single layer graphene. As a result of irradiation,
the FWHM in SLG shows an initial spike broadening and levels off for the closely
related D and 2D peaks. With changes of ~12 cm™ and 24 cm™ after seven minutes of
exposure, respectively. In graphene, a relative doublet structure relation between the D
peak and 2D peak seems to be reserved. This is not the case for multilayer graphene, as
the 2D band shows and increasing FWHM with increased irradiation time. The 2D band
is used for identifying the number of graphene layers and posses a strong indication of c-

axis ordering as well as slight curvature effects in sing walled carbon nanotubes [10].

We carefully also examined the Raman spectrum and electrical transport effects
of graphene based field effect transistors after each irradiation step. The details of
irradiation process of graphene devices and electrical transport effects will be discussed
more in section 4.3.4. Here we analysis the Raman spectrum seen in these devices. In
work discussed above, we had varied the acceleration energy between 5-20 keV under a
constant beam current of ~0.15 nA. Here we observe the effects of using a beam current

in ~pA range for a longer duration to match the same dosage levels as our prior analysis.
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Figure 4.7: 1(D)/I(G) ratio for irradiation under 30 pA is shown. These trends suggest
the graphene experience a structure change from graphene to nanocrystalline graphene.

As can be seen in Figure 4.7, we notice that a disorder D peak appears after the
electron beam irradiation. The ratio I(D)/1(G) reveals a clear and reproducible non-
monotonic dependence on the irradiation dose. This behavior was observed in all devices
and the trend is consistent with our earlier studies. A similar trend was reported for
graphite where the ratio 1(D)/1(G) was also increasing with the irradiation dose. At these
low levels of beam current (~pA) it was seen that the intensity of I(D)/I(G) ratio is
suppressed in SLG as compared to previous (~nA) measurements. The bond breaking in
such cases is likely chemically induced since the electron energy is not sufficient for the
ballistic knock out of the carbon atoms, ~86 keV [14]. Generally increased 2D peak
FWHM width, together with the generally decreased 1(2D)/I(G) ratio in the first 4 steps
of irradiation indicating the accumulation of the charge impurities [18]. This phenomenon
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is consistent with the 1(D)/1(G) evolution. The abrupt change of the last step may due to a
difference defect mechanism from a phase change. Other factors contributing to the
growth of the disorder D band can be contaminant molecules or water vapor, which
dissolve under irradiation and may form bonds with the carbon atoms of the graphene
lattice.

The change in the G peak position under the electron beam irradiation is also
shown in Fig. 4.7. The G peak position shifts to higher wave numbers with increasing
irradiation dose (with exception for the 2™ step). But after certain dose (step four) the
peak position starts to move to the lower wave numbers. A similar trend was also
observed in graphite [7]. It is reasonable to believe that e-beam irradiation leads to

disorder in graphene’s crystal lattice via formation of defects and sp® bonds.
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4.3.3 Selective Irradiation and Nano-Patterning of Graphene

We look at the possibility of selective area irradiation using e-beam to pattern
regions of single layer graphene. Below, in Figure 4.8, is an optical image and schematic
of single layer graphene region and schematics illustrating controlled irradiational
sectioning of regions in red. Raman spectra mappings of respective G-Peak, 2D-band, D-
peak, and ID/IG ratio both prior and post electron beam irradiation show that sharp
features that separate each respective region. We also note that can the single layer
regions are more susceptible to irradiation that the few layer regions. Other possible
mechanisms for E-beam patterning methods of single layer graphene include (i) Direct

contact metal on graphene, (ii) Masking shadowing, or (iii) direct writing.

Irradiation of Selected
Regions

Figure 4.8: Selective area irradiation using e-beam to pattern regions of single layer
graphene. (a) Optical image of single layer graphene region and schematics illustrating
controlled irradiational sectioning of regions.

69



Raman G-Peak Intensity Mapping @ 1585 cm! Raman 2D-Peak Intensity Mapping @ 2706 cm™*

-+ 29682

Raman D-Peak Intensity Mapping @ 1346 cm! Ip/lg Peak Intensity Ratio Mapping

-+ 25181

Intensity Counts
Intensity Counts

> 106

.
g

3 2429 > 2886.1

H £
H H
& £
» TRT S 324
Iradiated G-Peak Intensity Mapping @ 1584.5 cm! Irradiated 2D-Peak Intensity Mapping @ 2725 cm!
- 25355 > 17940
-] @
5 -
2 2
£ g
> 295 > 264
Raman D-Peak Intensity Mapping @ 1350 cm!
ityMapping @ Irradiated lp/l; Peak Intensity Ratio Mapping
> 25350
£
3
o
1
s
£
- 328

Figure 4.8 continued: Raman spectra mappings of respective G-Peak, 2D-band, D-peak,
and ID/IG ratio both prior (b) and post (c) electron beam irradiation. It can be seen that
the single layer regions are more susceptible to irradiation that the few layer regions.
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Figure 4.9: Three possible mechanisms for e-beam patterning methods of single layer
graphene. (i) Direct contact metal on graphene, (ii) Masking shadowing, or even as we
have demonstrated (iii) direct writing.

71



4.3.4 Tuning of Graphene Devices via Electron Irradiation

It’s important to understand how the corresponding electrical transported
properties of irradiated single layer graphene as a function irradiation dose. Here, a
compare the correlate the current — voltage characteristics with the evolution of Raman
spectrum of electron beam irradiated GrFETs. Graphene back-gate devices were
fabricated with the electron beam lithography (EBL). We defined the source and drain
regions and then followed with evaporation of Cr/Au with thickness of 10 nm and 60 nm
respectively. The graphene back gate devices were fabricated with the electron beam
lithography (EBL). We conducted electron beam irradiation using Leo SUPRA 55
electron-beam lithography (EBL) system, which allows for accurate control of the
exposed area and irradiation dose. Special precautions have been taken to avoid
additional unintentional e-beam irradiation. The alignment program in the utilized EBL
system offers a way to scan only the alignment marks without exposing other locations.
We used the gold alignment marks located more than 30 um away from the graphene

device to avoid unintentional irradiation during the scanning steps.

For these experiments we selected the accelerating voltage of 20 keV and the
working distance of 6 mm (the same as in EBL process). The area dosage was calculated
and controlled by the nanometer pattern generation system (NPGS). NPGS allowed us to
control the scanning distance from point to point and set the dwelling time on each point.
The beam current, used in calculation of the irradiation dose, was measured using a

Faraday cup. The beam current for all the irradiation experiments in this work was 30.8
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pA. The experiments were conducted in a following sequence. First, the back gated
graphene devices were irradiated with a certain dose of electrons. Second, the irradiated
graphene devices were examined using micro-Raman spectroscopy to detect any changes
with the Raman signatures of graphene. Third, the current-voltage (I-V) characteristics
were measured to examine the changes of electrical properties. After I-V data were

collected, the irradiation dose was increased and all steps repeated.

The electron beam irradiation was performed inside the SEM vacuum chamber
with a low pressure (107 Torr) whereas the Raman spectroscopy and electrical
measurements were carried out at ambient conditions. The electrical measurements were
performed with an Agilent 4142B instrument. The devices and irradiation process were
intentionally designed in such a way that only graphene channel is exposed to the e-beam
while the metal contacts are not irradiated. The latter allowed us to avoid any possible
changes in metal contact resistance after the irradiation.

We started by measuring the electrical resistance between the source and drain as
a function of the applied gate bias. Fig. 4.10 shows the evolution of the electrical
characteristics of SLG device after each irradiation step. The electron irradiation dose for
each step is indicated in the figure’s legend. As one can see, the ambipolar property of
graphene is preserved after irradiation within the examined dosage range. The observed
up shift of the curves indicates increasing resistivity of graphene over a wide range of
carrier concentration. The increase is especially pronounced after the 4™ step with a

higher irradiation dose (1280 pC/cm?).
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Figure 4.10: Transfer characteristics of SLG evolution with increasing dosage of
irradiation. The irradiation dosage for each step is noted. The inset is the optical image of
a typical graphene device. The metal electrodes are used as source and drain, and heavily
doped silicon is used as back gate electrode. The light blue strip is graphene flake. The
purple rectangular region is the irradiation area which covers all the graphene part
between source and drain while excludes two electrodes in case of any possible changes
of contact brought by the irradiation in the experiment.

In order to analyze the results and rule out the role of the contact resistance we

used the following equation to fit our resistance data [18, 19]:

R =R + I'( 1 )+ L yo)
DS — "cont T yx; g Firr
Woeu(yns +ngs) W

where R, is the contact resistance, p is the mobility, e is the elementary charge, L and

W are the length and width of the channel, respectively. In Eq. (1) ng is the background
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charge concentration due to random electron — hole puddles [15] and ngg is the charge

induced by gate bias calculate from the equation:

Nee = ! [4.2]

where Cgg is the gate capacitance per unit area taken to be 0.115 mF for 300 nm SiO,

substrate.
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Figure 4.11: Mobility of 3 SLG devices decreases almost linearly with irradiation dosage.
After the 4™ step the inset shows fitting result of one device. Adapted from Ref. [19].

The inset to Figure 4.11 shows the result of the fitting Eq. 4.1 and 4.2 to the data
Rps for SLG device before e-beam irradiation. Note that the fitting does not cover the
interval close to the charge neutrality point because this region is characterized by a large

uncertainty in the data. The fitting was conducted separately for the negative and positive
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gate bias regions. For simplicity, curve fitting results are from the p-type branch. The
fitting gives the contact resistance of 446 Q, the initial mobility u=5075 cm?®/Vs, and the
charge impurity concentration of 2.13x10™ cm™, which are very close to the typical
values for clean graphene samples [17]. During the experiments the irradiated regions
excluded the contacts. For this reason, the contact resistance should not change during the
measurements and we can estimate the resistance of the irradiated graphene channels by
subtracting the contact resistance from the total resistance. To fit our results for irradiated
graphene devices we modified equation provided by adding the term Ryq,=(L/W)pird,
which is the resistance increment induced by e-beam irradiation. Fig. 4.11 also shows the
evolution of the mobility due to e-beam irradiation for three SLG devices. We note that
the mobility decreases almost linearly and drops by 50~60% over the examined

irradiation dose.
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Figure 4.12: Evolution of SLG resistivity with irradiation dosage. Inset shows the effect
of e-beam irradiation on charge impurity density for SLG.
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The decrease of the 1(2D)/I(G) ratio was previously attributed to increasing
concentration of charged defects or impurities [18]. Our electrical measurements are
consistent with this interpretation indicating a growing density of the charged impurities
with increasing irradiation dose (see inset to Fig. 4.12). Fig. 4.12 shows evolution of the
resistivity near the charge neutrality point with the irradiation dose. One can see a clear
trend of increasing pmax With the irradiation dose. Since the contacts were not irradiated
during the experiment, the overall increase of device resistance is due to the increasing
resistivity of the irradiated graphene. This can be understood by the induced defects that
create an increasing number of scattering centers in the graphene lattice. Note that the

pmax INCreases by a factor of ~ 3 to 7 for SLG devices.

4.35 Thermal Reversibility in Irradiated Graphene

It was discovered that the irradiation induced changes in the properties of SLG are
reversible to some degree. The I-V characteristics can be at least partially recovered by
annealing or storing the devices over a long period of time in a vacuum box. The
annealing may help to repair the bonds and clean the surface from the organic residues
while keeping devices in vacuum may be as a result of loss of the irradiation induced
charge. As can be seen in Figure 4.13, the electron beam irradiation trajectory on our
SLG devices is altered as the annealing is incorporated during the process. When the
sample is annealed at ~510 K for a few minutes, we note the diminishing of the I(D)/I(G)
ratio, as can be seen indicated in red between irradiation trials 1-2, 4-5, and 7-8. We also
observe how other thermal treatment methods, which are commonly known for removal
of absorbents that may adhere on the surface of graphene under ambient conditions and
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differentiate how they differ from the effect that irradiation creates on our graphene
devices. Under ambient conditions, Raman Spectroscopy does not indicate absorbents
on the surface of graphene for typical graphene samples both before and after common
pre-heating processes. While electrical transport measurement are relatively very
sensitive to such absorbents as shown by the minimum conducting point shifting and
drastic mobility enhancements. To minimize such adsorbents, irradiation is conducted
under vacuum conditions and then annealed. This way we are assured that the disordered
D-peak appearance and removal as a result of our post annealing process is solely
introduced as a result of irradiation based defects or disorders created in the graphene
devices. Ambient condition disorders do not create D-peaks in graphene, while

irradiation disorders do.
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Figure 4.13: a) SLG devices is altered as the annealing is incorporated during the process
at ~500K. b) The diminishing effect due to annealing of the 1(D)/I(G) ratio, can be seen
indicated in red between irradiation trials 1-2, 4-5, and 7-8.
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As result of vacuum pumping using a mechanical pump system we also observe
the restoration of graphenes electronic properties. It also can be seen that over a two
month period of high vacuum treating the resistance measurements of vacuum treated
graphene device resemble to that of pre-irradiated conditions. Under such conditions, the
mobility actually almost returns to its original value. The latter suggests that the e-beam
irradiation results in creation of the charged defects, which are more efficient in carrier
scattering than neutral defects.

The devices was exposed to an insitu electron beam irradiation at varies dosages
and the drain-source current (lgs) was monitored at changing drain-source voltage (Vs)
from 0 — 100 mV range. The electron kinetic energy was held constant at 20 keV. It
should be noted that the electron energy of 20 keV is considered to be much less
destructive than lower energies, such as 5 keV and 1 keV [20]. General electrical
measurements trends of our samples, indicates the electric properties of single and few
layer graphene device were converted from being highly conductive material, before
exposure to irradiation, to that of an electrically insulating amorphous material after
Stage Il simply by low-energy electron irradiation [13]. At stage | of the amorphization
trajectory for single layer graphene, when crystalline graphene under e-beam irradiation
transforms into nc phase, electrically the irradiated thin films show semi-conductive
properties and shows that defects formed acts as a transport barrier.

The temperature dependence of the device characteristics after relative irradiation
dosages was also examined. After just a few minutes of electron irradiation around nano-

crystalline graphene (nc-G), it was seen that as a result of sweep annealing from
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temperature 300K to 500K of whole device atop a heating chuck that partial restoration
of the crystalline structure is observed and depicted to be consistent from Raman
spectra’s across exposed regions of the graphene plane. Previously, we were able to
observe quenching effects that indicated semiconductor behavior in our pristine graphene
devices [27]. We observed that there are much less effects observed in restorations
resulting from the amount of annealing time at a particular temperature in pristine
graphene as compared to the annealing temperature after irradiation. The Raman
spectrums are indicative of such changes that result from annealing an irradiated
graphene device at beam energy of 20 keV.

We carried out transport measurements of drain-source current (lgs), which was
monitored at changing drain-source voltage (Vgs) from 0 — 100 mV ranges for these
devices verify the effects we observe in our Raman analysis. Restoration of electrical
properties in a single layer graphene device was observed as deformation effects of
electron beam irradiation was altered and fluctuated as a result of annealing. The
characteristic lgs vS. Vgs are plotted and show that a 1.5 kQ resistance for pristine
graphene before irradiation was measure when a small voltage of 0.1V was applied.
After irradiation exposure dose density of ~ 5.02 x 10™ e/cm? the resistance in the
device was increased to about 5 kQ, corresponding to structural deformation in graphene
to the nc-G phase. As a result of annealing at 500 K, we are able to obtain restoration in
I-V characteristic back to a more conductive resistance of 1.75 kQ. Similar results were
observed as a result of Joule heating in crystalline graphene ribbons [26]. Reversibility

back to pristine properties from nc-G are possible and relative amount of reconstruction
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of crystalline structure is dependent on annealing temperature. This was not the case for
exposure dose density exceeding 1.0 x 10" e’/cm?, where amorphous sp? only is present.
Annealing up to 600 K for time periods exceeding 2 hours fail to create restoration within

the electronic properties of the graphene device.

It can be seen that the significant changes result in suppression of the appearance
of relative disorder related Raman peaks at ~1350 cm™ and ~1620 cm™. This is
consistent with annealing results also for graphite obtained by others [21, 22]. From
amorphization trajectory of graphene and the Tuinstra — Koening [24] relation,
experimental results have shown their strong dependence on each other as Ip/ls decreases
with that of increasing grain size (L) [23, 24].

The obtained results have important implications for graphene characterization
and graphene device fabrication, which relay on the electron microscopy and focused ion
beam processing. The graphene I(D)/I(G) ratio dependence on the irradiation time is
consistent with that reported for multi-wall CNTs [17] but required less exposure to
produce noticeable changes. The precise nature of the defects caused to SLG and BLG
lattice is not clear at present. The threshold acceleration voltage of knock-on damage, i.e.
ballistic ejection of an atom, for single-wall CNTs is about 86 keV [30, 31]. Assuming
that the threshold is similar for graphene, the radiation modification in the lattice induced

in our case must be different from the knock-on damage.

It is known from the theory of heat conduction in graphene that the lattice thermal

conductivity can be strongly reduced by the defects and disorder [30-32]. The small-dose
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irradiation can become an effective tool for shifting the position of the minimum
conduction point or inducing a carrier transport gap. The low-energy e-beam irradiation
is known [6-7] to produce substantial damage, including bond breaking, in carbon
nanotubes (Ref. [7] 1 keV electrons with the dose up to 8 x10*" cm™ were used). In
graphite, some of the radiation defects can be removed after low temperature treatment.
For example, Niwase [8] studied the irradiation-induced amorphization of graphite and
reported that many defects were repaired at temperature ~473 K.

It was recently shown that graphene devices reveal a rather low level of 1/f noise
but can degrade as a result of aging and environmental exposure. The e-beam irradiation
may lead to further increase in the noise level in graphene devices. For this reason,
special protective cap layers may be required for communication and radiation-hard
applications. From the other side, the e-beam irradiation may lead to a new method of
defect engineering of graphene physical properties. The controlled exposure of graphene
layers to electron beams can be used to convert certain regions to the highly resistive or
electrically insulating areas needed for fabrication of graphene circuits. Irradiation can
also be used to reduce the intrinsically high thermal conductivity to the very low values

required for the proposed thermoelectric applications of graphene.

4.4 Summary

In general, the expected changes due to the irradiation include the transformation of the

crystalline sp® lattice into disordered state; displacement of atoms from the lattice;
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radiolysis; excitation of phonons and Plasmon, or attachment of random water molecules.
It was shown that the single layer graphene is much more susceptible to e-beam
irradiation than bilayer and few layer graphene films. The appearance of the disorder
induced D peak in graphene. The mobility and electrical resistivity of graphene devices
can be varied by the e-beam irradiation over a wide range of values. As a result of
thermal annealing and vacuum pumping levels it is shown that some restoration can also
occur in the Raman spectra and electrical properties, respectively. The obtained results
may lead to a new method of defect engineering of graphene properties. The results also
have important implications for fabrication of graphene nano-devices, which involve

scanning electron microscopy and electron beam lithography.

The obtained results have important consequences for graphene device
fabrication. From one side, the high sensitivity of graphene to e-beam irradiation can be
exploited for controllable modification of graphene crystal structure at nanoscale, i.e.
nanofabrication. For example, certain regions of SLG, which is a perfect conductor of
electricity and heat, can be easily converted to electrical and thermal insulators by e-beam
irradiation with accurately selected radiation doses. The latter can be useful in fabrication
of graphene interconnects for nanoscale circuits. From another side, these results suggest
that graphene device applications in the systems subjected to radiation, e.g. working in
radiation hard conditions of outer space, require additional protection layers or special

shielding.
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Chapter 5

Mechanical Exfoliation of Atomically-Thin
BizTeg Films

It has been predicted theoretically that the thermoelectric figure of merit ZT can be
drastically increased in crystalline Bi,Te; quantum wells with the thickness of just few
atomic layers (~1 nm) owing to either charge carrier confinement or acoustic phonon
confinement. Conventional chemical vapor deposition, electrochemical or other means
are not suitable for fabrication of crystalline structures with such a thickness. In this
chapter, we characterize and show that quasi 2-D crystals of bismuth telluride can be
mechanically exfoliated following a “graphene-like” procedure. Stacks of quasi-2D
layers of Te-Bi-Te-Bi-Te are members of a new type of recently discovered materials

referred to as topological insulators (TIs)
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5.1 Motivations

Bismuth telluride (Bi,Tes) is a unique material with a potential for diverse range of
applications. Since the discovery of its extraordinary thermoelectric properties, Bi,Tes
has become a vital component for thermoelectric industry [1-3]. Bulk Bi,Tes-based
materials are known to have the highest thermoelectric figure of merit, ZT ~ 1.14 at room
temperature (RT). The thermoelectric figure of merit is defined as ZT=S*cT/K, where
S=-AV/AT is the Seebeck coefficient (AV is the voltage difference corresponding to a
given temperature difference AT), o is the electrical conductivity and K is the thermal
conductivity, which has contributions from electrons and phonons. It is clear from ZT
definition that in order to improve thermoelectric figure of merit one should increase the
thermopower S?c-and decrease the thermal conductivity. Different approaches have been
tried in order to enhance the thermoelectric properties of Bi,Tes or its alloys. These
approaches included the composition change from its stoichiometry, the use of
polycrystalline materials with different grain sizes, intentional introduction of structural
defects and incorporation of different dopants, e.g. Sb or Se, into Bi,Te;z lattice. The
optimization of bulk Bi,Te; led to incremental improvements but no breakthrough
enhancement in ZT was achieved.

More promising results (ZT ~2.4 for p-type material at RT) were achieved with
Bi,Tes/Sh,Te; superlattices produced by the low-temperature deposition [4]. A recent

study indicated that the low-dimensional structuring of BiSbTe alloys [5] also allows for
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ZT enhancement to ~1.5 at RT. But still higher ZT values are needed for a major practical
impact. It has been shown that ZT above 3 or 4 at RT are needed in order to make
thermoelectric cooling or power generation competitive with conventional methods [6].
Such an increase in ZT would lead to a “thermoelectric revolution” and allow one for
much more environmentally friendly power generation and cooling.

It follows from many theoretical predictions that a drastic improvement in ZT can
be achieved in low-dimensional structures where electrons (holes) are strongly
confinement in one or two dimensions [7]. Hicks and Dresselhaus [8] predicted that ZT
can be increased in Bi,Tes quantum well by a factor of ~13 over the bulk value. This
would require a complete carrier confinement in a quantum well with a width H on the
order of ~1 nm and an optimized position of the Fermi level. According to Dresselhaus
et al. [7-8], quantum confinement of charge carries in quantum wells leads to a drastic ZT
improvement due to the increase in the carrier density-of-states (DOS) near the Fermi
level and corresponding increase in the thermopower. The crucial condition for such
mechanism is quantum confinement of carriers in quantum wells, which is only possible
if materials are crystalline and essentially free of defects. The thickness of the thin film
required to achieve the quantum confinement conditions has to be on the order of few
atomic layers. Note that in the superlattices commonly used in thermoelectric studies the
charge carries are only partially confined if confined at all due to the small potential
barrier height and relatively low material quality. The barrier height has a pronounced
effect on ZT. Broido and Reinecke [9] have shown theoretically that ZT=3 can be

achieved in Bi,Te; superlattices with infinite potentials when the quantum well width (i.e.
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thickness of the thin film) is H~3 nm. In the structures with incomplete quantum
confinement the maximum ZT decreases to ~2.5 and the required width becomes as small
as ~2 nm.

Balandin and Wang [10] proposed a different strategy for increasing ZT in low-
dimensional structures by reducing its thermal conductivity via spatial confinement of
acoustic phonons, which carry bulk of heat in thermoelectric materials. The improvement
of thermoelectric properties via phonon engineering [10-11] also can be achieved in thin
films or nanowires with the thickness of just few atomic layers and high quality of
interfaces. In nanostructures with rough interfaces, the thermal conductivity can be
reduced due to phonon scattering on boundaries and defects [12-14]. At the same time,
defects and disorder can also lead to electron mobility degradation limiting the
improvement. The phonon — confinement mechanism of the thermal conductivity
reduction, proposed by Balandin and Wang [10], originates from the decreased phonon
group velocity of the confined acoustic phonon modes, which results in the increased
scattering on point defects [10-11]. This mechanism works even in atomic films with
smooth interfaces and can be utilized without degrading the electron mobility.

Thus, in order to employ the full strength of the low-dimensional confinement
effects for improving thermoelectric figure of merit either via the electron band-structure
and phonon engineering one needs to produce quasi-two-dimensional (2D) structures
with a few-atomic layer thickness and high quality interfaces. Conventional chemical
vapor deposition, electrochemical or other means are not capable for producing such

quality structures. Molecular beam epitaxy (MBE) of low-dimensional thermoelectric

89



materials was also much less successful than that of optoelectronic or electronic materials
due to the lattice mismatch and other factors. These considerations create very strong
motivations for the search of alternative approaches to fabrication of the stacks of quasi-

2D crystals made of Bi;Tes-based materials.

5.2 Bi,Te; Crystal Structure and Van der Waal Gaps

Bi,Tes has the rhombohedral crystal structure of the space group D> — R(-3)m with five
atoms in one unit cell. The lattice parameters of the hexagonal cells of Bi,Tez are ay=
0.4384 nm and cy = 3.045 nm [14]. Its atomic arrangement can be visualized in terms of
the layered sandwich structure (see Figure 5.1). Each sandwich is built up by five mono-
atomic sheets, referred to as quintuple layers, along the cy axis with the sequence — [Te®-
Bi-Te®@-Bi-TeW] — [Te®-Bi-Te@-Bi-Te®] —. Here superscripts (1) and (2) denote two
different chemical states for the anions. The outmost atoms Te® are strongly bound to
three planar Te® and three Bi metal atoms of the same quintuple layers and weakly
bound to three Te atoms of the next sandwich. The binding between adjacent Te®™
layers originates mostly from the weak van der Waals forces although other long-range
Coulomb forces play role in the bonding. The stronger bonds inside the quintuple layers
are of the covalent or partially ionic nature. The presence of the van der Waals gap
between the quintuples results in easy cleavage plane between adjacent Tel® - Te(1)
layers. The bond strength within the quintuple layers is not the same. The Bi-Te!) bond

is stronger than Bi-Te® bond, which is the second weakest point within the crystal
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structure. It is believed that the Bi-Te(2) bond is covalent while the Bi-Te(1) binding

includes both covalent and ionic interaction.

A2 =

]

s

Bismuth Telluride van der Waals gaps
Quintuple Layered Te,-Te, Bond
Blocks

Figure 5.1: Schematic of Bi,Tes crystal structure of Dsg° — R(-3)m space ?roup showing
quintuple layers and location of the van der Waals gaps. The Te'Y-Te™ bond is the
weakest while Bi-Te®™ bond is the strongest. The mechanical exfoliation mostly results in
breaking the Te®™-Te® van der Waals bond and formation of quintuples although in some
cases intra-quintuples bonds also break leading to bi-atomic and tri-atomic layers.

5.3 Experimental Results

5.3.1 Exfoliation and Characterization

Here we look at the use of “graphene-inspired” exfoliation of crystalline bismuth
telluride films with a thickness of a few atoms. The atomically thin films were suspended

across trenches in Si/SiO, substrates, and subjected to detail material characterization.
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The presence of the van der Waals gaps allowed us to disassemble Bi,Tes crystal into its
quintuple building blocks — five mono-atomic sheets — consisting of Te®-Bi-Te®®-Bi-

Te®,

In order to isolate bismuth telluride quintuples and break them into atomic planes
we employ a method similar to the one used for exfoliation of single-layer graphene [18-
21]. Through a mechanical cleavage process we separated thin films from crystalline bulk
Bi,Tes. The process was repeated several times to obtain the layers with just few-atomic
planes. Owing to the specific structure of Bi,Te; crystal along cy direction (cy = 3.045
nm is very large lattice constant as compared to other materials) we were able to verify
the number of layers using the optical inspection combined with the atomic force
microscopy (AFM) and the scanning electron microscopy (SEM). The thickness of the
atomic quintuple is H~1 nm. The step-like changes in the cleaved layers highest of ~1 nm
can be distinguished well with AFM. The produced atomic layers were placed on Si
substrates containing 300 nm thick SiO, capping layer. The silicon oxide thickness was
selected by analogy with that for graphene on Si/SiO, [18-21]. We then isolated and
separate individual crystal planes which exhibited high crystal quality with little to no
structural defects. The mechanical cleavage of Bi,;Te; has led to a high portion of
quintuples with five atomic planes. In some cases we observed atomic planes with the
thickness smaller than that of the quintuple layers. The produced flakes had various
shapes and sizes ranging from ~2 um to 30 um. Some flakes had correct geometrical
shapes indicative of the facets and suggesting the high degree of crystallinity. We

selected large uniform Bi-Te flakes with the dimensions of ~ 20 — 30 um for fabrication
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of metal contacts for electrical characterization. For detail material characterization, we
suspended some of the Bi-Te atomic films over trenches in SiO,/Si substrates. The
trenches were fabricated by the reactive ion etching (RIE). They had a depth of ~300 nm
and widths ranging from 1 to 5 um. By suspending the ultra-thin atomic films over these
trenches we reduced the coupling to the substrate. The latter allowed us to achieve better

understanding of the intrinsic properties of the atomically thin layers.

5.3.2 Atomically-Thin Crystal Characterization

The isolated Bi-Te atomic layers were investigated using a high-resolution field-
emission scanning electron microscope (XL-30 FEG) operated at 10-15 kV. The
diffraction patterns of the crystalline structures of the layers were studied using
transmission electron microscopy (TEM). The sample preparation for TEM (FEI-
PHILIPS CM300) inspection was carried out through ultrasonic separation in ethanol
(C2HsOH) solution. The sonication was most effective with 500 uL of C,HsOH solution
where the molar concentration of Bi-Te films was held at a constant 1.41 x 10
moles/liter throughout the solution. AFM studies were performed using VEECO
instrument with the vertical resolution down to ~0.1 nm. Raman spectroscopy was
performed for better material identification and characterization of intrinsic properties of
the resulting films. A micro-Raman spectrometer (Renishaw RM 2000) was used in a
backscattering configuration excited with a visible laser light (A = 488 nm). The spectra
were collected through a 50x objective and recorded with 1800 lines/mm grating

providing the spectral resolution of ~ 1 cm™ (software enhanced resolution is ~0.5 cm™).

93



All spectra were recorded at very low power levels P<0.5 mW measured with the power
meter (Orion) at the sample surface. The low power levels were essential to avoid local
laser heating, which was much more pronounced than in other material systems due to
the extremely low thermal conductivity of Bi,Te;. The details of our Raman
instrumentation and measurement procedures were reported by us earlier in the context of
graphene investigation [22-24]. The electrodes and contact pads for the ultrathin Bi-Te
layers on SiO, were fabricated and defined by the electron beam lithography (EBL)
system (Leo 1550) followed by the metal deposition of 7-nm/70-nm Ti/Au metals with
the electron beam evaporator (Temescal BJD-1800). The electrical measurements were
carried out using a probe station (Signatone) at ambient conditions.

The quintuples, atomic tri-layers and bi-layers we were identified via combined
optical, SEM, AFM and TEM inspection (see Supplemental Materials). Our prior
extensive experience with graphene and few-layer graphene [22-24] was instrumental in
our ability to separate weakly distinguishable optical features in Bi-Te atomic layers
placed on SiOySi substrates. A relatively large thickness of the unit cell (cy = 3.045 nm)
made SEM and AFM identification rather effective. The representative high-resolution
SEM micrographs and AFM images presented in Figure 5.2 (a-f) show SEM, AFM and
TEM images of Bi-Te quasi-2-D crystals with the lateral sizes ranging from a few
microns to tens of microns. In Figure 5.2, one can see SEM micrograph of high quality
crystalline films with the lateral dimensions of 1-4 um and a thickness of few-atomic
planes. Due to the atomic thickness of the films the overlapping regions are seen with a

very high contract. The larger area flakes (>20 um) tended to be attached to thicker
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Bi,Tes films (Figure 5.2 (b)). It was our experience that for thicker films the use of the
tilted SEM images was more effective in visualizing the quintuples and atomic-layer
steps. Although [Te™-Bi-Te®@-Bi-Te™] quintuple layers were more readily available
among the separated flakes, some regions of flakes had sub-1-nm thickness and appeared
as bound atomic planes of Te-Bi-Te or Bi-Te or even as mono-layers protruding from
few-atomic-layer films. Figure 5.2 (c) show suspended few-quintuple and single
quintuple films, respectively. In Figure 5.2 (d, €) we present a typical AFM image of
steps in the separated films with clear layered structure. One step with the height of ~1
nm corresponds to a quintuple while two steps per a profile height change of ~ 1 nm
indicate sub-quintuple units (e.g. bi-layer and a tri-layer). The structural analysis at the
nanometer scale was carried out using TEM and the selected area electron diffraction
(SAED) technique. The images for this type of characterization were taken with the
electron beam energy of 300 kV. The exfoliated samples were dissolved in ethanol and
placed on copper grids. The TEM image in Figure 5.2 (f) shows that the exfoliated Bi-Te
flakes dissolved in solution retain their flat structure and do not form clusters after being

subjected to ultrasonic vibrations and processing.
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Figure 5.2: Images of quasi-2D bismuth telluride crystals showing (a) SEM micrograph
of the overlapping few-layer Bi-Te atomic crystals; (b) large-area atomically-thin crystal
attached to thick Bi,Tes film; (c) suspended films with visible quasi-2D layers; (d)
suspended few-atom-plane film; () AFM micrograph of few-atomic-layer steps in the
cleaved films; and (f) TEM micrograph of the quasi-2D bismuth telluride film. Reprinted
with Permission from D. Teweldebrhan, V. Goyal, and A.A. Balandin, Nano Letters, 10,
1209-1218 (2010).
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In Figure 5.3 (a) below, we present an electron diffraction pattern, which indicates
that the separated atomically-thin layers of bismuth telluride are crystalline after all
processing steps. The elemental composition and stoichiometry of the atomically thin Bi-
Te layers were studied by the energy dispersive spectrometry (EDS). The data were
recorded for the suspended films (like those shown in Figure 5.3 (c-d)). Representative
EDS spectra for a suspended quasi-2-D crystal and a thick Bi,Te;z film (used as a “bulk”

reference) are shown in Figure 5.3 (b-c). Note that the most pronounced peaks in Figure
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5.3 (b) are those of Si and oxygen (O) proving the electron beam penetration through the
suspended atomically-thin film. The Si and O peaks are absent in Figure 5.3 (c) for thick

Bi,Tes crystal, which absorbes the elecrton beam completely.

(C) Teia

Figure 5.3: Structural and compositional characterization data showing (a) electron
diffraction pattern indicating that quasi-2D Bi-Te films are crystalline; (b) EDS spectrum
of the suspended atomic film of bismuth telluride; and (c) EDS spectrum of the reference
thick film. Note that the dominant peaks in the EDS spectrum of the quasi-2D Bi-Te film
shown in (b) are those of Si and O proving transparency of the atomic film for the
electron beam. These peaks are absent in the spectrum of the reference bulk Bi,Tes.
Reprinted with Permission from D. Teweldebrhan, V. Goyal, and A.A. Balandin, Nano
Letters, 10, 1209-1218 (2010).

For one of the films, which had a thickness of ~40 atomic planes (~8 quintuple
layers), and occupied an intermediate position between quasi-2D crystals and bulk Bi,Te;
crystals we found that the molar contents of Bi and Te were found to be ~34.7% and
65.3%, respectively. Although the film is crystalline and the stoichiometry for the [Te®-
Bi-Te®@-Bi-Te] quintuple layers is preserved, one can talk about an apparent deviation
from the stoichiometry due to the fact that the film is not truly bulk. For the large bulk
bismuth telluride crystals used for exfoliation of the ultra-thin films we consistently

found 40% to 60% ratio of Bi to Te corresponding to Bi,Tes formula. The analysis of the
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measured EDS spectrum of the suspended film, which made up ~10% of the total wt%,
had a molar content percentage between Bi and Te of ~33.2% and 66.8%, respectively.
Thus, the structural make up of that particular ultra-thin film has 1 to 2 ratio of Bi to Te

atoms (e.g. Te-Bi-Te), which differs strongly from conventional bulk crystals.
5.3.3 Raman Spectroscopy Characterization of Bi,Te; and Bi,Se;

We now turn to the analysis of Raman spectrum of the atomically-thin bismuth
telluride films. Bi,Tes has five atoms in its unit cell and, correspondingly, 15 phonon
(lattice vibration) branches near the Brillouin zone (BZ) center (phonon wave vector q=0)
[27]. Twelve of those 15 branches are optical phonons while the remaining 3 are acoustic
phonons with the Ay, + E, symmetry. The 12 optical modes are characterized by 2A,, +
2E, + 2Aq4 + 2E5 symmetry. Each of the Eg and Ay mode are two-fold degenerate. In
these phonon modes, the atoms vibrate in-plane and out-of-plane (i.e. perpendicular to
the film plane), respectively [28]. We focused our analysis on the phonon peaks in the

spectral range from 25 cm™ to 250 cm™.

Figure 5.4 (a-b) show SEM image of the Bi-Te atomic film with the locations
where the Raman spectra were taken as well as the spectra themselves. These spectra
were recorded at very low excitation laser power (~0.22 mW on the sample surface) to
avoid local heating. The examined flake was placed in such a way that it had a suspended
region as well as regions rested on Si and SiO,. The observed four Raman optical phonon
peaks were identified as A;q at ~ 62 cm™, Egy at ~104 cm™, Ay, at ~120 cm™ and Ay at
~137 cm™. These peak positions are very close to the previously measured and assigned
Raman peaks of bulk crystalline Bi,Te; [27-29]. Richter et al. [27] in their detail study of
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phonons in Bi,Te; provided the following frequencies (in their notation): 134 cm™ for A,
103 cm™ for Eg and 120 cm™ for Ay,. The Ay, peak is likely to become Raman active due
to the symmetry breaking in atomically thin films. One can notice that the out-of-plane
vibrations (at ~137 cm™ and ~119 cm™) in the suspended Bi-Te atomic films have higher
intensity. The latter may be an indication of the enhancement of these vibration modes in

the atomically thin films, which are not supported by the substrate.

L Wavelength: 488 nm .
- Power: 0.22 mW A1g

—— Suspended
— on Sio,
—— on Silicon |

Raman Intensity (Arb. Units)

25 50 75 100 125 150 175 200 225 250

Raman Shift (cm™)

Figure 5.4: Raman spectra of quasi-2D bismuth telluride crystals. (a) SEM image
showing suspended Bi-Te atomic film, which rests partially on SiO; and Si regions of the
substrate. The spectra from the suspended and supported regions were recorded in the
locations marked as 1, 2, and 3. (b) Informative Raman bands in the spectra of Bi-Te
atomic films recorded at very low excitation power level. Note that the out-of-plane
phonon modes in the suspended atomic crystals have higher intensity. Reprinted with
Permission from D. Teweldebrhan, V. Goyal, and A.A. Balandin, Nano Letters, 10,
1209-1218 (2010).
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BizTe3 Allg E”g Ay A”lg

Suspended 63.51 cm™ 104.38 cm™ 120.44cm™ | 135.24 cm™
On Oxide (Si0,) | 63.29 cm™ 104.00 cm™ 116.00cm™ | 135.50 cm™
On Silicon 63.27 cm™ 104.21 cm™ 117.50cm™ | 135.83cm™

Table 5.1: The Raman frequencies are provided for the main peaks for Bi,Te; exfoliated
atomic crystalline films on Silicon, on Oxide (SiOy), and that are suspended. Out of plane
mode A”lg is shown to enhance in suspended films. Surface charges may be forming
stronger effects in suspended films.

The Raman study confirms that the exfoliated films are crystalline and atomically
thin. A systematic study of the changes in Raman spectrum due to modification of the
vibration modes in the exfoliated ultra-thin films suspended or supported on the substrate
was complicated due to pronounced local heating effects. Bulk single crystal Bi,Tes is
known to have very low thermal conductivity of ~ 1.5 — 2.0 W/mK along the cleavage
plane and 0.6 W/mK along the van der Waals bonding direction [30]. It also has a low
melting point of 573 °C. The local laser heating was a major problem when we tried to
increase the excitation power to the levels typical for use with other materials. The
maximum excitation power of the Ar+ laser (with the wavelength of 488 nm) used in this
study was 10 mW. Approximately half of the excitation power reaches the sample surface
after transmission through the optical system. The use of the power levels above 0.5 mW
(corresponded ~0.22 mW on the sample) resulted in appearance of the holes due to local

melting of the atomically-thin flakes as it is seen in the inset to Figure 5.5. In this image
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Figure 5.5: Evolution of Raman spectra from the Bi-Te atomic film with changing
intensity of the excitation laser power illustrating a very narrow range of power levels
suitable for exciting informative phonon bands. The power levels above 0.5 mW
(corresponding to ~ 0.22 mW on the sample surface) lead to local melting of the atomic
Bi-Te crystals in sharp contrast to graphene.

100% corresponds to the power of 10 mW set at the laser. We observed reproducibly that
the diameter of the laser burned holes was growing with increasing excitation power.

Figure 5.5 shows an evolution in Raman spectra of Bi-Te atomic layers as the excitation
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power changes. When the power is too low (0.1 mW) no spectrum is excited. The
excitation power of 0.5 mW provides meaningful spectra, which are in line with those
obtained for bulk Bi,Tes (at this power level no hole-burning or other laser-induced
structural disorder were observed in microscopy images). As the power grows higher
than 0.5 mW the Raman spectrum begins to change as a result of the local melting of the
material. No laser damage was observed for the bulk Bi,Te; at these power levels. For
this reason, the selection of the right excitation power for Raman spectroscopy of the
atomically thin Bi-Te layers is crucial for obtaining informative phonon bands. The
drastically different reaction of the films on laser heating confirms their few-atomic layer
thickness. In principle, one can envision a method for verifying the thickness of the film

by examining the power dependence of the diameter of the burned holes.

The observed easy local heating damage to Bi-Te atomic flakes was in sharp
contrast to graphene, a material characterized by extremely high thermal conductivity
[31-32]. We were able to use much higher laser power on suspended graphene without
inflicting any damage to its lattice. The heat conduction in strictly 2D systems is a
complicated subject deserving special consideration. The thermal conductivity of
conventional thin films usually decreases with decreasing film thickness as a result of the
acoustic phonon — boundary scattering [12-13]. At the same time, it is also known that
the thermal conductivity limited by crystal anharmonisity (also referred to as intrinsic)
has a logarithmic divergence in strictly 2D system [33]. This anomalous behavior of the
2D thermal conductivity, which leads to its infinite values, has been studied extensively

for many different crystal lattices and atomic potentials [34-35]. One needs disorder (e.g.

102



extrinsic scattering mechanisms) in order to obtain a finite value of the thermal
conductivity in 2-D systems or limit the lateral size of the system [33-35]. In our case of
Bi-Te flakes, the samples had the thickness of several atomic layers (not exactly 2D
system but rather a quasi-2D) and the extrinsic effects were dominant. Due to the very
low thermal diffusivity and thermal conductivity of Bi,Tes crystals at first place, the
induced heat had not escaped fast enough from the local spots leading to the lattice
melting and observed lattice damages. As a consequence, for thermoelectric applications,
it would be better to use stacks of bismuth telluride quintuple layers, put one on top of the
other, rather than atomic bi-layers. Indeed, quintuples are more mechanically robust and
expected have even lower thermal conductivity than Bi,Tes bulk values. For Bi,Ses, we
have been able to characterize change in crystallinity using Raman spectroscopy (Figure
5.6). Due to excess Se concentration in random exfoliated films, using Raman one may
be able to detect the quality of the atomically thin layered films they are working with.
This is analogous to the disorder D-peak in Graphene. This band is located at between
~230 cm™ to 250 cm™, and its preliminary analysis is shown below in Figure 5.6. More

analysis will be published on the topic.
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Figure 5.6: Raman analysis of Bi,Ses surface topography.
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5.34 Electrical Properties of Exfoliated 2D Films

By altering the thickness and sequence of atomic planes we were able to create
“designer” non-stoichiometric quasi-2D crystalline films, change their composition and
doping, the type of charge carriers as well as other properties. The possibility of
changing the “effective” atomic composition in the crystalline ultra-thin films is very
important for practical applications. It is known from the extensive studies of the
thermoelectric properties of bismuth telluride, that a small small variation of ~0.1% in the
Bi to Te atomic ratio can change the properties of the material from p-type to n-type [25].
Intentional deviation from stoichiometry during synthesis of bismuth telluride
compounds and alloys has been conventionally used for “doping” this type of materials
[26]. The close-to-stoichiometric Bi,Tes is of p-type with a free carrier concentration of
approximately 10 cm™. A shift to excess Te leads to an n-type material. Since our
atomically thin films are crystalline, the “stoichiometric doping” may work in different
ways than in the polycrystalline or disordered alloy bismuth telluride materials. In the
atomically-thin crystals the charge can accumulate on the film surfaces or film — substrate
interfaces. In this sense, the obtained quasi-2D crystals may open up a new way for

doping and tuning the properties of bismuth telluride materials.
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Figure 5.7: (a) Electrical current and resistivity of the quasi-2D bismuth telluride crystal
as functions of the applied source — drain bias. The inset shows an optical microscopy
image of the test structure. (b) Current as a function of temperature in Bi-Te atomic
crystals shown for different source — drain voltages. Inset shows current — voltage
characteristics in the low-bias region for different temperature. Reprinted with
Permission from D. Teweldebrhan, V. Goyal, M. Rahman and A. A. Balandin, Appl.
Phys. Lett. 95, 106952 (2010).

Figure 5.8: Optical Image if few-layer bismuth telluride hall bar structure device.

For transport measurements were prepared Bi-Te devices with a bottom gate and
two top metal contacts (Figure 5.8). The RT current — voltage characteristics shown in

Figure 5.7a reveal a weak non-linearity and rather low electrical resistivity of on the
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order of 10* Qm. This value (which includes contact resistance) is comparable to the
resistivity values frequently measured for thick evaporated Bi,Tes; films used in
thermoelectric devices [36-37]. The latter suggests that the charge carriers are not
depleted in the samples and that the atomically thin bismuth telluride films retain their
electrical properties. We did not observe a strong gating effect for Bi-Te devices while
sweeping the back gate bias fro -50V to 50V. That was in a sharp contract to our
experiments with the back-gated graphene and few-layer graphene devices [38-39]. In
fabrication of graphene and Bi-Te devices we followed similar procedures and used the
same heavily-doped Si/SiO, wafers. One possible explanation of the weak gating in Bi-Te
atomic films can be a strong doping of the flakes due to the “stoichiometric doping”
discussed above. The charge accumulation at the interfaces terminated with either Bi or

Te atoms can screen the electric field produced by the back gate.

The described electrically conducting bismuth telluride quasi-2D crystals can be
used as quantum wells with nearly infinite potential barriers for thermoelectric
applications. The charge carriers and acoustic phonons in the crystalline quintuple layers
with the thickness of ~1 nm will be strongly confined spatially. At the same time, any
practical application of thermoelectric nanostructures requires a sufficient “bulk” volume
of the material for development of the temperature gradient, in case of cooling, or
voltage, in case of power generation. An individual quantum well would not be suitable.
For this reason, we envisioned a practical method for utilization of Bi-Te quasi-2D

crystals by stacking exfoliated films one on top of the other [40].
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The room-temperature (RT) SD current — voltage characteristics of the devices
made from the bismuth telluride flakes with the uniform thickness (number of atomic
planes) revealed linear dependence (see inset to Figure 5.7b) and a rather low electrical
resistivity on the order of ~10* Qm. The measured RT resistivity is comparable to the
values reported for thick Bi,Tes films used in thermoelectric devices [5, 36, 41-43]. The
resistivity of ~10° Qm is considered to be optimal in conventional Bi,Tes films because
its further reduction leads to decreasing Seebeck coefficient. A weak non-linearity was
observed for higher SD voltage and higher temperature T. Figure 5.7b shows Isp current
in the atomically-thin crystalline bismuth telluride films as the function of temperature
for several different voltages. One can see that the current is nearly constant for T below
~375 — 400 K but then starts to decrease rapidly before it saturates at T ~ 450 K. Such
temperature dependence was reproducible for several tested devices and observed before
and after annealing. The data shown in the inset for a different device revealed a similar
trend. In general, the increase of the resistance with increasing temperature is more
typical of metals rather than semiconductors. But it is rather common for Bi,Tes films
and was observed for materials produced by a range of different techniques [5, 36, 41-
43]. It is explained by the specifics of the electron scattering on acoustic phonons and
defects in BiyTes [44] although few exceptions from this dependence were also reported
[45]. In our case, the dependence is not monotonic with the bending point ~400 K. In the
thin films with the thickness of just few atomic layers the electron transport may strongly

depend on the coupling to the substrate and remote impurity scattering.
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5.35 2D Topological Insulators

Most recently, the interest to the stacked quasi-2D layers of bismuth telluride
received an additional impetus from an unexpected direction. It has been shown that
stacks of quasi-2D layers of Te-Bi-Te-Bi-Te are members of a new type of recently
discovered materials referred to as topological insulators (TIs) [15-17]. The surface state
of a quasi-2D crystal of Bi,Tes is predicted to consist of a single Dirac cone. Moreover, it
has been shown that the layered structures of related materials such as Bi,Se; and Sh,Tes
are also topological insulators. The particles in topological insulators coated with thin
ferromagnetic layers have manifested exotic physics and were proposed for possible
applications in the magnetic memory where write and read operations are achieved by
purely electric means. All these stimulate the search for methods to produce quasi-2D
crystals of bismuth telluride even further. Other proposed applications of Tls include
guantum computing, spintronics, and low-energy dissipation electronics. As a method of
better characterization and enhance technique of observing topological effects, this work
is the first reported method of isolation of individual quintuples and few-quintuple layer
of Bi,Tes. The mechanically exfoliated atomically-thin films of Bi,Tez can be transferred

to various substrates and coated with other materials for TI investigation.

5.3.6 Thermal Conductivity of Stacked Bi,Te;

The quasi two-dimensional crystals of bismuth telluride revealed high electrical
conductivity. The proposed atomic-layer engineering of bismuth telluride opens up a

principally new route for drastic enhancement of the thermoelectric figure of merit.
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Enhancement in figure of merit, ZT, by the proposed exfoliated Bismuth Telluride
“stacked superlattices”. The Bismuth Telluride “stacked-superlattices” were prepared by
stacking mechanically-exfoliated crystalline Bismuth telluride films one on top of other.
The Seebeck coefficient S, the thermal K, and electrical conductivity ¢ are investigated
on these “stacked superlattices”. The data shows drastic drop in both the in-plane and
cross-plane thermal conductivity of the Bi,Tes “stacked-superlattices” compared to bulk
Bi,Tes crystals which were used for exfoliation of the films. The dependence of thermal
conductivity on temperature is found to be weak, suggesting the phonon transport to be
dominated by boundary scattering. This represents that disorder and boundary resistance
in Bi,Tes stacked-suprlattices can limit the thermal conductivity and in turn can enhance
the ZT. The proposed stacked-superlattices may embark a new promising pathway for

their practical use in thermoelectric cooling applications.

The obtained “stacked superlattices” are expected to retain the useful properties
of individual atomic films such as quantum confinement of charge carriers and reduced
phonon thermal conductivity. Indeed, the potential barriers for charge carries in such
crystalline films remain very high unlike in the epitaxially grown Bi,Tes-based
superlattices with the lattice matched barriers where the band off-sets are small. The
thermal conductivity in the mechanically separated and stacked layers is reduced due to
the acoustic phonon — rough boundary scattering or acoustic phonon spatial confinement
in exactly the same way as in the individual films. We experimentally tested a possibility

of ZT enhancement in prototype stacked films by measuring the thermal conductivity and
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Seebeck coefficient, and comparing them with those of the reference Bi,Tes bulk crystals,

which was used for the exfoliation of the films.

The thermal conductivity K of the prototype stacked atomic-films was determined
by two different methods: the laser-flash (Netszch LFA) and the transient planar source
(TPS) technique (Hot Disk). Both techniques have been “calibrated” via comparison with
the values obtained with the in-house built 3-w method [46-48], which is considered to be
a standard technique for thin films. We have previously successfully used 3-o
measurements for electrically insulating thin films with the thickness down to ~1 nm
[49]. The Seebeck coefficient of stacked films was determined using MMR system
(SB100) consisting of two pairs of thermocouples. Details of the measurements are
provided in the Methods. We found significant drop in the cross-plane (in-plane) thermal
conductivity from ~0.5 — 0.6 W/mK (~1.5 — 2.0 W/mK) in bulk reference to ~0.1-0.3
W/mK (~1.1 W/mK) in the stacked films at RT. The thermal conductivity of stacked
superlattices revealed a very weak temperature dependence suggesting that the acoustic
phonon transport was dominated by the boundary scattering. It is interesting to note that
the measured cross-plane K value is close to the minimum thermal conductivity for
Bi,Tes predicted by the Cahill model [50], which gives the low bound of ~0.12 W/mK.
We have not observed substantial changes in the thermal power beyond experimental
uncertainty with the measured Seebeck coefficient (~234 uV/K) only slightly above its
bulk reference value. The latter was attributed to the fact that the Fermi level was not
optimized in these films. More research is needed to gain complete control of the carrier
densities in the mechanically exfoliated films. At the same time, the measured decrease
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of the thermal conductivity resulting in the ZT enhancement by about 30% - 40% of its
bulk value is extremely promising for thermoelectric applications. Additional ZT increase
in a wide temperature range can be achieved with the cross-plane electrical gating of the

Bi-Te atomic films.

54 Summary

Following the procedures similar to those developed for graphene mechanical exfoliation,
we were able to produce bismuth telluride crystals with a thickness of few atoms. The
quais-2D atomic crystals were suspended across trenches in Si/SiO, substrates and
subjected to detail characterization using SEM, TEM, EDS, AFM, SAED and micro-
Raman spectroscopy. It was established that the presence of the van der Waals gaps in
Bi,Tes crystals allows one to disassemble them into atomic quintuples, i.e. five atomic
planes Te-Bi-Te-Bi-Te, which build up 3D crystal. Moreover the microscopy analysis
shows that the bonds inside quintuples can be broken further leading to Bi-Te bi-layers
and Te-Bi-Te tri-layers. By altering the thickness and sequence of atomic planes one can
create “designer” non-stoichiometric crystalline films and change their properties. The
exfoliated quintuples have low thermal conductivity and good electrical conductivity.
The “stacked superlattices” made of the mechanically exfoliated bismuth telluride films
show substantially enhanced thermoelectric figure of merit. The obtained results may
lead to completely new scalable methods for producing low-dimensional thermoelectrics

and atomic-layer engineering of their properties. The described technology for producing
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free-standing quasi-2D layers of Te-Bi-Te-Bi-Te can be used for investigation of the

topological insulators and their possible practical applications.

The developed technology for producing free-standing quasi-2D layers of TeV-Bi-
Te®-Bi-TeW creates an impetus for investigation of the topological insulators and their
possible practical applications. The obtained results pave the way for producing stacks of
crystalline bismuth telluride quantum wells with the strong spatial confinement of charge
carriers and acoustic phonons, beneficial for thermoelectric and topological insulator
devices. Most of the thermoelectric thin films or superlattices on the basis of Bi,Tes
investigated so far were either polycrystalline or alloyed, or had the thicknesses far
greater and the potential barrier higher far less than those required for strong spatial

confinement of electrons and phonons.

It is important to understand if the electrical conductivity of bismuth telluride is
preserved after it was structured to films with the thickness of just few atomic layers.
Transport measurements were prepared Bi-Te devices with indicate RT current — voltage
characteristics showed resistivity of on the order of 10 Qm which is comparable to the
resistivity values frequently measured for thick evaporated Bi,Tes films used in
thermoelectric devices . Recently it was shown theoretically by Bejernari et al. [51] that a
combination of quantum confinement of carriers and perpendicularly applied electric
field in bismuth telluride nanostructures can be effective for ZT improvement. The

developed exfoliation technique can also be extended to other thermoelectric material
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systems [52]. This approach is particularly promising for the thermoelectric cooling

applications at low temperature.
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Chapter 6

Concluding Remarks

It’s presented here a look at an alternative class of 2D Dirac materials as possible
alternative materials to meet the challenges of industry as it moves towards smaller
device feature sizes, increased integration densities and faster operation speeds. Dirac
materials are characterized by the liner electron dispersion, and can be complementary
materials in a wide variety of electronic applications. In this dissertation | investigated
two representatives of Dirac materials — graphene and topological insulators, and focused
on (i) effects of electron beam irradiation on graphene properties and (ii) electronic and
thermal characteristics of exfoliated films of Bi,Tes-family of topological insulators. It
was found that the radiation exposures result in appearance of the disorder D band around
1345 cm™'. The dependence of the ratio of the intensities of D and G peaks, I(D)/I1(G), on

the irradiation dose is non-monotonic suggesting graphene’s transformation to
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polycrystalline and then to disordered state. It was shown that by controlling the
irradiation dose one can change the carrier mobility and increase the resistance at the

minimum conduction point in graphene.

For bismuth telluride and related compounds it was shown that they can be
successfully in exfoliationed in a “graphene-like” fashion to produce large-area
crystalline films and ribbons with the thickness going down to a single quintuple. The
presence of the van der Waals gap allowed us to disassemble Bi,Te; crystal into the five
mono-atomic sheets consisting of Te®-Bi-Te®@-Bi-Te”. The exfoliated films had
extremely low thermal conductivity and electrical resistance in the range required for
thermoelectric applications. The obtained results may pave the way for producing
crystalline Bi,Tes films and stacked superlattices with the strong quantum confinement of
the charge carriers and predominantly surface transport and allow one to obtain

theoretically predicted order-of-magnitude higher thermoelectric figure-of-merit.
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