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Abstract

The acoustoelectric effect in graphene is studied in a graphene/lithium nio-
bate hybrid system, which was prepared by transferring large area single-layer
graphene grown on copper onto lithium niobate SAW devices. The transfer of
momentum from the surface acoustic waves (SAWs), generated on the surface
of the lithium niobate, to the carriers in graphene results in an attenuation
and velocity shift of the wave, and gives rise to an acoustoelectric current.
The acoustoelectric current, and the amplitude and velocity of the SAW are

measured using a sourcemeter and oscilloscope, respectively.

Macroscopic acoustoelectric current flowing over several hundred micrometers
is demonstrated in graphene, which is measured to be directly proportional to
the SAW intensity and frequency at room temperature. A relatively simple
classical relaxation model, which describes the piezoelectric interaction be-
tween SAWs and the carriers in a two-dimensional electron system, is used to
explain the experimental observations. The investigation of the acoustoelec-
tric current as a function of temperature demonstrates the ability of SAWs of

different wavelengths to probe graphene at different length scales.

By tuning the conductivity of the graphene through the use of a top gate,
voltage-controlled phase (velocity) shifters are demonstrated. The acousto-
electric current measured as a function of gate voltage demonstrates that an
equal density of electrons and holes are transported at the charge neutrality

point, reflecting the unique properties of graphene.
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1 Introduction

1.1 Motivation

Since the early 1970s, surface acoustic wave (SAW) based devices have been widely used
as delay lines, band-pass filters, and resonators for a variety of applications ranging from
consumer needs to military purposes. However, in the last three decades the use of SAWs
as a contact-less method to probe the electronic properties of low-dimensional systems, in-
cluding quantum dots [8], nanowires [9] and two-dimensional electron gases (2DEGs) [10],
has attracted a lot of attention. The strong influence of 2DEGs on the propagation of
SAWSs was first shown by Wixforth et al. in 1986, where giant quantum oscillations in the
SAW attenuation were observed in GaAs/GaAlAs hetero-structures when the conductivity
was quantized [10][11]. Additionally, the electric fields associated with the SAWSs can also
trap and transport charge carriers along the wave, giving rise to an acoustoelectric cur-
rent. This phenomenon has been seen as a reliable means of transporting and controlling
charge carriers, which can be instrumental in the fields of metrology and quantum infor-
mation processing. To make use of this property many hybrid systems, involving SAWs
and low-dimensional materials, have been intensively investigated. GaAs/GaAlAs hetero-
structures have been the most preferred hybrid system for this study, where Talyanski
et al. observed single electron transport along a one-dimensional (1-D) channel defined
using split gates [3]. Similar hetero-structures were used by Rocke et al. to dissociate
optically generated excitons and transport them with the SAWs to be recombined at a
distant quantum dot (0-D), which effectively is light storage in a quantum well [12]. Acous-

toelectric effects have also been studied in single walled carbon nanotubes (1-D), where
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1. Introduction

electron heating [13], phase-coherence breaking [13] and adiabatic charge pumping [14]
has been observed. Apart from those in GaAs though, acoustoelectric current in other

2-D materials have been relatively unexplored.

Graphene [15], a flat mono-layer of sp? hybridised carbon atoms in a hexagonal lattice, has
been the subject of considerable interest since its discovery in 2004. It has undeniably revo-
lutionised materials research owing to its incredible electronic [5] and mechanical properties
[16][17]. The electrical attributes of graphene include: ballistic transport with mobilities
as high as 200,000 cm?V~!s~! [18]; ambi polar carriers; zero band gap of semiconduc-
tor; and Dirac behaviour of fermions [5]. A substantial amount of interest in graphene
though, is due to the possibility of realising a wide range of commercial devices including
but not limited to flexible electronics, chemical and bio-sensors, and ultra-capacitors. The
large-area growth of graphene on transition metals such as copper, via. chemical vapour
deposition (CVD) [19] is a promising step towards this goal. This cost-effective and high-
yield method produces graphene of consistent quality, which is preferred over exfoliated

graphene for device applications [20].

With its unique properties, graphene naturally lends itself to potential integration with
SAWs. Yet surprisingly, the possibilities in this area are relatively untapped. So far, the
little work reported in this area includes theoretical studies of the coupling of electrons in
graphene with SAW observables by Thalmeier et al. [21] and Zhang et al. [22], and the
use of graphene-like nano-sheets for gas sensing application in SAW devices [23]. Miseikis
et al. demonstrated the acoustoelectric current in graphene for the first time in 2012 [24],
but if this technology is ever to be commercialised there remains a significant need to study
the acoustoelectric current in graphene as a function of SAW variables and temperature.
This forms the basis of the research conducted in this work. The devices were studied
from eventual applications point of view, therefore large devices (an order of magnitude
bigger than previously been reported) were fabricated and investigated under different

conditions.
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1. Introduction

1.2 Overview

The results presented in this thesis are among the first in the study of acoustoelectric cur-
rent in graphene, where all the SAW variables including the SAW intensity, frequency and
temperature dependence is considered. Large-area graphene-SAW devices are investigated
at different temperature, pressure and gate bias as a function of SAW variables (intensity
and frequency). Devices with potential applications in gas sensing and phase shifting have

been demonstrated in this work, which is structured in the following manner:

An introduction to SAWs with a historical overview and some of its properties are discussed
in Chapter 2, which includes the generation and propagation of SAWs in a piezoelectric
medium, and the determination of center frequency of the SAWs generated by single and
double electrode inter-digital transducers. This is followed by a discussion on the origin of
acoustoelectric current and its occurrence in semiconductors and two-dimensional electron
gases. The applications of SAW devices with special emphasis on the devices integrated

with the two-dimensional electron gases are discussed here.

Chapter 3 gives an introduction to graphene and discusses some of its relevant properties
useful in the explanation of the results presented in this work, which includes the electric
field effect, mobility of CVD graphene, and temperature dependence of its conductivity.
Graphene preparation techniques with special emphasis on chemical vapour deposition
method and its applications are discussed, which is followed by different methods of its

characterisation.

Chapter 4 discusses the experimental methodology involved in the fabrication and mea-
surement of the devices discussed in this work. The devices were fabricated in a clean-room
environment using conventional electron-beam lithography techniques, which is discussed
along with the processes involved in the transfer of CVD graphene to different substrates.
The processes involving the characterisation of graphene and identification of the sources
of impurities, fabrication of metal contacts, and the mounting of devices on a custom

designed printed circuit board for electrical measurements, are also discussed. This is fol-
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1. Introduction

lowed by the description of the experimental set up used for the electrical measurements
and the experiments conducted on bare lithium niobate which is used as a control for

other graphene-SAW devices.

Chapter 5 investigates the acoustoelectric current in graphene as a function of SAW inten-
sity and frequency at room temperature. Macroscopic acoustoelectric current is observed
at length scales more than an order of magnitude larger than previously been reported
[24], demonstrating the feasibility of large scale graphene-SAW devices for various ap-
plications such as gas and chemical sensors. The observations are explained by using a
relatively simple classical relaxation model, which describes the interaction of carriers in
graphene with SAWs. The mobility obtained from these observations are reported for the
first time in graphene/lithium niobate hybrid systems. A modified version of this chapter

is published in Applied Physics Letters, 103, 133101 (2013).

In chapter 6, the acoustoelectric current is investigated as a function of temperature, SAW
intensity and frequency. It was observed that the SAWs of different wavelengths probe the
conductivity of graphene at different length scales. The simple classical relaxation model
is found to be valid for high frequency SAWs throughout the temperature range studied
(50-300 K), whereas for low frequency SAWs a non-monotonous change in acoustoelectric
current is observed. The temperature dependence of the conductivity of graphene owing to
the impurities, charge puddles, etc. in determining the direction of acoustoelectric current
is discussed. An adapted form of this chapter is published in Applied Physics Letters, 105,
263106 (2015).

In chapter 7, the devices with a top-gate configuration were investigated to study the
electric field-effect of graphene on lithium niobate. The resistance modulation in graphene
is achieved by applying a small gate voltage, and the corresponding effect on the SAW
variables is measured. The acoustoelectric current measured as a function of gate voltage
and SAW intensity at different SAW frequencies demonstrates the absence of acoustoelec-
tric current at the charge neutrality point. In addition, voltage-controlled amplitude and

phase (velocity) shifter devices are demonstrated for the first time in graphene/lithium
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niobate hybrid systems, which work at much smaller voltages as compared to other phase

shifters on lithium niobate.

Chapter 8 gives a brief summary of all the results presented in this work along with some

suggestions for future research.
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2 Surface Acoustic Waves

2.1 Overview

Surface acoustic waves (SAWSs) are a kind of mechanical wave that travel along the sur-
face of a medium, with their amplitude decaying exponentially away from the surface (see
Figure 2.1). Their existence was first demonstrated by Lord Rayleigh in 1885 while inves-
tigating the behaviour of waves on the plane of homogeneous isotropic elastic solids [25].
These surface waves, also known as Rayleigh waves, in combination with the shear surface
waves (Love waves) and bulk waves were used to detect cracks in the solid medium. In the
mid 1940s after the end of World War II, the developments needed in radar technology
brought the interest in SAWs towards electronic applications. The improvements in range
capability of a radar required a delay line, such that the received signals can be delayed
by different amounts to have a coherent output. The received signals are in the form of
electromagnetic waves, hence the use of SAWs, which travels 100 times slower than them,
came as a natural solution for introducing such delay. This resulted in the development of
transducers that could generate high frequency waves along the surface of a medium. The
first inter-digital transducers (IDTs) were reported by White and Voltmer in 1965, where
they used thin cadmium sulfide (CdS) films on quartz for surface wave generation [26].
IDTs are thin metallic electrodes on the surface of a piezoelectric material like lithium
niobate or quartz and could be easily fabricated using photo-lithography, which proved to
be a very convenient and low-cost method for the generation and detection of SAWs. In
the subsequent years, there were rapid developments in the understanding of SAWs and

a huge range of devices emerged [27]. For example, apodised IDTs were used in bandpass
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Figure 2.1 The instantaneous displacement of each particle during SAW propagation in
an isotropic medium.

filtering that can generate any desired frequency response [28]; microwave acoustic circuit
components such as gratings, resonators, and oscillators based on SAW devices [29], and
many more. Today, SAW devices are used widely in applications ranging from radar sys-
tems to consumer electronics including televisions and mobile phones. In this chapter we
will discuss: the fundamental theory of SAWSs, and different piezoelectric materials used in
the fabrication of SAW devices in section 2.2; acoustoelectric phenomenon in semiconduc-
tors and two-dimensional electron system (2DES) in section 2.3; and some applications of

the SAW-based electronic devices in section 2.4.

2.2 Equations of Motion

In an elastic medium, when atoms are subjected to strain, the displacement of atoms is
countered by a restoring internal force that tries to bring the atom back to its equilibrium

position. This creates a stress in the medium causing further strain at distant points,
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2. Surface Acoustic Waves

which in turn creates stress again. This eventually results in the propagation of strain
in the medium. SAWSs propagate by causing such longitudinal and vertical strains in
the medium. To understand the motion for SAWs, let us first consider a particle in
the isotropic medium in an equilibrium state located at x = (x1,x2,z3) displaced by an
amount u = (uq, ug, u3), where uy, ug and ug are functions of x1, z9 and x3 respectively.

The resultant strain generated in the isotropic medium is defined as

1 (0u; Ou, o
Sij(l'l,l’g,l‘:;) = 5 <8:;L + a;?) %) = 17273 (21)
j i

Assuming that the resulting stress (7;;) is proportional to the strain given by Equation

(2.1), we have

E] - chijklskl iuju k)l - 1)2)3 (22)
k l

where ¢;j1; is the stiffness tensor. In this isotropic medium, consider an elementary cube
of length 0 at x = (21, z2,23) under a stress given by Equation (2.2) then the resultant

force acting on this cube along the x-direction would be
Fy = 6*(Ty (a1 + 6/2, w9, 23) — T (21 — 6/2, 22, 73)) (2.3)

The total force in the y and z direction can be calculated similarly, and the combined form

can be expressed as

F, =6 Za—x” i,j=1,2,3 (2.4)
; J
J

From Newton’s law of motion, for a material of density p Equation (2.4) must be equal to

82’&7; OT”
= 1,7=1,2,3 2.5
Pz zj: o J (2.5)
Now, to understand the case of anisotropic materials, let us consider a homogenous piezo-
electric insulator. In many piezoelectric materials, the elastic stress and strain are strongly
coupled with the electric field and displacement. For such cases, the stress tensor given

by Equation (2.2) needs to be modified to incorporate the stress induced by the electric

24
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field E, therefore

=D S - Z%Ek ik l=1,2,3 (2.6)
k !

where cZ

ik 18 the stiffness tensor in the presence of an electric field E. Similarly the electric

displacement D is also affected by the strain factor and is given by

D, Z E+Zzeuksﬂ€ i,j,k=1,2,3 (2.7)

where e is the permittivity tensor at constant strain and e;;; is the piezoelectric tensor
that relates elastic to electric fields. Please note that the derivation of the relations in
Equations (2.6) and (2.7) is beyond the scope of this work, but is available in the literature
[30].

The substitution of E; = —0¢/0x;, where ¢ is the electric potential, into Equation (2.6)

reduces the equation of motion to

a UZ E a Uk
ZZ (ek” 0z ;0xy, * l Cijhkt Ox 8:1;1) (2.8)

As the piezoelectric material considered here is an insulator, the conservation of charge

reduces Equation (2.7) to

0°¢ 0%u,
S . J —
; ; <Eij 8.73 axj + ; e”'“@a:ﬁ@) 0 (29)

The schematic of the chosen axis and the wavefronts of the surface-wave solution is shown
in Figure 2.2. The wave propagates in the x; direction and the wavefronts are perpen-
dicular to it. The plane formed by the surface normal x3 and the propagation direction
x1 is called the sagittal plane. In case of surface-waves, the motion is restricted to this

plane only. In an infinite medium a plane wave of the following form can be substituted
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Figure 2.2 A schematic of the substrate showing the sagittal plane, wave propagation
direction, and wavefronts.

for u and ¢ to find a solution to Equations (2.8) and (2.9)

u = ug exp(j(wt — k.x)) (2.10)

6 = do exp(j(wt — k.x)) (2.11)

where ug, ¢ are constants, w is the wave frequency and k = (kq, k2, k3) is a wave vector

that defines the direction of wave propagation.

With appropriate boundary conditions, four solutions in four variables including w;, where
(i=1,2,3), and ¢ can be obtained. One way of finding the solutions is to set the determi-
nant of the coefficients of Equations (2.8) and (2.9) to be equal to zero. This gives four
solutions with different k values. One of these solutions correspond to the electrostatic
solution of an isotropic medium while the other three are non-dispersive acoustic waves.
Now, to obtain the solutions for a piezoelectric half-space (i.e. at the surface of a piezo-
electric medium) we have to apply appropriate boundary conditions. Let us consider the
free-surface case where the surface above the piezoelectric material is vacuum. The first

boundary condition is that the net force acting on the surface must be equal to zero i.e.

Ti3=T3=T33=0 at x3=0 (2.12)

26



2. Surface Acoustic Waves

Secondly, D3 is expected to be continuous at the interface of the piezoelectric and the

vacuum. Since there are no free charges, we must have

D3 :€0|B|¢ at 3 =0 (213)

where ¢€g is the permittivity of free space, 5 is the wavenumber, and ¢ is the potential in

vacuum, which can be written as

¢ = f(x3) exp(jwt — Sx1) (2.14)

Now, since the space above the piezoelectric surface is empty, the potential should satisfy
Laplace’s equation, i.e. V2¢ = 0, and vanish at 23 = co. Given these conditions, the

potential ¢ for x > 0 is expected to be of the following form:

¢ = ¢o exp(— |B| x3) exp(jwt — 1) (2.15)

In case of a metallised surface, in addition to the condition mentioned in Equation (2.12),
the necessary boundary condition is that the potential at the surface is zero i.e. ¢ =0 at

$3:0.

To find the solution for surface waves, we have to consider the partial waves that satisfies
the equation of motion for an infinite material given by Equations (2.8) and (2.9). These

partial waves can be written as

u’ = g exp(jyxs) exp(j(wt — B1)) (2.16)

¢ = o’ exp(jyrs) exp(j(wt — Bz1)) (2.17)

where [ is assumed to be real, and 7 is a function of vg/vp that is always positive (vg,
and vy are the respective velocities of the Rayleigh and transverse wave). For a particular
value of 3, Equations (2.16) and (2.17) can be substituted in Equations (2.8) and (2.9) to
find four quadratic equations for . This gives eight complex solutions for v, but only the

solutions with negative imaginary parts are allowed as it requires u’ and ¢’ to vanish at
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2. Surface Acoustic Waves

x3 = —oo. In general, four out of these eight solutions satisfy this condition. The partial

waves corresponding to these values of v, (m=1,2,3,4) can be written as

! /

u,,, = g exp(jymes) exp(j(wt — fr1)), (2.18a)

b = Do exp(Jymas) exp(j(wt — Br1)). (2.18b)

The final solution of the equation of motion is assumed to be a linear combination of these

partial waves given by

4
u= Z Anu,, . (2.19a)
m=1
4
6= Anér, (2.19D)
m=1

where the coefficients A,, are such that the solutions satisfy the boundary conditions
mentioned in Equations (2.12) and (2.13). This gives the value of the determinant of the
coefficients in Equations (2.8) and (2.9), which must be equal to zero for a valid solution.
This determinant value would reduce to zero for an appropriate choice of 5. The whole
procedure is iterated several times for different values of 8 until the determinant reduces
to zero. The solutions obtained here are strongly dependent on the anisotropy and the
orientation of the material that makes it extremely difficult to generalise the surface-wave
characteristics for different materials. The most frequently found surface-wave solution
has its displacement almost parallel to the sagittal plane and is called the Rayleigh wave.
In case of a piezoelectric material like Y-Z lithium niobate, it also has a corresponding
electric field and is called the piezoelectric Rayleigh wave. For Y-Z lithium niobate, this
solution is well known, the variation of the displacement and potential of this piezoelectric
Rayleigh wave as a function of depth in the substrate is shown in Figure 2.3(a). It should
be noted that the half space above the material is vacuum and by definition the material
occupy the space from the surface down. The displacement is allowed only in the sagittal
plane, therefore only u; and wus are plotted in the figure. The difference between the
potential of a free-surface and a metallised one is illustrated in Figure 2.3(b). In case of a

free surface, the half-space above the material is vacuum, therefore the potential decays as
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Figure 2.3 Displacement and potential obtained from the equation of motions in Eqgs.
(2.19a) and (2.19b) are plotted as a function of depth below the surface. a) Displacement
for free-surface case b) Potential for free- and metallised-surface. Displacement for the
metallised case is identical to the free-surface (illustration taken from [1]).

29



2. Surface Acoustic Waves

we go away from the surface. The surface-wave characteristics determined by this solution
reveals some important information about the material which is essential in determining

its suitability as a substrate.

2.2.1 Piezoelectric Materials

The applications of the SAW devices are strongly dependent on the properties of the
substrate. Many factors, including the availability of the substrate, ease of lithographic
process, SAW velocity, coupling constant, temperature coefficient of delay (TCD) (de-
pends on the rate of change of time delay as a function of temperature), coupling with the
bulk waves, etc. needs to be examined before selecting the substrate. Different piezoelec-
tric materials of II-VI and ITI-V type semiconductors have been studied for SAW device
applications [31] such as designing frequency control systems and high-frequency signal
processing devices. In piezoelectric materials, the elasticity is coupled with the electric
fields that help the transduction process by converting the electric field into acoustic waves
and vice versa. The velocity and TCD are the two most important characteristics used to
determine the properties of the substrate for different applications. For example, when the
surface of the piezoelectric substrate is shorted by thin metal films, the velocity changes
from vy (free surface velocity) to vy, (metallised surface velocity). This change in velocity
can be used to determine the extent of piezoelectric coupling. The coupling constant K2

is defined as

2
% vf;fUm - ﬁ;’. (2.20)
Also, if we have two transducers, a source and a receiver, separated by a distance [ the
delay T can be calculated as T' = I /vy. The distance [ varies as a function of temperature
due to the thermal expansion of the material, which affects the delay T'. This change in

time delay as a function of temperature can be used to define a temperature coefficient of

delay a7 for a material, which is given by

14T 1 1d
ap= 14T _1dl 1dvy (2.21)
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where © is temperature. Materials with large TCD generally have a strong coupling

constants.

2.2.1.1 Quartz

A quartz substrate was used in the fabrication of the first prototype of a SAW device
[26]. Its weak piezoelectric coupling and good temperature stability makes it an excellent
substrate for devices such as narrow band-pass filters, oscillators, pulse compressors and
resonators. Due to the anisotropy of the material, the orientation plays an important role
in determining its properties (see Figure 2.4). For example, the 1=42.5° rotated Y-cut,
also known as ST-cut, quartz with propagation along the X-axis (ST-X), was found to
have comparatively higher material efficiency; parallel power flux and velocity; and a low
TCD that is weakly dependent on the propagation direction [32]. The free velocity (vy)
measured in ST-X quartz substrate is 3159 ms~!. These substrates can be used to study

gas loading effect in graphene-quartz SAW devices [33].

Normal
A

Figure 2.4 Schematic of a Y-cut substrate with the propagation direction P and X axis,
coming out of the plane. The Y-axis is rotated by an angle v from the normal.

31



2. Surface Acoustic Waves

2.2.1.2 Lithium niobate

Lithium niobate has relatively strong coupling but poor temperature stability. The com-
monly used YZ-cut lithium niobate, with propagation along the Z-direction has several ad-
vantages; for example, strong coupling value (2.4%) as compared to ST-X quartz (0.06%),
and the absence of beam steering, which helps in the minimisation of the diffraction of
SAWs [34]. However the disadvantage of YZ-cut lithium niobate is the unwanted coupling
with bulk waves along with the low TCD (a7=9.4x107° °C~1). For minimum bulk wave
generation 128° YX lithium niobate can be used instead of YZ-cut as it has a similar
coupling value (2.7%) but there is relatively more diffraction of SAWs. This diffraction is
similar to the diffraction of light in the manner that it does not diffract much in the near-
field region (near the source transducer) but in the far-field (away from the transducer)
the diffraction becomes significant. This is due to the fact that the velocity of the SAW
is strongly orientation dependent and the diffracted beam travels on a different axis with
a different speed, hence the difference becomes apparent in the far-field region. The free
wave velocity (vf) measured in 128° YX- and YZ-cut lithium niobate is 3979 ms™! and
3488 ms~! respectively. These substrates are commonly used in making wide band-pass
filters. The work presented in this thesis solely includes the devices fabricated on these

substrates.

2.2.2 SAW Generation

SAWs of various shapes can be generated using transducers of different types on a piezo-
electric substrate. To understand the basic transducer response, let us consider two uni-
form single-electrode transducers with a pitch length p and transducer width W (as shown
in Figure 2.5). Each transducer has M electrodes centered at xi,xa, ..., 2 respectively.
When a voltage V' is applied across the source, it generates a periodic electric field and a
corresponding elastic stress in the medium, resulting in a SAW in both the directions per-
pendicular to the transducer. Here, we consider only the SAW going towards the receiver.

The transducers are assumed to be non-reflective and composed of identical electrodes.
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Figure 2.5 The schematic of a source and receiver transducer used in the generation of

SAWs.

Each active electrode (connected to positive voltage supply) acts as a source for generating
SAWSs that travel with phase velocity v and frequency w. The electrodes connected to the
lower bar (inactive electrodes) of the transducers are grounded, so they do not generate
any SAW. The amplitude of the wave generated by the electrode at x,, has the form
exp(jk(x — x,)) where k is the wavenumber. Thus, the wave generated by electrode m is
given by

Om(z,w) = P VE(w)exp(jk(x — zp)) (2.22)

where F(w) corresponds to the electrode response and B, = 0,1 for m = even, odd
respectively. All electrodes are assumed to be identical, therefore F(w) is independent of
m. The sequence of P, for a single and double-electrode transducer (see Figure 2.6) can

be given by

R 1,0,1,0,1,0,1,0,... for single-electrode
P, = (2.23)
1,1,0,0,1,1,0,0,... for double-electrode

The total wave amplitude ¢ (w) generated by the source can be calculated as the sum of
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all the SAWSs generated by its electrodes i.e. the amplitude at x=0 can be given by

M M
¢r(w) = Y ¢m(0,w) = VEW) Y Pnexp(jk(—zm)) (2.24)
m=1 m=1

where M represents the total number of electrodes. An array factor A(w) can be defined

for convenience to calculate the frequency of the generated SAW as

M
Aw) =" P exp(jk(—zm)) (2.25)
m=1
such that the transducer response can be given by
¢r(w)/V = E(w)A(w) (2.26)

For a single-electrode transducer, Equation (2.25) can be simplified using Equation (2.23)
with pitch length p such that the electrode m is at z,,, = mp. Hence, it can be reduced to

a sum of N = M /2 terms given by

N
B ) _ sin Nkp .
Alw) = mEZIeXp(—Qkap) = Smkp exp(—j(Np + 1)kp) (2.27)

Equation (2.27) gives the solution at kp = nm i.e. at p = nA/2 where X is the wavelength
of the SAW. The fundamental frequency correspond to the n = 1 value when A\ = 2p,
whereas the solutions for n > 1 are its harmonics. The array factor calculated for the
single- and double-electrode transducers is plotted as a function of wavenumber k in Fig-
ure 2.6, where the peaks correspond to the solutions obtained at n=0, 1, 2, and so on.
The first peak observed at k=0 gives the null solution, whereas the peaks thereafter are
observed at the wavenumbers corresponding to the fundamental frequency and its higher
harmonics respectively. The only difference between the single- and double-electrode trans-
ducer response is that the center or fundamental frequency observed in double-electrode
transducers occurs at the wavenumber, which corresponds to the first harmonics in case
of single-electrode transducer. The higher harmonics in double-electrode transducer are

an integer multiple of this fundamental frequency (see Figure 2.6(a)), which is similar to
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Figure 2.6 The transducer response, in the form of array factor A(w), is plotted as a
function of the wavenumber k (in arbitrary units) a) Double-electrode b) Single-electrode.
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the single-electrode transducer response at the odd multiples of its center frequency (see

Figure 2.6(b)).

2.3 Acoustoelectric Phenomenon

When SAWs interact with charge carriers in the traveling medium two important effects
can be observed. Firstly, the charge carriers could change the amplitude and velocity of
the wave, and secondly, the SAWs could trap the charge carriers in their potential mimima
and generate a current along the direction of wave propagation. This second class of effect,
known as the acoustoelectric effect, was predicted by Parmenter [35] in 1953. He suggested
that as a longitudinal periodic acoustic wave travels in a medium it gives rise to a periodic
electric field that travels with the same speed as the wave. The conduction electrons of
the medium can interact with this field and those having a velocity component along the
direction of wave propagation and speed comparable to that of the wave, can be trapped
by the moving potential minima of the acoustic wave. This gives rise to an acoustoelectric
current along the direction of wave propagation. Parmenter argued that it would therefore
be possible to measure the acoustoelectric effect in metals and semi-conductors. The
numerical calculations followed by Beukel were in partial contradiction with the predictions
made by Parmenter. He estimated that the acoustoelectric current generated in metals
was too small to measure, where as in semi-conductors, it was 103-10% times larger than
in metals at room temperature [36]. Weinreich also investigated the motion of electrons
and holes in a semiconductor in the presence of an acoustic wave [37] and identified the
flaws in the arguments made by Beukel and Parmenter. He explained the acoustoelectric
effect as a wave-particle interaction mechanism where the momentum transfer from the
wave leads to the dragging of particle along the wave. His classical treatment of the
wave-particle drag also considers the relaxation time 7 of the carrier distribution. The
carriers tend to attain the lowest energy state of the wave, which generally takes a non-
zero time to reach equilibrium, therefore the carriers are always lagging behind the wave
by a small amount. Weinreich showed that for very low (wr — 0) and very high values

(wr — o0) of wr, where w is the SAW frequency, the net force exerted by the wave
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on the charge vanishes, therefore the acoustoelectric effect can only be observed for the
intermediate values of wr where a non-zero force is exerted by the wave on the carriers [38].
In the following, we briefly discuss the analysis of Weinreich to understand the origin of
acoustoelectric current [37]. He showed that the acoustoelectric current can be explained
using the concept of deformation potential with an assumption that the particle’s potential

energy V7 is proportional to the dilatation A (deformation of the crystal under stress) i.e.
Vi=—-eA (2.28)

where €7 is a constant. The force exerted on the particles by the acoustic wave may result
in an acoustoelectric current. In general, the net particle current j in a macroscopic system

comprises of a drift term and a diffusion term, which can be written as
j=D(F/KT —VV)n (2.29)

where n is the particle density, F' is the force applied to the particles, kT is the ther-
mal energy, and D is the diffusion coefficient. To simplify the space charge difficulties
arising from the bunching of charges caused due to the force exerted by the SAW, an
approximation was made that the SAW wavelength is much greater than the carrier mean
free path. With this approximation, the charge neutrality is maintained and the induced
electric field can be considered proportional to the deformation potential of the SAW for
small sinusoidal disturbances. The potential of a plane wave traveling in a semiconducting

medium can be of the form

¢ = ¢p exp(ik(z — ct)) (2.30)

where ¢q is a constant, k is the wavevector and c is the velocity of the wave. The interaction

energy between the field and particles can be defined as

Ui =Y o (2.31)

where ¢; is called the acoustic charge. In the presence of a constant electric field, such

that the drift velocity of the charge carriers is Sc in the x-direction, the acoustoelectric
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current densities are given by

. nD, 0 on
In = ’I’LBC + kT %(Qrﬂs + e'7k:¢) - Dn% (2'32)
. pBc  pD, 0 D, on

where n and p are the concentration of electrons and holes respectively; b is the ratio of
their mobilities; ¢, g, are the respective acoustic charges; £T' is the thermal energy; and

¢ is the induced electrostatic potential. The equation of continuity takes the form

on 94, 1 a ¢\ _
3t+8x+7[n_n0<1+1+5kﬂ“>}_0 (2:34)
dp 6jp 1 qs ¢ _
3t+ax+7-[p_p0(1+1+skT>]0 (2:35)

where s = ng/pp is the ratio of equilibrium concentration of electrons and holes, 7 is the
lifetime, and ¢ = gy, + gp. The last term in Equations (2.34) and (2.35) refers to the first
order change in the concentration of carriers under the influence of field ¢. If we assume

n —ng << ng and p — pg << po, then n and p can be expressed as

n = ng + ny exp(ik(z — ct)) (2.36)

p = po + p1exp(ik(z — ct)) (2.37)

The expressions for n; and p; can be obtained by substituting these values of n and p into

Equations (2.34) and (2.35). From the charge neutrality condition, we have

no  qPo
=p; = == 2.38

n1=p1 1+ s kT ( )
where
M= 14w (1+45b) /w?T(1+5)

— 1+wo(1+sb) /w?T(1+s)—i(Bo—B8) (1—s)wo /(1+s)w’

w = ke,
w=c?/Dy,,

and By = (1 4+ sb)/(1 — s).
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The factor M accounts for the bunching of carriers based on the frequency, applied field
and the type of material (n- or p-type). This solution can be used to compute the time-
average value of the dc particle current described by Equation (2.32) and (2.33). The net

acoustoelectric current can be calculated as

Ine = —e(jin — Jp) (2.39)

Since, only the first order change in carrier concentration is taken into account, Equation
(2.39) is not adequate for the second order calculations. However, Weinreich argued that
if 7 is assumed to be very large, then the whole recombination term would be negligible.

Thus, the final acoustoelectric current can be given by

1 engc <cm0 (1—5)—B(1+s/b)

2
fae =73 i) (o= B2 1(L = 5)/(1 + 5)] (wo])? (240

2(1+s)?

Weinreich et al. [38] qualitatively observed the acoustoelectric effect in n-type germanium
and simplified the expression in Equation (2.40) for a transverse wave in quartz traveling
along the (100) direction and polarised in the (010) direction, for which the acoustoelectric

field F, is given by
6m2¢>*TS

Eae =
eN2kT

(2.41)

where S is the acoustic power density, ¢ is the acoustic charge, T is the relaxation time
and A\ is the acoustic wavelength. This expression can be further simplified to give the
current density j for different systems, as given by

ul'F
v

j= (2.42)
where p is the mobility of the charge carriers, I' is the attenuation coefficient, F' is the
SAW intensity flux, and v is the velocity of the SAW. Equation (2.42) is referred to as
the Weinreich relation in this work. This relation formed the basis for further investi-
gation in the acoustoelectric behaviour of various semiconductor superlattices and nano-
structures. Here, this relation is used in the study of the behaviour of acoustoelectric

current in graphene at room and low temperatures. In the following section, we review
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the acoustoelectric current measured in semiconductor hetero-structures, one-dimensional

(1-D) channels, quantum dots and two-dimensional electron gases (2DEGs).

2.3.1 Acoustoelectric Current in Semiconductors

In many piezoelectric semiconductors, it was observed that beyond a certain threshold of
applied voltage, the current begins to saturate [39]. Ozaki and Mikoshiba investigated
this effect in cadmium sulfide (CdS) at room temperature [40] and proposed a non-linear
theory to quantitatively explain the current-voltage characteristics, decay time of current
from Ohmic to saturation value, and the characteristics of the acoustoelectric current in
piezoelectric materials. By increasing the applied field in a piezoelectric medium, the
drift velocity exceeds the speed of sound and the acoustoelectric field E,. becomes large
enough to oppose the applied electric field £. When the acoustic flux is large enough to
satisfy the condition, dFE,./dE > 1 for negative differential conductivity, large deviations
from Ohmic behaviour were observed in the medium [41]. The acoustoelectric theory was
further developed by Tien with the concept of charge bunching in the wave troughs [42].
When the intensity of SAWSs is smaller than the thermal energy, the particles are able
to move freely in the crystal. However, as the SAW intensity increases, the piezoelectric
potential ¢gaw becomes dominant over the thermal energy k7T and the charge particles
gets trapped in the wave potential (see Figure 2.7). Therefore, the drift velocity of the
carriers approaches the SAW velocity, which results in current saturation. This dragging
of charges consumes the energy of the SAW which is reflected in its attenuation I'" and
change in the velocity Av of the SAW. The equations for I' and Av can be obtained
from the equations of motion given in Equations (2.8) and (2.9), but the derivation of
the same is not in the scope of this work. In a simple classical relaxation model where
the diffusion effects can be neglected in the weak-signal limit (negligible modulation of
carrier concentration by the SAW), the attenuation and velocity change in a piezoelectric

semi-conductor, with homogenous bulk conductivity o, are given by

r= K2§ [H“(’W/(’;W} (2.43)
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Figure 2.7 A schematic representation of the bunching of charge carriers, with thermal
energy kT, in SAWs of different amplitudes ¢saw. a) e.psaw <kT, b) e.pgaw >>kT

Av KQ[ L } (2.44)

v 2 1+ (we/w)?
where w. = o/(€1 + €2) is the conductivity relaxation frequency, here €¢; and es are the
dielectric constants of the piezoelectric substrate and the half space above it respectively
[11]. This conductivity relaxation frequency gives the time in which the electron system
comes back to its equilibrium state when it is perturbed by an external electric field. When
the ultrasonic frequency w of the piezoelectric field is much smaller than w,, electrons can
redistribute itself to screen its effect. As w increases, this screening becomes less prominent
and eventually for w >> w,, the piezoelectric field becomes too dominant and the substrate

effectively starts behaving like an insulator.
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2.3.2 Acoustoelectric Current in 2DEGs

The interaction of SAWs with a 2DEG can be observed in a hybrid system of 2DEG over a
piezoelectric substrate. The simple classical relaxation model used for semi-conductors is
also applicable in this case with an assumption that the 2DEG is in close proximity with
the surface of the substrate such that the separation d is much smaller than the wavelength
of SAW Agaw. For such hybrid systems, the induced acoustoelectric current is assumed
to be only in the 2DEG. The conductivity relaxation frequency and the frequency of the
piezoelectric field is related to the 2DEG conductivity and the characteristic conductivity

of the substrate, as given by

koap
= 2.45
we €1 + €2 ( 2)
w= oM (2.45b)
€1 + €

It is convenient to express the ratio w./w in Equations (2.43) and (2.44) in terms of
oap/on, where oop and oy are the conductivity of the 2DEG and the substrate, re-
spectively. Hence, the equation for the attenuation I" and velocity v of the SAW can be

expressed as

_ 2™ | ow/om
I'=K \ L n (O'QD/O'M)Z:| (2.46)

Av _ K?

> =% [ (240

where K? is the effective piezoelectric coupling coefficient, and A is the wavelength of
SAW. The plot of I'/q, where q is the wave vector, and Av/v as a function of oap /oy is
given in Figure 2.8. When o9p >> o)y, the redistribution of carriers can occur rapidly
enough to screen the effect of external piezoelectric field, and I" becomes proportional to
o9p. On the other hand, when o9p << oy the piezoelectric field itself would be similar
to that of an insulator, and I' becomes inversely proportional to o9p. Therefore, the
maximum attenuation per unit length occurs when o9p = ops as seen in Figure 2.8(a).
When the acoustic wave propagates in a good piezoelectric conductor, the internal electric

fields have to vanish, which is similar to its propagation in a non-piezoelectric material
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but with reduced velocity compared to a piezoelectric insulator. In addition, the current
flowing while the electric field is screened are of short durations, and the Ohmic losses,
and therefore the attenuation, associated with them is small. In case of a piezoelectric
insulator no such current or Ohmic losses exist. However, at some finite conductivity
current flows for the whole time between wave crests to screen the electrostatic electric
field of the acoustic wave. In such cases, the Ohmic losses are at a maximum, and the
wave velocity is at an intermediate value. This shift in velocity can be seen when o9p
changes form insulating to metallic, and a distinct step-like behaviour is observed near

o9p = o, as seen in Figure 2.8(b).

The acoustic behaviour is quantitatively well described by Equations (2.46) and (2.47)
in the regime where A is much larger than the intrinsic mean free path l;,;. In this non-
ballistic regime (\ >> l;,;), the observed acoustoelectric current in the absence of magnetic
field can be described by substituting the attenuation coefficient I' form Equation (2.46)
in the Weinreich relation given by Equation (2.41). In the presence of a magnetic field and
control over induced charge carriers through gate electrode, it is also possible to probe the

quantum Hall regime in such hybrid systems [11].

2.3.2.1 Acoustoelectric Current in Graphene

Graphene, a 2-D sheet of carbon atoms arranged in hexagonal lattice, has been widely
investigated to explore its electronic, transport, and optoelectronic properties. Due to its
large surface area and unique properties, graphene deposited on a piezoelectric substrate
like quartz, lithium niobate, and lithium tantalate provides a good system for the integra-
tion of 2DEGs with SAWs. Graphene and its properties are discussed in more detail in
the following chapter. The probing of large-area graphene using SAWs of different wave-
lengths could be very useful in determining its electronic properties at different length
scales. Theoretical investigations by Thalmeier et al. [21] and Zhang et al. [22] shows the
coupling of SAW observables with the charge carriers in graphene. Large Landau oscilla-

tions were predicted in both the attenuation and velocity changes of the SAW traveling

43



2. Surface Acoustic Waves

0.01 0.1 1 10 100

GZD/ G,

Figure 2.8 a) Attenuation coefficient I' per unit wave vector q and b) Fractional change
in sound velocity Av/v, both in units of K2, plotted as a function of oap/os.
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in pristine graphene. The selective reactivity of reduced graphene-oxides along with the
mass sensitivity of the SAWs has been used to develop hydrogen and carbon monoxide gas
sensors [23]. Also, the effect of mass loading of argon and air in graphene-quartz SAW de-
vices has been investigated [33]. However, relatively little work has been done in the study
of acoustoelectric current in graphene. Acoustoelectric current in large-area graphene [24]
has been reported by Miseikis et al. but a comprehensive understanding of its dependence
on various SAW parameters, namely wavelength and intensity, has been lacking. In this
work, we have addressed this problem and have tried to develop a model for acoustoelectric

current as a function of different SAW parameters and at different temperatures.

2.4 SAW-based Devices

SAW-based sensors serves a wide variety of applications ranging from day-to-day use
in mobile phones and television [43] to sophisticated measurements, such as sensors for
detecting temperature [44], mass [45], humidity [46], and in bio-sensing applications like
detecting antibodies, enzymes, and proteins [47]. They are commonly used as low and high
band-pass filters, resonators, and oscillators in electronics. The recent developments in the
use of SAWs for probing low-dimensional systems has also created exciting opportunities
in metrology for the quantisation of electric current [3]; storage of light in quantum wells
[12] and in quantum computation [48]. Here we briefly review the device applications that

relate to the work presented in this thesis.

2.4.1 Single Electron/Photon Transport

The interaction of SAWs with the charge carriers can be used to probe the electronic
properties of low-dimensional systems. At low temperatures, in the ballistic conductance
regime (¢L >> 1), where ¢ and L are the wavenumber and the length of the low dimen-
sional channel respectively , the interaction of ultrasonic phonons of SAW and electrons

in nanostructures (1-D nanowires or 2-D constricted channels) could induce huge oscilla-

45



2. Surface Acoustic Waves

tions in acoustoelectric current as a function of gate voltage [49]. This phenomenon was
observed in quasi 1-D ballistic channels (quantum point contact), defined by split gates

on GaAs/Gaj_,Al;As hetero-structures, whose conductance G is given by

2¢?
G=n—m, (2.48)

h
where n is the number of occupied one-dimensional sub-bands. Contrary to the step like
rise in conductance, the acoustoelectric current in the ballistic conductance channel un-

dergoes giant oscillations as a function of gate voltage [2], with the maxima lying between

the plateaus of conductance steps (see Figure 2.9).
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Figure 2.9 Acoustoelectric current and conductivity plotted as a function of gate voltage
for GaAs/Gaj_;Al;As hetero-structures (illustration taken from [2]).

The acoustoelectric current density as described by Shilton et al. [2], depends on the
product of two sharply peaked functions of the electron velocity and only the electronic
states in the vicinity of the Fermi level contributes to the acoustoelectric current. The
electrons with velocities close to the velocity of the SAW feels the drag, where as electrons
with different velocities feel the rapidly oscillating field of the SAW and remain unaffected.

This drag is most prominent between the steps observed in the conductance values (see
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Figure 2.9), where the energy of the electrons in the Fermi level is very low, and therefore

the interaction time of the electrons and the SAW diverges.

Further investigations outside the ballistic regime revealed an interesting acoustoelectric
behaviour, where the effect of single-electron transport by SAWs was captured. When the
wavelength of a SAW is smaller than the 1-D channel length, the acoustoelectric current
was found to be quantized in units of ef where e is the electronic charge and f is the
frequency of the SAW. As a function of gate voltage, the acoustoelectric current was
found to increase in steps corresponding to the transfer of an integer number of electrons

per SAW cycle (see Figure 2.10) [3].
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Figure 2.10 Acoustoelectric current as a function of gate voltage for different SAW
intensities. The leftmost curve represents 7 dBm power level that decreases by 0.2 dBm
for successive curves (illustration taken from [3]).

When the 1-D channel defined by split gates is pinched off, a potential hill is created and
the electrons trapped in the trough of the SAW travel up hill with it. The number of
electrons trapped in a wave depends on its amplitude as schematically shown in Figure

2.7. At the entrance of the channel, if the local potential minima of the SAW is not big
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enough to account for the Coulombic repulsion of the electrons in the wave, some of the
electrons are knocked back. With the help of gate voltage, more electrons can be carried
up hill by the SAW. Hence, the intensity of the SAW and the gate voltage can be used
to control the single electron transport in such systems. A qualitative analysis of the
quantized current can be found in the literature [50-52]. Such control over the transport
of single electron has generated numerous concepts such as photon trains [53], quantum

computation using electrons trapped in SAWs [48], and accurate current standards [54].

From a metrological perspective it is important to perform experiments to resolve the
‘electrical triangle’, which illustrates the relationship between the current, voltage, and
resistance as given by Ohm’s law in terms of the fundamental quantities Planck’s constant

h and electron charge e (see Figure 2.11).

Current

(29 )

Voltage | V Q) ) Resistance

Figure 2.11 Electrical triangle illustrating the relationship between the current, voltage
and resistance in terms of the fundamental quantities Planck’s constant h and electronic
charge e.

The quantization of current in 1-D channels provides an exciting possibility to realise this
experimentally at a fundamental level, but it requires a great deal of accuracy to perform
such experiments. The relative uncertainty in measuring the current has to be smaller
than 1 part in 107 [54], considering the fact that the acoustoelectric current measured is
of the order of nA, it would need a resolution of 10716 A. This is significantly better than
the conventional devices based on the Coulomb blockade phenomenon where the order of

the current measured is in pA [55].
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SAWs can also be used for the propagation and detection of electrons in well separated
quantum dots, required for various quantum electro-optical measurements involving sin-
gle electrons and photons [56]. The trapping of electrons in the SAW prevents the loss
of quantum information stored in the electron’s spin and charge, that happens otherwise
when the electron interacts with other electrons in the Fermi sea. SAW-based single elec-
tron transport devices can also be potentially used in quantum computers for building
complex quantum gate networks. A ‘flying qubit’ design was proposed to perform single
and double-qubit operation by using such networks [48]. SAWs can be employed to disso-
ciate the optically generated excitons into electron-hole pairs that can be trapped in the
moving potential super-lattice of the SAW. This spatial separation of the electron-hole pair
drastically increases the recombination time by several orders of magnitude compared to
an un-separated electron-hole pair [12]. They can recombine efficiently to release a pho-
ton after the prolonged separation that can act as an optical delay line. The periodic
transport of electrons and holes by a SAW at localised single, or an array of, quantum
dots can possibly be used for generating single- or N-photon devices in quantum optical

applications [53].

2.4.2 Sensor Applications

The traveling SAWSs are confined to a very thin region near the surface of the piezoelectric
material. This acoustic confinement makes them very sensitive to anything in contact with
the material’s surface. Any interaction with the adsorbed molecule in the form of mass
loading or change in elasticity of the material could drastically change the attenuation
and velocity of the SAW. This property, along with the possibility of having large area
devices makes them suitable for sensing applications. The wireless sensing process and
low production cost of SAW-based devices are some of the crucial advantages over other
sensors used for wireless strain and temperature measurements [57]. The sensitivity to
mass loading makes SAW devices an obvious candidate for gas sensors [58], some of which
involve a thin semiconductor film on the piezoelectric substrate. Typically the temper-

ature, pressure, and humidity changes can be detected by the attenuation and velocity
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changes in the SAW, for example SAW-based relative humidity sensors [46] are found to
be applicable over a wide range of relative humidity with fast response times during both
adsorption and desorption processes. In addition to the sensing through the measurement
of SAWs, these hybrid thin-film SAW devices can also detect the specific gas molecules via
the change in their conductivity, mobility, and carrier concentration that can be measured
in the form of acoustoelectric current. An exciting prospect for these systems is the use of
graphene, which has a mono-atomic thickness and can be modified for selective gas sens-
ing. Thin graphene-like nano-sheets have been tested for hydrogen and carbon monoxide
sensing [23], and gas loading of air and argon on graphene-quartz SAW devices has been
studied [33]. With the exciting properties of graphene, that we will discuss in the next

chapter, there is a lot to be explored in the field of graphene-SAW sensors.

In summary, we discussed the origin of SAWs, its generation on the surface of a piezoelec-
tric material with the help of single- and double-electrode transducers , and its importance
in probing the electrical properties of low-dimensional materials. This work is focused on
the interaction of SAWs with graphene, which is a 2DEG. As described in this chapter,
this interaction can be described using a relatively simple classical relaxation model, which
gives the attenuation and velocity shift of the SAW in the form of a non-monotonic func-
tion of the conductivity of graphene. In the following chapters, this model will be used to

explain the acoustoelectric current observed in graphene.
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3 Graphene

3.1 Overview

Graphene is the thinnest possible layer of graphite, a mono-layer of sp? hybridised carbon
atoms arranged in a hexagonal lattice. It can be considered as the fundamental building
block for all the graphitic forms of carbon (see Figure 3.1), which can be rolled into bucky
balls or fullerene (0-D), carbon nanotubes (1-D) and stacked into graphite (3-D) (D refers
to dimension). Although single-layer graphite has been under study since late 1940’s, the
term “graphene” was first coined by Mouras et al. in 1987 [59]. In 1947, P.R Wallace
[60] investigated the band structures of graphene and highlighted its unusual semi-metallic
properties before focusing his research on graphite. At that time, two-dimensional mate-
rials were believed to be thermodynamically unstable at any finite temperature and were
presumed not to exist. Based on his general theory of second order phase transitions,
Landau [61] argued that long range order in two dimensions is not possible. Peierls [62]
reached the same conclusion qualitatively, when he used the harmonic approximation to
extend his quantitative argument given for the one dimensional case to two dimensions.
This theory of unstable low-dimensional crystal lattices proposed by Landau and Peierls
in the 1930’s remained uncontested for a long time and branded 2-D systems as only
of theoretical importance. In 1962, the computer simulation experiments by Alder and
Wainright [63] did show the possibility of stable two dimensional fluid and solid states, but
the arguments were not irrefutable. Any ambiguity in the non-existence of 2-D systems
were terminated by Mermin (in 1968), who developed the theory of Landau and Peierls by

testing it for a large class of inter-particle interactions on a rigorous basis without using
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Figure 3.1 2-D Graphene and other graphitic forms: 0-D bucky balls; 1-D nanotubes
and 3-D graphite (illustration taken from [4]).

either the harmonic approximation or an order-parameter expansion [64]. His analysis
showed the non-existence of positional long range order in two dimensions but also ac-
knowledged the presence of some long range orientation order, which was supported by
conclusive experimental evidences showing that as the size of the low dimensional crys-
tals grow above several nanometers, the phonon density available for thermal vibrations
integrated over the 3-D space rapidly grows and forces the low dimensional crystals to
either transform into stable 3-D structures or to decompose into small clusters [65]. Two
dimensional materials were seen only as an integral part of their 3-D structures but they
had no physical significance of their own. However, graphene continued to be a part of
auxiliary studies for carbon nanotubes and graphite. There were attempts to chemically
exfoliate the strongly layered materials, specifically the intercalated graphite that resulted
in re-stacked and scrolled multilayer sheets [66]. It was only in 2004 that A. Geim and K.
Novoselov were successful in isolating a single-layer graphene from graphite flakes using

an adhesive tape [15].
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Mechanically exfoliated graphite flakes of tens and hundreds of layers were reported ear-
lier [66], but single-layer graphene remained undetected. With the benefit of hindsight,
the missing case of graphene could have been due to a number of reasons. For example:
these single-layer flakes occur in great minority compared to the other multi-layered exfo-
liated deposits; they have no signature in transmission electron microscopy; and they are
transparent to the visible light on many substrates. Geim’s group used oxidised silicon
substrates that provided a subtle contrast difference between graphene and the substrate
under an optical microscope, which proved critical in locating graphene. This technique
was essentially like “finding a needle in a haystack”, as painstaking efforts were needed
to locate graphene among several graphite layers. But over the years it has developed
as a skill and still remains the technique of preference for basic research and for fabri-
cating proof-of-concept devices, as it produces crystals of high structural and electronic
quality. The experiments conducted on graphene established that it is stable on top of
non crystalline substrates, in suspensions and even as a free standing membranes contrary
to earlier belief [15][67]. Studies done under transmission electron microscopy revealed
that graphene exhibits intrinsic microscopic roughening that leads to its stability, which is
not in complete disagreement with Mermin’s theory as it does not forbid having “nearly”

two-dimensional systems [67].

Apart from proving that stable 2D membranes can exist, graphene’s exceptional electrical
[5], mechanical [17][68], and optical [69] properties have attracted considerable interest.
For example, the electrical conductivity in the plane of graphene, i.e. a single layer of
graphite, is 100 times more than that between two layers of graphite [60]. The charge
carriers in graphene can undergo ballistic transport (up to 3 um) at sub-micrometer scale
even at room temperature [70]. It can achieve high carrier mobilities >200,000 cm?V~1s~1
in the absence of extrinsic disorder even at high carrier densities (>10'2 ecm~2) [71]. A
large Young’s modulus (>0.5 TPa) and high spring constants of up to 1-5 Nm~! have been
measured in graphene sheets [17]. It has unique morphological properties with specific
surface areas predicted to be >2500 m2g~!, which have been measured to be >270-1550

m?g~! [72]. Tt has opened gates for a whole class of two-dimensional (2-D) materials

like molybdenum disulfide (MoSs2) [73], silicene [74] and germanane [75]. Although 2-D

93



3. Graphene

materials have always been of theoretical interest, the discovery of graphene has initiated

intensive experimental research in this field.

Over the last decade graphene research has grown in leaps and bounds, and huge efforts
are being made to realise its potential in various applications, for instance: a graphene/n-
Si combination was found to improve the power efficiency of solar cells by a factor of 4.5
% [76] and is believed to perform better than conventional indium tin oxide (ITO)-based
solar cells owing to the tunability of its work function; in fuel cells graphene sheets are used
to modulate the electrocatalysis and electrochemical reaction in a controlled fashion [77],
and makes these fuel cells more cost-effective by minimising the use of expensive metals
like platinum (Pt) in them; graphene-silica composites as transparent conductors [78] have
been shown to be more robust, easy to fabricate and free from the long term ion-diffusion
problem encountered by other materials such as ITO; chemically modified graphene can
be used as an ultra-capacitor for high performance energy storage devices [79]; and its
quantum electronics applications could lead to new nano-photonics, and terahertz (THz)
devices [80]. Furthermore, it can also be used as chemiresistors in chemical sensors [81][82],
and in micro and opto-electronics [83][84]. In contrast to all the advancements in graphene
applications in various fields, its potential in acoustoelectric devices has been relatively
unexplored. In this work, we aim to study the acoustoelectric response in graphene when

it is encountered by SAWs.

3.2 Properties of Graphene

3.2.1 Band Structure

Graphene has a hexagonal arrangement of carbon atoms in a plane with sp? hybridised
valence orbitals. The electronic configuration of carbon is 1s? 2s? 2pi2p31/2p2. The 2s, 2p,
and 2p, orbitals hybridise to form three strong o bonds in the trigonal planar structure,
and the 2p, orbitals of the neighboring atoms that are perpendicular to the plane overlap

to form delocalised 7 (valence) and 7* (conduction) bands. The o bond determines the
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robustness of the lattice structure whereas the m bond is responsible for its peculiar elec-
tronic properties. The hexagonal graphene structure can be seen as a triangular lattice
of two atoms per unit cell as basis. The lattice vectors are given as a; = %(3,/3) and
az = (3, —/3) where a = 1.42 A is the C-C bond length. The corresponding reciprocal
lattice vectors are by = %—Z(l, V3) and by = %—Z(l, —+/3). The Brillouin zone formed in the

reciprocal lattice space has two high-symmetry points K and K’, which are given by

- 27 2 2 2T 27w
K=(+—,-——),K =(>—,—— 3.1

(3@ 3\/§a) (3(1 3\/3(1) ( )
The honeycomb lattice of graphene and the Brillouin zone are shown in Figure 3.2. The
band structure of graphene can be determined by using the nearest neighbour tight-binding
approach for electrons in the 7 state, as described by Wallace [60]. Considering only the
nearest neighbour hopping of electrons, the Hamiltonian of the system is given by

) 0  tS(k)

H(k) = B (3.2)
ts*(k) 0

where k is the wave vector, ¢ is the hopping parameter and

() = 30 = 2exp (12 ) cos (’“yzﬂ) +exp(—ikya) (33)
§

The energy is given by

= +1\/3 + f(k) (3.4)

E(k) = +t ‘5(;‘5)

where

f(k) = 2 cos(V/3kya) + 4 cos (?l@a) cos (2]@@) (3.5)

Since S(K) = § (IZ') =0, the effective Hamiltonian near K and K’ becomes

N 0 qx + iQy
Hy x/(7) = hvrp (3.6)

Gz T iqy 0
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b)

Figure 3.2 a) Honeycomb lattice with lattice vectors (a; and ag) and nearest neighbour
vectors (d1, 02 and d3) b) Brillouin zone with reciprocal lattice vectors (b; and by) with
high symmetry points K and K’ (illustration taken from [5]).

where ¢ = k—K and k — K’ at points K and K’ respectively and vp = %“[t] ~ 10% ms—!
is the Fermi velocity near the K and K’ points. Interestingly, the Fermi velocity in this

case is independent of energy or momentum, unlike in common semiconductors.

If the next-nearest-neighbour hopping or the subsequent neighbours are taken into account
it adds further terms with hopping parameter ¢’ , ¢/ and so on. For example if we consider

the next-nearest neighbour hopping energy (t'), Equation (3.4) becomes
E(k) = £t|S(k)| + ' f (k) + ... (3.7)

The energy dispersion of graphene as calculated for hopping parameters, t=2.7 eV and
t'=-0.2t, is shown in Figure 3.3. It shows the conical structure at points K and K’, where
the valence and conduction bands meet i.e. there is no band gap. These points are called
charge neutrality or Dirac points. For pristine (undoped) graphene the Fermi energy level
passes through these Dirac points such that it has a completely filled valence band and an

empty conduction band.
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Figure 3.3 The electron energy spectrum of graphene for t=2.7 eV and t'=-0.2¢ (illus-
tration taken from [5]).

3.2.2 Electrical Properties

3.2.2.1 Massless Dirac Fermions

The band structure of graphene reveals a zero band gap, where the conduction and valence
bands meet at charge neutrality points. In the reciprocal lattice space, these points are
located at K and K’ in the Brillouin zone (see Figure 3.2). The Hamiltonian near these

points can be given by

Hyg = —ilwpéV (3.8)
Hy = HE (3.9)

where o refers to the pseudo-spin instead of the normal spin vector given by Equation
(3.10). This is due to the interaction between the electrons and graphene sub-lattice that
can be best described by pseudo-particles having pseudo-spins (only o, and o, are used

to solve Equation (3.8)).

op = ,Op = Oy = L0, = (3.10)
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Equation (3.8) is a two-dimensional analogue of the Dirac Hamiltonian for massless fermions
with a velocity vp ~ ¢/300, where ¢ is the speed of light. Hence the points K and K’
are also called Dirac points. Expanding Equations (3.6) and (3.7) near points K and K’

shows a linear dispersion relationship between the energy and the wave vector:
Ey+(k) = hwplk — K| (3.11)

Because of the dimensionality the density of states vanishes at the Dirac point that gives
rise to some profound properties such as: chiral anomalies [85] [86] which show Quantum
Hall Effect (QHE) due to time reversal invariance even in the absence of any external
magnetic field; relevance to high T, superconductors [87] resulting in enhanced uniform
susceptibility and specific heat coefficients; unusual transport properties [88] [89] like half-

integer QHE; and resembling meta-materials with negative refractive index [90].

3.2.2.2 Electric Field Effect

The effect of electric field applied via a gate voltage allows control of the carrier concen-
tration in a semi-conductor. The schematic of a typical device with Hall-bar geometry,

which is commonly used to study this effect in graphene, is shown in Figure 3.4(a).

A source current I, is passed through the source-drain contacts and the longitudinal
potential drop V., can be measured to calculate the conductivity of graphene. In the
presence of a magnetic field B perpendicular to the plane of the bar, there is also a
potential drop V., across the transverse direction, which is used to calculate the Hall
coefficient Ry. The top and back gates, separated from graphene by a dielectric layer, can
be applied independently or together to induce carriers in graphene (see Figure 3.4(b)).
In Si/SiOg substrates the insulating SiO9 layer acts as a dielectric, whereas the Si, which
is denegerately doped to make it conducting, can be used as back gate. For insulating
substrates like lithium niobate, top gate configuration is needed to achieve conductance
modulation in graphene. A positive (negative) gate voltage induces electrons (holes) in

graphene, the charge density of which can be calculated if the gate capacitance is known.
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a)

TG dielectric
Graphene
BG dielectric
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Figure 3.4 a) A typical Hall-bar geometry used in the electric field effect measurement,
where I, is the source current passed between the source (S) and drain (D) contacts.
V.. represents the longitudinal voltage drop, Ry is the Hall coefficient measured in the
transverse direction, and B is the magnetic field perpendicular to the Hall-bar geometry.
b) The schematic of a typical device with top (TG) and bottom (BG) gates. The inset
shows the different dielectrics that may be used for top and bottom gates.
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For widely used Si/SiO2 substrates of thickness 300 nm, the gate capacitance is known to

be 1.15 x 10~* Fm—2.

The experiments conducted for graphene on Si/SiOy reveals a sharp peak in sheet resis-
tivity [15] of graphene when measured as a function of gate voltage V4, as shown in Figure

3.9.

p (k)

vy V)

Figure 3.5 The resistivity of graphene measured as a function of gate voltage in Si/SiOq
substrate shows the ambi polar effect in graphene. The inset indicates the changes in
the position of the Fermi level (Ep) as the carriers are induced with the help of the gate
voltage (illustration taken from [4]).

This peak is termed as the Dirac peak corresponding to the charge neutrality point. In
the vicinity of this point, the sheet conductivity oop is linear with respect to V4 therefore

the field effect mobility of the carriers (electrons and holes) can be calculated as

do 1

7

where C is the gate capacitance per unit area.

In case of pristine graphene, the Dirac peak lies at V,=0 V. Any dopants either in the
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form of tape residues or absorbed water molecules push the Dirac peak away from V,=0
V. For example, the exposure of graphene to water vapour and ammonia (NH3) leads to
p- and n-doping respectively [91], which correspondingly shifts the Dirac peak towards
positive and negative V,. The effect of doping on the conductivity and the position of
Dirac peak was demonstrated by Chen et al. [92] through controlled doping of potassium
in clean graphene samples under ultra-high vacuum (UHV) at low temperature. The
relative shift in Dirac peak was attributed to the charge transfer between the graphene
and absorbed molecules. First-principles calculation on graphene [93] predicts that such
charge transfer can occur via two mechanisms : (i) The charge transfer due to the relative
position of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of the dopant with respect to the Fermi level of graphene. If the HOMO is
above the Fermi level of graphene, there is a charge transfer from the dopant to graphene,
whereas if the LUMO is below the Fermi level, charge transfers from graphene to the
dopant. (ii) The relative mixing of HOMO and LUMO with the graphene orbitals, which

scales with the overlap of the interacting orbital and the difference of their energy levels.

3.2.2.3 Mobility

Ballistic transport (the transport of electrons with negligible resistance) over a range of
100 nm is typically observed in graphene [70]. At room temperature, a typical mobility
value of 10,000 cm?V~!s~! for a carrier density of n=10'2 cm~? translates to a mean free
path [ of the order of 100 nm, where [ is given by

=
2V

(3.13)

where h is the Planck’s constant and e is the electron charge. In the absence of extrin-
sic disorder the mobility values are expected to be >200,000 cm?V~!'s~! [71], which is
usually limited by charge impurity scattering. High mobility values approaching 200,000
em?V~1s71 at low temperature have been reported in suspended graphene [94], where

the weak electron-phonon interaction makes it possible to achieve even higher mobili-
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ties, although it is fragile and susceptible to the ambient atmosphere. Recently, graphene
encapsulated by hBN (hexagonal boron nitride) crystals have shown considerable improve-
ment in mobility and structural stability compared to suspended graphene. It has been
reported to have >100,000 cm?V~1s~! even at room temperature for n=10' cm=2 [70],
which is predicted to rise up to 500,000 cm?V~1's~! when subjected to low temperatures,

corresponding to an increase in mean free path from 1 ym to 3 pm.

Comparatively much smaller values of mobility have been reported for graphene grown by
chemical vapour deposition (CVD) method, typically in the range 100-45,000 cm?V 151
[95][96][97]. The electronic properties of CVD graphene are strongly influenced by the de-
fects, ripples, tears, wrinkles, impurities in the form of etchant residues or growth leftovers,
and grain boundaries in particular. Several protocols have been developed to yield reason-
ably clean CVD graphene minimising the defects and impurities, but the grain boundaries
are intrinsic to the growth mechanism by CVD method, where the graphene consists of
large number of highly crystalline but randomly oriented graphene grains. The mobility

Is=1 at low densities)

obtained on single grain CVD graphene (exceeding 50,000 cm?V~
is found to be comparable to the quality of exfoliated graphene [97]. The mis-oriented
graphene grains gives rise to line defects at the junction of grains dividing the graphene
into high and low resistivity areas, which affects the overall mobility. A potential barrier
model [98] can be used to qualitatively explain the effect of grain boundaries, according
to which the overall mobility p of the CVD graphene sample with the high (low) resis-
tivity region of length 15, (1;), resistivity pp (p;), and mobility py, (1) respectively can be

expressed as:

«
= — +2 3.14

1 Q+B(Mh B (3.14)

where a=pp/p; and 5=l /l;. For typical conditions, &« << 1 and < 1, the Equation
(3.14) can be simplified as p=aup/(a + £). With the increase in grain boundaries
increases, and therefore the mobility decreases. This is supported by the experiments

conducted on intra- and inter-grain CVD graphene, where the mobility of the latter was
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found to be an order of magnitude smaller than the former [99].

3.2.2.4 Temperature Dependence

The field effect performance of graphene is strongly limited by carrier scattering from impu-
rity sites, surface phonons of the dielectric and acoustic phonons of graphene. The phonon
scattering naturally gives a temperature dependence to the resistivity p of graphene. For
low carrier densities (102 cm™2), p for exfoliated graphene on Si/SiOs shows a linear
dependence at lower temperatures (<150 K) and increases rapidly with the increase in
temperature above 150 K [100][101], which may be attributed to the thermally activated
optical phonons in SiOs, thermally quenched graphene ripples or Coulomb impurities.
These extrinsic effects becomes less evident at high carrier densities (10 cm™2) due to
the enhanced carrier screening. The observations for high carrier density shows a linear de-
pendence on temperature 7" at high temperatures (>150 K), whereas for low temperatures
(<150 K) p oc T [100]. The low temperature behaviour is different from the conductors

where p oc T°, which is due to the 2-D nature of electrons and phonons in graphene.

The graphene made by CVD method inevitably brings a lot of impurities in the form
of residues, inhomogeneous charge puddles and non-uniformity due to grain boundaries,
tears, wrinkles, etc. The temperature dependence of the conductivity of CVD graphene
gets strongly affected by this charge impurity scattering. It was observed that at low
densities and low temperatures, the carrier activation across the potential landscape cre-
ated by the inhomogeneous charge densities determines the temperature dependence of
the conductivity. Heo et al. [102] demonstrated a metallic character (dp/dT>0) for high
mobility samples irrespective of the carrier density. The low mobility samples however
show a non-monotonic behaviour with dp/dT<0 for low temperatures and dp/dT>0 for
high temperatures. This non-monotonicity is a result of the combination of two competing
mechanisms of charge transport: the diffusive metallic transport, driven by phonons and
carrier screening; and local activated transport driven by the potential fluctuations cre-

ated by the inhomogeneous charge puddles and Fermi surface effects. These mechanisms
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are non-trivially dependent on carrier densities and temperature [103][104]. A metallic
behaviour is observed at high carrier densities where the charge screening and phonons
dominate the charge transport characteristics, as compared to the low carrier densities
where the Fermi surface effects and carrier activation across charge puddles play an im-
portant role. At higher temperatures, the phonon scattering effects eventually dominate
all other mechanisms and graphene exhibits a metallic character irrespective of the car-
rier density. At low temperature and lower densities, the local carrier activation across
the potential fluctuations due to the random inhomogeneous charge puddles and impuri-
ties becomes significant and contributes to the temperature dependent conductivity. This
amounts to a complex temperature dependence of the conductivity of CVD graphene
which may be conducting, insulating (dp/dT<0), or a non-monotonic function of both,

depending upon the mobility, carrier density and range of temperature studied.

3.2.3 Mechanical Properties

The mechanical properties of graphene has also attracted a lot of attention due to its
potential application in areas such as nano electromechanical systems (NEMS). Density
functional theory, quantum mechanics, molecular dynamics (MD) simulations and contin-
uum mechanics were implemented as theoretical methods to investigate graphene’s elastic
and mechanical properties. Different groups have predicted the intrinsic graphene strength
to be of the order of 100 GPa. For instance Lee et al. [105] measured the intrinsic strength
of graphene to be 42 Nm~! that corresponds to an intrinsic stress value of 130 GPa, among
the highest ever measured. The study of anisotropic behaviour of single-layer graphene
by Ni et al. [68] demonstrates that the armchair arrangement is stronger than the zig-zag
arrangement. Any defect in the form of vacancies, dislocations, topological defects (rings
instead of hexagons) and heterogeneous defects (due to doping) are expected to signifi-
cantly reduce the strength of single-layer graphene [106]. Frank et al. [17] used an AFM
tip of spring constant 2 Nm~! to push the suspended graphene sheets, and the deflection
of the tip was measured to yield a spring constant of 1-5 Nm ™! corresponding to a Young’s

modulus of 0.5 TPa. Owing to its high Young’s modulus and elasticity along with the
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high surface area, graphene-based NEMS resonators are expected to be extremely sensi-
tive as ultra-sensitive detectors for force and mass measurements. Schedin et al. [81] have
shown the effectiveness of graphene sensors in detecting the molecular mass, charge and

chemicals absorbed by them.

The piezoelectric coupling of surface acoustic waves with graphene can be used to probe
both the electrical and mechanical properties of graphene. In the following chapters, we
have investigated the electrical properties of graphene using SAWs of different wavelengths

at different temperatures as a function of SAW intensity.

3.3 Graphene Preparation

Huge efforts are made in developing methods for consistently producing high-yield good-
quality graphene. The primary methods of making graphene may be classified under
mechanical exfoliation, epitaxial growth, nanotube slicing, reduction of graphene-oxides,
and intercalation of graphite layers [107]. Large-area epitaxial growth of graphene on SiC
(silicon carbide) [108] has been shown to be of high quality, but the only drawback remains
the transfer of graphene on insulating substrates like SiO» for electronic applications, which
requires either the graphene to be peeled from the SiC or the SiC to be etched, neither of
which is an efficient process. The growth of graphene on transition metals via chemical
vapour deposition method has developed as the most promising technique for inexpensive
growth of large-area graphene films, which along with the mechanical exfoliation technique

is discussed in the following section.

3.3.1 Exfoliation

Graphene was discovered by a very simple yet novel technique, where the graphite flakes
were mechanically exfoliated using adhesive tape and transferred on oxidised silicon sub-
strates. It is essentially the mechanical exfoliation of Kish graphite or highly oriented

pyrolitic graphite (HOPG) crystals several times such that some mono-layers get cleaved
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in the process. The adhesive tape with these exfoliated crystals containing hundreds and
thousands of different number of layers of graphite is stamped on an oxidised silicon wafer,
which is then scanned under an optical microscope to identify monolayers. Ideally, this
micro-mechanical cleavage technique should work on any substrate where the adhesion
between the substrate and the graphene layer is strong enough to counter the inter-layer
force. Although this method produces graphene every time, it also leaves a lot of tape
residues and many-layer graphite flakes. Scanning the substrate under an optical micro-
scope is time consuming but still is the preferred way for preliminary characterisation of
graphene. One of the big disadvantages of this method is the unreliability involved, where
the shape, size, number of layers and position of graphene is subject to chance. Over
the years, quick identification of graphene under the optical microscope has developed as
a skill but no breakthrough has been made so far in consistently producing single-layer

graphene at the desired position by mechanical exfoliation.

3.3.2 Chemical Vapour Deposition

One of the most promising techniques for inexpensive growth of large-area graphene films
is the chemical vapor deposition (CVD) of hydrocarbons on transition metal substrates,
such as nickel (Ni), copper (Cu) and palladium (Pd) [96]. The principal growth mechanism
in CVD is the decomposition of a carbon source (commonly hydrocarbons like CHy) at
high temperatures, which become adsorbed by the transition metals. The substrates are
typically annealed at 900-1000 °C under Ar/Hy atmosphere to increase the grain size for
large-domain graphene growth. Then it is exposed to the hydrocarbon, which decomposes
and the carbon atoms are adsorbed by the substrate. As the sample cools down in inert
atmosphere (like Ar), the adsorbed atoms come to the surface and arrange themselves to
form graphene. CVD graphene grown on Ni shows a typical mobility of ~ 3000 cm?V~1s~!
but has often been found to be non-homogenous (single- to few-layer graphene growth was
reported near grain boundaries) [109]. The graphene grown on thin Cu foils however was

found to be homogenous and independent of the growth time, heating or cooling rates [96].

The growth process on Cu is self-limiting process and is restricted to single-layer graphene
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only. As large as 30 inches of single-layer graphene have been reported on Cu [110]. Apart
from being inexpensive, Cu is also relatively easy to etch which makes it the preferred
choice of substrate for graphene growth. The Raman characterisation of CVD graphene
on Cu shows that more than 93 % of the given area is typically covered by single-layer
graphene with 2D/G peak intensity ratio of 2-4 (please see Section 3.4.2). The biggest
advantage of this method is the possible transfer of graphene to any desired substrate by
covering its top layer with a polymer resist (like polymethyl methacrylate (PMMA)) and
etching the Cu from underneath. Different transfer techniques have been developed to
ensure a good quality transfer, for example Suk et al. developed a dry transfer technique
using polydimethylsiloxame (PDMS) to transfer CVD graphene to any arbitrary substrate
[111]. The quality of the transfer can be tested by measuring the mobility, sheet resistance
or conductance of the sample. Bae et al. have reported a mobility of 5000 cm?V~1s~!
and 7000 cm?V~1s~! at room and low temperature respectively [110] for a graphene sheet
of resistance 30 Q/0J, transferred using wet transfer method to release the graphene from

Cu.

3.3.2.1 Applications

Current efforts to utilise CVD graphene have targeted a number of areas, including: high-
speed, transparent, flexible electronics; chemical and biochemical sensors; RF communica-
tions; optoelectronic devices; composite materials; photovoltaic cells; and energy storage.
Kim et al. have demonstrated the use of transferred graphene as a highly conducting and
transparent electrodes in flexible electronics [109]. The semiconductor most commonly
used as a transparent electrode is I'TO, which has several limitations including increasing
cost due to its scarcity, difficulties in processing and a brittleness that prevents its use in
flexible components. Both industrial and academic researchers are seeking to overcome
these limitations by employing materials such as carbon nanotubes (CNTs) and graphene
sheets in place of ITO. Arco et al. [112] have demonstrated the high resilience of graphene
electrodes under a bending angle of 138° compared to the ITO electrodes, which displayed

cracks under bending of 60°.
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Photodetectors made of graphene could absorb a wide range of wavelength (from the
ultra-violet to terahertz range). In addition, ultra-fast response time can be achieved
owing to the high mobilities of graphene [113]. The operational band-width, which is
typically limited by the transit time (duration of photogenerated current), of graphene

photodetectors (1500 GHz) surpasses that of the conventional photodetectors [114].

Lastly, graphene’s prospects as biosensing material have been demonstrated by in numer-
ous areas; functionalised CVD graphene with specific redox agents were used to detect
the glucose and glutamate molecules by measuring the relative change in conductance of
graphene [115], Wang et al. [116] used N-doped graphene to enhance the electron trans-
fer kinetics of glucose oxidase and it was also found to exhibit excellent electrocatalytic

activity for the reduction of hydrogen peroxide.

3.4 Characterisation Method

Modern imaging techniques like atomic force microscopy, scanning electron microscopy
and tunneling electron microscopy have not been very successful in identifying graphene
among many graphite layers. Generally optical microscopy is used for the preliminary
identification of graphene flakes followed by Raman spectroscopy, which gives an un-
ambiguous, non-destructive evidence for distinguishing up to 5 layers of graphene. The

following section briefly discusses these characterisation techniques.

3.4.1 Optical Microscopy

The atomically thin graphene flakes when transferred on the oxidised silicon (SiO3) sub-
strate add an optical length to the light reflected off the substrate. This provides a very
small contrast difference that can be processed by the human eye to distinguish the single
and the multi-layer graphene flakes from the substrate. This contrast can be enhanced by
choosing a suitable thickness of SiO2 in the substrate [4]. Blake et al. investigated the

contrast dependence of SiOg thickness for different wavelengths of light and found that in
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Figure 3.6 Colour plot of contrast as a function of SiO2 thickness and wavelength (illus-
tration taken from [6]).

addition to the extra path length, the inherent opacity of graphene was also responsible
for the contrast [6]. Figure 3.6 shows the contrast obtained on SiO; as a function of wave-
length of light used and the thickness of SiOs. It was found that the visualisation can
be enhanced by using suitable filters. A model based on Fresnel equations show that the
SiOg thickness of 90 nm and 280 nm provides the best contrast for graphene detection [6].
Additionally, green filters were found to offer the greatest viewing comfort for graphene
on SiOg substrates, whereas blue filters are recommended when the graphene is on 50 nm
SizNy, and unfiltered white light is advised when viewing graphene on 90 nm of PMMA
[6].

3.4.2 Raman Spectroscopy

Raman spectroscopy uniquely captures the electronic spectrum of graphene. Therefore,
it is a highly reliable technique for identifying graphene layers. It is based on the in-
elastic scattering of monochromatic light in the near-infrared, visible and near-ultraviolet
regions. The photons of the incident monochromatic light are absorbed by the electrons

in the sample, which excites them to higher energy levels. When these excited electrons
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relax back to the ground state, they re-emit photons, which can be of the same frequency
as the incident one or may be different. The emission of photons of the same frequency
is called Rayleigh or elastic scattering, whereas the emission of higher or lower frequency
photons is called Raman or inelastic scattering. The molecules for which inelastic scatter-
ing is observed are called Raman-active molecules, and the energy levels involved in this
scattering are called Raman-active modes. The shift in the frequency Aw, which is also

called Raman shift is typically reported in terms of wavenumbers as given by

11
Aw=— — = 3.15
A VW (3.15)

where Ay, and Ay are the wavelengths of the incident and emitted photons, respectively.
The Raman shift Aw is typically measured in the units of cm™' and provides information

about the vibrational, rotational and other low frequency modes of a sample.

The intense Raman features observed in graphite at 1350 cm~! (D band), 1580 cm™~! (G
band) and 2700 cm~! (2D band) are used in graphene characterisation. Out of all the
zone center optical modes predicted by the group theory analysis for hexagonal graphite
only Eo, is Raman active. The G-band is assigned to the in-plane Eoy mode, the D band is
attributed to the A, zone-edge mode, which is silent in defect free graphite, whereas the
2D peak is due to the second order double resonant scattering from the zone boundary.
As the zone boundary phonons do not follow Raman fundamental selection rules, they
are also not visible in the first order Raman spectra of defect less graphite. The in-plane
vibrations of the graphite layers gives rise to these bands and the spectra evolves depending
on the structural quality of these layers [117]. In a pristine single-layer graphene, the D
peaks do not show up in the Raman spectra whereas the 2D peak, which is much weaker
compared to the G peak in graphite, becomes 3-4 times more intense. The intensity of
the G peak remains fairly consistent for bulk graphite and graphene [7]. The 2D peak
splits into 2D1p, 2D14, 2D24, 2Dsp due to the splitting of electronic bands, out of which
2D14 and 2Do4 are the prominent ones that evolves the most with the number of layers
in graphene. The reason for a strong 2D peak in graphene is the double resonance that

connects the electronic band structure with the phonon modes. This double resonance
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involves four virtual transitions as explained by Thomsen et al. [118] (see Figure 3.7).

q = exchanged
phonon momentum

Electron energy
|

€, = Laser energy Fermi level

Figure 3.7 A schematic showing the double resonance of the 2D peak in single-layer
graphene (illustration taken from [7]).

Firstly, the laser excitation causes a electron-hole pair generation at the K point according
to the energy difference between the conduction and the valence band leading to a vertical
transition from (a—b). Then, due to monotonous phonon dispersion the electron-phonon
scattering leads to a transition in the second state (b—¢) with an exchange of momentum q.
Then the electron is elastically scattered back with -q momentum exchange. This is where
the double resonance occurs (¢c—b). Finally the recombination process happens leading
to the transition back to the initial state (b—a). For multilayer graphene, the interaction
between the layers results in the splitting of the energy band that can be captured by the
evolution of the 2D peak. For example, in bi-layer graphene the corresponding transition
when excited by a laser involves momentum corresponding to qi15, q14, 924, 925, which
have different frequencies arising due to the strong electron-phonon coupling near the K
point. Similarly, the band structure and correspondingly the Raman spectrum, evolves
with the increasing number of layers of graphene. The Raman spectra of graphene is
compared with graphite in Figure 3.8(a) illustrating the difference in 2D/G peak ratios.

Even though the Raman spectra of more than five layers start resembling graphite, it
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still provides conclusive evidence for distinguishing between few-layers graphene (up to 5
layers) as shown in Figure 3.8(b) and (c), where the evolution of the 2D peak with the

layers of graphene is illustrated using a laser beam of 514 nm and 633 nm respectively.

514 nm |

Graphite

Intensity

w

3

3
L \Q-J/ |

10000 Graphene 1
1500 2000 2500 3000
Raman shift (cm'1)
| v T T T T T T
514nm b) 633 nm C)

A graphite
WA 10 layers
A 5 layers
’JL 2 layers

1 layer ;

2600 | 2700 ' 2800 2600 2700 2800

Intensity (a. u.)

o

Raman shift (cm'1) Raman shift (cm'1)

Figure 3.8 a) A comparison between the Raman spectra of graphite and graphene at 514
nm. The evolution of 2D peak with the number of layers in graphene, when incident with
a laser beam of b) 514 nm and c¢) 633 nm (illustration taken from [7]).
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4 Device Fabrication and Experimental

Setup

This chapter describes the specific steps involved in making graphene-SAW devices, from
transferring graphene onto lithium niobate to the fabrication of gold contacts for elec-
trical measurement. The first section illustrates the transfer technique used to transfer
large-area CVD graphene from copper to arbitrary substrates. In section 4.2, the charac-
terisation techniques used for the identification of single-layer graphene and impurities, in
the form of etchant salt or PMMA residues coming from the graphene transfer process, are
described. After characterisation, gold contacts are fabricated using electron-beam lithog-
raphy process, discussed in section 4.3. The device fabrication was followed by mounting
the sample on a printed circuit board (PCB) and wire-bonding with gold wires, which
is described in section 4.4. In section 4.5, the use of an ion-gel solution for introducing
charge carriers in graphene through the top gate is described. A summary of all the devices
fabricated during the experiments is given in section 4.6. The experiments are performed
by exciting the transducers with the radio frequency (RF) waves to generate SAWs which
gives rise to an acoustoelectric current in graphene. The change in amplitude and velocity
of the SAW was measured using an oscilloscope. The details of the measurement setup
used are discussed in Section 4.7. A bare lithium niobate sample, without any graphene
transferred, was measured to check the effect of pressure and temperature on it. It is
further used to measure the velocity of SAWs and establish the absence of acoustoelectric

current in lithium niobate, as discussed in section 4.8.
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4.1 Graphene Transfer Process

The most convenient and cost-effective method to produce large-area graphene is chemical
vapor deposition on copper substrates. CVD graphene is widely used for research pur-
poses and is easily available commercially. In the experiments described in this work, a
single-layer CVD graphene grown on copper (from Graphene Supermarket) was used. The
single-layer graphene is transferred onto lithium niobate substrates using a standard poly-
methyl methacrylate (PMMA) transfer technique, originally developed by Ruoff’s group
[111]. PMMA is a thermoplastic polymer, commonly used as a positive resist in micro-
lithographic processes. In this graphene transfer process, PMMA is used as a protective
layer on top of graphene, which also permits its easier handling. The standard PMMA
solutions used for this purpose are PMMA 495K and PMMA 950K, where 495K and 950K
describes their molecular weight. It can be deposited on a substrate using a spinner, the
thickness of PMMA being dictated by its molecular weight (generally, a resist with higher
molecular weight is thicker), the rate of revolution of the spinner and the time for which
it is spun. A PMMA 950K A4 solution, which is PMMA 950K dissolved in anisole in the
ratio 2:1, is used to deposit a 100 nm thick layer on a 5 mm x 5 mm piece, cut from a
2" x 2" sheet, of CVD graphene grown on copper. The spinner is operated at 3500 rpm
for 50 s, which includes the total ramping up and down time of 5 s, and 45 s for which it
was held constant. After spinning, the sample is baked at 180 °C for 8 minutes on a hot
plate. The baking temperature is kept slightly above the melting point of PMMA (160
°C) to allow it to melt, recrystallise and arrange itself according to the corrugations in
the substrate. This ensures better contact with graphene, necessary for its homogenous
transfer. The layer of PMMA protects graphene on one side of Cu, the other side (with
no PMMA) is etched in a reactive ion-etcher using argon (Ar) plasma. An etching recipe
of plasma with power 10 W, Ar supply 8 sccm (standard cubic centimeters per minute) at
20 s is used for etching single-layer graphene. This process is repeated twice to ensure the
removal of any graphene layer on the non-coated side of the copper. This copper foil with
PMMA on top was placed on the meniscus of a liquid etchant, which etches the copper

from underneath. Both ferric chloride and ammonium persulfate were tried as copper
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etchants, the latter of which was found to leave fewer residues on the substrate. A 0.2 M
solution of ammonium persulfate was used to etch the copper for 8 hours; a solution with
higher concentration was found to be possible to use for faster etching but it tended to
leave more etchant residues. After the copper is completely dissolved in etchant, a thin
transparent layer of PMMA with graphene floats on the surface of the etchant, which was
then scooped out using a glass spoon to rinse in distilled water. The rinsing process was
repeated several times to reduce the etchant residues. This layer of PMMA with graphene
was initially transferred to Si/SiO2 substrates to test the transfer process, but later was
transferred directly on lithium niobate and quartz. The layer of PMMA with graphene
was dried in atmosphere to allow the distilled water between graphene and the substrate
to squeeze out slowly, which ensures better contact between them. Once it was dry, the

PMMA layer on top was removed by acetone.

4.1.1 Etching Chemicals

A layer of PMMA can ideally be dissolved in acetone, however attempts to dissolve PMMA
on graphene left significant residues on the surface of the sample. These residues can arise
either from the etchant solution or the PMMA. We found that dissolving the PMMA layer
in chloroform followed by washing in acetone or just boiling in acetone itself at 80 °C gave
much more homogenous transfer and significantly less PMMA residues as shown in Figure
4.1(b). This was significantly better than cleaning in acetone at room temperature, which
gives a non-homogenous transfer of graphene with a lot of residues, wrinkles and cracks
in the sample (see Figure 4.1(a)). The few residues present are thought to have come
from the etchant solution. The images from the microscope in Figure 4.1 illustrates the
difference between the surface of the transferred graphene in each case. This homogenous
graphene transfer technique as tested on silicon substrate was applied to lithium niobate.
As described in Section 3.4, the optical contrast difference between graphene and the sub-
strate plays an important role in preliminary identification of graphene. It is easier to
view graphene on Si/SiOy rather than on lithium niobate because of the discernable con-

trast between graphene and Si/SiO2 under an optical microscope: since lithium niobate
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Figure 4.1 Different solutions can be used to wash the PMMA layer from the substrate.
Optical microscope images showing the difference between PMMA being washed in a)
acetone at room temperature for 30 minutes and b) chloroform followed by boiling acetone
for 30 minutes in each.
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is transparent, no such contrast is available to clearly differentiate graphene with lithium
niobate as shown in Figure 4.2, where a green filter was used to aid visibility. The tech-
niques used for identifying the sources of residues, and characterisation of graphene are

discussed in the following section.

4.2 Characterisation

4.2.1 Energy Dispersive Spectroscopy

Energy Dispersive Spectroscopy (EDS) was used to determine the source of contaminating
residues in our samples. The images of the samples revealed a roughly even distribution
of predominantly greenish-blue residues (see Figure 4.1(a)). The sample fabrication tech-
nique meant that the only sources of these contaminants could be the etchant solution,
unetched copper and the PMMA. EDS, a widely used elemental analysis technique in scan-
ning electron microscopy (SEM), is employed to help determine the source of residues. In
this process, the surface of the sample is exposed to a highly-focused beam of electrons,
which interacts with the electrons of the sample, and excites them from their ground
states. The vacancy created by this excitation, is filled by electrons from higher energy
levels. This process causes the emission of an X-ray equivalent to the difference of the en-
ergy levels involved. Since each element has a unique atomic structure, the emitted X-rays
uniquely identifies the element under study. Areas showing a particularly high density of
contaminants are scanned and the typical results obtained are shown in Figure 4.3. The
statistical analysis of the results shows a very low percentage of copper (Cu), iron (Fe),
and chlorine (Cl). A high percentage of silicon (Si) and oxygen (O) are expected from the
Si/SiO2 substrate whereas graphene or PMMA could act as the carbon (C) source. Since
the etchant solution contains traces of Fe and Cl, a relatively low percentage shows that
the etchant residues are not the major source of contaminants. Also, negligible amounts
of Cu indicate that little un-etched Cu remains on the sample. Therefore, the residues are
believed to originate from the PMMA, and more emphasis was put on refining the cleaning

mechanisms to reduce the PMMA residues, for example, different etching chemicals were

77



4. Device Fabrication and Experimental Setup
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Si/SiO, substrate

Graphene

/

Lithium niobate

Figure 4.2 Optical microscope images of the contrast difference given by transferred CVD
graphene on a) Si/SiO2 and b) lithium niobate substrate.
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' 7Hm ' Electron Image 1

b)

Processing option : All elements analysed (Mormalised)

Spectrum In stats.| C o Mg Si Cl cr Fe Cu 5n
Spectrum 1 Yes 5.52 | 35.95| 0.03 [58.28| O 0.19 | 0.02 | -0.02| 0.05
Spectrum 2 Yes 6.71|33.32| 0.02 | 599 |-0.01 O 0 |[-0.01| 0.07
Spectrum 3 Yes 5133343 0 (61.37]0.01 | 0.01 | 0.03 | -0.03 | 0.06
Spectrum 4 Yes 0.9 | 3428|001 |64.73| 002 | 002|002 O 0.06
Mean 4.56 | 34.24| 0.01 | 61.08|-0.01| 0.05 | 0.02 | -0.02 | 0.06
5td. deviation 254 1.21 | 001 | 277 | 0.02 | 0.09 | 0.01 | 0.01 | 0.01
Max. 6.71 | 35.95| 0.03 | 64.78| 0.01 | 0.19 | 0.03 0 0.07
Min. 0.9 | 3332 0 |58.28|-0.05| O 0 |[-0.03| 0.05

Figure 4.3 a) The SEM image of the EDS analysis of graphene transferred on Si/SiOs
substrate. b) The elemental concentration of the residues in different regions.

tried as discussed in the previous section.
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4.2.2 Raman Spectroscopy

Raman spectroscopy, described in section 3.4.2, is generally used as a non-destructive
method for the identification of graphene layers. The Raman active nodes in pristine
graphene can be found at a Raman shift of 1350 cm™! (D band), 1580 cm~! (G band) and
2700 cm~! (2D band). A Renishaw continuous wave (CW) 532 nm laser source is used
to excite the sample and the emitted light is collected through a lens and sent through a
spectrophotometer, where interference notch filters separates the weak Raman signal from
the Rayleigh signal. The response is observed in the Raman-active region of graphene i.e.

in the range 1200-3000 cm ™! as shown in Figure 4.4.
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Figure 4.4 Raman spectra of bare lithium niobate (black) and graphene transferred on
it (red). The intensity axis is shifted to show the difference between the two spectra.

The Raman spectra of bare lithium niobate is obtained first and used as a control for
further analysis. As graphene on lithium niobate is invisible even under the microscope,
the Raman spectrum is measured at randomly distributed points on the sample. This is

done on each sample for the characterisation of graphene. The average Raman spectra of
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25 such random points on one of the samples is shown in Figure 4.4 and is compared to
the bare lithium niobate substrate. The D, G, and 2D peaks are obtained at 1337 cm ™!,
1585 ecm ™!, and 2680 cm™! respectively, with an average 2D/G peak ratio of 3.5. The
peak observed at 1750 cm ™! is a characteristic of lithium niobate as is evident from its
comparison with the bare sample. The y-axis in Figure 4.4 represents the intensity of
the emitted light, which is normalised to illustrate the ratio of Raman peaks. The slight
shift in Raman peaks from the expected positions could be attributed to the unintentional
doping introduced by the graphene transfer process. However, the measured 2D/G peak
ratio is characteristic of single-layer graphene [7] and the comparatively small D peak also

suggests that the transferred graphene is relatively uniform and defect-free.

4.3 Gold Contacts

4.3.1 Electron Beam Lithography

After the characterisation, the metallic contacts are defined on graphene using e-beam
(electron-beam) lithography, which is a nano-lithographic process that can be used to
create extremely small patterns (down to 50 nm) on a substrate. The principle of e-beam
lithography is similar to optical lithography, where a thick layer of resist is deposited
on the substrate and exposed to an electron beam instead of light. An exposure to the
electron beam changes the chemical composition of the resist. When the resist in use
is positive (negative), the exposed (unexposed) area of the substrate can be removed by
immersing it in a ‘developer’ solution. A developer solution is specific to the type of resist
used. This process leaves the desired pattern on the substrate in the form of trenches
between the resist. A thin layer of metal is deposited in these trenches, which sticks to
the substrate whereas the deposition on the resist can be removed in a lift-off process.
The lift-off process refers to the dissolving of the resist in an aggressive solvent, therefore
removing the metal deposited on it too. As a result, the desired pattern with metallic
contacts is obtained on the substrate. The lithographic process used to fabricate metal

contacts on devices described in this work are as follows: A 300 nm thick layer of PMMA
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495K A6 is spun over the graphene transferred onto lithium niobate and baked at 180 °C
for 8 minutes. In addition to the PMMA layer, which is suitable for e-beam lithography on
Si/SiOg, an extra layer of aluminum is required on lithium niobate. The insulating nature
of lithium niobate causes charge build up on the surface when encountered by high-energy
electrons of the e-beam, reflecting further the incoming electrons and making it difficult to
focus on the substrate. To prevent this, the PMMA is covered with a 12 nm thick layer of
Al to make the surface conducting. The sample is then loaded in the electron microscope
using silver paint, taking care to run up to the sides to touch the top of the substrate with
aluminum. This prevents any charge build up on the surface during the electron beam
lithography. AutoCAD Design software is used to design four contacts, each 20 pm thick,
separated by several hundred micrometers. A schematic of the device layout designed in

AutoCAD is shown in Figure 4.5.

IDT 2
Electrodes

Figure 4.5 A schematic of a bare lithium niobate device showing the transducers and
electrodes, which were used to measure the amplitude and velocity of the SAW, and the
generated acoustoelectric current, respectively.

This AutoCAD design is used to determine the electron beam dose (number of electrons
emitted per unit square per sec) required for writing the pattern. The sample is exposed
to a high energy beam of electrons at the desired regions on the substrate. After the

e-beam exposure, the aluminum is removed by immersing in 5 ml metal ion free (MIF)
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solution for 2 minutes, followed by thoroughly rinsing in distilled water, and drying. A
developer solution is prepared by mixing 1 part of methyl ethyl ketone (MEK), 5 parts of
methyl iso-butyl ketone (MIBK), and 15 parts of iso-propyl alcohol (IPA). The sample is
immersed in the developer for 15 s, then rinsed in IPA, and dried. The developed pattern
is checked under the optical microscope and loaded in the thermal evaporator for metal

deposition. A schematic of the lithography process involved is shown in Figure 4.6.

Al E-beam
Al deposition lithagraphy
—_ ——
LiNbO5
Al layer
Device with metal removed
contacts PMMA
layer Cr/Au Cr/Au

washed evaporation
—-.. [—=

Figure 4.6 An illustration of the steps involved in the e-beam lithography process for the
fabrication of metal contacts on devices.

4.3.2 Metallisation

A thermal evaporator is used for depositing thin-films of aluminum (Al), chromium (Cr)
and gold (Au) on the sample, each at different stages of the device fabrication process.
The thermal evaporation is done in a vacuum chamber with pressure ~ 1.5 x 1075 mbar,
where the desired metal is heated in a carrier boat, made of tungsten or molybdenum. The
metal is evaporated and the vapors get condensed on the substrate depositing a thin layer
of metal on it. The rate of deposition can be controlled by the amount of current passing
through the carrier boats. The rate of thin-film deposition is maintained close to 1 As~!
for both Al and Cr/Au deposition. The metallic contacts used for Ohmic measurements
are made by evaporating 7 nm of Cr, followed by 70 nm of Au. The evaporation of a small
amount of Cr before Au acts as a binder to stick the Au to the substrate. The excess
of Cr/Au deposited on the PMMA is removed by dissolving the PMMA in acetone. The

sample is rinsed first in fresh acetone, and then in IPA before blow drying with nitrogen.
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4.4 Sample Mounting

4.4.1 Mounting, Bonding and Gold Electroplating

In order to measure the acoustoelectric current in graphene, it is necessary to connect
the metallic contacts fabricated on the sample to the printed circuit board (PCB). A
PCB is specifically designed for this purpose, and is prepared using optical lithography.
Sharp edges are minimised in the circuit design to mitigate RF losses. To make the wire-
bonding possible on the PCB, its surface is electroplated with approximately 1 um gold
over small areas. A commercial gold electroplating kit, available at Intertronics, is used
for this purpose. For the electroplating process, the cathode of a 100 mA current source
is connected to the plating area, and the anode to the electroplating pen, respectively.
When the electroplating pen touches the plating area, the circuit completes, and the metal
ions from the solution deposits on the cathode. Prior to gold electroplating, the PCB is
brushed clean, and masked with Kapton tape to expose only the areas to be electroplated.
The plating area is further cleaned using a degreaser to remove any oil or grease and is
thoroughly rinsed in distilled water. This is followed by gold deposition by connecting
the gold electroplating pen to a 6 V power supply and gently rubbing over the area to be
plated, until it turns from bright to dull-golden in colour. It is then rinsed in distilled water
and dried, which is the final step before bonding to the metallic contacts fabricated on
the sample. The sample is mounted on PCB using a silver epoxy (Circuitworks CW2400
epoxy), which is a mixture of two silver solutions, epoxy and hardener, both mixed in the
ratio 1:1. After mounting the sample, the epoxy is hardened by heating at 110 °C for
10 minutes. This epoxy is found to be a stronger adhesive than silver colloidal solution,
which is generally used as a conducting glue for sticking samples. This method of device
fabrication and adhesion to a custom PCB negates the need for costly, multi-pin sample
packages used for sticking and bonding to the sample. The metal contacts in graphene
are connected to the PCB using a wire-bonding machine, which melts the gold wire with
an ultrasonic pulse and bonds it to the sample. The sample was kept at 90 °C to keep

the sample warm, which helps in wire-bonding. Making secure gold bonds to the metallic
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contacts defined on graphene proved highly challenging. The graphene layer between the
substrate and metal contacts prevents metal-substrate linkage, and the metal itself does
not adhere well to graphene. Therefore, when pressed by the wedge-shaped tip of the
bonding machine, it damages the contact. In subsequent samples, the contact pads are
positioned outside the area of graphene to prevent this damage. An image of a typical

device after mounting and bonding the sample on the PCB is shown in Figure 4.7.

R | )

C'r/Ag,goﬁferi;cts-

o

i Electroplated
~ / area

Figure 4.7 An optical image of a typical device mounted on a PCB, where its metallic
contacts are wire-bonded to the electroplated areas on the PCB.

4.5 Gate Fabrication

The resistance modulation in graphene is achieved by fabricating a top gate using an ion-
gel as the dielectric. Any metal contact on the surface of the sample, which is disconnected
from the graphene, source and drain contacts can be used as a gate in this configuration.
The ion-gel is prepared by dissolving 8 parts of ploy ethyl oxide (PEO) with 1 part of
lithium perchlorate in methanol i.e. 0.2 g of PEO and 0.024 g of lithium perchlorate
dissolved in 10 ml of methanol [119]. The solution is put in ultra-sonication for about 5-10

minutes, followed by heating up at 80-90 °C for 5-10 minutes while stirring the sample to
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thoroughly dissolve the suspension. This is followed by centrifuging the solution at 10,000
rpm for 5 minutes to sediment the heavy polymers, and the clear solution, which would
form the gate dielectric, is extracted from the top. A small amount of this solution is
carefully dropped over the metal contacts in graphene such that it covers the entire area
to be gated. The final step in this process is to cure it at 110 °C for 5 minutes to evaporate

any excess methanol, which leaves a gel-like dielectric.

4.6 Fabricated Devices

The devices used for the experimental work presented in this thesis are a result of a well-
refined device fabrication process, developed by testing over several samples. However, all

the experiments presented in this thesis were performed on devices given in Table 4.1.

4.7 Experimental Setup

4.7.1 Generation and Detection of SAWs

The sample prepared from the fabrication process is mounted in a small vacuum chamber
and evacuated to a pressure of 3.6 x 1079 mbar for electrical measurements. A schematic
of the experimental set up involved in the measurement of acoustoelectric current at room
and low temperature is shown in Figure 4.8. A pulse of width 1 us and amplitude 5 V,
at a frequency of 1 kHz is obtained using a pulse signal generator. This pulse is used to
modulate the output of an Agilent RF signal generator with a maximum amplitude of 20
dBm, where dBm is the power ratio, measured in decibels (dB), of the measured power
with reference to 1 mW. A modulated pulse is used to determine the velocity and the
propagation duration in the lithium niobate SAW delay lines whereas a continuous wave
directly from the RF signal generator is used for acoustoelectric measurements. The RF
signal is passed to the sample through the connectors soldered to the PCB and the inter-

digital transducers on the sample converts it to generate a SAW at definite RF frequencies.
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Table 4.1 : List of all the devices measured and described in this work.

Sample Substrate Graphene Electrodes Purpose
Blank Lithium  No 800 pm  Used to measure the transducer response
device niobate and velocity of the SAW.
Devicel  Lithium  Yes 200 pm  Sheet resistance ~ 60 k2/0]. Used for the
niobate 300 pm acoustoelectric measurement at room and
500 um  low temperature.
Device2  Lithium  Yes 200 pm  Sheet resistance =~ 275 kQ /0. Used for
niobate 300 wpm the same purpose as Devicel
500 pm
Device3  Lithium  Yes 200 pm  Sheet resistances ~ 8-10 M2/. Used for
niobate 300 pm the acoustoelectric measurement at room
500 pm  temperature.
DeviceG1 Lithium  Yes 300 um  Used to study acoustoelectric current as a
niobate function of gate voltage.
DeviceG2 Lithium  Yes 300 pm  Used to study acoustoelectric current as a
niobate function of gate voltage.
DeviceG3 Lithium  Yes 300 pm  Used to study acoustoelectric current as a
niobate function of gate voltage.

Table 4.1 List of all the devices measured and described in this work.

The emitted SAW travels on the surface of lithium niobate in both directions perpendicular

to the transducer. The SAW traveling towards the output transducer interacts with the

graphene transferred between them. The change in amplitude and velocity of the SAW

due to this interaction is measured using a 2 GHz LeCroy oscilloscope connected to the

output transducer.
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4.7.2 Estimation of SAW Intensity

The SAW amplitude measured by the oscilloscope is the resultant amplitude after trans-
mission loss form the two input and output transducers and attenuation caused by the
medium. The actual intensity of SAWSs at the center of substrate was estimated based on

the following assumptions:

1. The energy loss due to the attenuation of SAWs while traveling in the substrate is

negligible compared to the transmission loss by the transducers.

2. Both the input and output transducers have same transmission factor x such that for
input Power Py, the input transducer transmits SAWs equally in both the direction
perpendicular to the transducer along the substrate surface with intensity equal to

(L‘P()/2

Hence, the intensity I at the center of the substrate is given by

I =2xPy/2 (4.1)

which undergoes further transmission loss at the output transducer. Using the same

transmission factor x, the intensity measured at the output is given by

Pyt = x.xPy/2 (4.2)

We know that

Pout ‘/out 2
= 4.3
P < Vo ) (43)

From 4.2 and 4.3, the intensity encountered by graphene at the center of the substrate

can be given by

‘/outPO
I1=+V2 — 4.4
\[Vo 5 (4.4)
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Vour is the output peak to peak voltage measured for an input RF power of 20 dBm,
which is equivalent to a peak to peak voltage of 1,=6.364 V. It was assumed that for any
arbitrary input voltage, the ratio of the output measured and input voltage is the same
as Vour/Vo. The measurements performed at 18 and 19 dBm RF power concurs with the

assumption.

Hence, for any arbitrary input power P;,, the SAW intensity encountered by graphene is

given by

V;)ut-Pin
I=+v2 4.5
‘fvo 5 (4.5)

4.7.3 Measurement of Acoustoelectric Current

The metal contacts fabricated on graphene are used to measure the conductivity of
graphene as well as the acoustoelectric current in it. A Keithley 2400 sourcemeter is used
for this purpose. No bias is applied during the measurement of acoustoelectric current.
The conductivity is measured through the current-voltage (I-V) characteristics obtained
by sweeping the current from -30 puA to 30 pA. The sourcing of higher current could

potentially break the device, therefore it is avoided during the I-V measurements.

4.7.4 Close-cycle Cryostat

The low temperature measurements are performed in a Lakeshore compressed liquid he-
lium close-cycle cryostat, with liquid helium as a refrigerant. The temperature of the
cryostat is regulated using a temperature controller, where a minimum temperature of 10
K could be attained. The cryostat was modified to accommodate the device, along with
the RF and Fischer connectors to perform the measurements. The actual temperature on
the PCB is measured using a Si-diode sensor mounted on it, and owing to the poor ther-

mal coupling between the PCB and the sample holder of the cryostat, a minimum of 48
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K was attained. Therefore, the measurement of the acoustoelectric current as a function

of temperature in the cryostat was possible only in the range 48-300 K.

4.8 Bare Lithium Niobate

The experiments conducted in this work has been performed on a commercially available
(from MESL Microwave) piezoelectric substrate, 128° Y-X lithium niobate, which comes
with two double finger inter-digital transducers (IDTs) fabricated on its surface. The
separation between the two transducers of width 3.5 mm was measured to be 3.5 mm.
A bare lithium niobate device, without any graphene on it, is fabricated to measure the
amplitude and velocity of SAW at low pressure and in the presence of metallic contacts
in its acoustic beam path. The metallic contacts of size 20 um x 3.5 mm each, identical
to the one in graphene-SAW devices, are fabricated to establish that the acoustoelectric
effect observed in graphene-SAW devices is due to the interaction of graphene carriers
with SAWSs and not an inherent phenomenon in lithium niobate. SAWs are generated by
exciting one of the transducers with the RF waves coming from the RF signal generator and
measured using an oscilloscope at the other transducer. The SAW amplitude is measured
at the same conditions of temperature and pressure that is used in the acoustoelectric
measurement of graphene-SAW devices, including the low temperature measurement in
the range (48-296 K). The velocity of the SAW is determined by measuring the time taken
by the SAW in traversing the distance between the two transducers. Any acoustoelectric
current carried by the SAWSs on the piezoelectric substrate (lithium niobate) is measured

through the gold contacts fabricated in the acoustic beam path.

4.8.1 SAW Amplitude

The amplitude of the SAWs generated in lithium niobate is measured in an oscilloscope
and plotted as a function of frequency, in the range 1-500 MHz, at room temperature

and atmospheric pressure, as shown in Figure 4.9(a). The double finger inter-digital
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Figure 4.9 The SAW amplitude plotted as a function of frequency at room temperature
under a) atmospheric pressure b) vacuum.
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transducers are excited by 20 dBm RF power, corresponding to an amplitude of 2.2 V.
The SAWs are generated at different frequencies, out of which 11 MHz and 32 MHz are the
fundamental resonant modes and others are their harmonics. The sharp peaks in Figure
4.9(a) correspond to the SAWs whereas the small blunt peaks are due to the leaky Rayleigh
waves, which can be distinguished by their respective wave velocities, as discussed in the
next section. One of the advantages of 128° Y-X orientation of lithium niobate is the low
bulk wave generation, which causes attenuation as it carries some energy away from the
surface. The insertion loss due to the conversion of electromagnetic fields into shear waves
in the medium is estimated from this measurement. The total attenuation caused to the
SAWSs could also be due to the small water and gas molecules adsorbed on the surface.
Generally molecules can be physically or chemically adsorbed on the surface depending on
the type of intermolecular bonding. Chemical bonding permanently changes the molecule
and are stronger as compared to the physical bonds where the weak Van der-Waals force
holds the molecules in place. Chemical adsorption is less likely due to the un-reactive
nature of lithium niobate, however physical adsorption can take place. To examine this,
the bare lithium niobate SAW devices were mounted in a vacuum chamber to evacuate
any physically adsorbed molecules and a fractional increase in the magnitude of SAWs is
observed. The SAW amplitude measured at 296 K under a pressure of 3.6 x 107¢ mbar
is shown in Figure 4.9(b). The SAW at 11 MHz had the maximum increase of upto 4.5
% where as for most of the other SAW frequencies the change in amplitude is less than
1%. The higher harmonics at 355 and 377 MHz did experience a rise in amplitude of
3-5 % but because of their small amplitudes they are not preferred for measurements.
More importantly, it becomes evident from Figure 4.9 that the attenuation caused by the

physically adsorbed molecules on the surface of lithium niobate is negligible.

A temperature profile of the SAW amplitude is measured using a Lakeshore close-cycle
liquid helium cryostat over a range of 48-296 K. The variation of SAW amplitudes at
different temperatures is plotted as a function of frequency in Figure 4.10(a). An offset
is introduced in Figure 4.10(a) for clear visibility. As the device is cooled down, a slight
shift in the SAW frequency by 0.5 MHz is noticed. This is probably due to the difference

in thermal expansion coefficients of the lithium niobate and metallic transducers, which
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Figure 4.10 a) The SAW amplitude plotted as a function of frequency at different tem-
peratures. b) The SAW amplitude measured for a supply of 20 dBm RF power plotted as
a function of temperature.
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gets contracted as the sample is cooled down. Since this alters the pitch length of the
transducers, the SAW wavelength changes by a small fraction resulting in the shifting
of SAW frequency. The amplitudes at all SAW frequencies fluctuated between (1-15%)
except for 97 MHz which remained constant throughout different temperatures. The SAW
amplitude at maximum RF power supply of 20 dBm, is plotted as a function of temperature
for different SAW frequencies in Figure 4.10(b). Out of all frequencies measured, the
fundamental mode at 11 MHz fluctuated the most with temperature in a random manner.
The non-monotonic random behaviour of SAW amplitude for different frequencies shows
that it is not an implicit function of temperature. The behaviour of SAW amplitudes as
a function of temperature was found to be device specific, which was measured for each

device to estimate its SAW intensity at different temperatures.

4.8.2 SAW Velocity

The velocity of the SAWSs is determined by measuring the time delay of the SAW signal
that has an additional path length due to the propagation in lithium niobate. An RF
splitter is used to divide the RF signal, coming from the signal generator in the form of
a modulated pulse, into primary and reference signals. The primary signal that goes into
the device carriers the maximum power where as the reference signal is a weak coupled
signal that is used only as a reference in the oscilloscope. The length of wires from the
splitter to the oscilloscope and the device is kept equal to minimise the delay caused via
transmission in the wires. However, inside the cryostat extra wires, (which could not be
avoided), might have led to some minor delay. Since the signal is traveling with the speed
of light and the extra path length due to the electronics is of the order of half a meter,
the delay caused would be some nanoseconds. This is a tiny fraction of the actual time
delay experienced by the SAW while traveling through lithium niobate and is therefore
ignored. The response of the device for a SAW and a leaky Rayleigh wave with respect
to the reference signal is illustrated in Figure 4.11. The pulse generator generated a pulse
of width 0.5 us (see Figure 4.11(a)), which is modulated by the RF signal generator and

passed through the RF splitter. It should be noted that this amplitude modulation was
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Figure 4.11 The response of the transducers is plotted as a function of time to illustrate
the difference between the bulk waves and SAWs. a) A pulse of 0.5 us width, which is
used for pulse modulation in the signal generator b) Reference signal coming from the RF
splitter ¢) SAWs generated at 97 MHz d) Bulk waves generated at 48 MHz.
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used only for measuring the SAW velocity, for all other measurements a continuous RF
signal was used. The reference signal coming from the splitter is shown in Figure 4.11(b),
a time delay of 1.3 us is recorded for the SAW as shown in Figure 4.11(c). The unwanted
bulk waves measured at certain frequencies, for instance at 45 MHz and 150 MHz (see
Figure 4.9), can be clearly distinguished by their speed and the amplitude of the signal
as shown in Figure 4.11(d). These leaky Rayleigh waves travel slower than the SAW with

a speed of ~ 2400 ms™~!.

The signal measured in Figure 4.11(d) between 0-0.5 us was
due to the RF pick up from the input signal, which is common in SAW devices, but its
weak strength means that it does not interfere with our measurements. The SAW velocity

calculated from this measurement is ~ 4000ms~', which is consistent with the free surface

velocity of SAW in 128° Y-X lithium niobate that is 3977 ms~! [120].

4.8.3 Acoustoelectric Current

The gold contacts, identical to the ones used in the device for room and low tempera-
ture measurements, are fabricated in the acoustic beam path between the transducers and
acoustoelectric current is measured. This is used to establish the absence of any acous-
toelectric current in lithium niobate. The transducers are excited to produce SAWs and
the acoustoelectric response of the device is measured through the gold contacts in the
frequency range 1-500 MHz. There is no significant current measured at any of the SAW
frequencies. A typical acoustoelectric measurement as a function of frequency is shown in
Figure 4.12, where the peaks occur at random frequencies and their magnitude is more
than a hundred times smaller than the acoustoelectric current measured in graphene (dis-

cussed in the following chapter).
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Figure 4.12 The current measured between the electrodes is plotted as a function of
frequency to illustrate the absence of acoustoeletric current in the bare lithium niobate

device.
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5 Room Temperature Acoustoelectric

Transport

5.1 Introduction

The electric fields associated with a surface acoustic wave (SAW) propagating on a piezo-
electric material have been extensively used over the last few decades as a contact-less
probe of the electronic properties of a range of nanostructures including two dimensional
electron and hole systems in both the integer [10][11] and fractional quantum Hall regimes
[121], quantum wires [9] and quantum dots [8]. SAWSs can also be used to trap and trans-
port charge carriers, giving rise to a direct current along the direction of the wave prop-
agation vector. This phenomenon, called the acoustoelectric effect, has been intensively
studied to produce quantized current in 1-D channels [2], for light storage in quantum wells
[12], and to induce charge pumping in nanotube quantum dots [14]. Over the last couple
of years acoustically driven current flow in semiconductor nanostructures as a means of
generating or controlling single electrons and photons [56][122] for metrology and quantum
information processing, has attracted particular attention. Although graphene’s large sur-
face area and unique properties naturally lends itself to potential integration with SAW
devices for potential applications in mass sensing, relatively little work has been reported
so far. Acoustic charge transport has been demonstrated on graphene sheets transferred
on lithium niobate [24] and epitaxial graphene on SiC [123], but a comprehensive study of
the acoustoelectric current as a function of SAW intensity and frequency has been missing.

We have addressed this problem in the work presented here.
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In this chapter, the electrical characteristics of the graphene-SAW devices used in the ex-
periments are discussed in section 5.2. The acoustoelectric current is monitored over sev-
eral sweeps of SAW intensity to establish the constant conductivity of graphene throughout
the measurement, as discussed in section 5.2.1. The transducer response of the devices
is measured and compared with the manufacturer’s data to estimate the intensity of the
SAWSs encountered by graphene at different SAW frequencies, as discussed in section 5.2.2.
The experiments performed on the devices to study the acoustoelectric current as a func-
tion of SAW intensity and frequency are discussed in section 5.3. A relatively simple
classical relaxation model, as discussed in section 2.4, is used to describe the observed in-
teraction of SAWs with the carriers in graphene. A macroscopic acoustic charge transport
over several hundred micrometers is demonstrated in these devices, which is an order of
magnitude longer than previously reported by Miseikis et al. [24]. The summary of the

chapter is given in section 5.4.

5.2 Electrical Characteristics

The schematic of a typical device used in the experiments described in this chapter is
shown in Figure 5.1. Three such devices were made and their conductivity was measured
between the different pairs of contacts. The difficulty in wire-bonding did not allow bonds
to be made with all the fabricated contacts, therefore four-probe measurements could not
be performed. The resistance was determined using a two-probe measurement technique,
where a bias is applied across the contacts and the generated current is measured. Whilst
this approach does not account for the contact resistance between the graphene and the
metal, the large contacts (20 pm x 3 mm) ensures a small contact resistance [124]. The
contacts BC, CD and BD (see Figure 5.1) used for the measurement are 200 pm, 300
pm and 500 pm apart respectively and the respective resistivity values measured between

them for three different devices are shown in Table 5.1.
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Contacts ~

Graphene

Figure 5.1 The schematic of a typical device used in the room temperature measurement
of the acoustoeelctric current.

Contact separation (um) Devicel (kQ2/00) Device2 (k2/0) Device3 (MS2/0)

200 96 405 16
300 62 710 7
500 75 594 10

Table 5.1 Resistance of graphene measured for different devices at different contact sep-
arations.

The resistivity values are higher than typically observed for CVD graphene transferred
on Si/SiOg substrates. This could be attributed mainly to the lithium niobate substrate,
along with the wrinkles, tears and unintentional doping arising from the graphene transfer
process. Because of the large area transfer, it is also possible that the graphene is not
uniform throughout, and patches of graphene are connected only by narrow channels. This
inhomogeneity might be the reason behind the non-uniform resistance between different
contacts. The results presented in this chapter are primarily from Devicel, and similar
results were obtained for Device2 and Device3. The devices were mounted in a vacuum
chamber and evacuated to a pressure of 1.3 x 10~% mbar, the resistance was monitored

during evacuation. The resistance in both the devices increased slowly as the pressure
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decreased, most likely due to the removal of water molecules adsorbed on the surface, which
are known to act as dopants [125]. The doping effect is brought on by the local electrostatic
field associated with the dipole moment of the adsorbed water molecules, which can shift
the defect states of the substrate with respect to the electrons in graphene. When these
water molecules are removed, the Fermi level shifts towards the charge neutrality point,
which results in the increase in resistance [125]. The resistance value was also found to
fluctuate slightly as a function of time, which may be attributed to the substrate-induced
structural distortion, local charge disorder, adsorbates and charge transfer from/to the trap
sites in the dielectric substrate, which play an important role in determining the transport
properties of graphene. Such trap states [126], adsorbates in the form of residues from
the lithography process, and substrate induced distortion [127] have been reported for

graphene on Si/SiO9, however no such study is available for graphene on lithium niobate.

5.2.1 Reproducibility

The resistance of the devices were constantly increasing as the vacuum chamber was evac-
uated. Therefore, all the measurements were carried out when the rate of increase in this
resistance was very slow (up to 1 kQ/h). To verify that the acoustoelectric current does not
change by a huge amount over the course of measurement, it was measured as a function
of SAW intensity. The sweeping of applied RF power in each measurement would take ten
minutes and were repeated several times in the span of one hour. The results obtained for
the acoustoelectric current at 11 MHz are plotted in Figure 5.2, where the SAW intensity
was calculated from the measured amplitude. No change in the acoustoelectric current
shows that the conductivity of graphene remains constant throughout the measurement
(see Equations 2.42 and 2.46). In general, hysteresis is observed in the conductance char-
acteristics of graphene on Si/SiOy while sweeping the gate voltage [126], which could be
a result of charge transfer from the adsorbed molecules (like water) or charge injection
to/from the trap sites in the dielectric. Since, the acoustoelectric transport involves the
dragging of carriers in graphene, the charge transfer to/form the adsorbates is possible

but the results (see Figure 5.2) suggest that such charge transfer, if any, are negligible at
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Figure 5.2 The plot of acoustoelectric current as a function of SAW intensity measured
over several sweeps to show its reproducibility.

room temperature during the measurements. Similar results were obtained for other SAW

frequencies as well.

5.2.2 Transducer Response

The transducer response of Devicel was measured in the frequency range 1-500 MHz. One
of the transducers was excited using signal generator, which generates radio frequency
(RF) waves of amplitude Vy=6.335 V (peak to peak voltage) for maximum input power.
The transducer response of a typical device without any graphene and metallic contacts
on it, as supplied by the manufacturer is shown in Figure 5.3. The first peak in Figure
5.3 correspond to fundamental frequency at 11 MHz, whereas the rest of the peaks are its
higher harmonics. Because of the double-electrode transducers used only the odd multiples

of the fundamental frequency are observed in the harmonics.
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Figure 5.3 Relative amplitude plotted as a function of frequency for bare lithium niobate
device (obtained from the manufacturer).

The SAW amplitude for the graphene-SAW devices were measured in the vicinity of these
SAW frequencies, for instance the relative SAW amplitude plotted as a function of fre-
quency for Devicel is shown in Figure 5.4. The ratio of the input and output voltages,
V/V was expressed in decibel (dB) to make a comparison with the manufacturer’s data.
Each data point in Figure 5.4 is a mean of 100 observations. The relative amplitude at
11 MHz and 32 MHz was measured to be -28.7 dB and -32.5 dB respectively (see Figure
5.4) as compared to -40.3 dB and -31.7 dB (see Figure 5.3) for the same frequencies in a
bare device. The discrepancy between the measured transducer response and the manu-
facturer’s data could be attributed to different reasons. For example; the graphene-SAW
devices undergoes a complex fabrication process, which means that the surface may not
be as smooth as the fresh bare device, which might affect the amplitude of the SAW;
the experimental conditions including the temperature, pressure and measurement setup
may affect the SAW amplitude; and most importantly the graphene deposited on the sur-

face may be interacting differently with SAWs of different wavelength, resulting in more
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Figure 5.4 The relative amplitude measured from the oscilloscope is plotted as a function
of frequency for graphene-SAW device (Devicel).

suppression of the weak high frequency signals, which is discussed in detail in the next

chapter.

5.3 Acoustoelectric Current

5.3.1 SAW Frequency and Intensity Dependence

The acoustoelectric current generated in graphene due to the interaction of SAWs was
measured using a Keithley 2400 sourcemeter. No bias was applied while measuring the
acoustoelectric current, which for Devicel is plotted as a function of frequency in Figure
5.5. Qualitatively similar results were obtained for Device2 and Device3, but the acousto-
electric current was much smaller owing to their low conductivity. In Figure 5.5, the sharp
peaks in current observed at all SAW frequencies proves the acoustoelectric origin of cur-

rent. A positive acoustoelectric current as high as 80 nA is measured along the direction
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0 100 200 300 400 500

Frequency (MHz)

Figure 5.5 Measured acoustoelectric current plotted as a function of frequency for dif-
ferent SAW intensities.

of SAW propagation. This indicates the transport of holes with SAWSs, which is consistent
with the fact that CVD graphene is thought to be p-doped [128] by PMMA and etchant
salt residues. Similar results were obtained by Miseikis et al. on much smaller devices [24],
where the contacts were only 20 ym apart. The magnitude of the acoustoelectric current
decreases with SAW intensity, as shown in Figure 5.5. To establish it qualitatively, the
acoustoelectric current was measured as a function of SAW intensity. The estimation of
the SAW intensity at different SAW frequencies was based on the assumption that the
energy loss due to the attenuation of SAWs while traveling in the substrate is negligible
compared to the transmission loss by the transducers, and that both the input and output
transducers are identical and exhibit the same transduction loss. Using these assumptions
and the knowledge that the output signal has undergone the transduction process twice,
we can write an expression for the SAW intensity as it propagates along the device. The
relative amplitude V' (power P) measured for an input voltage V (power Py) was used to

calculate the power loss in dB:
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\%4 P
dB =20log — = 10log — 1
OogvD OogP0 (5.1)

The graphene at the center of the substrate encounters a SAW that has suffered a trans-
duction loss only due to the input transducer i.e. dB/2, which is often termed ‘insertion
loss’. The SAW intensity flux F', defined as the ratio of the SAW intensity encountered

by graphene and the aperture (width) p of the transducer, is given by

aB
_ Pylow
P

F

(5.2)

The measured acoustoelectric current is plotted as a function of the estimated SAW in-
tensity flux in Figure 5.6. The lines in Figure 5.6 represent the simulations based on a

simple classical relaxation model, which is discussed in the next section.

The intensity flux is extended only up to 0.3 Wm™! in Figure 5.6 to make the higher fre-
quencies clearly visible. The SAW frequencies used in the measurement is well distributed
in the range 1-400 MHz, and it is evident from Figure 5.6 that the acoustoelectric current

is directly proportional to the SAW intensity.

5.3.2 Simple Classical Relaxation Model

A simple classical relaxation model was used to explain the acoustoelectric current de-
pendence on SAW intensity and frequency. This model, discussed earlier in Chapter 2,
describes the piezoelectric interaction of graphene with the SAWSs that leads to the atten-

uation I" of the SAW, which is given by

o o2p /0N

P53 [ o) .

where K2 = 0.056 [129] is the effective piezoelectric coupling coefficient, A is the SAW
wavelength and v is the SAW velocity when the surface is metallised (approximately
4000 ms~! in lithium niobate), oap is the sheet conductivity of graphene and o,/ is the

characteristic conductivity of lithium niobate. For a hybrid system based on lithium
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Figure 5.6 The acoustoelectric current plotted as a function of SAW intensity flux (sym-
bols). Lines represent the simulations based on the simple classical relaxation model.

niobate, the characteristic conductivity o is approximately given by [129] :

oM R VEY <\ €3 €S, + 1> (5.4)

where ¢ is the permittivity of free space and €, and €, are the dielectric constants of
lithium niobate at constant stress, which gives oy = 1.25 x 1076 Q™. The attenuation
causes a loss of energy from the SAW leading to a proportional loss of momentum [129],
which acts as a force on the carrier system and is the mechanism behind the acoustoelectric

effect.

In a closed circuit and in the absence of a magnetic field the acoustoelectric current density
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J, as described by Rotter et al. [129] and Fal’ko et al. [130], reduces to

ul'F
v

J= (5.5)

where p is the mobility of the charge carriers. Equation (5.5) gives a linear dependence
of acoustoelectric current on SAW intensity flux F' and attenuation coefficient I'. This
model applies only when there is a negligible modulation of the carrier concentration
by the SAW, which is guaranteed in the low power experiments presented here. The
acoustoelectric effect, as described in Section 2.3, is a result of the net force exerted by
the SAW on the charge carriers. This force depends on a number of factors including
the acoustic charge, relaxation time of the carriers, acoustic power density, wavelength
of the SAW, and temperature. It should be noted that the length of the sample (or
the separation between the electrodes) does not directly affect the force exerted on the
carriers. However, in case of a non-homogeneous sample a change in its length may alter
its conductivity by variable amount, which can indirectly affect the acoustic charge and
relaxation time of the carriers, and therefore the acoustoelectric effect produced. In a
simplified manner, the inhomogeneous sample can be described as an infinite network of
variable resistances. According to the percolation model proposed by Levy et al. [131],
the macroscopic resistance measured for such a network is the response of the sample to a
direct current potential i.e. an alternating current of infinite wavelength. An alternating
current of finite wavelength on the other hand selects a section of the sample and measures
its local sheet resistance. The size (length) of these sections are \/27 [131], where X is
the SAW wavelength. Therefore, the local sheet resistances measured by the SAWs of
different wavelengths differs, which changes the attenuation of the wave, and therefore
the acoustoelectric current. It should be pointed out that the length (58 pm) of graphene
probed by the largest SAW wavelength (364 pm) is well within the separation of electrodes

(300 pum) used in the experiments presented here.

Simulations based on the simple classical relaxation model were performed to aid interpre-

tation of the experimental results, which are plotted as lines in Figure 5.6. To obtain the

best qualitative agreement with the measured data, a mobility value of 8 cm?V~1s~! is

109



5. Room Temperature Acoustoelectric Transport

used. Here, the mobility is used as a free fitting parameter in Equation (5.5) because j, F’
and v were measured, and I" was calculated using Equation (5.3), where o9p was measured
and all other quantities were constant at any given SAW wavelength. It should be noted
that lack of gate electrodes on the device means that the mobility could not be measured
directly. The value of the mobility assumed for fitting the experimental data is much
smaller than typical room temperature mobilities obtained for CVD graphene on Si/SiOs
substrates. However the corresponding hole density, approximately 5 x 102 cm™2, was
consistent with values typically obtained from graphene on Si/SiOy. The contrasting dif-
ference with the typical mobilities reported could be attributed to the different properties
of lithium niobate substrate, and also to the fact that the simple classical relaxation model
does not take any non-uniformity in graphene into account. The acoustoelectric current is
dependent on the average mobility across the device but is also likely to be limited by the
lowest mobility the SAW encounters along its propagation path. For example, the large
number of grain boundaries in the polycrystalline CVD graphene (due to the small size of
the single crystal grains, which are typically a few hundred nanometers across [132]) could
dramatically affect the average mobility. The measured acoustoelectric current might,
therefore, be a useful probe of the uniformity of large graphene devices. It is also possible
that the difference between the simulated and measured values of the current at long SAW
wavelengths is also somehow linked to the non-uniformity of graphene. To illustrate this
argument, the mobility extracted at each SAW frequency from the slope of the linear fit to
the measured data are plotted as a function of frequency in Figure 5.7, which clearly shows
that the SAWs with large wavelength experiences lower mobility of the charge carriers in
graphene. However, for better understanding of the effect of the wavelength of SAW on

the mobility of graphene carriers, further investigation is required.

The acoustoelectric current at a SAW intensity flux of 0.03 Wm™! for different SAW fre-
quencies was obtained from Figure 5.6. It is plotted as a function of frequency in Figure
5.8 showing the linear dependency of acoustoelectric current on SAW frequency, which is
consistent with the attenuation of the SAWs being described by the simple classical relax-
ation model. The attenuation I' attains a maximum at oop = o (from Equation (5.3)),

and a linear dependence on the acoustoelectric current density means that the acousto-
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Figure 5.7 a) Measured acoustoelectric current plotted as a function of SAW intensity
flux for different SAW frequencies. b) The mobility extracted from the slope of Figure 5.6
plotted as a function of SAW wavelength.
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Figure 5.8 Measured acoustoelectric current at a SAW intensity flux of 0.03 Wm™! is
plotted as a function of SAW frequency.

electric current also attains maximum at this conductivity for a given SAW intensity and

mobility.

The Devicel and Device3 were measured in atmospheric pressure and vacuum, and the
change in acoustoelectric current measured is shown in Table 5.2, which was in complete
agreement with the simple classical relaxation model. The evacuation of the chamber
resulted in the removal of water molecules from the surface of graphene that were acting
as p-dopants. As a result, the conductivity of both the devices, Devicel and Device3,
decreased respectively from 1.19 x 107> Q~! in air to 6.49 x 1075 Q! in vacuum, and
1.06 x 1076 Q7! in air to 8.66 x 107 Q! in vacuum. But in this evacuation process, the
magnitude of the acoustoelectric current on average approximately doubled (for the same
SAW frequency and intensity) in Devicel, whereas in Device3 it fell by approximately
15 % on average. This behaviour could be understood from the attenuation curve given
by Equation (5.3). Since, the acoustoelectric current is directly proportional to T, a

change in I'" through the change in conductivity of the sample oop directly affects the
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Devicel Device3

Frequency Ioe (nA) Ioe (nA)
(MHz) vac. atm. A% vac. atm. A%
11 25.2 205 23.2 11.5 12.8 -10.6
32 137 65.5 109 534 56.1 -4.87
97 135 64.4 110 24.8 36.3 -31.8
183 160 79.9 101 16.6 19.1 -13.1
269 173 905 914 120 14.6 -18.1
355 171 904 894 7.76 9.02 -14.3

Table 5.2 Change in acoustoelectric current (A%) for Devicel and Device3 as the pressure
was reduced from atmosphere (atm.) to vacuum (vac.).

acoustoelectric current. A schematic representation of the change in attenuation for both

the devices is given in Figure 5.9. In the case of Devicel, oop was much higher than the

characteristic conductivity oas, and a decrease in conductivity pushes the attenuation of

the SAW towards the peak of the attenuation curve (see Figure 5.9).
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Figure 5.9 The attenuation, calculated from the simulations based on the simple classical
relaxation model, is plotted as a function of oop /0. The arrow schematically represents
the positions of Devicel and Device3 before and after the evacuation of the containment
chamber, which determines the relative rise or fall in acoustoelectric current.

Therefore, the rise in I' causes rise in acoustoelectric current. On the other hand, the
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o9p of Device3 in atmosphere was much lower than ojs, and evacuation decreases the
conductivity even further, which reduces I' and consequently a decrease in acoustoelectric

current was observed.

5.4 Summary

In summary, the acoustoelectric current was studied as a function of SAW intensity and
frequency in a hybrid system of graphene/lithium niobate, and a relatively simple classical
relaxation model was used to describe the interaction between SAWs and the graphene
carriers. The mobility of holes obtained is comparatively much lower than the typical
values in Si/SiOq substrates which could be attributed to the different properties of lithium
niobate and the limitation of simple classical relaxation model in not accounting for the
inhomogeneity of graphene. However, more importantly a macroscopic acoustoelectric
charge transport over several hundred micrometers was demonstrated, which opens up

the feasibility of large-area graphene-based SAW devices for a wide range of applications.
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6.1 Introduction

The integration of graphene with lithium niobate could be very useful in the control and
transport of charge carriers in SAW devices. Constant efforts are being made to make use of
the special properties of graphene [4], including the large surface area, ambi polar charge
carriers and high mobility. A carrier mobility as high as 200,000 cm?V~!s~! has been
reported in suspended graphene at low temperatures (below 10 K) [18]. For technological
applications though, a suspended geometry is not always plausible as it limits the device
architecture, therefore, it is important to study the prospective of graphene on substrates.
The substrate strongly influences the charge carrier mobility and the thermal conductivity
in graphene, which were found to be an order of magnitude higher in suspended graphene as
compared to the graphene on substrates [133]. This difference can be observed through the
temperature dependence of the conductivity of graphene, which is primarily determined
by the scattering of charge carriers by phonons in graphene and surface phonons of the
substrate. This temperature dependence of the conductivity has been observed and well-
understood in graphene on substrates like SiOy, SiC and hBN [101, 134}, but relatively
little work has been reported on lithium niobate. It can be investigated by the study
of acoustoelectric current in graphene, which implicitly depends on its conductivity. At
room temperature, this study reveals a linear dependence on both the SAW intensity and
frequency [135], where the attenuation of the SAW can be described by a simple classical
relaxation model, as discussed in the previous chapter. Here, the acoustoelectric current

has been investigated as a function of temperature, SAW intensity, and frequency. It was
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observed that at high SAW frequencies, the measured acoustoelectric current decreases
with decreasing temperature, but remains positive, which corresponds to the transport of
holes, over the whole temperature range (48-300 K) studied. The current also exhibits
a linear dependence on the SAW intensity, consistent with the interaction between the
carriers and SAWSs being described by the classical relaxation model. At low temperatures
and SAW frequencies, the measured acoustoelectric current no longer exhibits a simple
linear dependence on the SAW intensity, and the direction of the acoustoelectric current

is also observed to reverse under certain experimental conditions.

In this chapter, the experiments performed on the graphene-SAW devices are discussed
in Section 6.2, where the electrical characteristics of the devices measured at room tem-
perature and their resistance as a function of temperature are discussed in section 6.2.1.
Section 6.2.2 discusses the change in SAW amplitude as a function of temperature, which
was used to calculate the actual SAW intensity encountered by graphene for different
SAW frequencies at different temperatures. In section 6.2.3, the acoustoelectric current
measured for different SAW frequencies is discussed as a function of temperature and the
theory is extended to accommodate the anomalies observed during experiments, followed

by the summary of the chapter in section 6.3.

6.2 Graphene-SAW Devices

6.2.1 Electrical Characteristics

The same graphene-SAW devices used in the previous chapter for room temperature mea-
surements that had a sheet of single-layer graphene transferred on the surface of lithium
niobate, were investigated to study the interaction of SAWs with graphene at different
temperatures. The current-voltage (I-V) characteristics of the devices are measured at
room temperature and atmospheric pressure by using the two probe measurement tech-
nique. The current sweep was done cautiously only in a small range (-30 to +30 pA) to

avoid breakdown of the device. The electrodes used for measurement were 200 pm, 300
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pm and 500 pm apart. High resistances of the order of tens of k() were measured between
all the possible contact pairs for both the devices (Devicel and Device2). Typically, the
resistance of graphene decreases with temperature due to its semi-metallic nature, as ob-
served for graphene on SiOq2, SiC, and hBN [134]. However, we observed a non-monotonic
behaviour for both the devices as the temperature decreased from 300 K to 48 K. Both the
devices showed a similar behaviour up to 200 K, following a decrease in resistance with de-
creasing temperature. Below 200 K, the resistance of both the devices behaved differently,
where in Devicel, the resistance started increasing with further decrease in temperature
as compared to Device2, where it initially increased and then started decreasing below 95
K, as shown in Figure 6.1. It should be noted that the results presented here were mea-
sured between contacts that were 300 pm apart in both the devices, but similar behaviour
was observed between other pairs of contacts as well. The difference in the behaviour
of resistances, at low temperature, between the two devices could be due to their charge
puddles and impurity sites, which varies for different devices. The disorder induced by the
charge puddles and impurity sites may exhibit different transport mechanism at different
temperature resulting in the temperature dependence of resistance [103]. The change in
temperature may also build up pyroelectric voltage on the surface of lithium niobate that

might induce extra charge carriers in graphene leading to a change in conductivity.

6.2.2 SAW Amplitude

The devices were mounted on the cold finger of a close-cycle cryostat and cooled from
room temperature to 48 K in variable steps and heated back to the room temperature.
The SAW amplitude at different temperatures was measured as a function of the RF power
supplied from the signal generator, which was relatively consistent with their respective
room temperature behaviour. However, below 50 K the SAW propagation was suppressed
for low frequency (below 100 MHz) SAWs and enhanced for high frequency (above 100
MHz) SAWs. The relative amplitude obtained for Devicel at 11 MHz and 269 MHz
is plotted as a function of temperature in Figure 6.2. The peculiar behaviour observed

below 50 K is not completely understood but one of the reason could be the wavelength
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Figure 6.1 The resistance of a) Devicel and b) Device2 plotted as a function of temper-
ature, where the scatters are connected by spline.
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dependent interaction of the SAW with the carriers in graphene, which becomes strongly
affected by the spatial charge inhomogeneity at low temperatures as discussed in the
following section. The SAW amplitude measured for a power supply of 20 dBm was
obtained for all SAW frequencies at different temperatures and the relative amplitude was
calculated by normalising with their respective room temperature values. These values
were used to determine the actual SAW intensity encountered by graphene at different
temperatures (see Section 4.7.2). The high frequency SAW, for example SAW at 269 MHz
correspond to a wavelength of 15 pm, which is comparable to the average grain size in
graphene, therefore it probes the graphene at much smaller scale compared to the low
frequency SAWSs. In the following measurements, we have primarily used the SAW at 269

MHz to describe the temperature dependence of the acoustoelectric current in graphene.
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Figure 6.2 The relative SAW amplitude plotted as a function of temperature for the
SAW at 269 MHz.
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6.2.3 Temperature Dependence

The acoustoelectric current in graphene is measured as a function of temperature, SAW
intensity, and frequency (see Figure 6.3), which can be broadly classified into measurements

done for low (below 100 MHz) and high (above 100 MHz) frequency SAWs.

Device 1

20 ]
70K

0
0.0 0.1 0.2 0.0 0.1 0.2

SAW intensity (W/m) SAW intensity (W/m)

Figure 6.3 The acoustoelectric current plotted as a function of SAW intensity at different
temperatures.
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It was observed that at high SAW frequencies, the measured acoustoelectric current de-
creases with decreasing temperature, but remains positive, which corresponds to the trans-
port of holes. The current was also found to be directly proportional to the SAW intensity,
which is in agreement with the interaction between the SAWs and carriers in graphene be-
ing described by the classical relaxation model (see Section 5.3.2). However, the measured
acoustoelectric current does not depend linearly on the SAW intensity at low temperatures
and SAW frequencies, and the direction of the acoustoelectric current is also observed to
reverse under certain experimental conditions. For example, a negative acoustoelectric
current was measured for the SAW at 11 MHz below 100 K, throughout the whole inten-
sity range. As mentioned earlier, the SAW intensity measured for lower SAW frequencies
was considerably low below 50 K. However, the peculiar behaviour observed for the 11
MHz and 32 MHz SAW at 70 K was also evident for 11 MHz below 50 K, as shown in
Figure 6.4. In both the cases, a negative acoustoelectric current against the direction of

propagation of SAWs was observed contrary to that measured for the other harmonics of

SAWs.
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Figure 6.4 The acoustoelectric current plotted as a function of SAW intensity at 48 K
for Devicel.
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6. Temperature Dependence

Let us first consider the behaviour of higher SAW frequencies at lower temperatures, as
shown in Figure 6.3. The acoustoelectric current varies linearly as a function of SAW
intensity, which shows that the simple classical relaxation model used to describe the
room temperature behaviour for all SAW frequencies is valid for higher frequencies even
at lower temperatures. For example, the plot of acoustoelectric current measured as a
function of SAW intensity and temperature at 269 MHz, as shown in Figure 6.5, shows

the similarity with its room temperature behaviour (at 300 K).

Although the acoustoelectric current measured in Devicel is much greater as compared
to Device2, both the devices show a linear dependence on the SAW intensity. The poor
performance of Device2 could be attributed to the lower attenuation coefficients, which is
discussed later in this section. Nevertheless, in both the devices a positive acoustoelectric
current was observed in the direction of SAW at all temperatures, although the size of
the measured acoustoelectric current decreases with decreasing temperature (note that at
temperatures below 95 K, the measured acoustoelectric current begins to increase slightly
with decreasing temperature. However, at a SAW intensity of 0.02 Wm™!, for example in
Devicel, the measured current at 48 K is still approximately 35 times smaller than that
measured at 300 K). The straight lines shown in Figure 6.5 are least square linear fits to
the measured data, where we have taken the acoustoelectric current density j (Refs. [130]
and [129]) to be given by
B uFT

I=-= (6.1)

where i is the carrier mobility, F' is the SAW intensity flux, I" is the attenuation coefficient,
and v is the velocity of the wave (approximately 4000 ms~!). In this model, the acous-
toelectric current depends linearly upon the SAW intensity, as observed in the measured
data, and the linear fitting was carried out using the mobility as the fitting parameter.
The attenuation coefficients at each temperature were calculated using the measured val-
ues of the conductivity, and by assuming that the piezoelectric interaction between the

SAWs and charge carriers is described by a simple classical relaxation model, such that
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Figure 6.5 The acoustoelectric current plotted as a function of SAW intensity at different

temperatures for the SAW at 269 MHz. a) Devicel b) Device2.
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6. Temperature Dependence

the attenuation per unit length I' is a non-monotonic function of o2p, given by

_ 2T |__oenfom
S 02

where ) is the SAW wavelength, and K? is the piezoelectric coupling coefficient (0.056
for lithium niobate [129]). The attenuation coefficient undergoes a maximum when o9p is
equal to the characteristic conductivity ops. The attenuation coefficient decreases rapidly
as oop increases beyond oj;. The measured conductivity, and calculated attenuation
coefficient are plotted as a function of temperature in Figure 6.6(a) and 6.7(a) for Devicel

and Device2 respectively.

The high conductivity of Device2 results in lower attenuation coefficients, i.e. less momen-
tum was transferred to carriers in graphene, which results in low acoustoelectric current
as observed in comparison to Devicel. This demonstrates that the highly conductive
samples are not necessarily good for acoustoelectric transport. The values of mobility ob-
tained from the linear fitting of the measured data is plotted in Figure 6.6(b) and 6.7(b)
for Devicel and Device2 respectively. The mobility obtained at room temperature is much
smaller than the typical room temperature values (= 1000 cm?V~!'s~!) we have extracted
from field effect characteristics measured on similar 3 mm x 3 mm devices [136], where
CVD graphene was transferred into Si/SiOg substrates. However, as no other values of
mobility in CVD graphene transferred onto lithium niobate have been reported, the differ-
ence in the mobilities could be due to the different properties of the substrate. In addition,
although the measured linear dependence of the acoustoelectric current on SAW intensity
and frequency [135], for high SAW frequencies or at high temperatures, suggests that the
relatively simple model of the acoustoelectric transport described above can be used to
describe the low temperature measurements for high frequency SAWs, it should be noted
that the attenuation of the SAW by the charge carriers in the graphene is determined by
the conductivity of the graphene on the scale of approximately one half of the SAW wave-
length [131]. If the conduction path is inhomogeneous, the values of mobility obtained

from this model will therefore depend on the SAW frequency used and may be different
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Figure 6.6 (a) Measured conductivity of Devicel and the calculated values of attenuation
coefficient plotted as a function of temperature. (b) Mobility, calculated from the linear
fitting of Figure 6.5(a) plotted as a function of temperature.
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Figure 6.7 (a) Measured conductivity of Device2 and the calculated values of attenuation
coefficient plotted as a function of temperature. (b) Mobility, calculated from the linear
fitting of Figure 6.5(b), plotted as a function of temperature.
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6. Temperature Dependence

to those obtained, for example, from a field effect measurement.

On initial cooling (at temperatures above 200 K), the results suggest that the mobility
decreases, whereas the carrier concentration increases. One possible mechanism for this
increase in the carrier concentration is the condensation of water, which is a known dopant
[125], onto the surface of the sample as it is initially cooled in the relatively poor vacuum
of the cold-finger cryostat. In addition, the conductivity of large-area CVD graphene is
known to arise from many competing mechanisms [103][102]. Even at room temperature
the conductivity of transferred CVD graphene is known to be spatially inhomogeneous,
due to grain boundaries (as the graphene is polycrystalline), tears, wrinkles, and non-
homogenous impurities [137][138] and the potential barriers associated with grain bound-
aries can lead to thermally activated conductivity [138, 139] and mobility [140]. At low
temperature, this causes the graphene to tend towards insulating, as observed in Devicel

(see Figure 6.6).

An Arrhenius plot of the extracted mobility values is plotted in Figure 6.8, where the
dotted line is a linear fit to the values in the range of 100-300 K. The mobility can therefore
be fitted well by an Arrhenius relation, with the mobility p o exp(—E,/kT), where E, is
the activation energy and k is the Boltzmann constant, and an activation energy of 63 meV
and 46 meV was obtained from the linear fit shown in Figure 6.8 for Devicel and Device2
respectively. Yazyev and Louie [139] calculated that the potential barriers associated with
grain boundaries lie in the range of 0.3-1.4 eV, depending on the structure of the boundary.
Song et al. [138] and Kumari et al. [140] obtained activation energies of 10 meV and 16.2
meV for the measured conductivity of CVD graphene, respectively, which they assigned to
the effect of grain boundaries. Kumari et al. [140] also obtained a slightly higher value of
activation energy, 18.8 meV, from the temperature dependence of the measured mobility.
The value of activation energy obtained here is therefore consistent with the conductivity
of the CVD graphene, on lithium niobate, also being strongly affected by the presence of

grain boundaries.

At high temperatures, the acoustoelectric current measured at lower SAW frequencies also
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Figure 6.8 The Arrhenius plots of the mobility calculated at different temperatures for
the SAW at 269 MHz. a) Devicel b) Device2.
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6. Temperature Dependence

has a linear dependence on the SAW intensity, as shown for SAW frequencies of 32 MHz
and 11 MHz in Figure 6.3, and a positive acoustoelectric current is also observed in the
direction of the SAW propagation (note that to allow the results at different frequencies
to be compared, we have corrected the SAW intensity using the measured response of the
transducer at each temperature at each frequency). In this case, smaller values of mobility
(6 cm?V~1s~! for 11 MHz at room temperature) have to be used to get good agreement

between the calculated and measured values of acoustoelectric current.

However, the length (~2 pm) at which the 269 MHz SAW probes graphene is much smaller
as compared to that probed by 11 MHz (=58 pum) SAW. At 269 MHz, the probed length
scales are comparable to the size of a typical grain size in CVD graphene, which means
that it encounters lesser grain boundaries than SAW at 11 MHz. The grain boundaries
are known to be a strong limiting factor in the mobility of carriers in graphene [138],
therefore the mobility extracted by low frequency SAWs (for example, 11 MHz) is lower
in comparison. This sensitivity of the SAWs of different wavelengths to the effect of grain
boundaries can be used to probe the conductivity of the graphene over different length

scales.

At low temperatures, the measured intensity dependence of the acoustoelectric current at
low SAW frequencies is markedly different from that obtained at high frequencies. For
SAW frequencies of 32 MHz and 11 MHz, the measured acoustoelectric current no longer
shows the simple linear dependence on the SAW intensity as observed at higher temper-
atures and higher SAW frequencies. Furthermore, at 32 MHz, below 80 K and for SAW
intensities below approximately 0.065 Wm™!, the current reverses direction, indicating
that overall the SAW is now transporting more electrons than holes. At 11 MHz, this
effect is much more pronounced and for all temperatures below 100 K a negative current
is observed at low values of SAW intensity. At low carrier densities and temperatures, the
conductivity of the graphene becomes strongly affected by the formation of a large num-
ber of electron-hole charge puddles, and an important component of the conductivity will
be the percolation of thermally excited “activated” carriers over potential fluctuations in

disorder sites (charge puddles or grain boundaries) [103]. The low frequency SAW is again
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likely to be much more sensitive to this due to the relative large length scales over which
it probes the conductivity. Moreover, in this regime the SAW itself could influence the
conductivity of the graphene, through the transfer of momentum to the carriers leading to
the observed non-linear dependence of the current on the SAW intensity. One scenario in
which a reversal of the current direction could occur is when the doping of the graphene
is due to relatively widely spaced, but high density, puddles of holes superimposed on a
relatively low density, but more uniform, density of electrons. Recently, intrinsic spon-
taneous polarization of hexagonal SiC has been proposed as a possible mechanism of the
doping of quasi free-standing graphene on the surface of SiC [141]. Lithium niobate is
highly pyroelectric and on cooling it is possible that induced surface charge could cause
n-type doping [142]. However, much more work is required to understand this, and also

how the use of a different substrate influences the doping of the graphene caused by water.

6.3 Summary

The temperature dependence of acoustoelectric charge transport in large-area CVD graphene
was investigated. It was observed that at high SAW frequencies, the measured acousto-
electric current decreases with decreasing temperature, but remains positive, which corre-
sponds to the transport of holes. The measured current is also proportional to the SAW
intensity over the temperature range studied (48-300 K), consistent with the attenuation
of the SAW by the carriers in the graphene being described using a simple classical re-
laxation model. The measured acoustoelectric current at low SAW frequencies at high
temperatures is also directly proportional to the SAW intensity, but in this case much
lower values of mobility have to be used to give good qualitative agreement between the
measured and calculated values of the acoustoelectric current. This suggests that the use
of different frequency SAWs with associated different wavelengths allows the conductivity
of the graphene to be probed over different length scales. At low temperatures and SAW
frequencies, the measured acoustoelectric current no longer exhibits a simple linear depen-
dence on the SAW intensity, and the direction of the acoustoelectric current is observed to

reverse under certain experimental conditions. This might be due to the interaction be-

130



6. Temperature Dependence

tween the SAW and the complex conductivity landscape of the graphene in a percolation

regime. However, much more work is required to understand this fully.
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7 Voltage-controlled Modulation

7.1 Introduction

The novel properties of graphene, including ambi polar charge transport and linear energy
dispersion, can be realised on a substrate with the help of a gate bias, which has led to an
intensive research in the field of graphene field effect transistor structures in the last decade
[15][71][81][143]. The controlled transport of charge carriers has been predicted to be of
utmost importance in various applications, for example, in metrology, quantum compu-
tation, and quantum cryptography [144]. Talyanski et al. [3] have observed the transport
of single electron delivering quantized acoustoelectric current through a GaAs/AlGaAs
one-dimensional channel, which demonstrates the possibility of defining accurate current
standards. Foden et al. [145] have proposed an alternative method for the generation
of single-photon states, required for secure optical communications using quantum cryp-
tography techniques, in a quasi one-dimensional system defined on 2DEG with the help
of SAWs. Such devices demand immense control on the type and movement of charge
carriers. The electrostatic modulation possible in graphene with the help of a gate bias,
combined with the piezoelectric fields associated with the SAWs, could be an ideal sys-
tem to realise such control and manipulation of charge carriers. The field-effect study of
graphene on lithium niobate, along with the acoustoelectric current dependence on the
SAW variables becomes very important in this regard. In addition, the wide range of
applications of SAW devices in the communication systems could hugely benefit from the
modulation of acoustic velocity achievable by tuning the conductivity of graphene. SAW

delay lines with a tunable wave velocity may have useful applications such as adaptable
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7. Voltage-controlled Modulation

sensors and phase shifters.

Unlike Si/SiOq, the voltage controlled conductance modulation in graphene is not possible
through a back gate in lithium niobate. An alternate way to achieve this is by using a top
gate configuration with an ion-gel as a dielectric. The devices described in this chapter
were fabricated in this manner, where the dielectric was prepared by dissolving 0.024 g of
lithium perchlorate and 0.2 g of poly ethyl oxide (PEO) in 10 ml methanol (for details see
section 4.5). It was carefully drop-cast on graphene and the metal contacts (source, drain
and gate). It was noticed that the lithium perchlorate acts as an etchant for aluminum
transducers. Moreover, the varying RF voltage in the transducers may also induce carriers
in graphene. Therefore, any contact between the ion-gel and transducers was avoided. The

schematic of typical gated devices discussed in this chapter is shown in Figure 7.1.

Drain
Source

Graphene N

—~~

%

Q0

lon-gel
Gate dielectric

Figure 7.1 The schematic of a typical gated device showing the drop-cast ion-gel on
graphene and metal contacts. The source drain contacts are 300 pm apart.

This chapter describes the electric field effect of graphene transferred onto lithium niobate.

The transfer characteristics of three gated devices, DeviceG1l, DeviceG2 and DeviceG3
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(see Table 4.1), studied in this chapter are given in section 7.2. Section 7.3 describes the
change in acoustoelectric current measured as a function of SAW intensity at different
gate voltages, which exhibits a linear dependence consistent with the simple classical
relaxation model. A change in the direction of acoustoelectric current as a function of
gate bias demonstrates the dragging of both electrons and holes along with the SAWs.
The acoustoelectric current measured at different SAW frequencies indicates that the
conductivity of graphene can be probed at different length scales by SAWs of different
wavelengths. Section 7.4 describes the voltage-controlled modulation of the velocity and
amplitude of the SAW, achieved by tuning the conductivity of graphene through the top
gate, which is reported for the first time in graphene/lithium niobate hybrid system. The

summary of the chapter is given in section 7.6.

7.2 Electrical Characteristics

7.2.1 DeviceG1

The field-effect characteristics of DeviceG1l are shown in Figure 7.2, where each data
point is an average of a hundred observations. The source-drain contacts are 300 um
apart and the measurements were done at room temperature in an evacuated chamber
(3.6x107% mbar). A source-drain current Igp=10 nA was applied during the field-effect
measurement, where a small leakage current of the order of 10 pA was noticed between
the source and gate. The inset of Figure 7.2 shows the I-V characteristic of the device
measured at zero gate bias. The Igp current was found to increase non-linearly with the
increasing source-drain voltage Vgp, which could be due to the charge transfer between
the adsorbed water molecules and graphene. The conductivity of graphene was modulated
through the gate voltage, which was varied in a small range (-3 to 2 V) to prevent the
breakdown of the ion-gel due to any possible electrochemical reactions [146]. The high
capacitance of the ion-gel enabled the resistance modulation in graphene even in the small
range of gate voltage used. The maximum in the resistance, which corresponds to the

charge neutrality point (CNP) was observed at V,=-1 V. The lack of a sharp peak in
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Figure 7.2 The electric field effect characteristics of DeviceG1 at Igp=10 nA, with the

charge neutrality point observed at V,=-1 V. The inset shows the I-V characteristics of
the device at zero gate bias.

the resistance curve could be attributed to the electrostatic inhomogeneity introduced by
the charge puddles [147], which is common in large-area CVD graphene. The field effect

mobility u for the electrons and holes induced, was obtained using

_l Ao
_CAVg

i (7.1)

where o is the sheet conductivity of graphene, and C' is the gate capacitance. The ca-
pacitance of the dielectric, as calculated by Chakraborty et al. for a similar configuration,
is assumed to be of the order of ~1 uFem~2 [148]. The electron and hole mobility thus
calculated are 2 cm?V~!s~! and 0.6 cm?>V~!s~! respectively. The mobility values are low
compared to the typical values obtained for Si/SiOy substrate, which could be attributed
to the different properties of lithium niobate. However, more importantly we observe the
Dirac peak and show the transition of graphene from n-doped to p-doped by applying a
small gate voltage, which is sufficient to determine the carrier type transported by the

SAW at different gate bias.
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7.2.2 DeviceG2

The field effect characteristics of DeviceG2 are shown in Figure 7.3. The CNP in this
device was observed at V,=1.8 V, which corresponds to the p-doped nature of graphene
at zero gate bias contrary to DeviceG1. It may be due to the different ambient conditions
at the point of fabrication of these two devices. The ambient humidity, for example, has
been reported to have a significant contribution in changing the conductivity of graphene-
oxide films [149]. The inset in Figure 7.3 shows the I-V characteristics of the device as
a function of gate bias, which tends to Ohmic behaviour for positive gate biases. A hole

mobility of 1.2 em?V~1's™! is obtained in this device.

| T [ ! [
05 — 10 T " O~ -
Gate v;l:/age O/ \o
~ T : (% N
a E | =
0 - =
S04l 3 V=18V
~— R 4
Q
2 [ .10 : ’
< 4 0 4d
g 03 L Vsp ™) -
Q o)
a7
! / ]
/
0.2} rd i
O
..-O/O/o
] L ] ) ] ]
-2 0 2

Vg (V)

Figure 7.3 The electric field effect characteristic of DeviceG2 at Igp=10 nA, with the
CNP observed at V,=1.8 V. The inset shows the I-V characteristic of the device as a
function of gate bias.
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7.2.3 DeviceG3

The field effect characteristics characteristics of DeviceG3 are shown in Figure 7.4. The
gate bias was increased in small intervals (0.05 V) to accurately trace the position of the
CNP, which was observed at V,=0.75 V. The maximum resistance measured in this device
(1.15 MQ) is twice that in DeviceG2 (0.50 M), and a relatively sharp peak was observed
at the Dirac point. The asymmetric nature of the curve on either side of the Dirac point is
observed in DeviceG1 and DeviceG2 as well, but is most apparent in this device (see Figure
7.4). This asymmetry could be attributed to the electrostatic inhomogeneity (in the form
of residues and charge puddles) in graphene. The electron and hole mobility calculated
from the slope of the curve are 7.3 cm?V~!s™! and 5.3 cm?V~1s™! respectively, which is
consistent with the hole mobility obtained from the fitting of simple classical relaxation

model to the experimental observations at room temperature (see section 5.3.2).
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Figure 7.4 The electric field effect characteristic of DeviceG3 at Igp=10 nA, where the
CNP is observed at V,=0.75 V.
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7.3 Acoustoelectric Current Modulation

In DeviceG1, the acoustoelectric current is measured for the SAW at 32 MHz as a function
of time, as shown in Figure 7.5, which demonstrates the switch in its direction at different

gate biases.
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Figure 7.5 The acoustoelectric current measured in DeviceG1, at 32 MHz for an applied
RF power of 20 dBm, is plotted as a function of time at different gate biases.

The negative acoustoelectric current measured at V,=0 V indicates the transport of elec-
trons with the SAW, which is consistent with the n-doped nature of graphene as observed
from the field effect characteristics (see Figure 7.2). The acoustoelectric current becomes
more negative with the introduction of further electrons through a positive gate bias (V,=1
V). Similarly, a negative gate bias implies the introduction of holes in graphene, which
gives rise to a positive acoustoelectric current. As the bias becomes more negative, the
CNP is realised at Vy=-1 V, where the carrier density of electrons and holes are equal.
Therefore, the acoustoelectric current due to the transport of electrons and holes should

cancel each other. In Figure 7.5, it is shown that the measured acoustoelectric current
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approaches zero slowly at V,=-1 V, the decay observed could be attributed to the slow
response of the dielectric. The time constant for the charging and discharging of the ca-
pacitor, which takes place through the diffusion process, is measured to be approximately
300 s and 200 s respectively. This time required for the charge stabilisation in the dielectric

was taken into account while sweeping the gate voltage.

Figure 7.6(a) shows the acoustoelectric current plotted as a function of SAW intensity at
different gate biases for the 32 MHz SAW. The linear dependence of the acoustoelectric
current shows that the simple classical relaxation model can be used to describe the in-
teraction of SAWs with the modulated carries in graphene. An acoustoelectric current as
high as 12 nA was measured at positive and negative gate biases. A positive gate bias
induces electrons in graphene, therefore the negative acoustoelectric current measured at
V4=1 V along the propagation of SAW is definitely due to the transport of electrons
along the SAW. A large negative bias would similarly ensure the transport of only holes
in graphene along the SAW, as observed for V,=-1.5 V and -2 V. The absence of acousto-
electric current measured at Vy=-1 V (see Figure 7.6(a)) illustrates the transport of equal

density of electrons and holes, which is realised at the CNP.

The same acoustoelectric measurements performed for the SAW at 355 MHz in the same
device are plotted in Figure 7.6(b). The small current observed at this frequency is due
to the relatively low SAW intensity measured at higher frequencies. The acoustoelectric
current measured at 355 MHz is two orders of magnitude smaller than that at 32 MHz.
In Figure 7.6(b), the measured current was negative for higher negative biases, contrary
to that at 32 MHz. The wavelength corresponding to the 355 MHz SAW (&11 um) is an
order of magnitude smaller than at 32 MHz (=~ 125 um), therefore it is probing graphene
at a different length scale. The inhomogeneity of the sample means that local high density
electron puddles in an otherwise uniform distribution of holes induced by the gate bias
are possible. The long wavelength SAWs may not be able to detect such electron puddles,
but the small wavelength SAWs are more sensitive to it. It should be noted that the
electrostatic inhomogeneity due to the charge puddles means that the carriers induced is

not directly proportional to the gate voltage applied. Therefore, the mobility of charge
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Figure 7.6 The acoustoelectric current measured in DeviceG1 is plotted as a function of
SAW intensity and gate bias for a SAW frequency of (a) 32 MHz and (b) 355 MHz. The
straight lines correspond to the linear fit of the measured data.
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carriers is expected to be a function of gate voltage. The mobility values obtained from
the linear fit of the measured data in Figure 7.6 are plotted as a function of gate voltage in

Figure 7.7, where the negative (positive) values refers to the mobility of holes (electrons).
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Figure 7.7 Mobility extracted from the acoustoelectric measurements at 32 MHz and 355
MHz is plotted as a function of gate bias for DeviceGl1.

Similar behaviour was observed in DeviceG3. A relatively small acoustoelectric current
was observed in DeviceG2, which was of the order of the leakage current between the
source and gate electrodes (10 pA) measured in it. Therefore, it was not used for acous-
toelectric measurements. It should be noted that in case of DeviceG1 no leakage current

was measured for the voltages used in the measurement.

7.4 Amplitude and Velocity Modulation

The acoustoelectric interaction of the SAWs with graphene carriers can be used to modu-

late the amplitude and velocity of the SAW by tuning the conductivity of graphene. The
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amplitude and velocity of the SAW at 11 MHz is measured as a function of gate voltage
in DeviceG2 and DeviceG3. The transducers on the lithium niobate define an acoustic
path length of 5.2 mm, where the SAW interacts with graphene such that the attenuation
I and velocity shift Av/v of the SAW can be given by

_ 2T o2p/0M
S [1 - (@D/UM)Q} (7.2)
Av  K? 1
v 2 L + (UQD/UM)2:| (9)

where K? is the piezoelectric coupling coefficient, A is the SAW wavelength, v is the SAW
velocity, o9p is the sheet conductivity of 2DEG and o is the characteristic conductiv-
ity of lithium niobate, which is discussed in section 2.3.2. The amplitude and velocity
modulation achieved in DeviceG2 by tuning the conductivity of graphene as a function
of gate bias, is shown in Figure 7.8. The amplitude of the SAW increases on either side
of the CNP, observed at V,=1.8 V. This is consistent with the simple classical relaxation
model, where the attenuation attains a maximum at oop = o)/ (see Figure 2.8). The min-
imum sheet conductivity of graphene oop=1.98 MQ~! measured at the CNP is still larger
than the characteristic conductivity o3r=1.25 MQ ™! of lithium niobate, which means that
the peak in attenuation is not reached in this device. However, this implies that as the
conductivity decreases the attenuation should increase monotonously. More attenuation
means smaller SAW amplitude, which attains a minimum at CNP, as observed in Figure
7.8. The phase difference A¢ measured between the phase of the SAW and the reference

signal can be converted to the time delay At as

AP = wAt (7.4)

where w is the frequency of the SAW. The velocity shift Av/v can be obtained from the

following relation:

Av At At
~— t At .
v t— At t == (7 5)

From Equation (7.3), the velocity shift due to the interaction with the carriers in graphene

should increase with decreasing conductivity. The velocity shift measured at 11 MHz

142



7. Voltage-controlled Modulation

i”

%’ . 6.9 E H{-1.04
: 0.4 —o— Resistance \0)/ ’\;\
g Amp "g <
8 03 | —° Velocity shift ~ 6.8 & Z
= YT O/ Q. Z
) yd g

a7 O/O <

-~ 6.7

o
N
\o

- ' — J-1.05
2 1 0 1 2 3

Vg (V)

Figure 7.8 The resistance of graphene, SAW amplitude and velocity shift plotted as a
function of gate bias for DeviceG2.

is plotted as a function of gate bias in Figure 7.8, which is consistent with the simple
classical relaxation model. A maximum velocity shift of 0.015% is obtained in this device
(DeviceG1), which is an order of magnitude smaller than the voltage tunable phase shifters
demonstrated by Zhu et al. [150] on a hybrid system with a semiconducting/piezoelectric
dual layer of zinc oxide (ZnQO) deposited on r-plane sapphire substrate. However, a distinct
advantage of the voltage-controlled phase shifter demonstrated here is the operation at
much lower voltages as compared to other phase shifters based on lithium niobate, which

operates at very high voltages (=6 kV) to achieve a velocity shift of 1% [151].

The resistance, amplitude and velocity shift measured as a function of gate voltage in De-
viceG3 is shown in Figure 7.9. Measurements similar to DeviceG2 performed on DeviceG3,
resulted in a maximum velocity shift of 0.5%. It is more than an order of magnitude (30
times) improvement in the velocity shift achieved in DeviceG2, on the other hand the
SAW amplitude modulation was similar to DeviceG2. It should be noted that both the

attenuation and velocity shift changes slowly when the conductivity of graphene is either
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too small or too large compared to the characteristic conductivity of lithium niobate (see
Figure 2.8), which means that a huge improvement (= 25 times) in the performance of the
these voltage-controlled phase shifters could be expected for graphene, where the sheet

conductivity oap can be engineered to be closer to o); and ten times resistance modulation

is plausible.
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Figure 7.9 The resistance of graphene, SAW amplitude and velocity shift plotted as a
function of gate bias for DeviceG3.

7.5 Simultaneous Measurement of Acoustoelectric Current,

SAW Amplitude and Velocity Modulation

It was noticed that the position of the Dirac peak in all the devices was continuously
shifting with the evacuation of the measurement chamber. Therefore, the chamber was
evacuated to 3.6x107% mbar and isolated from the vacuum pump to steady the position
of Dirac peak, which allowed a detailed measurement in the vicinity of Dirac peak. The

simultaneous measurements of acoustoelectric current, SAW amplitude and velocity mod-
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ulation were done in DeviceG3. The acoustoelectric current for the SAW at 11 MHz and

32 MHz was measured as a function of gate voltage, as shown in Figure 7.10.
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Figure 7.10 The resistance of graphene, and the acoustoelectric current measured at 11
MHz and 32 MHz plotted as a function of gate bias for DeviceG3.

The resistance modulation obtained before this measurement is also given in Figure 7.10
as a reference. A positive acoustoelectric current consistent with the transport of holes is
measured for 32 MHz SAW at zero gate bias, which initially increases with the increase in
conductivity controlled by the gate voltage. As the conductivity approaches the CNP, the
density of states available for carriers (electrons and holes) becomes fewer and fewer before
eventually going to zero. As a consequence, the acoustoelectric current starts decreasing
and eventually vanishes at the CNP. An increase in gate voltage beyond the CNP induces
electrons in graphene, which results in a negative acoustoelectric current as illustrated in
Figure 7.10. Similar behaviour is observed for the SAW at 11 MHz with relatively small

acoustoelectric current.

The SAW amplitude and velocity shift measured simultaneously with the acoustoelectric
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current at 11 MHz is shown in Figure 7.11. The observations are in accordance with the

simple classical relaxation model, as explained in the previous section.
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Figure 7.11 The acoustoelectric current, SAW amplitude and velocity shift measured
simultaneously at 11 MHz is plotted as a function of gate bias for DeviceG3.

The SAW amplitude measured for 32 MHz SAW was an order of magnitude smaller than
that at 11 MHz and due to the large fluctuations observed, the data was not reproducible.
It should be noted that the acoustoelectric current measured for 32 MHz was greater than
11 MHz and was consistent. It is possible that the high acoustoelectric current is due
to the large attenuation of the wave, which results in small SAW amplitude. It would
require further investigation to comment on it. However, the simultaneous measurements
of the SAW variables and the acoustoelectric current demonstrates the feasibility of devices
with multi-purpose applications such as voltage-controlled phase shifters with gas sensing

abilities.
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7.6 Summary

In conclusion, we have studied the electric field effect characteristics of graphene trans-
ferred onto lithium niobate, observing the CNP for the first time in such hybrid systems.
The use of ion-gel dielectric as the top-gate proves very effective in inducing a large carrier
density in graphene at small gate voltages, although the slow response time of the devices is
a drawback. The absence of the acoustoelectric current at the CNP is observed, indicating
the transport of an equal number of electrons and holes with the SAW at this point. The
linear dependence of the acoustoelectric current measured as a function of SAW intensity
shows that the interaction of graphene carriers and SAW can be described using a simple
classical relaxation model. The positive (negative) acoustoelectric current corresponding
to the transport of holes (electrons) also suggests that the acoustoelectric measurements
are sufficient to determine the type of doping in graphene. The different type of doping
observed for the same gate bias at 32 MHz and 355 MHz SAW is indicative of the different
length scales at which the SAW probes graphene, where the large wavelengths probes the
uniform average carrier density and small wavelengths are more sensitive to the local high
density charge puddles. Also, the amplitude and velocity modulation is achieved by mod-
ulating the conductivity of graphene. A voltage-controlled SAW phase (velocity) shifter
is demonstrated with a maximum velocity shift of 0.5 %, which is comparable to other
phase shifters but works at much smaller voltage biases. A significant improvement in the
performance of these phase shifters can be expected if the conductivity of graphene can

be engineered to be closer to the characteristic conductivity of lithium niobate.
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The work presented in this thesis is focused on the interaction of large-area graphene
with SAWs. SAWs have previously been used as a contact-less probing method for low-
dimensional systems, for example, quantum dots, nanowires and 2DEGs. Graphene is
one such 2DEG system, which has invoked a lot of interest owing to its special properties
like ambi polar transport, large surface area, etc. To date relatively little work has been
reported on the SAW interaction with large-area graphene, which has been addressed
in this work. The devices described here, which are more than an order of magnitude
bigger than previously been studied, were fabricated using e-beam lithography in a clean-
room environment and measured using a Keithley sourcemeter and LeCroy oscilloscope.
A macroscopic acoustoelectric current has been demonstrated for the first time in such
a large-area graphene device. The measurement of acoustoelectric current at room and
low temperatures revealed some interesting properties about the transport of electrons
and holes with SAWSs, and low-temperature measurements highlighted the important role
played by charge inhomogeneity in defining the direction of acoustoelectric current in large-
are graphene. The behaviour of the acoustoelectric current at different SAW frequencies
also shows that the conductivity of graphene can be probed at different length scales by
SAWs of different wavelengths. Devices with top gates were fabricated to study the electric
field-effect of graphene on lithium niobate. The mobility of carriers in graphene on lithium
niobate has been reported for the first time here. The modulation of the conductivity
of graphene was used to demonstrate a tunable voltage-controlled phase shifter that is

operational even at low voltages, which is first of its kind in the system studied.

This chapter summarises the results obtained from all the experiments conducted in this
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thesis and proposes some suggestions for future work. The acoustoelectric current mea-
sured as a function of SAW intensity for different frequencies at room temperature is
summarised in section 8.1. The conclusion of the measurement of acoustoelectric current
as a function of temperature is given in section 8.2. The field-effect study of graphene
on lithium niobate along with the tunable phase-shifter, demonstrated in the previous

chapter, is briefly summarised in section 8.3.

8.1 Macroscopic Acoustoelectric Transport

The acoustoelectric current was measured as a function of SAW intensity and frequency
for a hybrid system of large-area CVD graphene transferred onto lithium niobate. The
SAWSs were used to transport holes over long distances (~ 0.8 mm), giving rise to a positive
macroscopic acoustoelectric current. A simplified Weinreich relation, given for a special
case of 2DEG with a shorted geometry in the absence of a magnetic field, was used to
describe the acoustoelectric current, which was measured to be directly proportional to
the SAW intensity and frequency. The frequency dependence comes from the attenuation,
which is a linear function of frequency at a given sheet conductivity of the 2DEG. A loss
in momentum of the SAWs due to the interaction with the carriers in graphene leads to
the attenuation and velocity shift of the wave, which is explained by a relatively simple
classical relaxation model. The model predicts a peak in the attenuation at a certain
sheet conductivity of graphene, which is noticed by measuring the change in acoustoelectric
current at different conductivities in two devices. A mobility of 8 cm?>V~!s~! was obtained
for the hole transport from fitting the model to the experimental observations, which is
reported for the first time for graphene on lithium niobate. The key point of this work is
the demonstration of the acoustoelectric current flowing over macroscopic distances, which

opens the gate for a wide range of applications in graphene-based SAW devices.
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8.2 Temperature Dependence

The acoustoelectric charge transport was measured as a function of temperature and SAW
intensity at different frequencies for the same set of devices used for room temperature
measurements. The acoustoelectric current for high SAW frequencies was measured to be
positive over the whole temperature range (50-300 K) studied, which is consistent with the
transport of holes on p-doped graphene. A linear dependence of the acoustoelectric current
on SAW intensity was observed, as predicted by the simple classical relaxation model. For
lower SAW frequencies, the acoustoelectric current was positive at higher temperatures,
but relatively much lower values of mobility had to be used to get good agreement between
the measured and calculated values. The difference in mobilities obtained at different SAW
frequencies suggests that the conductivity of the graphene can be probed over different
length scales by using SAWs of different wavelengths. The activation energy of 60 meV
was obtained from the Arrhenius plot, which is consistent with the conductivity of CVD-
graphene being strongly affected by the grain boundaries. The interaction of the SAW with
the complex conductivity landscape of graphene in a percolation regime is evident from
the switch in the direction of acoustoelectric current observed for lower SAW frequencies,

at low SAW intensities and temperatures.

8.3 Voltage Control

Devices with a top-gate were fabricated to study the field-effect of graphene on lithium
niobate. The high capacitance of the dielectric used made it possible to observe the
charge neutrality point at low voltages, which is reported for the first time in such a
hybrid system. The equal density of electrons and holes at the charge neutrality point
was illustrated in the measurement of acoustoelectric current, where the transport of
equal number of electrons and holes with the SAW led to net zero current. The simple
classical relaxation model was valid throughout the resistance modulation in graphene.

The positive (negative) acoustoelectric current measured at negative (positive) gate bias
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corresponds to the transport of holes (electrons). This suggests that the measurement of
acoustoelectric current is sufficient to determine the type of doping in graphene. By tuning
the conductivity of graphene, a voltage-controlled SAW phase-shifter was demonstrated
with a velocity shift of approximately 0.5 %, operational at much lower voltages compared
to other phase-shifters. These tunable phase-shifters are reported for the first time in a
graphene/lithium niobate hybrid system. The velocity shift and attenuation measured
in all the devices were consistent with the predictions of the simple classical relaxation

model.

8.4 Suggestions for Future Work

The work presented in this thesis highlights the possibility of probing graphene at different
length scales using SAWSs of different wavelengths, in addition to the demonstration of
large-area graphene-based SAW devices and voltage-controlled phase-shifters. One of the
limitations of the devices studied here is the lack of four probes to determine the actual
conductivity of graphene. It is difficult to estimate the sheet conductivity of large-area
CVD graphene because of the inhomogeneity due to grain boundaries, cracks, wrinkles,
and impurities in the form of residues and charge puddles. The simple classical relaxation
model does not take the inhomogeneity of graphene into account. Therefore, further work
is required to extend the model to qualitatively estimate the effect of impurities on SAW

propagation.

The graphene-based SAW devices demonstrated here may be exposed to different gases,
chemicals, enzymes, etc. to study the effect of mass loading and its efficiency as a chemical
and biological sensor. Similar investigation for graphene-quartz devices by our group is
reported in Applied Physics Letters, 103, 063110 (2013), where the mass loading of argon
and water vapour was studied. The mass sensitivity of SAWs, along with the electrical
properties of graphene including its selective absorption, could be developed for sensitive
mass and chemical detection. A theoretical study of the interaction of the surface phonons

of lithium niobate with the graphene carriers could be useful in this regard.
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The ability of graphene to absorb light from the ultra-violet to terahertz range can be used
to generate excited carriers. The acoustoelectric current being sensitive to the carriers in
graphene can detect it, therefore can be developed as a photodetector. Initial attempts
by our group to measure the photo-response in graphene, when excited by blue and red
light emitting diodes (LEDs), through the acoustoelectric current is published in Applied
Physics Letters, 106, 133107 (2015). Further investigation is required to develop it as
a wide band-width photodetector. In addition, the operating band-width of traditional
photodetectors are limited by the lifetime of the photogenerated carriers. The ability
of SAWSs to separate the carriers by trapping them in its potential minima and maxima
could be used to dilate the recombination time of photo-excited carriers, resulting in

photodetectors with wider operating band-width.

The voltage-controlled phase-shifter demonstrated here may experience a huge improve-
ment (at least 25 %) in velocity shift achieved if the sheet conductivity of graphene can
be engineered to be closer to the characteristic conductivity of lithium niobate, and a ten
times modulation in its conductivity can be attained. A smaller, well-defined uniform
area of relatively clean graphene may be used for this purpose. Moreover, the electrical
properties of graphene such as mobility, are strongly affected by lithium niobate. One
way to minimise this is to study a hybrid system where graphene sandwiched between two

single-layer boron nitride sheets, is transferred on lithium niobate.

It may also be interesting to study the charge trapped in the potential landscape of a
standing SAW, which would create an oscillating charge perpendicular to the direction of
propagation of SAWs. SAWs of large wavelengths with efficient reflectors can be employed
to create standing waves, a custom design of reflectors might be needed for it. The exotic
properties of graphene especially the Klein tunneling may be observed in such devices.
Further theoretical work would be required to develop a model to explain the oscillating

carriers with SAWs.
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