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Abstract

The isolation of graphene has generated a great deal of excitement because

of its unique properties. From a fundamental physics standpoint the most

exciting aspect of the material is its electronic properties. One interesting

method available to explore this electronic system is to investigate how the

material interacts with superconductors. This interaction has been inves-

tigated by several groups via the production of superconductor-graphene-

superconductor devices, although their observed transport properties have

been less than optimal.

This thesis explores the factors which can limit the performance of

these graphene devices. Suggestions are made regarding possible methods

of improving device performance through the optimisation of the fabri-

cation procedures. Graphene field effect transistors are produced using a

combination of mechanical exfoliation, lithography and sputtering tech-

niques. These devices are then characterised using a combination of trans-

port and optical measurements.

Two annealing methods are explored to reduce the concentration of

charged impurities on the samples, using both an existing current anneal-

ing technique and a novel annealing technique using an on-chip platinum

heater. Quantum Hall effect measurements are performed confirming the

high quality of our graphene.

Making poor contact to graphene is a possible performance limiter.

The transfer length method is used to measure the contact resistance in

our devices directly. A large contact resistance is observed, attributed to

amorphisation of the underlying graphene by the sputtered material. This

is confirmed using Raman spectroscopy. Asymmetry in the electric field

measurements are also explained using an existing contact induced dop-

ing model. Extension of this model to include alternative doping profiles

is shown to improve the fit to data. Measurements of the opto-electronic

response of our graphene devices using scanning photocurrent microscopy

supports the observation of contact induced doping and carrier density in-

homogeneity in graphene devices which can limit device performance.
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Introduction
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The isolation of graphene - a single layer of graphite one atom thick - in 2004[1]

generated a great deal of excitement throughout the scientific community as a result of

its unique properties. From a structural standpoint, despite representing the ultimate

in thinness, the material is incredibly strong[2], owing to the strength of the carbon-

carbon bond, while also very flexible. It is the electronic properties of graphene which

are arguably the most exciting[3; 4]. The electronic band structure of graphene, first

derived by Wallace[5] in 1947, features two conical points where band crossing occurs.

Within a small energy range about these points the energy is linearly proportional to

the wavevector, representing a linear dispersion relationwhich deviates greatly from

the usual parabolic dispersion of almost all other condensed matter systems. This

dispersion relation closely resembles that of relativistic spin 1/2 particles, such as high

energy electrons, which are described not by the Schrödinger equation but by the Dirac

equation[6].

One of the fundamental results of the Dirac formalism is the existence of antiparti-

cles, indeed the Dirac equation predicted the electron antiparticle, the positron, before

its experimental discovery. In graphene the role of the positron particle is replaced by

the hole. While electrons and holes are usually described by separate wavefunctions,

in the case of graphene they are both described by the positive and negative forms

of the same two-component wavefunction. This analogue between charge carriers in

graphene and relativistic fermions can be exploited by allowing otherwise high energy

phenomena to be probed in a standard laboratory setting. Newphysical phenomena

resulting from this unique electronic structure were observed very shortly after the

isolation of graphene. The most striking observation was that of the anomalous in-

teger quantum Hall effect (QHE) at high magnetic field[7; 8]. A shift of 1/2 in the

sequence of steps in the Hall conductance was observed, compared to the standard re-

sult observed in a two-dimensional electron gas (2DEG) and provided direct evidence

of Dirac physics.

Accompanying the interest in graphene from a fundamental physics perspective

there has also been a great deal of research into possible practical applications of the

material. Graphene samples have shown remarkably high carrier mobilities[9], ex-

ceeding those of state-of-the-art silicon transistors, demonstrating ballistic transport

over sub-micrometer distance[10]. Consequently, graphene has been proposed as a

possible replacement for silicon in electronic devices, which is currently approaching
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the fundamental limits of the material. Many other practical uses have been described

for graphene, including its use in gas sensors[11; 12], touch-screens[13] and photo-

detectors[14; 15]. The definition of a resistance standard based on the anomalous

QHE has also been proposed[16].

With the wide range of technological applications available, a large scale method

of producing graphene is required. Two main methods have been proposed. Firstly,

graphene has been grown via the controlled decomposition ofa SiC substrate at high

temperatures[17]. More recently large scale films of graphene have been grownon

metallic substrates by a chemical vapour deposition (CVD) technique[13]. Despite the

availability of high throughput fabrication methods, mostfundamental studies into the

properties of graphene have been performed on samples produced using the original

mechanical exfoliation technique[1]. This top-down technique consists of the repeated

peeling of graphene layers from a bulk graphite crystal, traditionally using Scotch

tape, before deposition on a substrate. While SiO2 has mostly been used as a substrate,

owing to the relatively high visibility of graphene on its surface[18] and the ease in

which it can be used as part of a global back gate for field effect measurements, it

has more recently been found to limit the performance of graphene devices[19–21].

Graphene devices with astonishingly high mobilities have been shown in recent years

using hexagonal boron-nitride (h-BN) as a substrate[22], while suspended graphene

devices have also shown remarkable properties[23; 24]. Despite the marked improve-

ment in device performance that these latter two techniquesdeliver, they require a high

level of technical ability, which is currently only available to a select few groups world

wide. Graphene on SiO2 therefore remains one of the most commonly used combina-

tions and is sufficient to explore many of the interesting properties of the material.

A particularly attractive proposition is to explore the interplay between the Dirac

fermions in graphene with other transport phenomena. One ofthe most interesting

phenomena is that of superconductivity, which in itself hasbeen a source of intense

theoretical and experimental research since its discoveryover a century ago. The in-

teraction between Dirac fermions and the charge carriers ina superconducting ma-

terial - known as Cooper pairs[25] - is predicted to lead to new phenomena such as

specular Andreev reflection[26; 27] and so is worthy of investigation. A great deal

of research, both theoretical and experimental[28–44], has been performed in order

to gain an insight into how the two classes of material interact. The most common
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1.1 Thesis Layout

device geometry employed to investigate this interplay, isthat of the superconductor-

graphene-superconductor (SGS) Josephson junction (JJ). In this class of devices the

graphene represents a weak link between the two superconductors. As a result of the

Josephson effect - first proposed by Josephson in 1962[45] - a supercurrent can flow

between these two superconductors, the properties of whichdepend on the weak link

material itself. This device geometry can therefore be usedto probe the properties of

the weak link material.

In the years following the isolation of graphene several groups have managed to

produce a supercurrent in SGS JJs. These devices typically consist of mechanically

exfoliated graphene on SiO2 with predominantly aluminium (Al) contacts, deposited

via electron beam evaporation[31–36]. Given the very low temperatures required for

operation of Al based devices, coupled to the instability ofthe materials superconduct-

ing properties in the presence of relatively weak magnetic fields, it would be beneficial

to produce devices using superconductors with higher critical temperatures. One such

material which should be ideal for incorporating into SGS devices is niobium (Nb)

because of its relatively high critical temperature,Tc = 9.2 K, and critical magnetic

field field[46]. Until recently Nb based SGS devices have been conspicuously absent

from the literature[42; 43; 47], despite the obvious technological benefits of such an

advancement. The devices that have been realised suffer from greatly reduced super-

currents than expected and operate at temperatures of tens of millikelvin, far below

the critical temperature of Nb. In fact, almost all SGS devices, regardless of contact

material, show sub optimal properties which cannot be explained by the fundamental

properties of graphene alone.

1.1 Thesis Layout

This thesis aims to explain the poor performance of SGS devices by studying the prop-

erties of graphene devices, in the typical field effect geometry, contacted with super-

conducting electrodes. The contact material used in this study is a palladium-niobium

bilayer which has previously been used to produce carbon based JJs in the form of

superconductor-carbon nanotube- superconductor devices[48–52]. Through a combi-

nation of low temperature transport measurements and optical techniques the devices
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1.1 Thesis Layout

are fully characterised and, where appropriate, the results interpreted in terms of the

impact the properties will have on SGS devices.

The thesis layout is as follows. Chapter2 presents an introduction to the theory

and background physics underpinning the research performed. The structure and elec-

tronic properties of graphene are discussed with particular attention to the interesting

consequences of its unique electronic band structure. Muchof the initial excitement

regarding graphene resulted from its anomalous QHE. In thiswork the QHE has been

one of the methods used to characterise our graphene devices. The QHE in both 2DEGs

and graphene is discussed, with the former discussed both for contrast and because it

encompasses much of the physics involved. Raman spectroscopy has been used exten-

sively as a complimentary technique for characterising ourgraphene thus the theory

behind this technique is discussed. The original aim of the project was the realisation

of a working SGS junction and so a review of the fundamental theory behind super-

conductivity is presented. Following this is a review of thework currently published

on this class of devices, with particular focus on the factors which limit device perfor-

mance.

Chapter3 outlines the experimental methods used to produce and characterise the

graphene devices. The lithographic and metal deposition techniques are discussed as

well as the oxygen plasma method used to etch the graphene into a desired shape.

The production of a finalised device for electric field effectmeasurements requires

wire bonding of a finished device in a chip carrier, as well as making good contact

to the silicon substrate for use as a global back gate, and so this is outlined. The

device characterisation methods used include the electrical measurement set-up, the

cryogenic environment employed for low temperature measurements as well as Raman

spectroscopy and these techniques will also be discussed.

To optimise the transport properties of graphene devices itis necessary to minimise

the concentration of impurities on the graphene itself. Chapter 4 shows experimental

results from an investigation into annealing graphene devices, which is one method

used to remove impurities. Two annealing methods are investigated, one consisting of

an on-chip heater patterned alongside the graphene device and another involving the

direct heating of the graphene by applying a large current tothe device. Field effect

measurements before and after the respective annealing procedures are shown and in-

terpreted in terms of the possible changes the devices have undergone. Measurements
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1.1 Thesis Layout

combining time resolved Raman spectroscopy and current annealing are also presented

aiming to understand what changes occur during annealing.

Transport measurements are performed to characterise our graphene devices, with

the results of these measurements presented in Chapter5. Electric field effect measure-

ments are performed in order to assess to what extent the graphene is doped by charged

impurities and to determine the carrier mobility of our graphene. Following this, QHE

measurements are presented taken both on unetched grapheneflakes and those shaped

into a Hall bar geometry via an etching technique. Through these measurements the

graphene is proven to be a single layer and of high quality. Anextensive investigation

into the magnetic field dependence of the QHE allows estimates of the elastic scat-

tering time and broadening of the quantised Landau levels. The Shubnikov de-Haas

oscillations are also identified and the Berry’s phase in a graphene sample measured

directly.

Having validated the high quality of our graphene samples, Chapter6 consists of

an investigation into the contacting of graphene with metallic electrodes in order to

identify factors which could limit device performance. Thecommonly used transfer

length method (TLM) is implemented to measure directly the contact resistance as a

function of applied gate voltage. A model based on doping of the graphene by the

metal electrodes is then presented to explain the asymmetryobserved in the TLM

measurements and the resultant gate voltage dependence of contact resistance. Raman

spectroscopy is then used to explore the possibility of damage to the graphene from

sputtering of the contact material, followed by a comparison of our contact resistance

measurements with those available in the literature.

The final experimental chapter, Chapter7, shows measurements of the opto-electronic

response of our samples using a scanning photocurrent microscopy (SPCM) technique.

Maps of photocurrent versus excitation laser position are taken as a function of applied

gate voltage. These measurements are used to assess contactinduced doping of the

graphene, as well as the carrier density inhomogeneity in the graphene, when the Fermi

energy is close to the Dirac point. Finally, the findings of this work are concluded in

Chapter8.
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CHAPTER 2

Theory and Background
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2.1 Structure and Electronic Properties of Graphene

In this chapter the necessary background theory is presented to aid the understanding

of the experimental work presented in later chapters. The structure and electronic

properties of graphene are outlined followed by a discussion of the electric field effect

(EFE) in graphene. The QHE is then discussed, first in terms ofthe standard 2DEG

model and then the specific case of the anomalous QHE in monolayer graphene.

Optical measurements have been performed during the courseof this research as

a complimentary tool, alongside transport measurements, to characterise the graphene

samples. The basic theory behind Raman spectroscopy is presented in conjunction

with discussing the specific Raman modes that are active in graphene samples.

Given the initial aim of the project was to produce a superconducting graphene

device, it seems prudent to outline the basic theory behind superconductivity. The

main results of the microscopic theory developed by Bardeen,Cooper, and Schrieffer

(BCS theory) are presented, as well as a description of the processes that occur in

devices where two superconducting electrodes are separated by a weak link, otherwise

known as Josephson junctions.

Finally, an overview of the current state-of-the-art SGS devices produced is given.

Particular attention is given to temperature and gate voltage dependence of the magni-

tude of the critical current, as well the impact of the superconductor-graphene interface

transparency, in order to understand the limiting factors when trying to produce super-

conducting graphene devices.

2.1 Structure and Electronic Properties of Graphene

In this section an overview of the general properties of graphene are discussed. A

comprehensive overview is difficult to give because of the number of publications on

the topic in recent years, however, a good discussion of the electronic properties of

graphene can be found in the complimentary review articles of Castro Netoet al. [3]

and Das Sarmaet al. [4]. The recent text by Katsnelson[53] also provides a solid basis

for understanding the properties of graphene.
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2.1 Structure and Electronic Properties of Graphene

Figure 2.1: Schematic diagram showing the sp3, sp2 and sp bonding hybridisations. Shaded

(unshaded) denote weak (strong) bonds[54].

2.1.1 Bonding in Carbon

A single carbon atom has six electrons with a ground state atomic configuration of

1s22s22p2. When forming molecular bonds with other species the s and p states in

the valence shell hybridise, in order to lower the overall energy of the system forming

what is known as sp3, sp2 or sp states as shown in Figure2.1. In the sp3 configuration

both electrons in the 2s orbital hybridise with the 2p2 orbitals, forming tetrahedrally

directed orbitals, which form strongσ bonds with four neighbouring atoms, giving

rise to the structure of diamond. In the sp2 configuration, the 2s orbital hybridises with

the 2px and 2py orbitals, forming three strong covalent bonds with three neighbour-

ing atoms in the plane, at an angle of 120◦ to one another. The remaining pz orbital

lies perpendicular to the plane and forms a weakπ bond with neighbouring atoms.

While theσ bonds are highly localised, electrons in these orbitals do not take part in

conduction, theπ bonds are de-localised and are responsible for electronic conduction

through graphitic structures.

There are a range of structures that can be formed through sp2 bonding in carbon,

see Figure2.2. Monolayer graphene, also referred to as single-layer graphene (SLG),

consists of a single 2D sheet of sp2 bonded carbon in a hexagonal structure while

bilayer graphene (BLG) and few layer graphene (FLG) consist of two or more graphene

sheets, stacked on top of one another respectively. Throughout this thesis, the term

graphene shall be used to denote monolayer graphene unless otherwise stated. By

cutting and folding the graphene, several other structurescan be formed namely the

0D buckminsterfullerene (buckyball) and 1D nanotube. By stacking many graphene

sheets on top of one another the common 3D graphite structureis produced.

9
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2.1 Structure and Electronic Properties of Graphene

Figure 2.2: The allotropes of sp2 bonded carbon with a single graphene sheet (top) and (from

left to right) a buckyball, nanotube and graphite stack.[9]

2.1.2 Band Structure of Graphene

By considering the atomic structure of a graphene sheet, the band structure can be

calculated, from which the electronic properties can be derived. The honeycomb lattice

of a graphene sheet is shown in Figure2.3(a). The Bravais lattice is triangular with two

atoms per unit cell, each situated on one of two sub-lattices, often referred to as the

A and B sublattices. The triangular reciprocal lattice is shown in Figure2.3(b). The

particularly interesting points of high symmetry, the K andK’ points have wavevectors:

~K = (
2π

3a
,− 2π

3
√

3a
), ~K ′ = (

2π

3a
,

2π

3
√

3a
), (2.1)

The significance of the K and K’ points is clear upon calculation of the band structure

of graphene. This was first performed by Wallace[5] following a tight-binding model

with a nearest neighbour approximation, whereby only hopping of electrons between

nearest-neighbour atoms from sub-lattice A to B (or B to A) isconsidered. While

consideration of the second- and third-nearest neighboursgives a more accurate de-

scription of the dispersion relation, for small wavevectors around the K and K’ points

the nearest-neighbour approximation is sufficient[55]. The tight-binding Hamiltonian

for graphene assuming electrons can hop from one atom to its nearest neighbour is

given:

H = −t
∑

〈i,j〉,σ

(

a+

σ,ibσ,j + H.c.
)

, (2.2)
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Figure 2.3: a) The honeycomb lattice of graphene with sublattices A and B shown in blue and

yellow respectively. The lattice vectors are~a1 = a
2
(3,

√
3) and ~a2 = a

2
(3,−

√
3) wherea ∼

1.42Å is the nearest-neighbour distance. The nearest-neighbour vectors are ~δ1 = a
2
(1,

√
3),

~δ2 = a
2
(1,−

√
3) and ~δ1 = a

2
(−1, 0). b) Brillouin zone and reciprocal lattice vectors of

graphene. The reciprocal lattice vectors are~b1 = 2π
3a (1,

√
3) and~b2 = 2π

3a (1,−
√

3).[3]

whereaσ,i (a+

σ,i) annihilates (creates) an electron with spinσ(σ =↑, ↓) on sitei on sub-

lattice A, with an equivalent definition for sublattice B. Thenearest-neighbour hopping

energy is given byt ≈ 2.97 eV[55] and H.c. is the Hermitian conjugate which cor-

responds to an electron hopping in the opposite direction. The energy bands derived

from this Hamiltonian have the following form:

E(~k) = ±t
√

3 + f(~k), (2.3)

where,

f(~k) = 2 cos (
√

3kya) + 4 cos (

√
3

2
kya) cos (

3

2
kxa). (2.4)

The energy dispersion as given by Equation2.3 is plotted in Figure2.4. The origin of

the upper band is the anti-bonding orbitals,π∗, and the lower band the bonding orbital,

π. The two bands meet at the K-points at the edge of the first Brillouin zone and so

graphene is a zero-gap semiconductor. Close to these points the dispersion relation is

given by:

E = ±vf~|~k|, (2.5)

wherevf is the Fermi velocity in graphene (which is approximately106 ms−1), ~ is

Planks constant over 2π and~k is the wave vector with respect to K or K’. This linear

dispersion relation is in stark contrast to the usual quadratic dispersion relation in solids

(E = ~
2k2/2m) which has a dependence on the mass,m. In fact the linear relation is

11
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2.1 Structure and Electronic Properties of Graphene

K

K'

π*

π

holes

electrons

kx

ky

E

Figure 2.4: Electronic dispersion and Brillouin zone of graphene.

equivalent to that of photons in a vacuum only with the speed of light c replaced with

vf . As such, the carriers in graphene are said to be relativistic and massless.

A further point of interest is that the dynamics of the chargecarriers in graphene

are not described by the Schrödinger equation but by the 2D Dirac equation. From this,

the two component wavefunctions in momentum space are foundfor the momentum

around the K and K’ points, and are given by:

ψ±,K(~k) =
1√
2

(

e−iθ~k
/2

±eiθ~k
/2

)

, ψ±,K′(~k) =
1√
2

(

eiθ~k
/2

±e−iθ~k
/2

)

, (2.6)

where± corresponds to theπ∗ andπ bands respectively and the angleθ~k is given by:

θ~k = arctan

(

kx

ky

)

. (2.7)

The two components of the wavefunction correspond to the contributions from the A

and B sublattices. It should be noted that under a rotation of2π the wavefunction

changes sign, indicating a phase change ofπ. This change in phase with geometry

is otherwise known as a Berry’s phase. A further point of note is that electrons and

holes in graphene have pseudospin. The pseudospin denotes which of the sublattices

the particle belongs and its direction is dependent on valley (K orK ′) and energy, see

Figure2.5. Pseudospin must be conserved which acts to prohibit back-scattering and

leads to exotic phenomenon such as Klein tunnelling[56].
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Figure 2.5: The relative contributions to the band structure from the A and B lattices are

shown in blue and red respectively. The pseudospin (red arrows) indicates which sublattice the

electron (filled circle) or hole (unfilled circle) is on. Electrons with the same momentum in the

K andK ′ have opposite pseudospin as do electrons and holes in the same valley.

2.1.3 Electric Field Effect

The original motivation that led to the discovery of graphene, was the attempt to mea-

sure the EFE in a metal[57]. Ordinarily the conduction in a bulk sample is relatively

impervious to the effects of an electric field because of charge screening. There is

minimal screening of the charge carriers in graphene and so it is highly susceptible to

nearby charge and so a dramatic field effect is observed. A common sample geometry

employed in measuring the EFE in a graphene sample is shown inFigure2.6. In this

geometry a graphene flake contacted with metal contacts is situated on top of the oxide

barrier of a highly doped Si substrate (which is conductive). By applying a voltage

between the substrate (acting as a gate) and one of the electrodes, the device acts as a

parallel plate capacitor and charge builds up at either sideof the dielectric. The result

is an increase (or decrease) in the carrier densityns in the graphene, depending on the

gate voltage applied. The resulting carrier density from this effect is given by:

ns =
ǫ0ǫ

te
|VG − VDirac|, (2.8)

whereǫ0 is the permittivity of free space (∼8.854× 10−12 Fm−1), ǫ = 3.9 the relative

permittivity of silicon dioxide [58], t is the thickness of the oxide layer,e the elemen-
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Images/theory/pseudospin.eps


2.1 Structure and Electronic Properties of Graphene

Source
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Heavily doped Si

(Gate)

Silicon Dioxide

(Dielectric)

Graphene

Figure 2.6: A simple graphene device. A graphene sheet is contacted by two electrodes, one

acting as a source, the other a drain. An insulating Silicon dioxide layer separates the device

from the conductive heavily doped Silicon substrate which is used as a global back gate.

tary charge andVG the voltage applied to the gate. The gate voltage at whichEF is

at the Dirac point, otherwise known as the charge neutralitypoint (CNP), is given by

VDirac. In an extrinsic sample, external dopants act as either electron donors or accep-

tors, which shiftsEF away from the CNP and so an additional gate voltageVG = VDirac

is required to overcome this shift.

An example of the EFE response of a typical graphene sample isshown in Figure

2.7. In an undoped sampleVDirac = 0 and atVG = 0 the Fermi level coincides with

the point at which the conduction and valence band meet at theDirac point (neutrality

point). This coincides with a maximum in the resistivity of the sample because of there

being a minimum of free states available at this point. AsVG > 0 V, EF increases

which coincides with a greater number of available states, areduction in resistivity and

charge carriers are electron-like. AsVG < 0 V EF decreases which again increases

the number of available states and a reduction in resistivity is observed, however the

charge carriers are now hole like rather than electron-like.

The carrier mobility can be determined from EFE measurements by combining

Equation2.8with the following relation:

σ = nseµ. (2.9)

Whereσ is the conductivity of the sample andµ is the mobility of the carriers (in units

of m2V−1s−1). The mobility is thus given by:

µ =
t

ǫ0ǫ

σ

VG

, (2.10)
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Figure 2.7: Electric field effect measurements taken on a monolayer graphene sample. The

three Dirac cones indicate the shift inEF that occurs as the gate voltage is varied.[9]

and can be found by taking the gradient of the conductivity with respect to the ap-

plied back gate voltage. Typical values ofµ for graphene samples on SiO2 are in

the range of 1,000− 20,000 cm2V−1s−1[9] close to the CNP which is more than an

order of magnitude lower than theory predicts[59]. The limiting factor has been iden-

tified as scattering from charged impurities and structuraldeformations (ripples) in the

graphene sheet. Values ofµ exceeding 200,000 cm2V−1s−1 have been reported for

suspended graphene samples[10; 23], where impurities such as trapped charges in the

substrate are avoided. Flakes supported on exfoliated h-BN crystals have also shown

mobilities in the range of 140,000 cm2V−1s−1[22], which is attributable to the good

lattice match between graphene and BN, which reduces structural deformations.

2.2 Quantum Hall Effect in a 2DEG

Much of the initial excitement generated by the discovery ofgraphene was fuelled by

its demonstration of an unconventional QHE. While observation of the QHE confirmed

that the material was truly two dimensional, the additionalobservation of half-integer

filling factors confirmed that the charge carriers in monolayer graphene were behav-

ing as massless Dirac fermions. In this section the QHE is introduced, following the
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2.2 Quantum Hall Effect in a 2DEG

treatment of Singleton[60] before discussing the unusual QHE that is demonstrated by

graphene.

2.2.1 Landau Levels and Shubnikov de-Haas Oscillations

In a two dimensional material the electrons are confined to thexy plane. If a magnetic

field is applied in thez plane then the electrons will experience a Lorentz force:

~F = −e( ~E + ~v × ~B), (2.11)

wheree is the electron charge,~E is the electric field,~v the velocity of the electron and
~B the magnetic field. As a result, the electrons are driven in a circular orbit in the plane

with an angular frequency known as the Larmor frequency given by:

ωc = eB/m∗, (2.12)

wherem∗ is the effective mass of the electron. This leads to the generation of a series

of discrete quantised energy levels known as Landau levels,LLs, which can be found

in a 2DEG by solving the Schrödinger equation for an electron in a magnetic field

giving:

En = ~ωc(n+ 1/2), (2.13)

wheren is an integer. A diagram showing the energy of the discrete LLs in a 2DEG as

a function of the density of states is shown in Figure2.8(a). These discrete levels are

broadened byδE from defect scattering as given by the uncertainty principle δE ≈
~/τ , whereτ is the scattering time. The broadened levels are shown in Figures2.8(b)

and2.8(c)for two different values ofEF . When the Landau level is half filled, as in in

Figure2.8(b), there are lots of empty states available aboveEF for electrons and so the

sample will have high conductivity. Conversely, when the highest occupied Landau

level is completely filled, as in in Figure2.8(c), there are no available states aboveEF

and so the sample has low conductivity.

Broadening ensures that the individual LLs can only be resolved once a charge

carrier can complete a single cyclotron orbit before scattering, which occurs when

ωcτ ≫ 1, and can be achieved by increasing the magnetic field strength and/or re-

ducing the temperature. Decreasing the temperature also sharpens the Fermi-Dirac

distribution close toEF and so makes it easier to resolve the discrete energy levels.
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Figure 2.8: Landau levels in a 2DEG at high field. In a sample without scattering the levels

are delta functions as in (a). With scattering the levels are broadened. Thebroadened case is

shown in b) and c) whereEF is inside and outside a Landau level respectively.[60]

The maximum number of carriers per unit area per Landau level, ns, can be calculated

by dividing the 2D DOS by the area of a given Landau level. Doing so gives:

ns =
2eB

h
. (2.14)

Therefore, oscillations in the conductivity that are periodic in 1/B, will be observed as

the field is swept with a period given by:

∆(1/B) =
2e

hns

. (2.15)

These oscillations are otherwise known as the Shubnikov de-Haas oscillations (SdHO).

2.2.2 Resistivity and Conductivity Tensors for a 2D system.

Considering a 2D sample in thexy plane measured in the Hall geometry the current

densities in thex andy plane,Jx andJy, are given by:

Jx = σxxEx + σxyEy, Jy = −σxyEx + σxxEy, (2.16)

whereJ is the current density,E the electric field andσ the conductivity tensor. If the

sample is homogeneous and isotropic thenσxx = σyy andσxy = −σyx. Assuming all

current flow is in thex direction thenJy = 0 and therefore:

Ey

Ex

=
σxy

σxx

, (2.17)
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2.2 Quantum Hall Effect in a 2DEG

and the resistivity tensors are given by:

ρxx ≡ Ex

Jx

=
σxx

σ2
xx + σ2

xy

, ρxy ≡ Ey

Jx

=
σxy

σ2
xx + σ2

xy

. (2.18)

The motion of electrons taking into account the relaxation-time approximation is given

by:
∂~v

∂t
= − e

m∗
~E − e

m
~v × ~B − ~v

τ
. (2.19)

In the steady state∂~v
∂t

= 0 and so the electron velocity components are given by:

vx =
−eτ
m∗

Ex − ωcτvy, vy =
−eτ
m∗

Ey − ωcτvx. (2.20)

As there is no current in they direction thenvy = 0 and so:

Ey

Ex

= −ωcτ. (2.21)

Using Jx = −ensvx, wherens is the carrier density in carriers per unit area, and

Equations2.20and2.21it can be shown that the Hall coefficient can be given by:

RH ≡ Ey

JxB
= − 1

nse
. (2.22)

For a two dimensional systemJx = I/w andEy = Vy/w whereI is the current,V is

the voltage andw is the width of the device. Therefore Equation2.22can be re-written

as:

RH =
Vy

IB
. (2.23)

Finally the resistivity tensors can be simplified by combining the high-field relationship

ωcτ ≫ 1 with Equations2.17and2.18to give:

ρxx ≈ σxx

σ2
xy

, ρxy ≈ 1

σxy

= RHB. (2.24)

The counter-intuitive result thatρxx is proportional toσxx is caused by the establish-

ment of the Hall field. When the Fermi energy,EF , is in an insulating state between

two LLs σxx goes to zero. Because there are no states to scatter into the electrons will

travel in cyclotron orbits with a drift in they direction and hence no current flows in

the direction of the applied electric field. Once the Hall field is established, from the

18



2.3 Quantum Hall Effect in Graphene

build up of charge at the edges of the sample, it balances the Lorentz force meaning

that current can flow with a low probability of scattering andhenceρxx is small.

The longitudinal conductivity,σxx is at a minimum whenever the total carrier den-

sity coincides with some integer multiple of the number of states in a single Landau

level ie:

ns = j
2eB

h
, (2.25)

wherej is an integer. Given Equations2.22and2.24 it is trivial to show thatσxy is

quantised:

σxy =
1

RHB
=
nse

B
= j

2e2

h
, (2.26)

which manifests as the characteristic Hall plateaus.

2.3 Quantum Hall Effect in Graphene

In contrast to the standard QHE demonstrated in 2DEGs, graphene shows an anoma-

lous QHE as a consequence of its unusual charge carrier dynamics. As in the 2DEG

case, the energies of the LLs in monolayer graphene can be found by finding the eigen-

values ofHΨ = EΨ for a particle in a magnetic field. Rather than using the standard

Schr̈odinger form, the Dirac Hamiltonian is now used with the two component wave-

function from Equation2.7. This gives the following solution for the energies of the

LLs in monolayer graphene:

En = ±vF

√
2e~Bn, (2.27)

wheren is a positive integer. A similar method can be used to find the Landau level

energies in bilayer graphene.

En = ±~ωc

√

n(n− 1), (2.28)

whereωc = |e|B/m. A schematic showing the DOS of states as a function of energy

for the LLs in mono- and bi-layer graphene as well as the conventional 2DEG is shown

in Figure2.9.

In both monolayer and bilayer graphene there is a zero-energy Landau level that is

populated by both electrons and holes. In monolayer graphene the zero-energy Landau
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Figure 2.9: Density of states as a function of energy for monolayer graphene, bilayer graphene

and standard 2D electron gas showing the various Landau level separations.[9]

level only has half as many states as the other LLs. The resultis the observation of an

anomalous half-integer QHE, with the Hall conductivity plateaus occurring at:

σxy = gsgv(n+
1

2
)
e2

h
. (2.29)

Wheregs = 2 andgv = 2 are the spin and valley degeneracy in graphene,n is an

integer,e is the elementary charge andh is the Planck constant. In bilayer graphene

there are twice as many states in the zero-energy Landau level and so the integer Hall

effect returns however there is still no Hall plateau atEF = 0.

The first measurements confirming the unusual QHE in graphenewere published

simultaneously by Zhanget al. [7] and Novoselovet al. [61]. One of the results of

Novoselovet al. is shown in Figure2.10. The main figure showsρxx (green) andσxy

(red) as a function of carrier concentration for a monolayerof graphene etched into

a Hall bar. The inset figure showsσxy for a similar device consisting of a bilayer of

graphene. In both cases the zero-energy Landau level is clearly evident owing to the

lack of a plateau when the carrier density is at a minimum.

The discovery of graphene also opened up the opportunity to observe the QHE at

room temperature. This was achieved by Novoselovet al. [62] at a temperature of 300

K with a perpendicular applied field of 29 T. This is possible for a number of factors.
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Figure 2.10: Hall conductivityσxy and longitudinal resistivityρxx for a monolayer of graphene

as a function of carrier concentration at B = 14 T and T = 4 K. (Inset) Samemeasurement in a

bilayer sample.[61]

Firstly the high mobility of the Dirac fermions in graphene ensures a long scattering

time τ and hence theωcτ ≫ 1 condition is met at fields of several T. Secondly, the

energy spacing of the first few LLs in monolayer graphene is solarge that it can exceed

kBT even at room temperature.

2.4 Raman Spectroscopy

While it is possible to identify the flakes visually, using theoptical microscope, estab-

lishing that monolayers have been produced requires an additional technique. Raman

spectroscopy has been proven to be a rapid non-destructive technique capable of deter-

mining not only the number of layers in a graphene flake, but also gives information

about the amount of disorder present [63], strain [64] or doping [65]. Here we outline

the theory behind the technique and the characteristic spectra obtained from graphene.

2.4.1 Theory of Raman Spectroscopy

When photons are incident upon a molecule there can be a numberof outcomes,

namely the photon may be transmitted, absorbed or scattered[66]. The most common

scattering event occurs when the electric field of the photondistorts only the electron
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Figure 2.11: Energy level diagram showing possible scattering events that can occurbecause

of an incident photon. Adapted from Ref. [66].

cloud of a molecule and scatters in an elastic process. In this process the photon does

not change energy and is known as Rayleigh scattering. Another event is possible

whereby the photon polarises the electron cloud and nuclearmotion is induced. This

is an inelastic process known as Raman scattering which was discovered in 1928 by

Ramanet al. [67]. It is a relatively weak phenomenon involving only one in106 − 108

photons[68], however it is experimentally viable even for small samples through the

use of modern lasers with high power densities.

There are two possible outcomes of the Raman process, one in which the molecule

absorbs energy from the photon and another in which the molecule transfers energy

to the photon, known as the Stokes and anti-Stokes processesrespectively. At room

temperature Stokes scattering is the dominant event because there are more molecules

in the energetically favourable ground state. Through these processes the energies of

the scattered photons are increased or decreased with respect to the energies of the

incident photons by a quantised amount, corresponding to vibrational and rotational

energy states in the molecule[66], see Figure2.11. Intense Raman scattering occurs

from vibrations, which cause a change in the polarisabilityof the electron cloud of the

molecule, with symmetric vibrations causing the largest changes, giving the greatest

amount of scattering.

In a typical Raman experiment, a sample is illuminated with laser light of a known

wavelength,λ (typically λ = 633 nm), and the scattered light (shifted in wavelength
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because of the aforementioned Raman scattering events) is measured using a spec-

trometer. The measured Raman shifts indicate the change in photon frequency and are

denoted by∆ν with units of cm−1 (i.e. wavenumber). The Raman shift is calculated

using the following formula[66]:

∆ν(cm−1) =
108

λE

− 108

λR

. (2.30)

WhereλE andλR are the wavelength of the exciting line and Raman line in angstroms

respectively. Equation2.30calculates the Raman shift for the Stokes lines, to obtain

the anti-Stokes lines it is required to interchangeλE andλR with one another.

2.4.2 Lineshape of the Raman Peaks

Peaks in the Raman spectra can be described using a forced damped harmonic oscil-

lator model where an oscillator with a natural frequency,ωq, is driven by an external

force with a frequencyω. As such the characteristic line-shape is given by a Lorentzian

of the form shown below[69]:

I(ω) =
I0
πΓq

1

(ω − ωq)2 + Γ2
q

+ Ib, (2.31)

whereI(ω) gives the intensity of the Raman signal at a given frequency and Γq is the

damping term. The full width at half maximum of the Lorentzian is equal to 2Γq and

I0 is the maximum intensity of the peak with respect to the background signalIb. The

relationship between phonon energy and phonon lifetime is given by the uncertainty

principle ∆E∆t ∼ ~. The uncertainty inE is given byΓq and soΓq is the inverse

of the phonon lifetime, with broader peaks indicating shorter phonon lifetimes which

could be because of scattering events with other phonons or electrons.

2.4.3 Raman Spectroscopy of Graphene Samples

Figure2.12shows experimental Raman data taken on flakes, demonstratingthat the

number of graphene layers present can be established by comparing the relative inten-

sities of the G peak and the 2D peak (also known as the G’ peak).The G peak is located

at∼1580 cm−1 and in the molecular picture is caused by the doubly degenerate zone

centreE2G mode i.e. the bond stretching of all pairs ofsp2 bonded atoms, see Figure
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Figure 2.12: Raman measurements taken on flakes of different thickness using a laser wave-

length = 633 nm. Spectra have been normalised and offset for clarity.

(a) E2G (b) A1G

Figure 2.13: Vibrational modes of graphene showing a) G mode and b) D breathing mode.

Black circles indicate carbon atoms with arrows indicating the direction of vibration.

2.13(a). The 2D peak is located at∼ 2700 cm−1 and can be attributed to the second

harmonic of theA1G breathing mode (the first harmonic occurring at∼1360 cm−1),

see Figure2.13(b). While these molecular descriptions of the vibrational modes pro-

vide the simplest explanation for the observed peaks in graphene, they cannot explain

for example, the appearance of the D-peak overtone (2D peak), despite the absence

of the first harmonic D peak which is seen in high quality samples. A more fruitful

approach identified primarily by Ferrariet al. [63; 70], is to consider the solid-state

model of the excitation of an electron by the laser and the subsequent decay processes

as shown in Figure2.14.
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(a) G (b) G’/2D

(c) D (d) D’

Figure 2.14: Various Raman processes in graphene. Only the G mode shown in a) is a first

order process. Second order Raman processes are responsible for the G’/2D, D and D’ modes.

[71]
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2.5 Superconductivity

It is clear from Figure2.14(a)that only the G band is attributable to a standard first

order Raman process, with the other bands caused by second order Raman processes.

In the case of the D peak, Figure2.14(c), an electron-hole pair is generated by laser

excitation followed by elastic scattering of the electron off a crystal defect. This is

followed by an inelastic scattering event, where an in-plane transverse optical (iTO)

phonon is absorbed or emitted, which allows the electron-hole recombination to occur,

generating a photon with energy lower than the initial excitation energy. A similar case

is observed in the 2D case, Figure2.14(b), whereby following excitation the electron

undergoes two inelastic scattering events by iTO phonons, which accounts for why the

2D band is observed at a frequency twice that of the D band. Theabsence of elastic

defect scattering in the 2D band process explains why in defect free samples the 2D

peak can be present without a D peak.

Another frequently observed feature in defected samples isthe D’ peak at about

1620 cm−1 from the process shown in Figure2.14(d). Again an excited electron scat-

ters off a defect, only this time remaining close to its original K point. The electron

then inelastically scatters by the absorption or emission of an in-plane longitudinal

optical (iLO) phonon before electron-hole recombination occurs.

2.5 Superconductivity

In this section, the basic properties of superconductivityare summarised along with the

underlying microscopic theory of superconductivity. The related phenomenon of An-

dreev reflection and the Josephson effect are also discussedin some detail. Given the

rich history of superconductivity research over the past century, a complete discussion

of the phenomenon is beyond the scope of this thesis. For a more in depth discussion

of the superconducting state the reader is directed towardsTinkham [72], as well as

several other instructive texts written by Annet [73], Buckel[74] and Duzer[75].

2.5.1 Basic Properties

Superconductivity was discovered by Kamerlingh-Onnes over a century ago[74] while

making low temperature measurements on mercury. Below temperatures of 4.2 K the

unexpected observation was made that the resistance dramatically decreased to zero.
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So large was the effect, that it implied that the mercury had entered into a new state,

which has become known as the superconducting state. This phenomenon has been

demonstrated in a large number of materials, from elementalmetals to more com-

plicated crystalline structures, such as ceramic cupratesand biological molecules. In

addition, each material shows vanishing resistance at a material dependent temperature

known as the critical temperature,Tc.

As the resistivity is zero belowTc the dissipative mechanisms that would normally

degrade an electrical current are non-existent, hence a persistent current can be gen-

erated. This persistent current can be destroyed through a number of means, namely;

applying a sufficiently large magnetic field (the critical field Hc), by generating a suf-

ficiently large current (the critical currentIc) or applying a high frequency AC electric

field[76].

2.5.2 Microscopic Theory

2.5.2.1 Attraction Between Electron Pairs

A compelling microscopic theory for superconductivity wasformulated in 1957 by

Bardeen, Cooper and Schrieffer, known as BCS theory[77]. According to the BCS

theory, the superconducting state is a result of the pairingof electrons into a bound

state, a Cooper pair. For this to occur a net attraction between electrons is required.

Ordinarily this does not occur because of the mutual Coulomb repulsion, however, an

attractive force between electrons can be realised if thereis a coupling between the

electrons and the lattice phonons. Figure2.15 shows a Feynmann diagram for the

exchange of a virtual phonon between electrons occupying states~k1 and ~k2.

While it is required that the total momentum,~K, is conserved in this process the

energy need not be conserved. As the scattering occurs in a very short time,t, the

uncertainty∆t is also very small. As a result of the Heisenberg uncertaintyprinci-

ple ∆t∆E ≥ ~ and since∆t is small then the uncertainty in energy∆E must be

large. Therefore, the total energy after the scattering event can be less than before the

scattering occurred, within∆ǫ.

The effective reduction in energy from the formation of the bound pair is greatest

when the scattering probability is at its greatest which occurs when~K = ~k1 + ~k2 = 0

i.e. when~k1 = −~k2. As a result the electrons which form a Cooper pair always have
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k1 – q k2 + q

k1 

k2 q

Figure 2.15: Exchange of a virtual phonon between two electrons.

equal but opposite momentum. By a similar argument the electrons also have opposite

spins to one another. The attractive force between the electrons can be modelled using

the interaction potentialV~k~k′. In BCS theory a simple form is used which assumes

that, for~ω < ~ωD, V~k~k′ is a negative constant−V and zero otherwise. In this case,

ω is the frequency difference between the initial and final states andωD is the Debye

frequency, the theoretical maximum phonon frequency for the lattice.

2.5.2.2 BCS Wavefunction

The superconducting state is described by a macroscopic wavefunction, or condensate,

of Cooper pairs. This macroscopic wavefunction can be written as a superposition of

coherent wavefunctions which can be written as:

|ΨBCS〉 = C
∏

k

(

1 + αkp̂
+

k

)

|0〉 , (2.32)

whereC is a normalisation constant,αk is a complex number,|0〉 is the ground-state

wavefunction and̂p+

k creates a pair of electrons with equal but opposite spin and mo-

mentum. Normalising Equation2.32 allows the BCS wavefunction to be re-written

as:

|ΨBCS〉 =
∏

k

(

u∗k + v∗kp̂
+

k

)

|0〉 , (2.33)

where|u∗k|2 and|v∗k|2 give the probabilities that a state±k is unoccupied or occupied

respectively by a Cooper pair.
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2.5.2.3 BCS Hamiltonian

The BCS Hamiltonian can be written as follows:

H = −V
∑

|ǫk−ǫF |≤~ωD

p̂+

k p̂k + 2
∑

k>kF

|ǫk|p̂+

k p̂k + 2
∑

k<kF

|ǫk|p̂kp̂
+

k , (2.34)

whereǫk is the kinetic energy of an electron (or hole) measured relative to theEF .

The first term is the contribution from pairing and the secondand third term is the

kinetic energy of the electrons and holes respectively. Theenergy of the supercon-

ducting ground state relative to the normal ground state canbe found by calculating

the expectation value ofH. Minimising this energy enables the probabilities of a state

being occupied or unoccupied to be found, which are given as follows:

|vk|2 =
1

2

[

1 − ǫk
(∆2 + ǫ2k)

1/2

]

, (2.35)

|uk|2 =
1

2

[

1 +
ǫk

(∆2 + ǫ2k)
1/2

]

, (2.36)

where∆ is known as the gap parameter and is defined as:

∆ = V
∑

k

ukv
∗
k = V

∑

k

∆

2(∆2 + ǫ2k)
1/2
. (2.37)

This can be solved by integrating over the range of availableenergies:

2

NV
=

∫

~ωD

−~ωD

dǫ

(∆2 + ǫ2)2
, (2.38)

whereN is the density of states. Finally this gives the gap parameter as:

|∆| = ~ωD exp

(

− 1

NV

)

, (2.39)

which is the binding energy of one electron. To evaluate the temperature dependence

of the gap parameter it is necessary to incorporate the standard Fermi function,f ,

which accounts for the removal of electrons from the pair by thermal fluctuations.

Subsequently, theT dependence of∆ is:

∆(T ) = V
∑

k

ukv
∗
k (1 − 2f) . (2.40)
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Substituting Equation2.37into Equation2.40gives:

∆(T ) = V∆(T )
∑

k

1

2Ek

(1 − 2f) , (2.41)

whereEk is the energy of a single quasiparticle in the superconducting state with

wavevector~k which is given by:

E2

k = ǫ2k + |∆|2. (2.42)

Equation2.41can be rearranged and solved by integrating over the available energy

range:
1

NV
=

∫

~ωD

0

1

Ek

tanh

(

Ek

kBT

)

dǫ. (2.43)

Assuming∆ = 0 whenT = Tc, whereTc is the critical temperature gives the following

result:

kBT = 1.13~ω exp

(

− 1

NV

)

. (2.44)

By substituting Equation2.39into this equation the following result for the pair bind-

ing energy atT = 0 K, ∆(0), in terms of the critical temperature is achieved:

2∆(0) = 3.52kBTc. (2.45)

Consequently, materials with higher critical temperaturesinvariably have larger pair

binding energies. This is intuitive as more thermal energy is required to break pairs

which are more strongly bound together.

2.5.2.4 BCS Density of States

The density of BCS density of states can be derived assuming that during the transition

from the normal state to the superconducting state only the energy of the electrons

changes, not their values of~k. Hence, the following relation holds:

NS(E) = NN
dǫ

dE
, (2.46)

whereNN andNS are the density of states for the normal and superconductingstate

respectively. Combining this with Equation2.42 results in the following expression

for the BCS density of states.

NS(E) = NN(ǫ)
Ek

(E2
k − ∆2)

1/2
. (2.47)
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Figure 2.16: Normalised density of states of the quasiparticles in a superconductor according

to BCS theory. At T = 0 K all states belowEF are occupied (hatched region). Modified from

Ref. [74].

A plot of the density of states of a superconductor is shown inFigure2.16. This clearly

shows that there is an energy gap of2∆ in which there are no single particle energy

states, only pair bound states.

2.5.3 Andreev Reflection

A particularly interesting phenomenon that can occur at theinterface between a super-

conductor and a normal conductor is Andreev reflection (AR). Consider an electron

travelling in a normal conductor with an energyE < ∆0, arriving at the interface of

a superconductor. As the electron is within the superconducting energy gap, there are

no available energy states for it to enter and so it will be unable to penetrate the mate-

rial. The electron can undergo strong inelastic scatteringand reach thermal equilibrium

with the ensemble of electrons within the superconductor, but this process is of little

interest. If instead we consider that the electron retains its energy, there are two possi-

ble outcomes. Firstly, the electron can undergo a specular reflection, a familiar process

that does not contribute to any current transfer across the interface. The second pos-

sibility is that the electron is absorbed into the superconductor forming a Cooper pair

with a second electron taken from the superconductor. This process can only occur if

the change in∆0(x) is small, compared to the wavelength of the incoming electron of

the same length scale.
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+e, -k, -σ

-e, k, σ

-e, k', σ

S N

Figure 2.17: Andreev reflection of an electron in a normal metal. Two possible scattering

processes are possible. The electron can undergo specular scattering at the superconductor-

normal interface where its charge (−e) and spin (σ) are maintained. Alternatively an Andreev

reflection event can occur where a hole of opposite charge (+e) and spin (−σ) is retro-reflected.

In this event a net charge of−2e passes into the superconductor condensate as a Cooper pair.

Adapted from Ref. [73].

In order for the Cooper pair to form, the second electron must be removed from

an energy belowEF resulting in the generation of a hole. The Cooper pair has zero

net momentum (each electron having a wavevectork and−k respectively) and so in

order for momentum to be conserved during the process, the hole must have equal

and opposite momentum to that of the original incident electron. The AR process is

as such, an incident electron with wavevectork forms a Cooper pair with an electron

in the superconductor and a hole is retro-reflected with wavevector−k in the normal

conductor. It is important to note that during the process a charge of 2e has moved

across the interface. This results in the measured current across such an interface

being twice as large as would be expected when the voltages are below∆0/e.

2.5.4 Josephson Effect

In 1962 Josephson predicted that in a superconductor-insulator-superconductor (SIS)

junction, in addition to observing standard electron tunnelling another tunnelling mech-

anism would manifest itself, consisting of a current carried by Cooper pairs provided

the barrier was not too thick[74]. Josephson predicted that a consequence of this was
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I

I c

V

Figure 2.18: IV characteristic of an SNS Josephson junction. ProvidedI < Ic there is no

voltage drop. For large currents theIV relation approaches that given by Ohm’s law,V =

IR.[73]

that a supercurrent should flow, regardless of whether an electric field is applied (the

DC Josephson effect)[76].

As the Andreev reflection amplitudes depend on the relative phase difference be-

tween the macroscopic wavefunctions describing the two superconductors, it is ob-

served that the supercurrent across the weak link, known as the Josephson current, also

shares this phase dependency. It can be shown to a first-orderapproximation that this

current is given by:

Is = Ic sin γ, (2.48)

γ = ϕ2 − ϕ1 −
2π

Φ0

∫

2

1

Adl, (2.49)

which is known as the first Josephson equation.γ is the gauge-invariant phase dif-

ference,Φ0 the magnetic flux quantum and
∫

2

1
Adl the path integral of the vector

potential taken from superconductor 1 to superconductor 2.The quantityIc is known

as the critical current and is the maximum Josephson currentthat can flow through the

junction. ForI < Ic there is no dissipation of the Josephson current, i.e. a supercurrent

flows. WhenI > Ic a finite voltage drops across the junction leading to the typicalIV

characteristic for a Josephson junction as shown in Figure2.18.
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Figure 2.19: Andreev bound state in a Josephson junction. A cooper pair is transferred from

the left superconductor to the right one, via the transmission of an electrone and reflection of

a holeh, creating a supercurrent flow across the junction.[78]

For I > Ic the finite voltage difference between the superconductors,V , results

in a time dependent oscillation of the phase difference between the two superconduc-

tors. Consequently, a high-frequency alternating current is observed, known as the AC

Josephson effect. The relationship betweenγ andV is given by the following equation:

∂γ

∂t
=

2eV

~
. (2.50)

2.5.5 SNS Junctions

A supercurrent can also be observed flowing through a superconductor-normal metal-

superconductor (SNS) junction. Rather than the direct tunnelling of Cooper pairs

through the barrier as in an SIS junction, this process is mediated via the formation of

Andreev bound states, consisting of repeated Andreev retro-reflection events as shown

in Figure2.19. In SNS junctions additional features can be observed in theIV char-

acteristics, known as sub-harmonic energy gap structure. This is observed as peaks in

the conductivity measurements at:

Vn =
2∆0

ne
, (2.51)

wheren = 1, 2, 3... and is because of the occurrence of multiple Andreev reflections

(MAR), see Figure2.20. When a voltage is applied to the junction, an electron is

accelerated and gains an energyeV , subsequently when a hole is generated via an AR

process, it too is accelerated across the junction (as it hasa positive charge), gaining an

energyeV . Each reflection event transfers a charge(n+1)e corresponding to then+1

particle current. If the applied voltage has the value2∆0/ne then(n−1) reflections are
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eV−Δ

eV+Δ

eV

+Δ

−Δ

0

SL SR

Figure 2.20: Schematic showing multiple Andreev reflections in a normal material between

two superconductors (SL and SR) with a superconducting energy gap∆. The filled circles

are electrons, the open circles are holes, and the arrows indicate the direction of motion. The

dashed lines (long) represent the Andreev reflection amplitudes. The electron is retro-reflected

as a hole at the N-SR interface via Andreev reflection. In the process a Cooper pair is generated

in SR. Subsequently at the SL-N interface the hole undergoes an Andreev reflection event,

annihilating a Cooper pair. With each successive pass the electron and holes acquire an energy

eV from acceleration by the applied bias V. Reproduced from Ref. [72].
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just enough for an electron (or hole) to reach an allowed energy state in the opposite

electrode and so each time this condition is met a peak in the conductivity is measured,

because of the availability of a new MAR harmonic.

2.6 Published Work on Superconductor-Graphene In-

terfaces

The tunable properties of graphene devices accessible through the field effect, coupled

to its unique charge transport dynamics, make it an ideal candidate for incorporation

into superconducting devices. Since its discovery, a wealth of experimental papers

have emerged detailing superconducting phenomenon in graphene devices. While su-

percurrents have been generated in graphene decorated withSn islands[28; 29] and

Andreev bound states have been produced in graphene quantumdots[30], generally the

bulk of the work has focussed on producing superconductor-graphene-superconductor

(SGS) JJs, with graphene as the weak link between two superconducting contacts. As

such the following discussion shall focus on this class of graphene device. A variety of

superconducting materials have been employed, most devices were initially based on

Al[ 31–36] deposited by electron beam evaporation followed by devices using Ta[37],

Pb[38; 39], PbIn[40; 41], Nb[42], NbTiN[43], W[44] and ReW[42] deposited via a

variety of deposition methods ranging from magnetron sputtering[37; 42; 43] and ther-

mal evaporation to decomposition of an active gas by a focussed Ga ion beam[44], with

varying degrees of success.

Heerscheet al. [31] produced numerous SGS devices comprising of Ti/Al (10/70

nm) bilayers contacted to single- and few-layer graphene, via electron beam lithog-

raphy and evaporation. Al was used as the principal superconductor with Ti used as

an adhesion layer to improve contact to the graphene. Almostall subsequent studies

have employed an adhesion layer with a few nm’s of Pd or Ti being typical choices.

Measurements were performed at a temperature of 30 mK which is well below the

critical temperature of the electrodes (Tc = 1.3 K). Owing to the nanoampere range

of Ic measured in these devices, extensive noise filtering is employed, with a standard

set-up consisting of low passπ-filters at room temperature and RC-filters coupled to

thermocoax cables or metal powder filters at low temperature(T = 4.2 K). Heersche
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Figure 2.21: Josephson effects in a SGS junction with Ti/Al contacts. a)IV measurements at

various values ofVG. Inset, current bias sweeps in both directions showing hysteretic behaviour

typical of an underdamped junction. b) Colour-scale representation of differential resistance

as a function of current and field for T = 30 mK (yellow-orange is zero resistance i.e. a su-

percurrent region, and red corresponds to finite resistance. c) Differential resistance versusV

showing MAR dips below the superconducting gap. d) AC Josephson effect demonstrating

Shapiro steps of 9.3µV in the IV characteristics when the sample is irradiated with 4.5 GHz

microwaves.[31]

et al. reported observing supercurrents in 17 devices, with 4 unambiguously identified

as single layer flakes via QHE measurements. Electrode separations of these devices

ranged from100 − 500 nm.

A variety of transport measurements clearly showing the Josephson effect in these

devices are shown in Figure2.21. IV measurements are shown at a variety of gate

voltages. In this deviceVDirac was established to be between−10 → −20 V and it

was observed that a reduction in carrier density in the graphene channel corresponds

to a reduction inIc. The highly asymmetricIV curve, when sweeping from negative

to positive current is established to be from a hysteretic junction response typical of
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an underdamped junction. Similar hystereticIV s have been shown in all supercurrent

carrying SGS junctions at low temperature and was attributed by Jeonget al. [40]

to a finite junction capacitance. To establish that the supercurrent is carried through

the graphene and not by superconducting material bridging the weak link, a weak

magnetic field is applied perpendicular to the junction. This results in an additional

phase difference across the junction, see Equation2.49, which results in a variation in

supercurrent according to:

Ic ∝
sin (πφ/φ0)

πφ/φ0

, (2.52)

whereφ is the flux penetrating the weak link andφ0 is the flux quantum. The result

of varying the field is a characteristic Fraunhofer diffraction pattern with minima in

Ic when the amount of flux is equal to an integer number of flux quanta and so by

determining the field at which a minima occurs, the junction area can be calculated.

For the data shown the area was found to be0.8±0.2 µm2 which compares favourably

with the area determined by atomic force microscopy (0.7 ± 0.2 µm2), confirming

that the supercurrent is being carried by the graphene sheet. This measurement has

been particularly useful in current annealed SGS devices toensure that the diffusion of

superconducting material across the graphene channel is not responsible for carrying

the supercurrent.

At finite bias, multiple dips in differential resistance areobserved at source-drain

voltagesV = 2∆/en (n = 1, 2, 3, ...) because of MAR. From the MAR∆ is calculated

to be 125µeV which is a smaller energy gap than bulk Al as a result of the presence of

the Ti adhesion layer. At voltages above2∆ the normal state resistance is recovered.

Under exposure of the junction to a radio frequency field a series of quantised steps

in voltage (Shapiro steps) in theIV curves is observed, the manifestation of the AC

Josephson effect. The steps have an amplitude of~ω/2e whereω is the frequency

of the microwave radiation. The observation of a supercurrent, Fraunhofer diffraction

pattern and Shapiro steps makes it clear that the SGS junctions are operating as JJs.

In Figure2.22(a)a colour plot of differential resistance as a function of both I and

VG is shown. It is immediately clear that the critical current is highly dependent onVG

with a minimum critical current atVDirac. Furthermore, about the CNPIc versusVG has

a high degree of asymmetry, which correlates strongly to thenormal state conductance

GN as indicated by the blue curve. The characteristic voltageVc = IcRN is plotted
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Figure 2.22: Bipolar supercurrent transistor behaviour and finite supercurrent at the Dirac

point. a) Colour-scale plot of differential resistance as a function ofI andVG. Yellow means

zero resistance i.e. a supercurrent region with orange to dark red representing increasing dif-

ferential resistance. Current is swept from negative to positive values and demonstrates asym-

metry caused by an underdamped junction. The top axis shows the carrier density calculated

using the parallel plate capacitor model and the blue curve represents the normal state conduc-

tance. b) Product of the critical current and normal state resistance versusVG. Normal state

resistance is measured at T = 30 mK in a small magnetic field to drive the superconducting

contacts normal.[31]
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in Figure2.22(b)and shows thatVc is suppressed around 2-3 times close to the Dirac

point. The origin of this suppression has subsequently beena point of interest in SGS

JJ devices.

Ojeda-Aristizabalet al. [37] explored annealing SGS devices as a means of im-

proving the device so as to observe a supercurrent across thejunction. They produced

devices of a similar geometry to Heerscheet al. but used Pt/Ta/Pt trilayer deposited

using magnetron sputtering instead of evaporated Ti/Al as the contact material. The

dimensions of the device investigated wasL = 330 nm,W = 2.7 µm andTc for the

Ta was 2.5 K. Measurements were performed in a dilution refrigerator atT = 60 mK.

SeveralR versusVG profiles are shown in Figure2.23for this device. The numbered

curves 0, 1, 2 and 3 correspond to a device before it was annealed and three subsequent

anneals respectively. A current annealing procedure was performed, whereby applica-

tion of a large current between the source and drain contactsresults in an elevated

sample temperature via Joule heating, as pioneered by Moseret al. [79]. This process

is described in more detail in Chapter4. The first, second and third anneals are per-

formed for several minutes, each using currentsI = 3, 6 and10 mA respectively, with

J = 2 × 108 Acm−2 at 3 mA assuming a graphene thickness of 0.36 nm. Pre-anneal

(curve 0) the graphene appears to be slightly doped by charged impurities withVDirac =

5 V and at a high carrier density the extracted mobility is around 2,000 cm2/Vs which

is relatively low.

The inset figures show the resistance and mean free path at T = 4K when the con-

tacts are in the normal state. The mean free path was calculated usingle = hσ/(2kF e
2),

wherekF is determined fromVG using a plane capacitor model. Far away fromVDirac

le ∼ 15 nm which corresponds to diffusive transport. An obvious reduction in resis-

tance is observed following the second anneal (curve 2). As the two terminal resistance

measurement includes both the sheet resistance and the contact resistance it is difficult

to attribute the resistance drop to one or the other following the anneal. The genera-

tion of a supercurrent after the third anneal (curve 3), evident fromR ∼ 0 Ω across

all values ofVG, suggests that the interface transparency has dramatically improved.

Additional evidence for an improvement in interface transparency is given in measure-

ments ofdI/dV , see Figure2.24, which features peaks in conductance because of

MAR in the high bias regime. While the peak position seems invariant to the alteration
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Figure 2.23: Gate voltage dependence of the two wire resistance of the sample before and

after different annealing steps at 60 mK. The labels 1, 2 and 3 correspond to 3, 6 and 10 mA

current anneals for several minutes each. The last anneal resulted ina supercurrent running

through the graphene. Inset (a): resistance versus gate voltage before any annealing at 4.2 K.

Inset (b): mobility and mean-free path of the graphene sheet before annealing deduced from

inset (a) data. [37]

of VG, the number of peaks observable does increase from 3 to 4 following an addi-

tional anneal step. This suggests that the interface transparency has improved, which

enables higher order tunnelling processes to occur.

Further investigation of the supercurrent state of the SGS junction following the

third anneal was performed, see Figure2.25. At T = 60 mK the observed zero re-

sistance state was established up toIs = 600 nA at VG = 15.5 V with a hysteretic

IV response as reported previously attributed to the junctionbeing underdamped. The

characteristic voltage was measured to be of the order of 50µV which is approximately

∆/5e. Whether the junction is in the long or short limit is determined by the ratio of

the junction lengthL to the superconducting coherence length,ξ, given by:

ξ =

√

~D

∆
, (2.53)

whereD = vF le/2 is the diffusion constant of graphene andle is the elastic mean free

path. AtVG = 15.5 V le was calculated to be 55 nm which corresponds to a coherence

lengthξ = 260 nm, placing the junction in the intermediate region betweena long

and short junction. As a result the Thouless energy,ETh = ~D/L2, a characteristic

energy scale for diffusive processes, is at a similar energyto the superconducting gap.
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Figure 2.24: Evolution of MAR with annealing seen in the differential conductance curves as

a function of bias voltage at 60 mK. Curves correspond to different gatevoltage values with

(from top to bottom)VG = −3, −8 and 5 V in panel a) andVG = −24,−22,−18,−16,−15

and−6 V in panel b). Up to 4 MAR peaks are seen after the annealing step 2.[37]

Measurement ofIs versusT also point to the device operating in the diffusive junction

regime, displaying a trend that obeys the Kulik-Omelyanchuk law which describes

short SNS junctions.

For a perfect interface a device withL/ξ = 1.3 is predicted to have aVc = 1.3∆/e

which is∼ 6 times higher than what is measured experimentally. The authors stated

that this was too large a discrepancy to be attributed to the interface resistance as such

an explanation requires this resistance to be many times that of the graphene sheet.

Instead they proposed that de-phasing fluctuators on and beneath the graphene are

the main cause of the suppressed switching current. While such a mechanism will

contribute to the suppression ofIs, they have not accounted for the increased contact

resistance from damage to the graphene under the contact, asa result of the energetic

metal deposition procedure used.

In the recent work of Popincuicet al. [43] graphene-NbTiN junctions were pro-

duced in SGS and SGN (one normal contact) configurations. Again the NbTiN (Tc =

13 K) was deposited using sputtering however the direct sputtering of this material

onto the graphene resulted in contact resistance in the kilo-ohms range, which they
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Figure 2.25: Full proximity effect after third annealing step. a)IV curve and b)dV/dI(I) of

the SGS junction taken at 60 mK, zero resistance state prevails at bias currents below switching

current of 600 nA. c) Temperature dependence of the switching current (data points) fitted to

a Kulik-Omelyanchuk law (continuous line) typical of a short SNS junction.∆ = 250µV is

extracted from MAR features.[37]

attributed to damage to the underlying graphene by the bombardment of the energetic

species during sputtering. To reduce this impact a 10 nm Ti adhesion layer was first de-

posited, using an electron beam evaporator, where the deposition energies are low (of

the order of 1 eV). The sample was then transferred to the sputterer in air, which took

3 to 5 minutes so that the NbTiN could be deposited. To remove any oxide formed

on the Ti during the transfer procedure, the Ti film was etchedto 7 nm using an Ar

RF plasma before sputtering. In another procedure the RF etch step was avoided by

depositing Ti/Au first, where the Au acted as a capping layer to stop the formation

of any oxide. The authors found that only upon increasing thethickness of the Ti, so

that it was about 20 nm after RF plasma cleaning, could a supercurrent flow through

their SGS junctions. This was attributed to the poor transparency of damaged graphene

close to the contact, a conclusion supported by conductancemeasurements in the SGN

devices. In Ti/Au/NbTiN devices only 2nm of Ti and 2.5 nm of Auwere required to

produce a working JJ, suggesting the cleaning step adversely affected the graphene.

That being said they could not observe a supercurrent in these devices whenL > 280

nm, which is relatively short, and even for a device with dimensionsL = 150 nm and

W = 1.5 µm at high carrier density,Ic did not exceed 4 nA at 50 mK.
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Figure 2.26: Transport measurements taken on a Pb0.93In0.07 based SGS junction. a)IV

measurement atVG = −40 V (VDirac = -20 V) with increasing and decreasing bias current. The

critical (Ic) and retrapping (IR) currents are indicated. Inset, resistance vs temperature curve

of a single electrode showingTc = 7.0 K. b) IV curves for five different temperatures. c) T

dependencies ofIc andIR. d) Ic as a function of temperature for different values ofVG. Solid

lines are fits to a theoretical model. [40]
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Jeonget al. produced SGS devices made using a PbIn alloy (Tc = 7.0 K) deposited

via thermal evaporation [40]. Indium was included to reduce the granularity of the de-

posited Pd, which would otherwise reduce contact to the graphene sheet. The addition

of a Ti adhesion layer was found to suppress the observation of low bias conductance

enhancement, indicative of Andreev reflection processes and so PdIn was deposited

directly. Transport measurements taken on one of these devices is shown in Figure

2.26. TheIV curve in Figure2.26(a)clearly shows the existence of a critical current

at T = 6 mK, in addition to a pronounced re-trapping current,IR. SubsequentIV

measurements taken at various temperatures up to 3.83 K are shown in Figure2.26(b),

clearly showing a reduction inIc with increasing temperature, while the normal state

resistance in the high current regime remains unchanged. The extracted values of

Ic and IR are plotted as a function of temperature in Figure2.26(c)which indicate

that whileIc drops rapidly with increasing temperature,IR remains constants until at

T > 1.5 K Ic = IR and noIV hysteresis is observed. Most interestingly the tempera-

ture dependence ofIc at various gate voltages, see Figure2.26(d), shows a very good

fit to the theoretical prediction for a long diffusive JJ in the low temperature limit, as

calculated by Duboset al. [80], given by:

eIcRN = aETH

(

1 − b exp

(−aETH

3.2kBT

))

. (2.54)

HereETH is the Thouless energy,RN the normal state resistance, anda andb are fitting

parameters. The theoretically predicted values ofa andb are 10.8 and 1.30 respectively

in a long junction whereETH/∆PbIn → 0. The values of parametersa andb are found

to bea = 1.2 − 2.9 andb ∼ 1.3 with ETH/∆PbIn = 0.083. The reduced values of the

fitting parameters are attributed in part to the junction being in the intermediate regime

between the long- and short-junction limits.

The production of SGS devices with Nb or ReW contacts opens up the possibility

of investigation of the interplay between superconductivity and exotic phenomenon

that occur at high field, such as the QHE. Komatsuet al. produced SGS JJs with

sputtered Nb contacts and ReW contacts with a thin (4 to 8 nm) Pdadhesion layer

and capping layer (to be published in Phys. Rev. B [42]). Prior to the deposition of

the contact material, the devices were annealing in vacuum at 100◦C for an hour. Out

of the 12 samples produced, only 3 showed a full proximity effect at low temperature.
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Figure 2.27: Comparison of switching current with Thouless energy. Upper left, two ways of

defining switching current,Ic, the largest current for which the differential resistancedV/dI is

zero, andI∗c , the inflection point of the jump indV/dI towards large resistance. Upper right,

variations of the Thouless energy withVG deduced using the sample resistance in the normal

state for both ReW and Nb SGS junctions. The resistance of the Nb sample wasmeasured at

1 K and the ReW sample at 55 mK atI > Ic. Bottom panels, comparison ofIc andI∗c with

ETH/eRN for the sample with Nb electrodes at 200 mK and ReW electrodes at 55 mK. [42]

The results presented by the authors were on a Nb device with dimensionsL = 1.2 µm,

W = 12 µm and a ReW device withL = 0.7 µm andW = 2.6 µm. Low temperature

measurements were performed in a dilution refrigerator through low-pass filtered lines.

Again the authors found that their junction to be operating in the diffusive regime with

L/ξ = 7 and 5 for the Nb and ReW devices respectively, putting the devices in the

long-junction limit.

Figure2.27(a)shows the two possible ways of defining the switching current, Ic,

which is the largest current at whichdI/dV = 0, andI∗c , which is the point of inflec-

tion whendI/dV jumps to a finite resistance. The evolution ofETH with respect to

VG is shown in Figure2.27(b)for both Nb and ReW contacted samples. According

to the diffusive SNS theory as given by Equation2.54, assuming the second term is
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Figure 2.28: Temperature dependence of superconducting phenomenon in a ReW sample.

Left, differential resistance curves for various temperatures rangingfrom 100 mK to 800 mK.

Right, comparison of the extracted critical currents as a function of temperature (solid points)

and theoretical curves based on barriers with different ratios of contact resistance to graphene

sheet resistance,r. Both the overall suppression of the critical current with respect to the Thou-

less energy at low temperature and the respective decay ofIc with temperature are accounted

for assumingr ∼ 7.[42]

small, there should be a constant factor,a, betweenIc andETH/eRN . It is clear from

Figures2.27(c)and2.27(d)that this is not the case with enhanced suppression ofIc

asVG → VDirac. The values ofa giving the best fit toIc are 0.45 and 0.3 for Nb and

ReW respectively, compared to expected values of 9 and 8 at zero temperature. This

difference is attributed to partial transmission at the SG interface, which can be exper-

imentally shown by measuringIc as a function ofT , see Figure2.28. The dependence

of the characteristic voltage with respect to the temperature is shown to be in good

agreement with the theory of a diffusive SNS junction developed by Hammeret al.

[81]. The parameterr = GN/GB whereGN is the conductance of the normal region

andGB is the conductance of the barrier withr = 0 for an ideal interface. A value of

r ∼ 7 best fits the data, which suggests that the interface resistance is seven times that

of the graphene sheet resistance.

While interface transparency issues account for a large amount of the suppression

of Ic it cannot explain the additional suppression ofIc close to the CNP. The mecha-

nism proposed by Komatsuet al. [42] to explain this expression is specular Andreev

reflection of Andreev pairs at the interface of charge puddles in the graphene chan-
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Figure 2.29: Schematic showing specular reflection of an Andreev pair at an n/0 junction

leading to loss of counter propagation and large phase accumulation within anAndreev pair.

The red region is electron doped, the blue region hole doped and the green region has zero

doping. [42]

nel (see Figures2.29and2.30). The puddles correspond to electron-rich (n-type) and

hole-rich (p-type) regions with a spatial extent typicallygreater than 50 nm. Between

n-type and p-type puddles are regions of zero doping which can be termed the 0 re-

gion. WhenVG is close to the CNP, Andreev pairs (which are responsible for carrying

the supercurrent across the junction) have a high likelihood of meeting an n/0 or p/0

boundary. At the boundary, a pair will undergo a specular reflection-like event, which

acts to destroy the counter propagation of the Andreev pair,as the two electrons diffus-

ing across the graphene undergo uncorrelated scattering events, which increase their

relative phase difference. This results in a loss of phase coherence across the junction

which acts to suppress the critical current. Charged puddlesin graphene sheets have

been observed directly by Martinet al. [82] via scanning single-electron transistor

spectroscopy. An example of such a measurement for a graphene device is shown in

Figure2.31which shows the spatial extent of the n- and p-type regions aswell as the

effective variation in charge density, which is approximately ±1011 carriers cm−2. As

such, when the average carrier density in the graphene exceeds1011 carriers cm−2 the

puddles will be washed out resulting in an increase in the magnitude ofIc. Further-

more, the suppression of the supercurrent is expected to be largest in samples that are

long because of the increased probability of an Andreev pairmeeting a puddle inter-

face. The supercurrent will also be suppressed when superconducting electrodes with

large∆ are used because of the reduction in the superconducting coherence length,ξ.

48

Images/theory/SGS_Papers/Komatsu3.eps


2.6 Published Work on Superconductor-Graphene Interfaces

Figure 2.30: The panels at the top of the figure show the reflection processes that occur in a

normal metal. These processes are specular reflection at a metal-insulatorinterface (left) and

Andreev retro-reflection at the metal-superconductor interface (right). The panel at the bottom

of the figure shows the counter-intuitive process known as specular Andreev reflection that can

occur at a graphene-superconductor interface. Arrows indicate thedirection of propagation of

the charge carriers, electrons (e) and holes (h).[26]

Figure 2.31: Colour map of the spatial density variations in the graphene flake extracted from

surface potential measurements at high density and when the average carrier density is zero.

The blue regions correspond to holes and the red regions to electrons. The black contour lines

mark the zero density regions.[82]
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Experimental Methods
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3.1 Device Fabrication

A wide array of experimental techniques have been utilised throughout this project, in

both the fabrication of graphene devices and their subsequent characterisation. This

chapter first outlines the fabrication methods used, starting with the production of

graphene through mechanical exfoliation. This is followedby a description of the

cleanroom based lithography techniques used to pattern exfoliated graphene flakes, as

well as a discussion of the metal deposition methods used, which are thermal evap-

oration and DC magnetron sputtering. Further discussion ofoxygen plasma etching,

used to define graphene flakes into specific geometries, is discussed as well as the wire

bonding and back gating of completed devices ready for measurement.

Device characterisation is then discussed outlining a typical electrical measurement

set-up used in transport measurements. With a significant number of measurements

being performed at low temperature, the use of a He flow cryostat is discussed with

attention to the graphene specific procedures used. An outline of the Raman spec-

troscopy technique, which was used to gain further insight into the properties of the

graphene samples produced, then follows.

3.1 Device Fabrication

3.1.1 Graphene Production

A wide array of graphene fabrication methods are now available to produce graphene

ranging from bottom-up methods such as decomposition of SiC[83] or carbon[84],

large area CVD[85] and chemical processing of graphite oxide[86] to top down meth-

ods such as unzipping carbon nanotubes[87]. The first true isolation of single layer

graphene flakes however was achieved via the mechanical exfoliation (Scotch tape)

method by Novoselovet al. [1; 61] and it is this method of production that is em-

ployed in this thesis. While unsuitable for commercial exploitation because of a low

production yield and relatively small flake sizes few methods can rival the quality of

graphene produced and so it is still ideal for studies into the fundamental properties of

graphene.

The exfoliation method employed is as follows. A single large high quality graphite
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flake1 is placed in the centre of a 10× 10 cm square of tape2. The tape is then folded on

itself repeatedly (∼15 times), each time separating the graphene flake until the entire

tape is covered in graphite. Because of the weak van der Waals bonding between the

constituent graphene layers in graphite[88] the graphene preferentially bonds to the

tape allowing for the separation of individual layers. Following this the graphene is

transferred to the substrate by placing the graphite covered side face down on top of

the upper surface of the substrate, followed by lightly rubbing of the tape for 1 minute

to ensure good adhesion. The tape is then very slowly removedfrom the substrate

over the course of a minute to ensure the graphene flakes are not damaged during the

procedure.

The substrates used in this study consist of highly doped silicon with a 300 nm ox-

ide layer3. The highly doped silicon enables the substrate to be used asa global back

gate for the device for use in EFE measurements. The 300 nm oxide performs two

functions, acting as a gate dielectric and giving the graphene flakes sufficient contrast

(through interference effects) that they can be observed using an optical microscope[18].

While a 100 nm oxide layer gives similar optical contrast and provides a greater change

in carrier density for a given gate voltage, it was found to beeasily damaged during

wire bonding. This resulted in inoperable devices because of gate leakage. An ar-

ray of optical alignment marks were also patterned on the substrates before graphene

deposition to enable further patterning of devices as outlined in Section3.1.2.

Following deposition, graphene flakes were identified by scanning across the entire

sample surface with an optical microscope with a 20× objective lens. Upon identifi-

cation of a possible graphene flake an optical image was takenso that the flake could

be aligned in the CAD software. Differentiation of MLG, BLG andFLG was achieved

using Raman spectroscopy as outlined in Section3.2.3.

3.1.2 Lithographic Processing

Lithography utilises polymer resists which can have their solubility altered through

bond breaking (or formation) by exposure to photons, known as optical lithography

11.8−5.0 mm “Graphenium” flakes supplied by NGS Naturgraphit
2Blue surface protection tape supplied by Nitto
3N<100>As doped silicon (ρ = 0.001-0.005Ωcm) supplied by IDB Technologies

52



3.1 Device Fabrication

(OL), or electrons, known as electron beam lithography (EBL). Through careful expo-

sure of specific lateral regions of the resist, it can be selectively removed leaving resist

free regions ready for metal deposition. An outline of a generic lithography procedure

is shown in Figure3.1.

In OL the resist is exposed to UV light through a pre-patterned chrome-on-glass

(COG) mask using an optical mask aligner. This allows patterning of large areas in

a short space of time, often tens of seconds once aligned, with a resolution of∼1

µm using our equipment. EBL affords the bespoke patterning of nanoscale features

by controlling the path of a beam of electrons incident on thesample with an applied

magnetic field. The trade-off is that EBL is time consuming, with the patterning of very

large scale features requiring several hours of writing, aswell as being considerably

more expensive to perform.

A bilayer resist recipe is used in both OL and EBL steps to create an undercut in

the resist profile as shown in Figure3.1(d). The purpose of this is to ensure that there is

good separation between the resist and the deposited metal.This aids lift-off procedure

in which acetone is used to remove the resist and unwanted metal leaving the patterned

features intact.

A false colour optical image showing a complete graphene device is shown in Fig-

ure3.2. First the alignment marks (yellow) are patterned using optical lithography and

thermal evaporation. The graphene flakes (magenta) are thendeposited using mechani-

cal exfoliation and located using an optical microscope. Next the bond pads and tracks

(green) are patterned using EBL, as well as some additional alignment marks (red),

which enable subsequent EBL steps to be performed with greater accuracy. Finally the

graphene flakes are contacted with sputtered contacts (blue) also patterned using EBL.

The specific recipes used during these procedures will now bediscussed.

3.1.2.1 Optical Lithography

OL was used to pattern an array of optical markers onto the SiO2 substrate before

graphene deposition. These were used to identify the location of the flake and to align

the first step EBL pattern on the device with an accuracy of a fewmicrometers. The

optical markers had a spacing of 200µm with every 5 markers in thex andy direction

also featuring numbers corresponding to the co-ordinate ofthat marker. An optical
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SiO2Si

(a)

Resist

(b)

(c) (d)

Metal

(e) (f)

Figure 3.1: Schematic showing a typical lithography procedure. a) A clean substrate ispre-

pared. b) Resist is then spun onto the substrate to obtain the required thickness and baked

either on a hotplate or in a convection oven. c) The resist is then selectivelyexposed (shaded

region) to either photons (OL) or electrons (EBL) followed by d) development in a solvent

which removes exposed resist. e) Metal is deposited onto the sample and f) lift-off is per-

formed in acetone which removes the resist and unwanted metal leaving the patterned metal

features intact.
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100 μm 

Figure 3.2: Optical image of a finished graphene device. Features are shown in falsecolour to

aid discussion of the fabrication procedure (see main text).

image taken of one the numbered optical markers after graphene deposition is shown

in Figure3.3(a).

The OL procedure was as follows; the substrate was cleaned via sonication for 5

minutes first in acetone and then in isopropanol (IPA) followed by drying with N2.

The bottom resist layer (8% PMMA in anisole) was then deposited on the substrate

and spun at 4000 RPM for 30 seconds before baking at 170◦C for 15 mins. The top

resist (Shipley S1813) was then spun at 5000 RPM for 30 secondsand placed on a hot

plate at 120◦C for 2 minutes.

A Karl Suss MJB3 photomask aligner was used to align the substrate beneath the

COG mask before UV exposure for 8.7 seconds at a power of 3 mW/cm2. The sam-

ple was then developed in Microposit MF-319 for 40 seconds, removing the exposed

S1813, rinsed in de-ionised H2O and dried in N2. To remove the PMMA underlayer

the sample was placed into a UV ozone cleaner for 15 minutes, developed in a 1:3

MIBK:IPA solution for 30 seconds, rinsed in IPA and dried in N2. The sample was

then ready for metal deposition which for the optical markers was 20 nm of Ti and 40

nm of Au deposited via thermal evaporation. The Ti was used asan adhesion layer

with Au deposited as it gives good image contrast in the SEM during the EBL step.

Following this, lift-off was performed by placing the sample in acetone for several

hours. As this step was performed before graphene deposition the sample was sub-
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(a) (b)

Figure 3.3: SEM images of a) an optical alignment marker and b) an electron beam lithography

marker.

sequently cleaned using an O2 plasma asher at 50 W for 2 minutes as this improved

graphene adhesion manifesting as an increased yield of deposited flakes. Because of

the low yield of graphene flakes produced via micromechanical cleavage large batches

of 20−30 15 mm× 15 mm chips with optical alignment marks were produced at a

time to improve the chance of finding suitable flakes in a givenrun.

3.1.2.2 Electron Beam Lithography

EBL was performed after graphene deposition, see Section3.1.1, and so it was neces-

sary to first remove tape residues from the sample by soaking in acetone for 5 minutes

before repeating the procedure in IPA. Sonication was avoided as it can damage the

graphene. 3% PMMA 495k in anisole was then spun on the sample at 2000 RPM for

20 seconds and 3000 RPM for 40 seconds. The sample was then baked at 170◦C for

15 minutes. Originally a 45 minute bake time was used[89] but this was suspected

to overbake the resist making removal difficult. 2% PMMA 950kin anisole was then

spun on at 3000 RPM for 20 seconds and 5000 RPM for 40 seconds and again baked

at 170◦C for 15 minutes. The sample was then loaded into a Raith 50 system for EBL

patterning.

EBL designs were produced using the AutoCAD software package.A schematic

of a standard first step EBL design is shown in Figure3.4. The design consisted of 16

bond pads (shown in red) with thick tracks heading towards the centre of the design
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where the graphene flake is situated. Alignment of the EBL design to the optical

alignment marker array is performed by aligning an optical image of the flake and

alignment marks to a CAD design of the optical alignment markers1. The bond pads

are 200× 200 µm in size which is sufficient for wire bonding purposes. The large

number of bond pads ensures that a sufficient number of contacts can be made on

the graphene flake, despite the graphitic debris that is on the sample which can cause

breaks in some of the tracks. Additional alignment marks arealso patterned during the

first EBL step, shown in magenta in the magnified region of Figure 3.4, which enable

subsequent EBL patterns to be aligned on top of the sample withan accuracy of 10’s of

nanometres. A scanning electron microscope (SEM) image of an EBL alignment mark

is shown in Figure3.3(b) for clarity and consists of a large cross used for locating

the features and smaller features which are used for the actual alignment. Typically

the large bond pads were patterned first using a large beam current of 5 nA at 30 keV

to shorten the necessary exposure time to∼ 20 minutes. The beam current was then

reduced for the smaller features to 50 pA at 30 keV which gave sufficient resolution.

A dose of 346µA/cm2 was used for patterning all features.

Following patterning the sample was developed in a solutionof MIBK:IPA (1:3

concentration) for 90 seconds, before rinsing in IPA for 30 seconds and drying with

N2. It was then transported from the cleanroom to the sputter lab in a Desi-Vac
TM

hand-pumped desiccator at a pressure of 0.5 atmospheres to avoid contamination. After

sputtering the sample it was returned to the cleanroom for lift-off in acetone for several

hours before rinsing with IPA and drying with N2.

3.1.3 Metal Deposition Techniques

3.1.3.1 Thermal Evaporation

In thermal evaporation the metal to be deposited is placed ina resistive boat (usually

made of tungsten), through which a large current is applied.Through Joule heating the

boat reaches a sufficiently high temperature to melt the metal. The procedure is per-

formed under vacuum to reduce the vapour pressure, allowingthe metal to evaporate

for re-deposition on a substrate, which is in line-of-sightof the boat.

12 point align procedure using ALIGN command in AutoCAD
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1000 μm 50 μm 

Figure 3.4: Schematic showing the first step EBL procedure in red and green. The magnified

region (right) shows the EBL alignment marks patterned next to a grapheneflake (shown in

grey).

Thermal evaporation of Ti and Au was performed in an Edwards 306 evaporator,

fitted with a turbo pump, enabling evaporation to be performed at a pressure of less

than10−6 mbar. Ti and Au were placed into separate boats allowing the growth of

both materials without breaking vacuum. A current of approximately 30 A for Au and

40 A for Ti was passed through the boat, resulting in a growth rate of 0.1 nm/s which

was measured with a crystal monitor.

An advantage of the thermal evaporation procedure was that greater than 10 sam-

ples could be evaporated at once, with the deposition completed in approximately 1

hour. The disadvantage was that the procedure often baked the resist making the sub-

sequent lift-off procedure difficult. As a result thermal evaporation was generally used

only for depositing optical alignment markers as, at this stage, the sample could be

sonicated if necessary without damaging the graphene. Thermal evaporation is also

only suitable for metals with a low melting temperature and so is not suitable for Nb.

3.1.3.2 Magnetron Sputtering

Magnetron sputtering has been used extensively in this workto deposit contact ma-

terials on graphene. A schematic of a typical magnetron set-up is shown in Figure
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3.5. Sputtering was performed in an evacuated chamber in which aworking gas is

introduced. Argon (Ar) is frequently used as a result of its inert nature which ensures

it will not react with the target material. In DC sputtering alarge DC voltage is ap-

plied between the anode and the cathode which causes electrons at the cathode to be

accelerated toward the anode because of the electric field. Once an electron has gained

sufficient kinetic energy it can convert a neutral Ar atom into a positively charged ion,

Ar+, through collision via Townsend discharge[90]:

e− + Ar → 2e− + Ar+. (3.1)

For charge conservation an additional electron is released, which can cause additional

ionization. Concurrently, the Ar+ ions are accelerated toward the cathode, which upon

collision can eject secondary electrons, which also contribute to the process. This

cascade of electron generation results in the breakdown of the gas and the measurement

of a current between the cathode and the anode. Simultaneously, atoms from a target

situated on the cathode are also ejected (sputtered) towards the substrate, because of the

transfer of momentum that occurs from the impinging Ar+ ions to the target material.

As the process occurs in gas, the path of the ejected materialis more diffusive than in

vacuum (as in thermal evaporation). This necessitates the use of bilayer resist recipes

when patterning, to avoid build up of material on the walls ofthe resist, which can

make lift-off difficult.

By increasing the electrical potential between the cathode and the anode, as well as

increasing the gas pressure, the rate of deposition during sputtering can be increased.

Further enhancement can be achieved via housing a ring of powerful NdFeB bar mag-

nets behind the target. Consequently the resultant stray field confines generated elec-

trons to a circular “racetrack” above the target. The increased negative charge density

in this region attracts the Ar+ ions, increasing the plasma density, and hence the sputter

rate.

Sputtering was performed in the Mjolnir sputter system, which consists of a vac-

uum chamber, 4 independent magnetron sources (2 magnetic targets, 2 non-magnetic)

about 8 cm from the surface of a rotatable sample wheel capable of carrying 6 sub-

strates. A turbo pumped load lock is used to place samples into the chamber, which

enables a greater number of samples to be patterned in-between changing targets. The

base pressure of the system measured with a mass-spectrometer is 10−9 Torr (with a
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Figure 3.5: Schematic showing principle of DC magnetron sputtering.

Material Current (mA) Power (W) Rate (Å/s)

Niobium (Nb) 300 22 1.2

Palladium (Pd) 70 92 1.4

Titanium (Ti) 100 31 0.4

Gold (Au) 70 27 2.7

Table 3.1: Table of sputtering parameters for grown materials.
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3.1 Device Fabrication

partial pressure of water of 10−10 Torr), which is achieved through several stages of

pumping. Firstly the chamber is pumped from atmosphere to a rough vacuum using a

rotary pump, secondly the chamber is pumped using a cryopumpwhich consists of a

cold surface atT ∼ 10 K upon which gases can condense. Further removal of water is

achieved by using a Meissner trap, which consists of a coil ofcopper tubing through

which liquid Nitrogen atT = 77 K is passed, condensing the water vapour away from

the sample. The removal of water is particularly important to reduce the possibility of

oxidising any deposited metals, which can adversely affecttheir properties. Optionally,

gettering can be performed, whereby a reactive metal such asFe or Ti is pre-sputtered

to remove remnant oxygen in the system.

Sputtering was performed at an Ar pressure of 2.6 mTorr. The sputter parameters

for the main materials deposited in this thesis are shown in Table3.1. The sputter rates

were calibrated by growing thin films for a given time and measuring the thickness of

the films with x-ray scattering.

3.1.4 Oxygen Plasma Etching

Some of the devices produced required the shape of the graphene to be controlled.

This was achieved by using an oxygen plasma to etch the graphene exposed through

an etch mask. In this case the etch mask consisted of the standard bilayer PMMA

recipe which was exposed using EBL in the regions in which the graphene was to be

removed. An example of a PMMA etch mask on graphene prior to etching is shown

in Figure3.6(a). After depositing the etch mask, the sample was placed in an Emitech

K1050X oxygen plasma asher and etched for 2 minutes at a powerof 50 W, which was

found to be sufficient to remove a single layer of graphene without removing all of the

resist. Following etching, the resist is removed by soakingthe sample in acetone for 5

minutes, followed by rinsing it with IPA. The result of an etch step is shown in Figure

3.6(b). A similar procedure was attempted on a bilayer sample, however it was found

that the time to etch 2 layers of graphene was more than the time to remove the resist.

As such, an alternative method would have to be employed for etching bilayers.
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PMMA

Graphene

(a) (b)

Figure 3.6: Optical images of graphene flake a) before and b) after an oxygen plasma etch. For

clarity the graphene flake is outlined in a). Colour differences between a)and b) are an artifact

of the microscope cameras used. Scale bar is 50µm.

3.1.5 Wire Bonding and Back Gating

Upon completion of the lithography steps, the substrate is cut to fit a ceramic chip

holder using a mechanical diamond scribe. An optical image of a completed device is

shown in Figure3.7. The device is secured to the chip carrier with conducting silver

paint. For the substrate to be used as a global back gate, goodelectrical contact must be

made to it. Initial attempts to form a good contact to the backgate involved removing

the thermal oxide on the silicon with a diamond scribe, applying a small amount of

indium and baking the sample on a hot plate in air at 200◦ C until the indium melted.

Unfortunately, this procedure resulted in graphene devices with uncharacteristic gate

responses. Instead the oxide was removed and a thin layer of silver paint applied to the

etched area, which produced devices with satisfactory performance.

Contact between the bond pads on the device and the electricalcontacts on the chip

carrier was made using a Kulicke and Soffa Industries Model 4526 wire bonder. The

wire bonder uses aluminium wire and makes a bond by applying an ultrasonic pulse

via a metal wedge to the wire, causing it to melt and form an alloy with the material

it is adhering to. The force applied to the wire, as well as thetime and amplitude of

the ultrasonic pulse, had to be minimised to avoid penetrating the oxide layer during

bonding, as this caused the gate to leak during measurements. Moving from substrates

with a 100 nm oxide layer to a 300 nm one also reduced the occurrence of gate leaks.
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Gate

Device

2 mm

Figure 3.7: Optical image of device housed in a ceramic chip carrier. Contact is made to the

chip carrier via pogo pins which push against the contacts on the back of the chip.

3.2 Device Characterisation

3.2.1 Electrical Measurements Set-up

A schematic of the electrical measurement set-up is shown inFigure3.8. A 16 bit dig-

ital to analogue converter (DAC) supplied by National Instruments (NI-DAQ 6221) is

fitted to a desktop computer and used to output a voltage to thedevice. The maximum

input and output of the DAC is±10 V with a resolution of 320µV. To improve the res-

olution of the output, a potential divider with a variable resistor is utilised to step down

this voltage by 1000 times, giving a maximum output of±10 mV with a resolution of

320 nV which is sufficient for our measurements.

The drain current of the device is measured using a low noise current pre-amplifier

(SR570), which converts the measured current to a voltage which is read back by the

DAC. The amount of volts output per ampere measured can be set to accommodate

the maximum range and measurement resolution of the DAC, mostly this was set to

output 1 V for every 1µA measured. Similarly the voltage across the device was

measured using a low noise voltage current pre-amplifier (SR560). In the configuration

shown, the SR560 outputs a voltage based on the difference of the two input voltages

(VA − VB). This output can again be amplified up to 5× 104 times before read-

back, although given the mV range voltages applied, amplification of 103 times was

sufficient. Both amplifiers also provide internal RC filters to remove unwanted noise

from the input signal before amplification; in this case a 1 kHz low-pass filter was

selected to eliminate any high frequency noise. For QHE measurements an additional
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Figure 3.8: Schematic of electrical measurement set-up.
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SR560 was connected to the device to measure the Hall voltage at the same time as the

longitudinal voltage.

Previous efforts to back-gate bias carbon nanotubes in Leeds for EFE measure-

ments used the DAC to bias the back gate[89]. For graphene measurements the maxi-

mum output of the DAC is insufficient as voltages up to∼ 70 V are required. As it has

a maximum output of±200 V the Keithley 2400 Source Meter (K2400) was employed

to bias the back gate. The high output was connected to the highly doped substrate of

the device, while the low output was connected to the ground of the DAC card to en-

sure a common voltage reference point with the device. Communication between the

desktop computer and the K2400 was performed using a GPIB interface card.

To reduce electrical noise, cabling between instruments consisted of shielded coax-

ial cable, terminated with BNC connectors. Connections to thedevice were made via

a breakout box which allowed each line to the device to be independently grounded.

This is necessary when changing contacts to avoid damaging the device. A cable from

the DAC to the breakout box was connected at all times to ensure that it was not float-

ing when connected to the device. Both pre-amplifiers were grounded to the DAC card

through the outer shield of the coaxial cable, which in turn was grounded via the earth

of the desktop computer.

Measurements to determine the resistance of the device consisted of taking multiple

IV measurements as a function of gate voltage. In each case the source-drain voltage,

Vsd, was commonly swept over a range of± 1 mV, followed by stepping the back-gate

voltage,VG, by a set amount and repeating. Resistance was subsequently determined

by fitting the multipleIV measurements to a linear function. All measurements were

performed using custom LabVIEWTM software1 which controlled the DAC, K2400,

temperature controller and the magnet power supply.

3.2.2 Cryogenic Measurements

Low temperature measurements were performed in an Oxford Instruments continu-

ous flow He cryostat as depicted in Figure3.9. A variable temperature insert (VTI)

is housed inside the cryostat within which a sample can be placed. The VTI sits in

a reservoir of He at 4.2 K, which is used both as a sample coolant source, as well

1Written by Dr Gavin Burnell
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He Reservoir

N2 Reservoir

Needle Valve

Sample Holder
Heater

Solenoid

Figure 3.9: Schematic showing He flow cryostat apparatus. Modified with permission from

Ref. [91].

as cooling the superconducting solenoid below its criticaltemperature. The solenoid

can run in both variable and persistent modes up to fields of 8 T, controlled via the

power supply. The entire outer jacket of the cryostat is filled with liquid nitrogen to

thermally shield the He bath and experiment, from the ambient temperature of the lab-

oratory. The VTI provides temperature control over the range 1.2 to 300 K by releasing

gaseous helium into the VTI from the He reservoir via a needlevalve and heating the

inner chamber using a heater. The VTI is continuously pumpedto below atmospheric

pressure by an oil free scroll pump, lowering the vapour pressure inside, allowing for

temperatures below 4.2 K to be achieved. Graphene devices have been shown to have

extreme sensitivity to gaseous species in the experimentalenvironment[12] and so an

oil free pump is preferred to avoid contaminating the sample.

Temperature control is achieved through the use of an OxfordInstruments Intelli-

gent Temperature Controller (ITC) which controls the heater power and He flow rate

using a proportional integral derivative (PID) control loop for stability. Normally the

ITC only controls the heater power to avoid flooding the chamber with too much He

(which then has to be pumped away). The chamber temperature is monitored using

a thermometer which is also connected to the ITC. During high field measurements
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the temperature is controlled manually, as the measured chamber temperature can be

incorrect as the thermometer has a magneto-response.

The sample is loaded into a custom built sample holder which sits at the bottom of

the sample stick. The stick has a sliding seal at the top of thecryostat and allows the

sample to be slowly lowered into the bottom of the cryostat. Lowering the sample too

quickly into the base of the cryostat results in condensation forming on the device and

so to avoid this the sample was pumped for several minutes at the top of the cryostat

before slowly being moved down into the bore of the magnet. The temperature of the

sample head is monitored using a Cernox thermometer connected to a Lakeshore 340

temperature controller. Cooling of the sample to its desiredtemperature was performed

at a rate of less than 3 K per minute to ensure no damage was caused to the graphene

as its thermal expansion coefficient is of opposite sign to that of the Si substrate[92].

Samples were warmed, where possible, to above 273 K before removal from the

cryostat to avoid condensation of atmospheric water on the sample. This is of particular

importance in graphene devices because of their exposed surfaces and sensitivity to

surface species. This was achieved by closing off the pumping line and flooding the

VTI with He gas followed by heating the chamber to above 273 K.This procedure

was particularly time consuming and only performed on samples which showed good

transport properties and thus warranting further measurement.

3.2.3 Raman Spectroscopy

Two Raman spectrometers were used during the course of this research, one a Ren-

ishaw 2000 equipped with a HeNe 633 nm laser, the other a Horiba-Jobin-Yvon LabRAM

HR system which has a 532 nm Nd:YAG laser in addition to a HeNe laser. The op-

erating principles of both system are similar yet the Horibasystem has the capacity

to control the sample temperature, map across the sample andbias the sample as well

as having an additional excitation wavelength to use. For this reason the following

discussion shall be limited to this system.

A schematic of the Raman apparatus is shown in Figure3.10. Monochromatic light

is emitted from the laser and passes through a line filter (LF), which lets only the pri-

mary laser wavelength through. The light then passes through an adjustable intensity

filter (IF), which controls the intensity of the light that isincident on the sample, before
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AV
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Mirror

Figure 3.10: Schematic of the Raman spectrometry apparatus with line filter (LF), intensity

filter (IF) and long wave pass edge filter (LWPEF) labelled.
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reflecting off a 2 way mirror and entering the microscope. Themicroscope is used to

focus on the sample, observed through a USB Camera using a white light source, and

to ensure the laser spot is incident on the sample and is fittedwith both 50× and 20×
objective lenses. Most of the laser light elastically scatters (Rayleigh) off the sample,

while some of the light is inelastically scattered as discussed previously. This reflected

light then travels back through the microscope, reflects offthe first mirror and through

the second mirror. It then passes through a long wave pass edge filter, which blocks

the Rayleigh scattered light, leaving only the inelastically scattered light. This light

then diffracts off a diffraction grating, revealing the spectra which is detected using a

charge coupled device (CCD). Observation of a wide range of scattered wavelengths

can be achieved by rotating the diffraction grating and the fidelity of the measurement

improved by using a finer diffraction grating (although thiswill increase the required

measurement time).

The sample is housed in an Oxford Instruments Microstat-HiRes II continuous flow

liquid helium cryostat. The sample sits on top of a copper sample stage which can be

cooled to 4.2 K by flowing liquid helium through the coils thatsurround it. The sample

chamber is sealed and pumped using a diffusion pump before cooling, which ensures

condensation does not form on the observation window. The cryostat also has 10 elec-

trical connections which enable the sample to be connected to the standard transport

measurement apparatus. Coarse movement of the sample is achieved through the use

of a manually controlled XY stage which moves the entire cryostat. Fine movement

(step size∼ 0.05µm) is achieved through the use of an automated motorised mirror,

which deflects the beam prior to passing through the objective lens.

Simultaneous Raman and transport measurements are aided by acustom TCP/IP1

server application that runs on the Raman PC. This applicationenables remote control

of the diffraction grating, laser intensity and laser spot lateral position as well as the

taking of Raman spectra.

1 Transmission Control Protocol (TCP) and Internet Protocol(IP)
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Optimisation of Graphene Devices
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It has been demonstrated extensively in the literature thatgraphene samples produced

in the lab have a large degree of variability in their properties as a result of the pres-

ence of disorder. This disorder primarily consists of defects in the graphene sheet[93],

interactions with the substrate (typically SiO2)[19; 94] and unintentional doping of the

graphene by surface adsorbents[95]. These sources of disorder manifest in transport

measurements mainly as a shift in the position of the charge neutrality point in gate

voltage and a sub optimal carrier mobility that is several orders of magnitude lower

than theoretically predicted.

There have been a number of methodologies employed to overcome these issues.

Trapped charges in SiO2 [19] - and the rippling of graphene that occurs upon it[94] -

when it is used as a substrate, have been shown to limit carrier mobility and induce

hysteresis in electric field effect measurements. This has been overcome through ei-

ther suspending the graphene over a channel[10; 24] or by placing it on single crystal

h-BN[22; 96] which is defect free and well latticed matched to graphene while still

acting as a dielectric, negating the difficulties associated with working on SiO2. Un-

fortunately, the extremely challenging nature of these techniques renders them beyond

the scope of this work.

Another major source of disorder that is universally observed in graphene devices

produced in the lab, is the presence of unwanted contaminants on the surface of the

graphene. As the surface of the graphene sheets are exposed to atmospheric condi-

tions during processing species such as atmospheric water can be adsorbed onto the

graphene surface. Remnant polymer resist remaining on the graphene device after

lithographic processing can also prove to be particularly impervious to any removal

attempts[97]. Whilst graphene devices prove surprisingly resilient to processing - de-

spite being only one atom thick - many of the techniques that would be used to remove

organic residues, such as UV ozone cleaning, oxygen plasma or chemical solvents,

also act to destroy the graphene. One method that has been found to improve sample

properties, without causing significant damage to the graphene, is high temperature

annealing. A common method that has been employed, is annealing the device in a

reactive Ar/H2 atmosphere for 1 hour at 400◦C[98]. While this has been shown to

remove PMMA residues, it is difficult to incorporate such a technique into a cryostat

system and so exposure of the cleaned sample to ambient conditions before measuring

cannot be avoided. An alternative method that has been explored that allows forin-situ
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cleaning of the sample is current annealing[79], which is one of the methods that is

explored in this chapter.

In this chapter two methods of annealing samples via Joule heating are employed.

Firstly the use of a resistive platinum (Pt) heater lithographically patterned in close

proximity to the graphene sheet is explored. By passing a large current through the

heater a rise in temperature, monitored through a calibrated platinum strip thermome-

ter which is patterned alongside the heater, is observed acting to remove dopants. In

a second independent experiment current annealing is performed on a device follow-

ing the methodology of Moseret al. [79]. In this method the graphene sheet itself is

used as a resistive heater to remove any contaminants that might be present. Finally,

to try and gain further insight into the current annealing procedure, time-resolved Ra-

man spectroscopy is performedin-situ while current annealing a graphene device in

vacuum.

4.1 On-chip Heaters

4.1.1 Heater Design and Thermometry Calibration

A technique to anneal graphene devices was developed using aresistive element, a

schematic of which is shown in Figure4.1, patterned in close proximity to the device

(50µm- 100µm device-heater separation). The element consisted of a 1.3mm long 3

µm wide track with 24 turns defined by EBL, into which 50 nm of Pt was deposited via

sputtering. Pt was used as it has a relatively high electrical resistivity and melting point,

ρ = 1.1× 10−7 Ωm (at room temperature) andT = 2041.5 K, which is beneficial, given

that the power output of the heater is proportional to its resistance and that it must

operate at high temperature. Also Pt has a highly linear resistance versus temperature

response, which makes it ideal for use as a thermometer[99], which allows us to also

pattern a strip of Pt adjacent to the heater which enables more accurate monitoring of

the local temperature. The heater was designed such that themeandering element was

of higher resistance than the connecting leads, to ensure the majority of the heating

occurred near the graphene sample rather than lost in the leads.

Before heating the device, the Pt strip thermometer was calibrated by measuring

the resistance of the strip as a function of temperature as determined by a Cernox ther-
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Heater Element

Substrate

Thermometer

Figure 4.1: Schematic showing the design of a Pt resistive element heater and accompanying

Pt thermometer on an Si/SiO2 substrate. Pt thickness is 50 nm.

mometer situated in the sample holder. The sample was cooledin a He flow cryostat

and the resistance of the Pt strip measured using a 4 terminalgeometry so that the re-

sistance of the leads could be ignored. In addition the Pt strip thermometer was biased

using a 1 mV square wave to avoid self heating effects.

The change in resistance for a given material can be quantified in terms of its tem-

perature coefficient of resistanceα which is given by Equation4.1:

R(T ) = R(T0) (1 + α∆T ) , (4.1)

whereR is the resistance,T is temperature of the material,T0 a reference temperature

and∆T = T −T0. The temperature coefficient of resistance for the Pt strip was found

to beα = (3.46± 0.01)× 10−3 K−1 which is comparable to that found in the literature

for bulk Pt,αbulk = 3.8× 10−3 K−1 [100]. The positive value ofα indicates that as

the resistive heater gets hotter its resistance will also increase. Given that the resistive

heater should conform to Joule’s law, namely that the rate ofheat dissipation is given

by the power output of the heaterP = I2R = V 2/R, it was necessary to voltage bias

the resistive heater to avoid increasing heat dissipation as the temperature of the heater

element increases. A K2400 was used to bias the heater element as it enables large

voltages (±210 V at±105 mA) to be applied and so can provide appreciable heating

power.
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Figure 4.2: Optical image showing the Pt heater and thermometer in proximity to an etched

graphene device.

4.1.2 Experimental Data

A preliminary effort to measure the QHE in a graphene sample was performed on the

sample shown in Figure4.2. The comparatively large graphene flake (∼ 50 µm) was

etched into a Hall bar and contacted with Pd(3nm)/Nb(90nm) contacts deposited via

sputtering. A schematic of this sample is shown in Figure4.3with the contacts labelled

to aid further discussion. The sample was cooled in a He flow cryostat to 1.4 K and

measurements were made in a field of 8 T to try and observe the characteristic half

integer anomalous Hall effect that has been uniquely observed in graphene. This was

not observed and so the on-chip heater was utilised to try andimprove the sample.

The EFE was measured between every permutation of contact pairs to determine

the inhomogeneity across the device. The sample was then annealed using the on-chip

heater before being cooled again and the EFE measurements repeated. This procedure

was performed several times with different annealing profiles. The electrical measure-

ment data taken before and after annealing between pairs of contacts is shown in Fig-

ures4.5 and4.6 with the thermometry data and corresponding applied heaterpowers

recorded during annealing shown in Figure4.4.

The individual EFE curves of the sample prior to annealing show significant differ-

ences to one another indicating that the sample is highly inhomogeneous. The curves

mainly fall into one of three categories:
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A

B C

D

EF

Figure 4.3: Contact layout of sample SG075.

• A highly symmetric curve withVDirac close to 0 V, for example between contacts

A and B as shown in Figure4.5(a).

• A curve with VDirac close to 0 V with lower conduction in the electron carrier

regime, for example between contacts A-C , A-D and B-E as shownin Figures

4.5(b), 4.5(c)and4.5(h)respectively.

• A highly anomalous response showing a very broad peak centred at a highVG

of around 40 V, for example between contacts C-E and D-E as shown in Figures

4.6(c)and4.6(e)respectively.

The first instance shows the desired case as the un-shifted position of VDirac and

equal mobilities of electrons and holes represent a sample free from contaminants that

dope the sample and contribute to scattering. The second instance deviates from this

ideal with asymmetry between electron and hole conduction.The likely cause for this

is the unwanted presence of dopants on (or under) the graphene flake. Given that the

peak is still close to 0 V it is likely that the current path between these contacts is

primarily through regions consisting predominantly of clean graphene but there is an

additional contribution from highly doped regions. The final case represents highly

disordered graphene with a range of magnitudes of doping present resulting in a broad

feature. As such the sample seems to generally be undoped closer to contact A with

more doping induced disorder towards contact D. An additional point of note is that

the measurements featuring contact F show a resistance which is an order of magnitude
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(b) 2nd Anneal
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(c) 3rd Anneal
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(d) 4th Anneal

Figure 4.4: Thermometry readings from on-chip Pt strip (red) and sample holder Cernox

(black) as a function of time during the sequential anneal procedures performed on sample

SG075. The manually recorded power output of the Pt heater is also shown.

larger than other measurements; this is likely to be caused by a high contact resistance

between contact F and the graphene sheet.

The annealing procedures performed after these measurements are shown in Figure

4.4. During the first anneal, shown in Figure4.4(a), the heater output power was in-

creased manually at irregular time intervals, while the temperature of both the on-chip

Pt strip and the sample head Cernox was monitored. An output power of around 0.3 W

was sufficient to cause an appreciable change in the temperature of the Pt strip (which

should be indicative of the sample temperature), while the change in temperature of

the Cernox was less pronounced. As such, it seems the on-chip heater provides highly

localised heating (as was expected). This first annealing procedure lasted approxi-

mately 1.2 hours with a maximum heater output of 0.9 W reachedduring this time,
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4.1 On-chip Heaters

corresponding to a heater bias voltage of 44.5 V (I = 20 mA,J = 1.3 × 107 A/cm2).

The maximum sample temperature reached wasTmax = 370 K which is a temperature

change of∆T = 130 K from the initial sample temperature. The maximum tempera-

ture the sample holder reached wasTmax = 260K(∆T = 20K). Upon removal of the

heater bias voltage after 1.2 hours the temperature of the Ptstrip is observed to rapidly

decrease (> 80 K in 6 minutes). The temperature of the Cernox also decreases at this

point although at a slower rate owing to it having more thermal mass. The additional

annealing procedures performed can be summarised as follows:

• 2nd anneal - 3 hour anneal with a maximum sample temperature of 400 K

reached, see Figure4.4(b).

• 3rd anneal - 13 hour anneal with the sample at 370 K for 9 hours,see Figure

4.4(c).

• 4th anneal - 15 hour anneal with a maximum temperature of 430 Kthat decays

to 375 K over 13 hours, see Figure4.4(d).

During the fourth anneal at 15 hours the heater element was observed to fail. Be-

tween 2 and 15 hours the Pt strip temperature decreased slowly, corresponding to a

reduction in the power output of the heater element. As the heater was voltage biased

and the power output,P = V 2/R it is likely that during this time the resistance of

the heater was increasing as a result of gradual breakdown caused by the high current

density,J = 1.6 × 107 A/cm2. Breakdown in Pt micro-heater elements used for gas

sensing has been ascribed to stress caused by electromigration, as a result of using

high current densities (J ∼ 105 A/cm2) [101–103]. While this may have contributed

to the failure of the element, inspection of the damaged heater as shown in Figure4.7

indicates that damage mainly occurred at the connecting points between the high resis-

tance thin wire meander and the wider connecting leads. The changes in track width at

these points will result in a non-uniform current density along the wire and generate a

substantial thermal gradient. This could cause the wire to be strained and increases the

chance of breakdown. It should also be noted that the heater temperature is likely to

be much higher than the Pt thermometer indicates as they are in poor thermal contact

via SiO2 which has a low thermal conductivity (λ ∼ 1.3 Wm −1K −1 for a 300 nm
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film)[104], while the Pt contacts connected to the thermometer act as aheat sink, with

the thermal conductivity of Ptλ ∼ 70 Wm −1K −1.

Only a few permutations of contact pairs had EFE measurements taken between

them after the first annealing step because of minimal observed shifts inVDirac or ap-

preciable changes in other features. The contact pairs tested were A-B, A-D and C-D

shown in Figures4.5(a), 4.5(c)and4.6(b). All measurements show a positive shift in

position of the resistance maxima which would correlate with an increase (decrease)

in p-type (n-type) dopant concentrations. The longer second anneal showed more pro-

nounced feature changes and so all permutations of contact pairs were investigated.

The broad EFE peak observed between C-D, C-E and D-E in Figures4.6(b), 4.6(c)

and4.6(e)is replaced by a narrower peak aroundVG = 22 V. This suggests that a sig-

nificant change in the sample in this region has occurred, most likely the removal of a

significant quantity of p-type dopant. The anneal has also impacted the EFE measure-

ments that demonstrated an apparent low carrier mobility intheVG > VDirac electron

conduction regime such as between contacts B and C in Figure4.5(f). In this case the

accompanying wide shoulder feature betweenVG = 20 and 60 V has been replaced by

an additional peak atVG = 30 V. This double peak response is indicative of a p-p, p-n

or n-n structure depending on the position ofEF (such structures have been observed

extensively in the literature [105–111]). As such, the previously mentioned EFE shoul-

der erroneously attributed to low electron mobility was, inactuality, from a broad peak

caused by a highly doped region of graphene on the device.

The shift inEF from the applied gate voltageVG in the undoped graphene case can

be found using the following relation[112]:

ESLG
F = sign(∆VG)~vF

√

απ|∆VG|, (4.2)

where∆VG is the applied gate voltage,vF is the Fermi velocity in graphene andα =

7.2× 1010 cm−2 V−1 is the gate capacitance for a 300 nm silicon oxide layer. If the

sample is doped thenEF must be adjusted by a corresponding amount to coincide with

the Dirac point. As the two peaks in Figure4.5(f) occur atVG = +10 V and+30 V this

corresponds to a shift inEF of −98 meV and−170 meV respectively.

The prolonged third anneal caused a further shift in all peakpositions towardsVG =

0 V as a result of dopant removal. The other notable feature isa pronounced increase in

the resistance in measurements involving contact F, see Figures4.5(e), 4.6(a), 4.6(d),
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Figure 4.5: SG075 Gate response before and after annealing
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Figure 4.6: SG075 Gate response before and after annealing (continued).
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4.2 Current Annealing

4.6(f)and4.6(g), which could be caused either by damage to the graphene located near

contact F or an increase in contact resistance as a result of annealing. From the optical

image in Figure4.2 it is apparent that the metallic electrode for contact F is∼ 10 µm

from the heater at its nearest point and so it is possible thatthe heated electrode has

caused preferential heating and damage of the graphene nearcontact F.

Following the fourth anneal procedure, in which the heater element was observed

to fail, all EFE measurements between contact pairs show a single broad feature atVG

∼ −40 V. A possible cause for this is re-deposition of Pt from thedestroyed heater

onto the surface of the graphene device. A negative shift inVDirac of 40 V is equivalent

to a positive shift inEF of 0.2 eV based on Equation4.2. This is theoretically plausible

based on the interfacial dipole model proposed by Giovenetti et al. [113], which gives

a similar shift for Pt when the distance between the dopant metal adatoms and graphene

is less than 3̊A(refer to Figure6.10). Furthermore, this result is in very good agreement

with graphene samples covered by Pt deposited by MBE as produced by Piet al. [114].

They observed a shift inVDirac proportional to the number of monolayers (ML) of

transition metal covering the graphene. For Pt they found that 0.075 ML of Pt caused

a shift inVDirac of −40 V, where 1 ML≡ 1.908× 1015 atoms/cm2 (the areal density

of primitive unit cells in graphene)[114], which would suggest a similar distribution

of adatoms has been achieved via heater damage. The fractional change in carrier

mobility after Pt deposition,µ/µ0 = 0.3 ,whereµ0 andµ are the carrier mobilities

before and after deposition, extracted using the Drude model from data in Figure4.5(a),

is also comparable to that observed by Piet al. further supporting the premise of Pt

adatom deposition via thermal evaporation.

4.2 Current Annealing

It was established by Moseret al. [79] that a graphene device could effectively be

cleaned through the application of a large current density,J ∼ 108 A cm−2. The

procedure consists of gradually increasing the voltage applied across two contacts on

a graphene device and monitoring the change in current. When asufficient voltage

is reached, the current is seen to decrease, indicating an increase in the resistance of

the device. This increase in resistance corresponds to a shifting of the Dirac point -

and subsequently the resistance maximum,Rmax - towardsVG = 0 as dopants (such as
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50 μm

Figure 4.7: Optical image of heater destroyed during annealing process.

PMMA residues) are removed through Joule heating. A lower limit on the temperature

reached on the surface of the graphene during this process was established by Moseret

al. [79] through the observation of the removal of CdSe nanoparticles with a melting

temperature of 600◦C from the surface of a graphene flake during this process.

The gate voltage dependence of resistance (gate voltage sweep) for a two terminal

graphene device before and after a current annealing procedure is shown in Figure4.8.

The measurements were performed using the method outlined in Section3.2.1with

21 pointIV measurements, with a maximum source-drain voltage of±10 mV, being

taken at each applied gate voltage. The resistance values shown were calculated by

performing linear fits to each individualIV measurement.

Current annealing was performed in a helium cryostat atT = 292 K with no gate

voltage bias andVs-d supplied by a K2400 as it enables the application of voltages

greater than the limit of the DAC (10 V). Over the course of 30 minutesVs-d was

gradually increased from 0→ 14 V at which point the current through the device

reached 4.1 mA and was observed to be decreasing with time. This equates to a current

densityJ = 1.6× 108 A cm−2, assuming a sheet width of 7.5µm (as determined by

optical measurements) and a graphene thickness of 0.35 nm [79], which is of similar

order of magnitude required to anneal a graphene sample as stated by Moseret al. [79].
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Figure 4.8: Resistance as a function of gate voltage before (red) and after (black)current

annealing graphene sample SG084.

The reduction in current indicated that the resistance of the device was increasing with

time and thus it was likely that the CNP was shifting towardsVG = 0 V because of the

removal of dopants. A bias voltage of 14 V was maintained for 10 minutes, at which

point the current was observed to be stable at 3.8 mA, indicating no further removal of

dopants was occurring. A post-anneal gate voltage sweep wasthen performed using

the aforementioned electrical measurement set-up.

To quantify the changes that occurred to the device after thecurrent annealing

procedure, the gate sweep curves shown in Figure4.8have been fitted using equation

4.3taken from Ref. [115]:

σ(VG) =







µecg(VG − VDirac) + σres VG > VDirac

−µhcg(VG − VDirac) + σres VG < VDirac







(4.3)

Whereµe (µh) is the electron (hole) field-effect mobility, cg is the gate capacitance per

unit area, 1.15× 10−4 F m−2, VG is the gate voltage,VDirac is the gate voltage at which

the conductance minima is observed andσres is the residual conductivity associated

with a given fit. This procedure gaveµe = 0.24 m2 V−1s −1 , µh = 0.21 m2 V−1s −1,

VDirac = 22 V, σres = 1.6×10−4 Ω−1, µe/µh = 1.1, for the sample pre-anneal andµe =
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4.3In-situ Raman while Current Annealing

0.18 m2 V−1 s−1 , µh = 0.22 m2 V−1 s−1, VDirac = −3.7 V, σres = 2.1×10−4 Ω−1 and

µe/µh = 0.82, post-anneal.

The pre-annealed sample clearly shows unintentional doping, as evident by the

shifting of the CNP away fromVG = 0 V, as would be true in an intrinsic (undoped)

graphene sample. The positive value of this shift indicatesthat there is a p-type (hole

donor) dopant, which has reducedEF in the graphene sample away from the Dirac

point, which can subsequently only be recovered by filling states via the application

of a positive gate voltage. The annealing procedure has shifted the CNP closer to 0 V

which is most likely caused by the removal of the p-type dopant. The fact that the CNP

is at−3.67 V rather than 0 V could result from the presence of an n-type dopant or

electrostatic effects because of the high current densities achieved during the annealing

process, as shown by Chuiet al. [105]. A change in the field-effect mobility is also

observed with a slight increase inµh compared to a moderate decrease inµe. A carrier

dependent change in mobility has been observed caused by ionic dopants acting as

long range scatterers [116], and so, such dopants are likely cause for the shift in the

CNP in this sample.

A final characteristic of note is the reduction inRmax after current annealing. This

could be caused by a reduction in the homogeneity of the surface doping of the graphene

sheet, resulting in different areas of the device having different CNPs [117]. As this is

a two terminal measurement, the observed reduction in resistance could also be from a

reduction in the contact resistance.

4.3 In-situ Raman while Current Annealing

To gain further insight into the current annealing process,in-situ time resolved Raman

spectroscopy was performed. This consisted of taking repeated Raman spectra over

the1250−2750 cm−1 wavenumber range ,while increasing the current density passing

through a 7.5µm × 7.5µm graphene sheet between two electrodes. The sample was

housed in an Oxford Instruments microstat and pumped to below atmospheric pressure

using the combination of a rotary pump and diffusion pump with the measurement

performed at room temperature. The sample was held under vacuum for two reasons,

firstly to stop oxidisation of the sample from heating in an oxygen rich atmosphere and
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secondly to reduce the amount of water vapour which can causehysteresis in the EFE

measurements of graphene devices.

4.3.1 Hysteresis in EFE Measurements Performed in the Microstat

An example of such hysteresis in a different graphene sampleis shown in Figure4.9.

In both casesVG was first swept forward from an initial gate voltage of 0 V. Prior to

placing the device under vacuum the device shows marked hysteresis, with a reduction

in the resistance maximum at the CNP atVG ∼ 17 V on the back sweep compared to

the forward sweep. Similar responses have been observed in graphene field effect tran-

sistors and have been attributed to both charged dopants on the surface of the graphene

and trapped charges beneath the graphene[118; 119]. Following placing the sample un-

der vacuum the hysteresis is almost completely eliminated as well as an observed shift

of the CNP to a more negative value. The negative shift would imply the removal of a

p-type dopant such as water vapour via the pumping process. This result suggests that

all transport measurements should be performed under vacuum to avoid the effects of

water vapour on the sample. A complimentary technique to avoid water contamination

is to place the graphene flake on a hydrophobic substrate. This can be achieved with

the standard Si/SiO2 substrates by treating them with Hexamethyldisilazane (HMDS)

prior to graphene deposition. This technique was pioneeredby Lafkioti et al. [120],

who observed an increase in carrier mobility and reduced shift of the CNP in devices

treated with HMDS prior to graphene deposition. An attempt to replicate this result

here at Leeds was unsuccessful, owing to difficulties in getting both photoresist and

PMMA to adhere to the substrate following treatment.

4.3.2 Modification of the Graphene via Laser Irradiation

A He-Ne laser (λ = 532 nm) was used to illuminate the sample with a circular spot

size of 9µm2. The maximum laser power at the sample is 30 mW, which was reduced

to 0.3 mW through the use of an intensity filter, giving a laserpower per unit area of 33

µW/µm2. The intensity of the laser was reduced in order to minimize the possibility of

laser induced damage to the graphene, as well as any laser induced heating. A nominal

laser power was still required however, to ensure sufficientscattered light reaches the

spectrometer during the individual spectra acquisition time, which was 30 seconds.
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Figure 4.9: Room temperature gate sweeps taken on graphene sample (SG100) before and after

pumping down the optical microstat showing signs of hysteresis because ofambient conditions.
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Figure 4.10: Room temperature gate sweeps taken on graphene sample (SG103) before and

after raster scanning the sample with the laser over 8 hours.
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Even at this reduced laser power there is evidence of appreciable modification to

the graphene following prolonged laser exposure. An EFE measurement made on a

graphene device before and after prolonged exposure to laser radiation is shown in

Figure4.10. The prolonged laser exposure was performed as part of a measurement

of the photocurrent response of the device, which involved raster scanning the laser

spot across the entire surface of the device over the course of 8 hours. The laser spot

was directly on the graphene sheet for approximately a quarter of this time. The EFE

measurement following this procedure shows a pronounced shift in the position of the

CNP withVDirac moving from approximately−9 V to −29 V.

The prospect of modification of graphene through prolonged laser exposure was

explored in detail by Krausset al. [121]. In this case a laser withλ = 488 nm

with a power of 1 mW was focussed on a graphene sample to a 500 nmdiameter

spot. This equates to a power per unit area of 5000µW/µm2, which is several order of

magnitudes larger than the sample in Figure4.10was subjected to. The authors studied

the change in Raman features, EFE measurements and the topography of their devices

(using AFM) as a function of laser exposure time. In their EFEmeasurements they

observed a gradual large shift in the position of the CNP, greater than 80 V after 8 hours

exposure, with an accompanying reduction in carrier mobility. This was attributed to

several phenomena inferred from Raman and AFM measurements.

At first the laser anneals the sample which acts to remove adsorbed dopants from

the surface of the graphene. This manifested as a reduction in the height profile of the

graphene measured using AFM after 5 minutes of laser exposure. Following this the

measured height of the graphene rapidly increases to 2 nm after 30 minutes exposure.

This was attributed to the cracking of sp2 bonds by the laser, forming nano-crystalline

graphene, which provide sites for molecular adsorbents to adhere to, increasing the

observed height of the graphene. The formation of nano-crystalline graphene is sup-

ported by the evolution of the ratio of intensities in the Raman spectra, which follow

the disorder trajectory for graphene→ nano-crystalline graphene which was estab-

lished by Ferrariet al. [63] (this is discussed in more detail in Section6.4). Despite

the reduced laser intensity and excitation energy used in our study, it is possible that

bond breaking is occurring as a result of the long duration ofscans, along with a poor

vacuum, providing an abundance of possible adsorbates which are the source of the

observed shift of the CNP in Figure4.10.
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Figure 4.11: Graph showing the applied power and current density applied to the graphene

sample as a function of time. The lines are guides for the eyes.

4.3.3 Annealing Procedure

The applied power to the device and subsequent current density across the device,

J , during the current anneal procedure is shown as a function of time, t, in Figure

4.11. The current density was calculated using a graphene sheet cross sectional area

of 7.5µm × 0.35 nm. The sample was current biased and the power calculated using

P = I2R, with R being the resistance of the device measured the instant the current

had been increased. The current was increased manually until an appreciable increase

in R was observed, which should correspond to a shifting of the position of the CNP

towardsVG = 0 V because of the removal of dopants. Att ∼ 20 minutesJ is increased

from 0.75 → 1.25 × 108 A/cm2 because of a minimal change in resistance being

observed at the lower current density, coupled to no apparent change in the observed

Raman spectra being continually taken during the procedure.After t = 40 minutes

(J ∼ 1.5× 108 A/cm2) the device was observed to fail and no further current flow was

possible through the device.

4.3.4 Discussion of Raman Measurements

A selection of Raman spectra during the anneal procedure are shown in Figure4.12,

each of which clearly shows a G and 2D peak, at around 1600 cm−1 and 2680 cm−1

respectively, characteristic of a graphene device. The individual spectra have been
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Figure 4.12: Individual Raman spectra taken at different times during the current annealing

procedure. Curves have been shifted vertically 80 units from one another.

offset from one another in the y-axis for clarity. Some subtle changes are apparent,

such as a reduction in the intensity of the G and 2D peak with time, as well as a clear

broadening of the G peak. An additional observation is that the background signal also

increases. This is expected as the heated graphene system should radiate energy, in

accordance with Planck’s law for a grey body[122]. To gain further insight into the

change in the spectra during the anneal, it is necessary to fitthe peaks and extract the

fitting parameters.

The results of fitting the data to a Lorentzian, as given by Equation2.31, using a

least squares method, are shown for both the 2D peak and G peakin Figures4.13(a)

and4.13(b)respectively. The band width of both peaks is observed to increase with

time (and subsequently the current density), while the bandenergy (i.e. the position

of the peak) is shown to decrease. Notably in the first 10 minutes of the measurement,

whenJ < 0.5 × 108 A/cm2, there is no significant change to neither the width nor the

position of the peaks. This not only suggests thatJ is too low to cause any appreciable

change, it also indicates that heating from the laser is not amajor contributor to any

change in the Raman features in this study. A significant broadening of the Raman

peaks and red shifting of their positions is observed after 20 minutes, when the current

density was increased from0.75 → 1.25 × 108 A/cm2.

Beyond 20 minutes the data for the G peak has a significant amount of error, both
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Figure 4.13: Raman band energy and width as a function of current anneal time. The 2Dpeak

and G peak fitting parameters are shown in a) and b) respectively.
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in position and width. This is caused by a reduction in peak intensity, coupled to the

already narrow peak, making fitting difficult. To improve this measurement, either the

integration time (the time taken to capture the spectra) would have to be increased or

the diffraction grating constant (number of lines per unit length) increased, to ensure

more points were sampled in the wave-number range 1589→ 1593 cm−1. An increase

in the integration time would result in a loss of resolution in time, although this would

be acceptable given the time taken between changes inJ . The use of a larger grating

constant would be acceptable if only one peak was of interestas the wave-number

range that can be sampled by the Raman’s CCD at any given time would be reduced.

Despite the large errors it is still clear that with increasing J an increase in G band

width has been measured alongside a reduction in the band energy. There are a number

of possible mechanisms that the observed changes could be attributed to and these will

now be discussed.

There is the possibility that the high current density employed is damaging the

graphene. A comprehensive study into how disorder influences the characteristic peaks

of graphene was performed by Martins Ferreiraet al. [123]. The authors studied

how the band energy,ω, and band width,Γ, were dependent on the average distance

between defects,LD. It was observed that as disorder increased andLD → 0 thatωG,

ΓG andΓ2D increased whileω2D decreased. The asymmetry of the responses ofωG

andω2D is counter to that observed in Figure4.13, which suggests that an increase in

disorder is not the main mechanism behind the evolution of the features with annealing

time.

There have been several studies on Raman spectroscopy of graphene flakes at dif-

ferent temperatures, mainly focusing on the response of theG peak[122; 124; 125].

Calizoet al. [124; 125] performed Raman measurements not only on graphene flakes

with varying number of layers, but also as a function of temperature. The tempera-

ture of the graphene was controlled by thermally anchoring the sample to a hot-cold

source and Raman measurements were made with an excitation laser withλ = 488

nm. They observed thatωG roughly decreased linearly with increasing temperature

over the measured temperature range of73− 373 K, stating that the following relation

holds:

ωG = ωG,0 + χT, (4.4)
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whereωG,0 is the frequency of the G mode when the temperatureT is extrapolated to 0

K andχ is the first-order temperature coefficient. The applicability of this relationship

to the current annealed sample is limited, as at high temperature a second-order term

appears which the authors did not extract from their data. Despite this, it is possible

to determine a lower bound estimate for the change in temperature of the annealed

sample. From Figure4.13(b)an overall change of∆ωG ≈ 2.3 cm−1 is observed during

the course of the anneal. Calizoet al. measuredχG = (−0.016±0.002) cm−1/K which

according to Equation4.4, gives a maximum temperature reached of450±20 K. Again

this is a lower bound, as it does not include the second-ordertemperature coefficient

and the error has been greatly underestimated, as a result ofignoring the large error in

ωG.

Another comparable study to this work is that of Berciaudet al. [122], in which

they investigated the electron and optical phonon temperatures,Tel andTop respec-

tively, in electrically biased graphene.Tel was determined by measuring the spectral

radiance of a graphene sample as a function of photon energy,which was then fitted

to Planck’s law for a grey body[122]. Owing to the nature of this measurement, it

was only applicable toTel > 1100 K. Top was determined by comparing the relative

intensities of the Stokes and anti-Stokes peaks which for the G peak can be written as:

Ias

I
= C exp

(−~ωG

kBTop

)

, (4.5)

whereIas andI are the intensities of the anti-Stokes and Stokes peaks respectively,

~ωG is the G phonon energy (≈ 195 meV),kB is the Boltzmann constant andC is a

numerical factor.

The fact that such a relationship holds is intuitive, as the greater the temperature the

higher the probability of an electron being in an excited state which leads to a greater

chance of anti-Stokes scattering occurring. As a result, this mechanism is the likely

source of the reduced intensity of the peaks observed with time/current density which

was shown in Figure4.12. Berciaudet al. also showed that at high temperatureTel

andTop are approximately equal and that overall the sample temperature is roughly

proportional to
√
P . The maximum dissipated power during the current anneal we

performed was∼ 80 kW/cm2, which when compared to the data acquired by Berci-

audet al. corresponds to a temperatureT = 640 ± 120 K, assuming similar sample

conditions.
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4.3In-situ Raman while Current Annealing

Berciaudet al. also measuredωG andΓG as a function of calculated temperature,

observing a general trend of a reduction inωG and an increase inΓG with temperature.

This is in agreement with our data assuming the sample is getting hotter with anneal

time. The increase inΓG indicates a reduced phonon lifetime, which is expected at

higher temperatures. The maximum change in fitting parameters from the initial state

at T = 300 K in our measurements are∆ωG ≈ −2.3 and∆ΓG ≈ 1.8. Again these

correspond to a similar change inT according to the data presented by Berciaudet al.

although an accurate comparison is difficult because of the large error bars in their data

and poor fit to the theoretical model. A final point of merit is that much higher values

of P were achieved in their samples compared to ours. One possible explanation is

that their vacuum is much better and so their samples are lesssusceptible to oxidation.

This is likely as our chamber was not continuously pumped during the course of the

experiment. Another possible explanation is a high contactresistance at the graphene-

metal interface, which would increase the amount of power dissipated at the contact.

Having this interface as the point of failure seems likely asa Raman signal is still

observed, even after electrical contact has been lost. Furthermore, under inspection

of the sample after the anneal with an optical microscope, there was no evidence of

damage to the graphene sheet within the channel between the contacts.

Another possible contributor to the change inωG andΓG is a change in doping

during the anneal. Figures4.14(a)and4.14(b)show whyΓG andωG respectively vary

with the position ofEF . ΓG is dependent on the G phonon lifetime and so if another

decay pathway is available to the phonon, its lifetime will be reduced, which will result

in a broadening of the peak. WhenEF is close to the Dirac point, a G phonon can

decay into an electron-hole pair as shown in the Feynmann diagram in Figure4.14(a).

However, when the magnitude of theEF is greater than the phonon energy~ωG, this

decay pathway is forbidden as a result of the Pauli exclusionprinciple. This results

in an longer phonon lifetime and a reduction inΓG. In the process shown in Figure

4.14(b), G phonons with energy greater than|EF | can undergo a renormalization

process, where an electron-hole pair is generated and then recombined to form another

G phonon, which alters the frequency of the phonon. Again, asthe carrier density

increases this process is available only to the higher energy G phonons.

The effect of doping was investigated prior to annealing thesample by measuring

ωG andΓG as a function ofVG. The results of this measurement are shown in Figure
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4.3In-situ Raman while Current Annealing
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Figure 4.14: a) G band damping and b) G band renormalisation processes in n-type graphene.

In a) a Feynmann diagram is shown for the electron-phonon coupling applicable to the G

phonon. WhenEF is close to the Dirac point the G phonon is broadened from an electron-hole

pair decay process. At high carrier densities this process is forbiddenby the Pauli exclusion

principle. In b) the Feynmann diagram shows the renormalisation process that is mediated by

the G-phonon interacting with virtual electron-hole pairs. Only electron-hole pairs with energy

greater than2|EF | are allowed. Taken from Ref. [65].
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Figure 4.15: G band energy and G band width extracted from the Raman spectra of SLG

devices as a function of applied gate voltage. a) Measurement performedon sample SG103 at

a laser wavelength of 532 nm atT = 4 K. b) Measurement performed by Yanet al. at a laser

wavelength of 488 nm atT = 10 K with the Dirac point indicated by a dotted line[65].
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4.4 Conclusion

4.15(a)alongside a similar measurement performed by Yanet al. [65] in Figure4.15(b)

for comparison. In the work of Yanet al.VG was varied from−100 V to +100 V with

ωG andΓG extracted from the Raman data at each value ofVG. A central peak in

the value ofΓG coincided with a dip in the value ofωG. From the symmetry of the

data, this point was identified as the CNP withVDirac = 18 ± 2 V. Away from this

point, as the carrier density increases, an increase (decrease) in values ofωG (ΓG) are

measured. Raman measurements were performed on our device and VG was varied

from −60 to +60 V. No peak or corresponding dip was observed in either parameter,

which indicates thatVDirac lies outside the measured range ofVG. Given thatωG (ΓG)

increases (decreases) for more positive values ofVG it is clear thatVDirac < −60 V

because of a large amount of n-type doping. In this case the result of dopant removal

during annealing would be a decrease inωG and increase inΓG as theVDirac → 0 V.

Given the same trend is observed because of an increase in temperature, the two effects

are indistinguishable during the annealing procedure.

4.4 Conclusion

It has been demonstrated that a Pt heater which is capable of sustaining temperatures

of around 400 K, can be patterned using EBL and sputter deposition. Furthermore, the

temperature can be successfully monitored using an accompanying thermometer pat-

terned in proximity to the heater. While the heater was shown to fail when dissipating a

power of 1.4 W, 1 W would have been sufficient to reach a comparable temperature of

400 K without causing damage to the heater. The annealing performed using the heater

removed a p-type dopant from a large etched graphene flake, which had an otherwise

inhomogeneous doping profile across its surface. Despite this it was not possible to re-

move all dopants resulting in a graphene n-n, p-n or p-p junction type EFE response, as

a consequence of having two regions with different doping. While metallic strips have

been previously used to apply a thermal gradient to a graphene device[126], this is the

first time such a heater has been used to remove dopants. Largegraphene devices, as

investigated here, often have inhomogeneous doping and so further efforts to measure

phenomena such as the quantum Hall effect (as presented in Chapter5) concentrated

on devices with smaller dimensions.
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4.4 Conclusion

An unintended consequence of the destruction of a heater element during an anneal

procedure was thein-situ deposition of Pt adatoms on a graphene flake. This has been

demonstrated to give comparable results to adatoms deposited using MBE. The depo-

sition of transition metal clusters on graphene has been utilised by others to investigate

scattering mechanisms in graphene [85; 127; 128], as well as other phenomena such as

induced superconductivity[28]. The method to deposit such clusters as presented here,

could prove beneficial when undertakingin-situ measurements in instruments where

placing a metal deposition source is not possible. Additional investigation would have

to be undertaken to understand how reproducible the deposition is and what sort of

control can be gained over the areal density of the transition metal deposited.

Modification of the properties of graphene samples has also been achieved through

the application of high current densities withJ ∼ 108 A/cm2. A shift in the position

of the CNP towardsVG = 0 V indicated a removal of dopant adsorbents, while a reduc-

tion in resistance was attributed to a possible improvementin the transparency of the

contact interface. While current annealing does show promise in terms of removing

dopants from the surface of the sample, it does have its limitations, such as an apparent

reduction in the electron mobility. The technique is also likely to only remove dopants

on the upper surface of the graphene sheet, as those trapped between the graphene and

the substrate cannot escape because of the impermeability of graphene [129]. Current

annealing is also high risk, as the graphene sample can easily be ruptured if too large a

voltage is applied.

To gain further insight into the current annealing process,another device was si-

multaneously probed, using a developed time-resolved Ramanspectroscopy technique.

During a current anneal procedure an increase in bandwidth and decrease in band en-

ergy of both the 2D and G Raman modes was observed with increasing anneal time

/ current density. This was understood to be resulting from an increase in tempera-

ture of the graphene sheet of several 100 K, as well as a possible contribution from

the removal of dopants. This dopant level dependency of Ramanfeatures was also

investigated through varying the doping in the graphene viathe electric field effect.
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CHAPTER 5

Characterisation of Graphene via

Transport Measurements
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5.1 Mobility and Conductance Minima in a High Quality Sample

While many experimental techniques have been utilised to probe the properties of

graphene, it was through transport measurements that the initial excitement about

the material was generated. The demonstration of the QHE showed directly that the

material was truly two dimensional. Furthermore, by showing a unique half integer

quantisation of the Hall conductivity, it was identified that the low energy excitations

in graphene, are in fact massless Dirac fermions, analogousto those in high energy

physics only in a condensed matter system.

In this chapter the results of EFE measurements made on single layer graphene

samples are shown. The mobility and minimum conductance areextracted and com-

pared to similar devices on SiO2 substrates presented in the literature indicating their

high quality. Following this, the results of QHE measurements on both etched and

unetched devices performed at low temperature are shown confirming the single lay-

ered nature of the samples. Finally, an extensive QHE measurement is performed on an

unetched device at a range of field values in which Shubnikov de-Haas oscillations (Sd-

HOs) are observed. From these oscillations a direct measurement of the carrier density

is achieved, comparing favourably to that determined by theparallel plate capacitor

model. The Berry’s phase is also extracted, confirming that monolayer graphene has a

geometric phase ofπ. These measurements confirm that monolayer graphene samples

of sufficient quality have been successfully produced at Leeds.

5.1 Mobility and Conductance Minima in a High Qual-

ity Sample

Figure5.1 shows a field effect measurement performed on a typical graphene device,

using a four point probe geometry performed atT = 1.4 K, in a continuous flow He

cryostat with no applied field. The data has been plotted in terms of resistance and

conductance in Figures5.1(a)and5.1(b)respectively. The resistance in this case is in

fact the square resistance given by:

R� =
W

L
R, (5.1)

whereR is the measured resistance andW andL are the width and length respectively,

of the graphene sheet between the electrodes. Similarly theconductance is given by
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5.1 Mobility and Conductance Minima in a High Quality Sample

the inverse ofR� and hence incorporates the same geometrical pre-factor.

The maximum in resistance equating to the position of the CNP occurs atVG =

0.5±0.5 V, which according to Equation2.8, corresponds to a very low p-type impurity

contribution of4 ± 4 × 1010 carriers cm−2. Many prepared samples had CNPs atVG

≈ 20 V because of a large contribution from a p-type dopant. It is believed that the

reduced dopant concentration in this sample resulted from the particular care taken

during the fabrication procedure to avoid contaminating the surface of the device. The

time for which the lithography resists were baked was reduced - from 45 minutes to

15 minutes - in order to facilitate their removal following lithography. Effort was also

made to reduce the duration for which the sample was exposed to atmosphere, by

keeping the sample in a pumped container, at a pressure of 0.5atmospheres with a

desiccant to remove any excess water.

Figure5.2shows the carrier mobility,µ, as extracted from the data using Equation

2.10. The carrier density is also shown, determined using Equation 2.8. The divergent

nature ofµ close to the Dirac point was confirmed by Zhanget al. [7] via QHE mea-

surements, although in those measurementsµ ≈ 10, 000 cm2/Vs in the high carrier

density regime, whereas this sample hasµ ≈ 5, 000 cm2/Vs. A small amount of asym-

metry in the mobility of the p-type and n-type regions is observed and expected, given

the low dopant concentration. The minimum in conductance,σmin occurs at1.0 ± 0.2

×(4e2/h). The magnitude ofσmin andµ are in very good agreement with a plethora

of measurements performed on similar devices in the literature as shown in Figure5.3.

While there were initially some indications thatσmin = 4e2/h was a universal

value for graphene devices, this has now been understood notto be the case. In fact

σ has been shown to be a function of temperature, frequency, Fermi energy, impurity

scattering strength, intervalley scattering strength andsystem size[4]. For example

a finite temperature always results in there being some thermally excited carriers, as

there is no gap between the conduction and valence bands. Independently, the highly

inhomogeneous landscape of experimentally realised graphene - from the formation of

electron-hole puddles - results in the Fermi level never being exactly at the Dirac point

across the entire surface of the graphene sample. This also results in the observation

of a non-zero conductance minimum. Nevertheless the measured value ofσmin is in

good agreement with similar devices produced by other groups, suggesting the sample

quality is reaching the limits of exfoliated graphene on SiO2 substrates.

100



5.1 Mobility and Conductance Minima in a High Quality Sample

-60 -40 -20 0 20 40 60
0

1

2

3

4

5

6

R
es

is
ta

nc
e 

(k
)

Gate Voltage (V)

(a)

-60 -40 -20 0 20 40 60
0

2

4

6

8

10

12

14

16

18

20

22

24

C
on

du
ct

an
ce

 (4
e2 /h

)

Gate Voltage (V)

(b)

Figure 5.1: Electric field effect measurements of sample SG071 showing the gate response

of a) resistance and b) conductance. Measurement performed at T = 1.4 K with no applied

external field.
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Figure 5.2: Calculated carrier mobility (red) and carrier density (blue) as a function ofgate
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Figure 5.3: Measured minimum conductance values as a function of carrier mobility for a

variety of graphene devices on SiO2 substrates. Circles (unfilled) represent data taken by other

groups while the square (filled) shows the values extracted from sample SG071. Adapted from

Ref. [9].
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5.2 Sample Geometry for QHE Measurements

Despite a low dopant impurity concentration, an appreciable effect in the form

of a linear dependence ofσ with carrier concentration,n, is observed. The weakly

interacting nature of charge carriers in graphene enable the conductivity to be described

by Boltzmann theory, which in theT = 0 K limit gives:

σ =
e2v2

F

2
D(EF )τ(EF ) =

e2

h

2EF

~
τ(EF ), (5.2)

wherevF is the carrier velocity atEF , D(EF ) is the density of states andτ(EF ) is

the scattering time[4]. The two main contributors to scattering are neutral impurities

and charged impurities that are responsible for short rangeand long range scattering

respectively. It has been shown that for short range scatterers:

τ ∝ 1√
n

=⇒ σ(n) ∝ n0, (5.3)

while for long range scattering charged impurities:

τ ∝
√
n =⇒ σ(n) ∝ n. (5.4)

As a result, charge impurities are expected to dominate conduction at low carrier den-

sities, while at higher densities shorter range scatteringplays a larger role. In very

high mobility samples a sub-linearσ(n) is observed. This is because of a reduction

in charged impurities (which dominate the conduction of lower mobility samples), re-

sulting in a greater relative contribution to the conductivity from short range scatterers.

From the highly linear dependence ofσ(n) shown in Figure5.1(b)it can be concluded

that charged impurities are the dominant scattering mechanism in the measured sam-

ple.

5.2 Sample Geometry for QHE Measurements

Two sample geometries were considered for QHE measurementsas shown in Figure

5.4. The first geometry consists of an unetched graphene flake with source and drain

contacts patterned at either end. The voltage probes through which the longitudinal

voltage,Vxx, and transverse (Hall) voltage,Vxy, are measured, are patterned as close

to the sample edge as possible. The sample is then measured with the applied external

field perpendicular to thexy plane of the sample. The second geometry consists of
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5.3 Measurement of the Quantum Hall Effect in an Etched Hall Bar Sample

a graphene flake that has been etched into a Hall bar geometry,before patterning and

depositing the contacts using the method outlined in Section 3.1.4. A false colour SEM

image of an etched graphene flake (yellow), that is contactedwith a Pd/Nb bilayer

(blue) is shown in Figure5.5. The device was designed to have a central channel width

of 1 µm, however the final width as measured using the SEM image is 0.7 µm. The

discrepancy is attributable to the undercut in the bi-layerresist profile used to define the

etch area, which results in more graphene being etched than designed. Contacts 4 and

1 are the source and drain contacts, respectively withVxx andVxy measured between

contacts5 − 6 and5 − 3 respectively. Contacts2 − 3 are bridged by some material,

likely graphite debris remnant from the graphene deposition procedure, although this

seemed to have minimal impact on the QHE measurements made onthis device.

5.3 Measurement of the Quantum Hall Effect in an Etched

Hall Bar Sample

To measure the QHE the etched sample was cooled to T = 1.5 K in a He flow cryostat

and a magnetic field of 8 T perpendicular to the plane of the sample was applied. Indi-

vidual IV measurements (maximum source-drain bias = 1 mV) were then performed,

measuring both voltage geometries simultaneously over a range of applied gate volt-

ages (−50 V < VG < 50 V). The results from this measurement are plotted in Figure

5.6 with the longitudinal resistance,Rxx, and Hall conductance,σxy, extracted from

the IV measurement shown in red and blue respectively.σxy is plotted in units of 4

e2/h which corresponds to a single quantum of conductance for carriers with fourfold

degeneracy (two from spin and two from pseudospin). The largest peak inRxx, coin-

ciding with then = 0 Landau level (LL) andVDirac, occurs atVG ∼ 12 V. This is shifted

from VG = 0 because of an extrinsic p-type dopant source contributing 8.6 × 1011 car-

riers cm−2, according to the parallel plate capacitor model, see Equation 2.8. At this

point σxy is observed to change sign, which confirms a change of carriertype from

holes to electrons asEF moves through the Dirac point. The existence of ann = 0 LL

and plateaus in the Hall conductance atσxy = (n + 1

2
)4e2/h confirms unequivocally

that this sample is a monolayer of graphene.
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Figure 5.4: Geometry for measuring the QHE in a) unetched and b) etched samples.
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5.3 Measurement of the Quantum Hall Effect in an Etched Hall Bar Sample
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Figure 5.5: False colour SEM image of sample SG091 showing Pd/Nb contacts (blue) and the

etched graphene Hall bar (yellow). The contacts have been numbered toaid discussion. The

scale bar is 2µm.
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Figure 5.6: Gate response of an etched graphene Hall-bar (sample SG091A) at T = 1.5 K

and H = 8 T. Dashed lines indicate expected level of half-integer quantum plateausσxy =

(n + 1/2)4e2/h for monolayer graphene.
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5.3 Measurement of the Quantum Hall Effect in an Etched Hall Bar Sample
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Figure 5.7: Schematic showing the observable LLs in an etched monolayer graphene sample

using parameters extracted from QHE measurements. The LLs are labelled with their respec-

tive indices. The shape of the LLs are given by Lorentzian curves, broadened by scattering,

with Γ = 2 meV.

5.3.1 Extraction of Landau Level Separation from QHE

To further illustrate the point, a schematic of the LL energyseparation as taken from

this data is shown in Figure5.7calculated using:

E = ±~vFk = ±~vF

√
πns = ±~vF

√

π
ǫ0ǫ

te
|VG − VDirac| (5.5)

wherens is the carrier density,vF the Fermi velocity,ǫ0 the permittivity of free space,

ǫ the permittivity of SiO2, VG the gate voltage,VDirac the voltage coinciding with the

Dirac point, t the thickness of the substrate oxide ande the charge of the electron.

The sign of the energy is given by the sign of(VG − VDirac). The large energy sepa-

ration of then = 0 andn ± 1 levels results in clear resolution of the central peaks in

Rxx and a sharp transition between plateaus inσxy close toVDirac. The shape of the

LLs is approximated to a Lorentzian distribution as observed in infra-red absorption

spectroscopy measurements[130]. The half width at half maximum of the Lorentzian

distributions,Γ, is equivalent to the scatter induced broadening of the LLs and is set at

a representative value of 2 meV[131].
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5.3 Measurement of the Quantum Hall Effect in an Etched Hall Bar Sample
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Figure 5.8: Quantum Hall effect measurements performed on an unetched sample (SG089) for

T = 1.4 K. a) Longitudinal resistance and b) Hall conductance measurements are both shown.

The Hall conductance is shown for two different field directions with dashed lines indicat-

ing expected level of half-integer quantum plateausσxy = (n + 1/2)4e2/h for monolayer

graphene.
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5.4 Measurement of the Quantum Hall Effect in an Unetched Graphene Device

5.4 Measurement of the Quantum Hall Effect in an Un-

etched Graphene Device

Further probing of the QHE in graphene can be achieved by varying the applied mag-

netic field. Because of the failure of the etched device (attributed to electrostatic dis-

charge), an unetched device with the geometry shown in Figure 5.4(a)was employed.

Rxx as a function ofVG for this device is shown in Figure5.8(a)with σxy measured

in two magnetic field orientations shown in Figures5.8(b). TheRxx response of the

unetched device demonstrates a comparable number of LLs observable over the 100

V gate voltage range, as the etched devices indicating that the samples exhibit similar

carrier mobilities. While the etched device showed a relatively symmetric response

aboutVDirac, the unetched device has an asymmetric response with the peak in Rxx

corresponding to then = 1 LL being twice as high as then = −1 peak. The cause of

the asymmetry is that the contacts used to measureVxx, also measure a component of

Vxy, and vice-versa, because they are placed within the graphene channel. This is most

pronounced in theσxy measurements, which clearly show oscillations coincidingwith

the oscillations inRxx. Despite this effect, the quantised values ofσxy = (n+ 1

2
)4e2/h

(indicated by the dashed lines), are still evident, particularly in the electron conduction

regime whenµ0H = +8 T.

5.4.1 QHE as a Function of Field and Gate Voltage

QHE measurements were performed on the unetched sample varyingB as well asVG.

The applied field ranged from 8→ 0 T with a step size of 50 mT andVG ranged from

50 → −50 V with a step size of 1 V. At each value ofB andVG, a 21 pointIV

measurement was performed, with a maximum source-drain bias of 1 mV, withVxx

andVxy measured simultaneously, using two voltage pre-amplifiersand the DAC. As

a result of time constraints, onlyB ≥ 0 T was investigated, as the main interest was in

Rxx, which should depend only on the magnitude of the applied field, not its direction.

The temperature remained at T = 1.4 K throughout the measurement for a duration of

16 hours.

The result of these measurements is shown as a colour plot in Figure5.9 with the

magnitude ofRxx indicated by the colour bar. The value of each pixel is obtained
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5.4 Measurement of the Quantum Hall Effect in an Unetched Graphene Device

Figure 5.9: Longitudinal resistance of a graphene sample (SG089) as a function of applied

gate voltage and external magnetic field.

by performing a linear fit to theIV data, at that respective value ofVG and applied

field. The centres of the LLs correspond to peaks inRxx, which in the colour plot

are represented by the features coloured blue→ red. The LL plateaus occur when

Rxx is at a minimum which are seen as black features in the colour plot. ForB = 0

T a single peak is observed along the x-axis atVDirac ≈ 8 V. Increasing the field has

little effect until B ∼ 2.5 T at which point oscillations inRxx as a function ofVG

are observed because of the formation of LLs, having satisfied the criteriaωcτ ∼ 1.

As En ∝
√
N the LLs separation increases with field and, as a result, fewer LLs are

observable within the specified range ofVG. For example at 8 T the LLs with indices in

the range−5 ≤ n ≤ 4 are observable compared to−11 ≤ n ≤ 7 at 4 T. The maximum

energy separation in the data is observed at 8 T where the relationship betweenRxx

andVG is equivalent to that measured previously and presented in Figure5.8(a).
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5.4 Measurement of the Quantum Hall Effect in an Unetched Graphene Device
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Figure 5.10: Normalised longitudinal resistance as a function of applied field showing SdHOs

in sample SG089 atVG = −50 V. The line connecting points is a guide for the eye.

5.4.2 SdHOs and an Estimation of the Landau Level Broadening

Figure5.9 provides a particularly satisfying explanation of the source of the oscilla-

tions in magnetoresistance (MR) with increasing field, knownas the SdHOs (refer to

Section2.2.1for more details). Taking slices of the data in the y-direction is equivalent

to performing an MR measurement at a given value ofns. This makes it clear that asns

increases additional SdHOs are observable owing to the sampling of LLs with higher

indices.Rxx(B) (normalised by the zero field resistance) as a function of field atVG =

−50 V is extracted from Figure5.9and is shown in Figure5.10.

The field strength at which the SdHOs are first observable,BSdH, can be used to

extract some key parameters regarding the quality of the sample, namely the elastic

scattering time,τ , LL broadening,Γ, and the mobility,µ. SdHOs correspond to the

formation of LLs which can only be resolved onceωcτ ∼ 1. The effective cyclotron

mass,m∗, of graphene is given byE = m∗v2
F whereE is energy[8]. Combining this

relation with the standard definition of cyclotron frequency and the dispersion relation

for graphene, given by Equations2.12and2.13respectively, produces the following

relation:

ωc =
evFB

~
√
πns

, (5.6)
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Figure 5.11: Normalised longitudinal resistance as a function of the inverse of the appliedfield

from sample SG089 atVG = −50 V. The labels indicate the respective Landau level indicesn

associated with each minima in MR. The line connecting the data points is a guide for the eye

only.

and hence the elastic scattering time is given by:

τ ∼ ~
√
πns

evFBSdH
. (5.7)

In the high carrier density regime atVG = −50 V, ns ∼ 4.5 × 1013 carriers cm−2 and

the first SdHO is observed atBSdH ∼ 2.5 T, which givesτ ∼ 300 fs. The uncertainty

principle gives the broadening of a LL by defect scattering as Γ ≈ ~/τ ∼ 2 meV,

which is comparable to the broadening reported by other authors for graphene on SiO2
substrates[131]. Given thatµ = eτ/m∗ the criteria for LL generation in terms of

mobility and field isµBSdH ∼ 1, giving a lower bound mobility ofµ ∼ 4,000 cm2

V−1 s−1, which is in good agreement with values obtained from electric field effect

measurements. Based on these considerations our samples areof similar quality to

those presented in the literature[9].

5.4.3 Extraction of Berry’s Phase and Carrier Density from Sd-

HOs

Several fundamental quantities can be extracted from the SdHOs, namely the carrier

density, Berry’s phaseβ and the cyclotron mass. As the determination ofm∗ requires
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a measurement of the SdHO amplitude as a function ofT , which was not a variable

in this measurement, only the former two quantities are measured in this section. The

change inRxx because of the SdHOs is given by the following relation[131–133]:

∆Rxx = R(B, T ) cos

[

2π

(

BF

B
+

1

2
+ β

)]

, (5.8)

whereR(B, T ) is the SdHO amplitude andβ is the Berry’s phase. The frequency of

the SdHO in1/B is given byBF :

BF =
E2

F

2ev2
F ~

=
~k2

F

2e
=

~πns

2e
, (5.9)

and so is only dependent on the carrier density,ns. Rxx is a minimum when an integer

number of LLs is filled and the following relation is satisfied:

2π(BF/B + 1/2 + β) = 2π(n+ 1/2), (5.10)

wheren is the Landau index of the highest filled level which takes integer values.

Rearranging this relation gives the following expression for n in terms ofB:

n =
BF

B
+ β. (5.11)

By producing a plot ofn as a function of1/B (otherwise known as a fan diagram),

bothBF (and hencens) andβ can be extracted from the gradient and y-intercept of

the linear fit respectively. Figure5.11shows a plot of normalisedRxx as a function

of 1/B for VG = −50 V. The minima inRxx are spaced equally in1/B in agreement

with theory and have been assigned Landau indices representing the highest filled LL

through comparison with the complete data set (shown in Figure 5.9). As the spacing

of the data points in Figure5.11 increase with1/B it is more difficult to assign an

accurate value of the minima for higher LLs and so only the first 7 observable levels

are selected in this case. This process was repeated for all carrier densities with the

result plotted for a selection of gate voltages in a fan diagram as shown in Figure5.12.

The dashed lines correspond to fits to Equation5.11with lines of positive and negative

gradient corresponding to values ofVG above and belowVDirac respectively, which in

turn corresponds to electron-like and hole-like charge carriers.
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Figure 5.12: Fan diagram for sample SG089 showing SdHO minima positions for a selection

of values of gate voltage for clarity.

A plot of ns versusVG is shown in Figure5.13. The points represent the carrier

density as determined from the fan diagram using:

ns =
4eBF

h
, (5.12)

whereBF is the gradient of the individual Landau plot fits. The line shows the result

of using the parallel plate capacitor model as given by Equation 2.8. The response is

symmetric aboutVDirac ≈ 8 V and the lowest experimentally determined value ofns is

1.2 ± 0.2 × 1011 carriers cm−2. The validity of the parallel plate capacitor model is

confirmed via its good agreement with the extracted values ofcarrier density.

The intercept values of the linear fits on the fan diagram are equal toβ. The mag-

nitude ofβ is plotted as a function ofVG in Figure5.14. From the plot a value of

β = 0.48 ± 0.01 is found. The expected value forβ is 0.5, which suggests there is a

systematic error. A likely source of this error is the limited resolution of the measure-

ments inB. Despite this discrepancy it is clear thatβ is close to 0.5 and does not take

an integer value as is observed in 2DEGs. The extracted valueof β directly supports

the conclusion that the charge carriers are spin1/2 Dirac fermions.

5.5 Conclusion

Graphene samples of comparable quality to those in the literature have been produced

as confirmed by EFE measurements. A sample withVDirac close to 0 V was measured,
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Figure 5.13: Carrier density as a function of gate voltage. The red points indicate the carrier

density as determined from the landau plot in Figure5.12. The solid black line is the predicted

carrier density based on a simple gate capacitance model.
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Figure 5.14: Magnitude of Berry’s phase as a function of gate voltage for sample SG089.
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indicating a very low charged impurity concentration. The mobility and minimum con-

ductance of this sample were found to be 5,000 cm2/Vs and4e2/h respectively, which

is in good agreement with samples produced by other groups onSiO2, using mechan-

ical exfoliation and lithography. A highly linear dependence of conductance on gate

voltage was observed, which is understood in terms of the dominance of long range

scattering by charged impurities over the short range scattering by neutral impurities.

Following this study, QHE measurements have been performedon two types of

graphene sample. One type consisted of a graphene sheet withundefined shape with

invasive contacts; the other was etched into a Hall bar usingelectron beam and oxy-

gen plasma ashing. The QHE was measured at low temperature inboth devices with

plateaus in the Hall conductance observed at values of(n+1/2)4e2/h, confirming that

the samples consisted of single layer graphene sheets. The plateaus in conductance of

the unetched device were not very well defined, which was attributed to the use of

invasive voltage probes. The unique energy spacing of the LLs in graphene was also

extracted directly from this QHE data.

Finally an extensive study of the QHE in an unetched sample was performed as a

function of applied field strength. The onset of the Landau level separation was ob-

served atB ∼ 2.5 T atT = 1.4 K. From this the elastic scattering time and the Landau

level broadening were estimated to beτ ∼ 300 fs andΓ ∼ 2 meV respectively. Addi-

tionally, oscillations in longitudinal resistance with field were observed and identified

as SdHOs. The minima of these oscillations were spaced by a constant value in1/B

as expected for a monolayer graphene sample. By assigning theresistance minima

to specific LLs, the carrier density and Berry’s phase were determined directly. The

dependence of carrier density on gate voltage was shown to conform to the proposed

parallel plate capacitor model. The Berry’s phase was found to by β = 0.48 ± 0.01

which indicates a phase change of the wavefunction ofπ when rotated by2π in k-

space, which is consistent with having spin1/2 Dirac fermions as charge carriers.

The single layer nature of the samples has been unambiguously shown via a demon-

stration of the rich and fundamentally new physics predicted in graphene by theory.

Furthermore, the quality of the graphene produced here has been shown to be of com-

parable quality to some of the best graphene on SiO2 devices made. As a result, it is

likely that the performance of our graphene devices is not limited by the quality of the
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graphene but by the contact made to it. The following chapterexplores the contacting

of graphene in more detail.
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CHAPTER 6

Contacting Graphene
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6.1 Measuring Contact Resistances

It is well understood that the discontinuity between the properties of bulk materials and

those with restricted dimensionality makes contacting nanoscale devices with metal-

lic contacts a non-trivial problem[134]. Graphene is no exception, with many factors

playing a role in the quality of contact that can be made, fromthe fabrication tech-

niques used, to the choice of contact material[135–139]. The contact resistance has

also been shown to be highly dependent on carrier concentration and temperature in

graphene devices, with an additional degree of variabilitybetween otherwise identical

devices. Given that the ability to form highly transparent (i.e. low resistance) contacts

is particularly important when producing devices where maintaining phase coherence

across the contact and graphene is necessary (such as in a SGSjunction) it seems

wise to measure the contact resistance, to assess the viability of observing phase co-

herent phenomenon. This is of additional interest given that the majority of devices

presented in the literature are fabricated using contacts deposited with electron beam

evaporation, whereas the devices presented within this thesis are deposited by means

of sputter deposition.

This chapter presents the results of investigating the contacting of graphene with

metals. Contact resistances are measured on both etched and unetched graphene de-

vices. Asymmetry observed in the transport measurements ofthese graphene devices

is then discussed in terms of contact induced doping, resulting from the formation of

a dipole at the graphene-metal interface, and a model is presented to explain the effect

this has on the transport properties. The impact of sputtering contacts on graphene

is then investigated using Raman spectroscopy, followed by areview of contact resis-

tance measurements made on devices in the literature and howthis compares to our

samples.

6.1 Measuring Contact Resistances

6.1.1 Transmission Line Model

One of the main considerations when determining the contactresistance of devices

with planar geometries is that current is not necessarily injected uniformly over the full

area of the contact. This can be understood in terms of the transmission line model first

proposed by Murrmann and Widmann and later refined by Berger[141]. A schematic
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0 L
x

I

ρs

Metal Contact

Bulk Resistance

Contact Resistance Area

Figure 6.1: Schematic of a planar device with electrical resistance represented by a model

circuit as assumed in the transmission line model[140].

of this model is shown in Figure6.1, which shows that the area under the contact can

be described by a network of resistors in parallel. Therefore, current injection from the

bulk material to the contact primarily occurs at thex = 0 contact edge as this proves

the path of least resistance. By considering this network of resistors the spatial change

in potential under the contact is found to be:

V (x) = I

√
ρsρc cosh [(L− x)/LT ]

Z sinh (L/LT )
, (6.1)

whereL is the contact length,I is the current flowing andZ is the width of the con-

ducting channel. The distance over which most of the currenttransfer occurs is given

by:

LT =
√

ρc/ρs, (6.2)

whereρs andρc are the sheet resistance and specific contact resistance respectively.

Despite this model being originally proposed for bulk semiconductor-metal interfaces,

conceptually the situation in planar graphene devices should be similar. The main

discrepancy will likely be the assumption that the sheet resistance is the same in the

channel and under the contact, which may not be the case if thegraphene is damaged

by the metal deposition procedure.

6.1.2 Transfer Length Method

A common method used for determining the contact resistance, and transfer length is

through the use of a technique called the transfer length method (TLM). The technique

utilises a test structure as shown in Figure6.2(a), in which a channel of uniform width
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    L  d1      d2           d3                   d4 

Z

(a)

RT

d

Slope = ρs/Z

Intercept = 2Rc

Intercept = 2LT

(b)

Figure 6.2: a) A transfer length method test structure and b) an example plot of total resistance

as a function of contact spacing. Adapted from [140].

Z is contacted by identical contacts with unequal spacingd. When measuring the

resistance between adjacent contacts the total resistance,RT , is given by:

RT =
ρs

Z
d+ 2Rc, (6.3)

whereRc is the contact resistance in Ohms. By plottingRT as a function ofd (keeping

Z constant) it is possible to extract both theRc andLT as shown in Figure6.2(b).

An alternative form of the equation was proposed by Venugopal et al. [136] for a

non-uniform channel. Considering an irregularly shaped channel as shown in Figure

Z1 Z2

L d

Figure 6.3: Irregularly shaped graphene device geometry [136].
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6.3, it can be shown that the total resistance is of the form:

RT = ρs
d

Zeff 1
+

2ρc

LZeff 2
, (6.4)

where,

Z2 > Z1,

Zeff 1 = (Z2 − Z1)/ ln (Z2/Z1),

Zeff 2 = 2Z1Z2/(Z1 + Z2),

andZ1 andZ2 are the width of the graphene at either end of each respectivechannel

between two adjacent contacts. In this caseρc is the specific contact resistance inΩ m2

as Venugopalet al. assumed current flow occurred along the full length of the contact.

Samples consisting of both irregularly shaped graphene anduniform width graphene

have been investigated, the results of which are presented in the following section.

6.2 Experimental Data

In the following section the contact resistance measurements taken on graphene sam-

ples with sputter deposited Pd/Nb (3 nm/90 nm) contacts are presented. Measurements

are first shown for an irregularly shaped sample (SG085), followed by a device with

uniform width (SG098).

6.2.1 Irregularly Shaped Device

EFE measurements were taken between pairs of adjacent contacts on the unetched

graphene flake shown in Figure6.4, with channel length,d = 0.8, 1.3, 2.5, 4.4 and

6.3 µm and contact length,L = 1 µm. The two terminal resistance as a function of

VG for each pair of contacts is shown in Figure6.5(a), with the channel length given

in the legend. As the channel length reduces, the total resistance,RT , is observed

to reduce over the total gate voltage range investigated, although comparing curves

visually is problematic given the varying channel widths. The smallest channel (d =

0.8µm) shows an anomalous response, as the resistance atVG = −60 V is comparable

to that of the largest channel (d = 6.3 µm). This is despite the narrower junction

having a significantly smaller area of graphene between the contacts. The cause of this
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Figure 6.4: False colour SEM image of TLM sample SG085 showing Pd/Nb contacts (blue)

and the unetched graphene flake (yellow). The scale bar is 10µm.

anomalous resistance is not clear, although it is possible that there is debris under the

outermost contact, which having a particularly small contact area, would be heavily

impacted even by small obstructions.

In order to extract the sheet and contact resistances,ρs andρc respectively, as a

function of VG, the data was fitted using the TLM equation for an irregular sample,

Equation6.4. As the channel width at either end of the channel (Z1 andZ2) vary for

each pair of contacts, the data was fitted using a least squares method, minimising the

difference betweenRT as measured and calculated usingρs andρc as the only fitting

parameters. This procedure was repeated for data taken at each value ofVG and the

results of these fits are shown in Figures6.5(b)and6.5(c).

The sheet resistance extrapolated from the TLM measurements is shown in Figure

6.5(b) and displays a field effect typical of a graphene device. The field effect mo-

bilities as extracted using the Drude model (Equation4.3) areµe = 4,200 cm2V−1s−1

andµh = 4,900 cm2V−1s−1and are comparable to those measured by other groups for

non-suspended graphene on SiO2 substrates[9].

Venugopalet al. [136] reported a current transfer length greater than the contact

length based on the transmission line model and concluded that this indicated that

charge transfer occurred over the entire contact. This was countered by Xiaet al.

[138], who stated that this reasoning was not applicable to graphene for two main rea-

sons. Firstly, the model assumes the metal-semiconductor contact is diffusive, which

123

Images/SG085_SEM.eps


6.2 Experimental Data

-60 -40 -20 0 20 40 60
2

4

6

8

10

12

14

16

 d ( m)
 0.8
 1.3
 2.5
 4.4
 6.3

R
T (

k
)

Gate Voltage (V)

(a)

-60 -40 -20 0 20 40 60

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

s (
k

/s
q)

Gate Voltage (V)

(b)

-60 -40 -20 0 20 40 60
2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

c (
k

 
m

)

Gate Voltage (V)

(c)

Figure 6.5: TLM measurements taken on an unetched graphene flake. EFE measurements

taken between pairs of adjacent contacts are shown in a) with the sheet resistance and contact

resistance as a function of gate voltage shown in b) and c) respectively.
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does not apply to graphene, as the mean free path is significantly larger than a typical

semiconductor structure, around 1,000 nm for graphene[3] compared to10 − 100 nm

for Si (depending on dopant concentration and temperature)[142]. Secondly, the model

assumes that the sheet resistance under the contact and in the channel is the same. This

is unlikely to be the case in a graphene device, as the graphene can be damaged by the

deposition technique (expected for sputtered samples[143]), doped by the contacting

metal[113] or have its band structure altered by interaction between the carbon and

metal atoms[144; 145].

It is now generally accepted that carrier injection occurs over a short distance at

the contact edge[135; 138; 139] and soρc has been plotted in units ofΩµm to be

comparable with values quoted in the literature. The specific contact resistance shown

in Figure6.5(c), shows a clear dependence on gate voltage with a peak inρc atVDirac,

which decreases away from the Dirac point, saturating at high gate voltages. The

specific contact resistance in the p-type (VG − VDirac < 0) and n-type (VG − VDirac >

0) branches display asymmetry, saturating at 3.3± 0.7 kΩµm and 4.2± 0.8 kΩµm

respectively. Such asymmetry, with higher contact resistances when n-type doping,

was also observed by Xiaet al. [138] in all their samples contacted with Pd. For Ti

doped samples they observed the opposite asymmetry and so attributed this effect to

doping of the graphene by the metal contact, with the type of doping depending on the

work-function of the metal (see Section6.3.1).

The large error bars on both Figure6.5(b)and Figure6.5(c)are primarily from the

difficulty in assigning an appropriate value of channel widthsZ1 andZ2. The model

assumes that the overall channel width decreases linearly between both contacts which

is not the case for at least one of the channels. Shaping the graphene flake so it has a

uniform width eliminates this source of error and makes interpretation of the data sim-

pler. This is because of the simple relationship between RT andd, based on Equation

6.3 can be employed for a uniform width device rather than using awidth dependent

least squares fit, based on Equation6.4, as required for a non-uniform device.

6.2.2 Uniform Width Device

Uniform width graphene samples were produced by isolating exfoliated flakes of suf-

ficient size to accommodate a test structure, typically requiring a flake with a length
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Figure 6.6: False colour SEM image of TLM sample SG098 showing Pd/Nb contacts (blue)

and the etched graphene flake (yellow). The scale bar is 10µm.

greater than 20µm. It was necessary to then etch the flakes using electron beamlithog-

raphy and oxygen plasma, as outlined in Section3.1.4to ensureZ was constant. This

was then followed by depositing contacts using the standardEBL and sputtering tech-

niques. One such device, SG098, was produced in this manner with contacts of width,

L = 1 µm, Z = 2.0 µm and channel lengths,d = 1.0, 1.5, 2.0, 3.0, 5.5 and 9.0µm

respectively, see Figure6.6. Measurements were made under vacuum in a He flow

cryostat, to avoid any hysteresis in the EFE measurements caused by ambient condi-

tions.

The two terminal EFE measurements for each of the pairs of contacts separated by

a uniform graphene channel of lengthd are shown in Figure6.7. The device with a 9

µm channel shows the most typical graphene-like response, with a resistance maxima

corresponding to the CNP occurring atVG = 15 V. At this value ofVG we see that the

values ofRT decrease as the channel length is reduced, which is to be expected because

of the contribution toRT from ρs being proportional tod as stated in Equation6.3. The

more striking feature in these measurements is the increasing asymmetry in the curves
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Figure 6.7: EFE measurements taken on a TLM structure with uniform width.

aboutVDirac asd decreases. As the carrier mobilityµ ∝ dR/dVG the naive assumption

would be that the ratio ofµe toµh changes significantly withd. By extracting the sheet

and contact resistances independently from the data it is evident that this is not the

case.

Figure6.8(a)shows the total resistance versus channel length extractedfrom the

EFE measurements and the linear fits from which the specific contact resistance and

sheet resistance can be extracted based on Equation6.3 for several values ofVG. It is

clear from this plot that forVG < VDirac the intercept of the fit, and hence the contact

resistance, is relatively constant, despite the changing sheet resistance (indicated by

the varying fit gradients). It is also clear that the fits will intercept thex axis at a value

much more negative than−2µm. As the value of this intercept is equivalent to2LT this

would indicate that charge injection is occurring over the entirety of the contact, which

was the conclusion of Venugopalet al. [136]. Several other groups have found similar

results forLT from TLM measurements, yet complementary transport measurements

have indicated that the charge injection occurs only at the contact edge.

The extracted value ofρs andρc are shown as a function ofVG in Figure6.8(b)and

Figure6.8(c) respectively. It is clear that whenρs is considered independently from

the contact resistance, the characteristic symmetric shape in the gate voltage response
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Figure 6.8: TLM measurements taken on an etched graphene flake with uniform width. Total

resistance versus channel length for a range of gate voltages is plotted ina) with the extracted

sheet resistance and specific contact resistivity plotted in b) and c) respectively.
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is recovered, indicating thatµe andµh are comparable and independent of the channel

length and that the asymmetry in the resistance curves is because of a gate dependent

contact resistance. Figure6.8(c)shows that this gate dependence is significantly dif-

ferent when in the hole (VG < VDirac) or electron (VG > VDirac) conduction regime, with

ρc(holes) remaining relatively constant at approximately 1.9 ± 0.3 kΩµm, even as the

carrier density increases. In the electron regimeρc(electrons) is highly dependent on

carrier density, increasing by a factor of 2 over a 20 V range in VG.

Huardet al. [146] investigated electron-hole asymmetry in the resistance curves

of graphene by producing devices with both invasive contacts (those that covered the

entire width of a graphene channel) and external contacts (those connected to the chan-

nel via etched graphene arms). They observed that the devices with invasive contacts

showed strong electron-hole asymmetry (in addition to sub-linear conductance), which

the external contacts did not. This phenomenon was attributed to the transport prop-

erties of the metal-graphene interface and moreover to the formation of p-p or p-n

junctions at the interface, through charge transfer from the metal to the graphene. The

mechanism by which the charge transfer occurs is discussed in Section6.3, followed

by a model explaining the electron-hole asymmetry in the contact resistance measure-

ments.

6.3 Modelling Charge Transfer from Metal Contacts to

Graphene

6.3.1 Model of Doping Graphene Through Metal Contacts

Based on density functional theory (DFT) calculations of graphene on different metal

substrates, Giovannettiet al. [113] developed a phenomenological model that predicts

the shift inEF of graphene when in contact with a metal. This section outlines this

model and the results that can be obtained from it for severaldifferent metallic species,

including those used to contact graphene in this thesis.

When graphene is contacted with a metal, a transfer of electrons occurs to bring

the Fermi levels into equilibrium which is dependent on the relative work-functions of

the graphene, WG and metal surface,WM . The density of states of graphene is given
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Figure 6.9: Schematic illustration indicating the parameters used in the modelling of a dipole

forming at the interface between the graphene and contact metal. Reproduced from Ref. [113].

by the following relation:

D(E) =
2EF

π(vF ~)2
= D0EF , (6.5)

givingD0 ≈ 1.6 × 1017 m−2eV−1 for E within 1 eV of the Dirac points. This is much

lower than for a normal metal, and so equilibrium is achievedby the movement ofEF

in the graphene, as even a small electron contribution can make a significant change in

EF . The result is the formation of an interface dipole between the graphene and the

metal as illustrated in Figure6.9, whered is the metal-graphene separation,zd is the

effective distance between the charge sheets and∆V is the potential change generated

by the metal-graphene interaction. As most of the charge sheets exist within the space

between the graphene and the metal, it is modelled aszd = d − d0 whered0 is a

constant.

The potential change is given by:

V (d) = ∆tr(d) + ∆c(d), (6.6)

where∆tr is the contribution from charge transfer because of the difference in work-

functions in the metal and∆c is the contribution from the chemical interaction between

the graphene. Both components are dependent on the metal-graphene separationd.

The chemical interaction is necessary to explain why the graphene doping is not simply
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electron (hole) doped whenWG > WM (WG < WM ) but instead the crossover from

n-type to p-type doping is atWM−WG = 0.9 eV for an equilibrium separationd ∼ 3.3

Å. The work-function of the metal covered graphene is thus given by:

W (d) = WM − ∆V (d), (6.7)

with the shift in Fermi level:

∆EF (d) = W (d) −WG. (6.8)

The charge transfer component is modelled using a parallel plate capacitor model:

∆tr(d) = αN(d)zd, (6.9)

whereα = e2/ǫ0A = 34.93 eV/Å whereA = 5.18 Å2 is the area of the graphene unit

cell. N(d) is the number of electrons per unit cell transferred to the graphene and is

found by integrating Equation6.5:

N(d) =

∫

D(E) dE = D0

∆EF (d)2

2
. (6.10)

Combining Equations6.6, 6.7, 6.8and6.9and solving the resultant quadratic equation

gives the following expression for the shift in the grapheneFermi level:

∆EF (d) = ±
√

1 + 2αD0(d− d0)|WM −WG − ∆c(d)| − 1

αD0(d− d0)
. (6.11)

Assuming that the parametersd0 and∆c(d) depend very weakly on the choice of metal,

the model is found to be dependent only onWM , WG andd. The values ofd0 and

∆c(d) were found by fitting Equation6.11 to their DFT results for Cu (111). This

was achieved using a parameterised form of∆c(d) = e−κd(a0 + a1d + a2d
2), finding

d0 = 2.4 Å , κ = 1.6443 Å−1, a0 = −2048.56 eV, a1 = 1363.87 eV/Å and a2 =

−205.737 eV / Å2 for d & 3.0 Å. The resultant∆EF dependencies for various metals

on graphene, based on their respective work-functions and Equation6.11, are shown

in Figure6.10.

Giovannettiet al. only presented results based on Al, Cu, Ag, Au and Pt, as these

metals were found to be weakly interacting with the grapheneand so∆c(d) was only

dependent on exchange repulsion. The chemisorption of Pd onthe other hand is partic-

ularly strong because of hybridisation between the graphene pz orbitals and the metal d
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Figure 6.10: Calculated shift inEF as a function of graphene-metal surface distance for vari-

ous metals using the model developed by Giovannettiet al. [113].

orbitals (Pd orbital configuration is ([Kr] 4d10)), heavily distorting the graphene bands

in addition to having reduced separation ofdeq = 2.30Å[113]. Hence, the calculated

∆EF for Pd contact is not accurate as it changesD(E) for the graphene, has a greater

dependence of∆V on∆c as well as predictingdeq < d0 which is un-physical. Instead

∆EF for Pd can be found via DFT calculations[147].

Interestingly, another species that undergoes chemisorption on graphene is Ti (deq

= 2.1Å)[147], which has an orbital configuration of [Ar] 4s2 3d2 with outer d orbitals

that can undergo hybridisation. This orbital hybridisation explains the prevalence of

adhesion layers consisting of Pd and Ti when contacting carbon structures. Conversely

a metal such as Nb has an orbital configuration of [Kr] 4d4 5s1, and so the d orbitals

cannot undergo hybridisation with the graphene pz orbitals, resulting in poor adhesion.

IV measurements performed on graphene samples contacted withNb with and without

a 3nm Pd adhesion layer are shown in Figure6.11. The sample without Pd clearly has

a non-linearIV characteristic of tunnelling because of poor metal-graphene adhesion

whereas the sample with a Pd adhesion layer has an Ohmic response indicative of a

good contact.

Given the planar geometry of the devices presented in this thesis, the influence

of the metal covered graphene on the uncovered graphene mustbe considered. A

schematic of this situation is shown in Figure6.12for a metal which inducesW < WG.
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Figure 6.11: IV measurements performed on graphene contacted a) with and b) without a 3

nm Pd adhesion layer between the graphene and the Nb. Measurements were performed at 3 K

and 2.2 K respectively.
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Figure 6.12: Effective Fermi shift as a function of distance for a current in-plane graphene

device with a metallic contact. Reproduced from Ref. [147].

As there is a discontinuity between the work-functions of the covered and free standing

graphene, electrons move from the low to the high work-function area to equilibrate

EF across the sample. The result of this band bending is a perceived doping of the

graphene into the uncovered channel, whose magnitude depends on the distance away

from the metal contact. The manifestation of this effect in EFE transport measurements

is considered in the following section.

6.3.2 Applying the Charge-transfer Model to EFE Measurements

in Graphene Devices

Nouchiet al. [148] proposed a simple model that accounts for the electron-hole asym-

metry, observed in graphene devices with invasive contacts. They attributed the asym-

metry to an effective non-uniform doping profile across the graphene channel because

of doping by the metal contacts, a concept supported by scanning photocurrent mi-

croscopy measurements. The device geometry they considered was a uniform width

graphene channel of lengthL contacted directly with metallic electrodes that dope the

graphene over a lengthLd away from the contacts, see Figure6.13.

Assuming that the graphene is homogeneous parallel to the contact edge, then the

total resistance,R, of the graphene channel between the source and drain contacts can

be determined by integrating the resistivity over the full length of the channelL:

R =
1

Z

∫ L

0

ρ(x) dx =
1

Z

∫ L

0

1

σ(x)
dx. (6.12)

134

Images/Khomyakov_CIP_Doping2.eps


6.3 Modelling Charge Transfer from Metal Contacts to Graphene

x
0                                L

Ld Ld 

Graphene

Channel

SiO2

Silicon

(Highly Doped)

Source Drain

Figure 6.13: Schematic diagram of a graphene FET indicating the geometry used in the charge

transfer model.

whereZ is the channel width andρ(x) andσ(x) are the local resistivity and conduc-

tivity at a distancex from the source edge respectively. Using the Drude model and

assuming that the carrier density dependence onVG obeys a parallel-plate capacitor

model, the conductivity as a function of distance can be defined as:

σ(x) =

√

{

µ
ǫ0ǫr
d
V (x)

}2

+ σ2
min. (6.13)

The local doping profile is given byV (x) ≡ VG − VD(x) whereVG is the applied gate

voltage andVD(x) is the voltage required to reach the Dirac point at a given position.

Combining Equations6.12 and6.13 results in the following expression for the total

resistance across the device:

R =
1

Z

∫ L

0

(

{

µ
ǫ0ǫr
d
V (x)

}2

+ σ2

min

)−1/2

dx. (6.14)

This equation can be solved easily using numerical integration if the doping profile is

known. Two types of doping profile were considered by Nouchiet al. for modelling the

effects of charge transfer from the contacts, both are shownin Figure6.14. In the first

case, Figure6.14(a), the doping potential is pinned at the source-graphene interface

(x = 0), varying linearly over the lengthLd until it reaches the gate potentialVG. The

doping profile remains at this value until it is a distanceLd from the drain-graphene

interface (x = L), at which point it once again drops linearly to the pinned value.

VaryingVG changes the doping potential within the channel at a distanceLd from the

contacts, but the value atx = 0 andx = L does not change. The second case is shown

in Figure6.14(b), whereby the potential is not pinned at the interface andVG is free to
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Figure 6.14: Contact induced doping across a graphene channel in which the carrier density

beneath the contact is a) pinned and b) not pinned. Reproduced from Ref. [148].

Type Function

Linear(x) V (x) ∝ 1 − x
Ld

1/x: V (x) ∝ 1/(1 + 2x
Ld

)

x−1/2 V (x) ∝ 1/
√

1 + 6x
Ld

exponential (e−x) V (x) ∝ 1

1+e(2ln3)(2x/Ld−1)

Table 6.1: Table of considered potential profiles as a function of x.Ld/2 is the width over

whichV (x) drops to half its initial value at the contact edge.

modulate the doping of the entire channel, with a linear offset at the edges because of

contact induced doping. From this point on we shall only consider the case where the

charge-density is pinned at the interface.

To extend the work of Nouchiet al. several additional doping profiles beyond the

simple linear case have been consider as proposed by Xiaet al. [138]. The profiles

considered are shown in Table6.1, with a graphical example given in Figure6.15. In

the graphical exampleV (x) is pinned at the contact edge at a value of 1.0 V andVG is

set to 0 V. In the linear case this results in a linear decreasein V (x) over a distance of

Ld at which point it is at a constant value ofVG.

Each field effect transistor (FET) consists of 2 contacts at either ends of the graphene

channel hence the impact of doping by both contacts simultaneously must be consid-

ered. Simulated potential profiles of devices with lengths the same as those on the
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Figure 6.15: Potential steps considered in the charge transfer model.

measured fixed width TLM sample are shown in Figure6.16. Only the simplest case

where the doping varies linearly withx is shown for clarity. In this case the pinned

doping level at the contacts because of charge transfer,VCT , is −10 V, VG = 0 V and

the length at which the contact induced doping halvesLd = 0.8µm. The sign ofVCT

was selected to generate resistance curves with the same asymmetry, as seen in the

experimental measurements for the etched TLM device. ForL = 9.0, 5.5, 3.0 and 2.0

µm,V (x) varies linearly fromVCT to VG, with an increasing proportion of the channel

affected by the contact induced doping as the channel lengthreduces. WhenL < 2Ld,

as in the profiles for channels withL = 1.5 and 1.0µm, the doping profile is a super-

position of the contributions from both contacts. As a result the effective gate potential

of the device does not reachVG. Consequently, the observed position ofVDirac will be

shifted positively in the EFE measurements, as a result of anadditional gate voltage

having to be applied, to compensate for the contact induced doping.

The simulated EFE measurements based on this model for a TLM sample withµ =

4,000 cm2/Vs,σmin = 3× 4e2/h, VCT = −60 V andLd = 1.2µm are shown in Figure

6.17, from calculations based on Equation6.14, using the potential profiles discussed

previously. The parameters are selected to generate curvesin qualitative agreement

with the measured TLM device and are reasonable for a graphene device on SiO2 [9].

Only doping induced by an applied gate voltage or via the contacts is considered, while

in actual measurements an additional doping caused by contaminants is also present,

as evident by a shift inVDirac away from 0 V. Figure6.17 shows the modelled total
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Figure 6.16: Effective gate potentials across graphene channels of varying width for Ld = 0.8

µm, VG = 0 V andVCT = −10 V.

resistance as a function ofVG. Only the simulations for the linear doping profile are

plotted for clarity.

In comparison to the measured TLM device in Figure6.7 the model agrees qual-

itatively in several respects. The experimentally observed electron-hole asymmetry

is successfully replicated with higher values of RT in the electron conduction regime

(VG > VDirac), compared to the hole conduction regime (VG < VDirac). The model also

predicts that very short junctions, such as in theL = 1.0µm case, display a positively

shiftedVDirac and with RT remaining close to the maximum value at high gate voltages.

Fitting the modelled EFE measurements to the TLM Equation6.3enables equiva-

lent plots for sheet resistance,ρs, and contact resistance,Rc, to be generated. These are

shown in Figure6.17for the 4 possible doping profile functions considered. The sheet

resistance for thex ande−x doping profiles are symmetric aboutVG = 0 V, whereas

1/x andx−1/2 show a positive shift inVDirac from VG = 0 V. In the case of1/x and

x−1/2, both functions decay over a longer length scale hence doping of the graphene

channel in these regimes is more pronounced. This occurs to such a degree that the

carrier density in the channel is always pinned to some extent andVDirac is observed to

shift. This shift is more pronounced forx−1/2 than1/x, as the decay rate of the former

function is less than that of the latter. The electron-hole asymmetry inρs as a function

of VG observed in the experimental data for both etched and unetched devices is also

replicated by the model in the1/x andx−1/2 doping regimes. This suggests that they
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Figure 6.17: Simulated EFE measurements based on charge transfer model withVG plotted as

a function ofRT .

are the closest to the physical situation, which is in good agreement with theoretical

predictions of the expected contact induced doping profile[149].

The gate dependence ofRc generated by the model, shown in Figure6.18(b), also

replicates key features observed experimentally in the fixed width device, shown in

Figure6.8(c). In particular, a dip inRc at VDirac is shown with larger (smaller) values

of Rc for VG > VDirac (VG < VDirac). Again, the impact of considering ax−1/2 or 1/x

profile is more pronounced than thex ande−x profiles for the same arguments made

earlier. Where the model clearly fails is the expectation of anegativeRc close toVDirac

which is clearly not observed experimentally. It must be considered that the calcu-

latedRc from contact induced doping is only one component of the actual measured

contact resistance. To model this the following form of specific contact resistance is

considered:

ρc(Vg) = Z ((A× fs(Vg − VDirac) +B × fc(Vg − VD) +Rseries)) , (6.15)

wherefs and fc are the modelled sheet resistance and contact resistance functions

respectively,Z is the width of the device,A andB are scaling pre-factors andRseries

is a series resistance. While the sheet resistance should notcontribute to the measured

ρc, the contact resistance has been observed in Pd contacted devices to be of a similar

form[138] and so such a contribution is a reasonable assumption. The pre-factors

A andB account for discrepancies between the original parameters(µ, σmin, VCT
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Figure 6.18: Simulations of a) calculated sheet resistance and b) calculated contact resistance

based on charge transfer model.
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Figure 6.19: Comparison between experimental data and the developed model for specific

contact resistance as a function of applied gate voltage.

andLd) used in the EFE model (from whichfs and fc were generated) and those

in the experimental system. The series resistance accountsfor any resistance from

the measurement lines or because of any damaged graphene under the contact, which

was not included in the original model. Finally, the parameter VDirac is included, to

account for any additional extrinsic doping in the experimental sample from surface

contaminants for example. For the fitting procedure,fs andfc generated from the1/x

doping profile result were used because they produced an asymmetricρs in agreement

with the experimental data.

The result of fitting the model in Equation6.15to the experimental data obtained

from the etched device, via a least squares method, is shown in Figure6.19with the

fitting parameters used shown in Table6.2. It is clear that the model is in good agree-

ment with the experimental data and is within the experimental errors. The parameters

obtained from the least squares fit are also realistic, with avalue ofA that suggests that

the intrinsic gate dependent contact resistance mirrors the sheet resistance, yet is of a

smaller magnitude. The value ofB indicates that the initial model has underestimated

the magnitude of the contact resistance. The gate independent Rseries suggests there

is an additional series resistance, which is likely to be unassociated with the graphene

sheet. Possible sources of this resistance are remnant resist between the contact and the

graphene, amorphisation of the graphene beneath the contact or parasitic resistances at
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Parameter Value

Doping Function 1/x

µ 4,000 cm2/Vs

σmin 3× 4 e2/h

VCT −60 V

Ld 1.2µm

A 0.44†

B 1.7†

VDirac 13.1 V†

Rseries 0.83 kΩ†

† Fitted using least squares method.

Table 6.2: Table of parameters used in contact resistance model.

the metal-metal interfaces of the device.

While the model provides a good fit there are clearly some discrepancies. This is

most likely caused by the way in which the initial modelling parameters were selected.

σmin was overestimated to generate a peak in the EFE model that wascomparable to

the measured values, while not taking into account the series resistance present. Based

on the theoretical value for∆EF , predicted for Pd(111) on graphene being−0.45

eV[147], the equivalentVCT can be calculated using:

VCT =
1

πα
(
EF

~vF

)2, (6.16)

whereα = 7.2× 1010 cm−2 V−1 for a substrate with 300 nm of SiO2. The calculated

value for Pd(111) on graphene isVCT = −200 V which is greater than that used

in the model, however, this assumes a clean interface between the Pd and graphene

and that the graphene beneath the metal is not damaged by the deposition procedure.

The contact is also a Pd/Nb bilayer, which could result in an adjustment in the work-

function of the Pd and subsequently alter∆EF [150], although with a Pd thickness of

3 nm this effect should be minimal[151]. The lower value ofVCT used in the model

could explain why B> 1, as it needs to compensate for the underestimated contact

doping. A reduction inµ would broaden the modelledρc with respect toVG, which

could also give a better fit.
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Finally, the discordance between the results forρc between the etched and un-

etched samples must be considered. While the etched sample clearly shows evidence

for charge-density pinning by the contacts, the unetched sample does not. This is pos-

sibly because of the etched sample having an additional stepof lithography performed

upon it or because of damage at the edges of the sample via the plasma etching pro-

cedure, promoting charge transfer by an unidentified mechanism. Alternatively, a high

contact resistance in the unetched sample is masking any effect from charge transfer,

which is worsened by the large amount of error in the measurement because of the

fitting procedure used. More devices would have to be fabricated in order to determine

whether the difference between etched and unetched samplesis universal, or if it is

entirely sample dependant.

6.4 Depositing Metals on Graphene

While the carbon-carbon bond in graphene is particularly strong, making graphene a

relatively robust material, it comes as no surprise that it is easily damaged given that it

is only 1 atom thick. It is thus necessary to consider the possibility of graphene damage

during contact deposition and the impact this can have on device performance.

In this section the impact of depositing metals on graphene is discussed. The possi-

bility of damage to the graphene from the sputtering of contacts is investigated, in order

to account for the large contact resistances measured. The contact resistance measure-

ments presented in this chapter are then compared to those available in the literature

and the impact this may have on superconductor-graphene hybrid devices discussed.

6.4.1 Sputter Induced Disorder

To investigate the impact of sputter deposition on grapheneflakes, Raman spectra on

several graphene samples were taken before and after sputtering. Furthermore, sput-

tering was performed at a range of different powers, to investigate the dependence of

damage to the graphene on the kinetic energy of the incident atoms.

A total of 8 graphene flake samples were identified and characterised using Raman

spectroscopy (laser excitation wavelengthλ = 633 nm) on 5 Si/SiO2 substrates. All

samples showed clear graphene signatures before sputtering with prominent features
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at around 1565 cm−1 and 2650 cm−1 corresponding to the characteristic G and 2D

peaks respectively. These flakes were then sputtered with 2 nm of Pd in Ar gas (flow

= 24 standard cubic centimetres per minute) with powers of 2,4, 8, 16 and 24 W

respectively (background pressure =2 × 10−8 Torr).

Following sputtering, only 1 flake showed a clear carbon signature, in the form of

prominent G and 2D peaks at 1581 cm−1 and 2655 cm−1 respectively. The normalised

Raman spectra taken on this flake before and after sputtering are shown in Figure6.20.

After sputtering the G peak has shifted to 1560 cm−1 and the 2D peak is not present.

An additional D peak has emerged at 1311 cm−1 and a small feature visible at 1591

cm−1 (the D’ peak) is also present.

An amorphisation trajectory was established by Ferrariet al. (summarised in Ref.

[63]), in which the evolution of graphite→ nanocrystalline graphite→ low sp3 amor-

phous carbon→ high sp3 amorphous carbon can be identified using Raman spectrome-

try. The first stage (graphite→ nanocrystalline graphite) manifests itself in the Raman

spectra in the following ways[63]. Firstly the D peak appears and the ratio of inten-

sities of the D and G peak, ID and IG respectively, increases in accordance with the

Tuinstra-Koenig[152] (TK) relation. The D’ peak also appears and the FWHM of all

the peaks broaden because of increased disorder.

The TK relation is given by:

ID
IG

=
C(λL)

La

, (6.17)

whereLa is the in-plane correlation length (cluster size) in nm andC(λL) is a pro-

portionality constant dependent on laser excitation energy. An empirical relationship

between C andλ for visible wavelengths was found by Matthewset al. [153]:

C(λ) ≈ C0 + λLC1, (6.18)

whereC0 andC1 were found experimentally to be−12.6 nm and 0.033 respectively. A

laser wavelength of 633 nm was used during these measurements which corresponds

to C≈ 8.3 nm.

The second amorphisation stage (nanocrystalline graphite→ low sp3 amorphous

carbon) is characterised by the G peak position decreasing by ∼ 90 cm−1 because of

the softening of the phonon modes as a result of increasing disorder. The TK relation
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Figure 6.20: Raman spectra for a graphene sample a) before and b) after sputtering Pd on top.
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Figure 6.21: Raman spectra taken on graphene flakes of varying thickness after magnetron

sputtering of a) Al2O3 and b) MgO. Taken from Ref. [155].

is no longer valid andID/IG → 0 as the amount of amorphous carbon increases. This

is coupled with increasing dispersion of the G peak and an absence of the second-order

Raman peaks. In the amorphous carbon regime the peak intensity ratio based on the

TK relation is replaced by the following relation proposed by Ferrariet al. [154]:

ID/IG = C ′(λL)L2

a. (6.19)

As the transition from nanocrystalline graphite to amorphous carbon occurs atLa ∼
2.0 nm,C ′ can be found by solving Equations6.17and6.19simultaneously. Using

this methodC ′(633 nm) ≈ 100 nm−2.

In the Raman spectrum of the graphene sample before sputtering, shown in Figure

6.20(a), there is no D or D’ peak, indicating that the sample is highlycrystalline and

free from disorder. This is in contrast to the spectra of the sample post sputtering as

shown in Figure6.20(b). In this spectra there is a pronounced D peak, broadened G

peak and the emergence of the D’ peak which would tend to indicate the formation

of nanocrystalline graphene. Based on the TK relation, Equation 6.17, the sample

consists of graphene islands withLa ∼ 2.9 nm. This conclusion would be valid, if

not for the suppression of the 2D peak, which is a key signature of the formation of

low sp3 amorphous carbon. In this regime TK no longer holds and insteadLa must be

calculated using Equation6.19from whichLa ∼ 1.7 nm is found.
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Similar results were reported by Dlubaket al. [155] in which they deposited Al2O3

and MgO via DC and RF magnetron sputtering respectively onto graphene flakes, with

varying a number of layers, the results of which are presented in Figure6.21for com-

parison. For the samples where Al2O3 was deposited, the amount of disorder decreases

with an increasing number of layers, indicated by a reduction in the D’ peak intensity,

lower D/G peak ratio and a decrease in the 2D peak intensity. They also observed that

the number of layers affected by sputtering reduced with increasing total number of

graphene layers which they attributed to a reduction insp2 bond bending disorder with

increasing number of layers. The MgO deposited samples showa more pronounced ef-

fect, with a larger suppression of the 2D peak for fewer layers of graphene. The 1 layer

graphene + MgO growth result is comparable to that of the 7 other flakes measured in

this study.

The sample presented in Figure6.20continued to show a graphitic response com-

pared to the other samples for two reasons. Firstly, the sample was grown at 4 W

which is the second lowest power in the study. This should result in the impinging

metal atoms having less kinetic energy, so fewer carbon atomdislocations should oc-

cur. Secondly, the G and 2D peaks before sputtering are of equal height, suggesting

that the sample is a bilayer, which should be more robust according to the study of

Dlubaket al. [155].

These measurements indicate that sputtering Pd onto graphene causes significant

damage to the graphene structure, resulting in amorphous carbon beneath the con-

tacts. It is possible that minimising this effect can be achieved through reduction of

sputtering power and the use of thicker graphene where applicable. Additionally, the

use of higher argon pressures when sputtering could increase the amount of diffusion

of deposited metal clusters, reducing their kinetic energyand hence the likelihood of

graphene damage. While graphene has been successfully contacted using magnetron

sputtering, as shown in the transport measurements presented in this thesis, the amor-

phisation of graphene under the contacts is likely to have animpact on the transport

properties. The contact resistance is likely to be higher inthese samples because of

a decrease in conductance as graphene becomes more disordered[156]. Moreover it

would be difficult to observe interface dependent phenomenon such as Andreev re-

flection in devices in which the graphene has been amorphisedby sputtering. Conse-

147



6.4 Depositing Metals on Graphene

quently, an alternative deposition technique such as electron beam evaporation would

be more appropriate, when fabricating graphene devices.

6.4.2 Comparison with Literature

A summary of the contact resistance measurements made on graphene devices in the

literature is presented in Table6.3. This list is by no means exhaustive, presenting

only studies that were primarily concerned with contact resistance. Some studies er-

roneously gave the contact resistance in units ofΩµm2, resulting from the belief that

charge injection occurred over the entirety of the contact,often through overconfi-

dence in the value ofLT extracted using the TLM method. Where possibleρc has been

converted fromΩµm2 to Ωµm using the contact length quoted in the literature. Com-

parison is further complicated by studies being performed on samples prepared using

a range of metal deposition techniques, in chambers with different base pressures and

contact material choices. Transport measurements were also performed at a range of

temperatures and gate voltages, which again can greatly alter the value ofρc obtained.

Franklin et al. also observed an order of magnitude increase in contact resistance as

the length of the contact,Lc was reduced from 200→ 20 nm[157]. The values of

ρc included in the table are thus presented for devices withLc > 200 nm, to avoid

discrepancies as a result of having different contact lengths.

The primary reason for choosing Pd as an adhesion layer between the graphene

and Nb was because of the prevalence of Pd/Nb bilayers in studies on superconduct-

ing carbon nanotubes[48–52]. The contact resistance data presented in Table6.3 also

supports this selection, with some of the lowest values ofρc reported with Pd contacts

with Xia et al. [138] and Watanabeet al. [164] reportingρc ∼ 100 Ωµm and 500Ωµm

respectively. From the wide selection of contact materialsinvestigated by Watanabeet

al. Pd, Ni and Co were found to have the lowestρc closely followed by Ti. Ni and Co

are ferromagnetic elements and so would make poor adhesion layer choices for a su-

perconducting device, as magnetism and superconductivityare typically antagonistic

phenomenon[165]. Hence Pd is expected to be an ideal candidate for making contact

to graphene in superconducting devices.

The gate dependentρc in our devices was1.7 − 3.6 × 103 Ωµm and2.5 − 6.5 ×
103 Ωµm for the etched and unetched samples respectively. This is greater than the
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Author Material Thickness (nm) ∼ ρc (Ωµm) Metal Deposition Base Pressure (Torr) Reference

Danneau Ti/Au 10/40 < 4×102 E-beam 2.5×10−8 [158]a

Franklin Ti/Pd/Au 0.5/20/30 2×102 − − [157]b

Heersche Ti/Al 10/70 < 2.5×102 E-beam 8×10−9 [31]a

Huang Ti/Pd/Au 0.5/20/30 7.5×102 E-beam − [159]

Ni/Au 30/20 2×103

Ti/Au 5/50 1×104

Liu Ti/Au 9/80 2×103 E-beam − [160; 161]

Ti/Au 9/80 1×104 Sputtering

Malec Cu 35 6×102 Thermal evap. 1×10−7 [162]

Nagashio Ni 25 5×102 Thermal evap. 7.5×10−8 [135; 163]

Cr/Au 10/20 1×103-1×106

Ti/Au 10/20 1×103-1×106

Russo Ti/Au 10/25 8×102 E-beam 8×10−7 [139]

Venugopal Ni 60 2.5×103 E-beam − [136]

Watanabe Ti 100 8×102 E-beam 7.5×10−8 [164]

Ag 100 2×103

Cr 100 3×103

Fe 100 2×102

Co 100 3×102

Ni 100 3×102

Pd 100 5×102

Xia Pd/Au 25/25 1×102 − − [138]

a ρc quoted in Ref. [139].
b Contacts on CVD graphene.

Table 6.3: Summary of contact resistance measurements presented in the literature.
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Figure 6.22: Graph of average contact resistance versus number of graphene layers for

graphene devices with contacts deposited by electron beam evaporation and sputtering. SLG,

BLG and MLG represent single-layer, bi-layer and many-layer graphene respectively. Taken

from Ref. [161].

majority of studies presented in the literature, although Nagashioet al. [135; 163] did

measureρc of similar magnitude for thermally evaporated Cr/Au and Ti/Au contacts,

as did Huanget al. [159] for Ti/Au contacts deposited by electron beam evaporation.

The relatively large values ofρc measured in our devices, can be attributed to the use

of sputtering to deposit the contacts. Liuet al. [160; 161] performed a comparative

study of metal deposition on graphene via electron beam evaporation and DC mag-

netron sputtering, the results of which are shown in Figure6.22. They observed a

fivefold increase inρc for sputtered single layer samples, compared to electron beam

evaporated samples. The impact of sputtering was reduced inbi-layer samples andρc

for sputtered many-layer samples was comparable to electron beam evaporated sam-

ples, suggesting that only the upper few layers are damaged by graphene deposition,

consistent with Raman spectroscopy data taken on sputtered samples as discussed in

Section6.4.1. The invariance ofρc when electron beam evaporation was used - even

when accounting for graphene flakes of varying thickness - suggests that this deposi-

tion method leaves the graphene relatively intact. Liuet al. [160; 161] also observed

an order of magnitude increase inρc for larger sputtering powers, although the pow-

ers used were not quantified by the authors. Whileρc for our devices is lower than
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Figure 6.23: Low contact resistance device fabrication procedure performed by Robinsonet

al. using O2 plasma. Taken from Ref. [137].

measured by Liuet al. for single-layer graphene, this could be attributed the benefit of

using Pd instead of Ti for the contact.

The fact that sputter deposition induced damage would causean increase in contact

resistance is not immediately apparent. Robinsonet al. [137] reported a reduction of

contact resistance from10−4 to 10−7 Ωcm2 in epitaxially grown graphene samples on

SiC, after selectively treating them with O2 plasma, before metal deposition followed

by annealing, see Figure6.23. They attributed an improvement inρc to the removal

of resist residue by the low power O2 plasma (confirmed by X-ray photoelectron spec-

troscopy) despite the simultaneous damage to the underlying graphene (confirmed by

Raman spectroscopy). It is likely that in this situation the improvement inρc from the

removal of resist residue outweighs the increase inρc from the amorphisation of the

graphene beneath the contact. Sputtering affords no such benefit, as it only damages

the graphene without removing the resist residues.

With regard to superconductor-graphene devices, the only reported contact resis-

tance measurement is on Ti/Al contacted SGS JJs in the seminal experimental work of

Heerscheet al. [31]. They reported a value ofρc < 2.5 × 102 Ωµm, which is amongst

the smallest reported for any graphene device. This is most likely attributable to the

UHV base pressure of their electron beam evaporation growthsystem, as there appears
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to be a correlation between base pressure andρc, when comparing the otherwise sim-

ilar devices of Heersche[31], Danneau[158] and Russoet al. [139]. Whether such a

low contact resistance is required for SGS devices remains to be determined, however

other groups that have successfully observed a supercurrent do explicitly state a need

for highly transparent contacts[33].

6.4.3 Discussion of Recent Results on SGS Devices with Sputtered

Contacts.

During the course of writing this thesis, results have been published in which a su-

percurrent was successfully observed in a SGS with Ti (4 nm) Nb (40 nm) contacts

sequentially deposited via magnetron sputtering[47]. A schematic of the device geom-

etry as produced by Rickhauset al. is shown in Figure6.24(a), with false colour SEM

images of narrow and wide devices shown in Figures6.24(b)and6.24(c)respectively.

The contacts were characterised using a 100µm by 10µm Ti/Nb test strip, from which

the critical temperature,Tc = 8.5 K was measured.

The EFE measured on the thin sample is shown in Figure6.25(a), showingVDirac

very close to 0 V, with a conductance minimum atG ≈ 5e2/h and quoted field effect

mobility of µ ≈ 3, 000 cm2V−1s−1, which is below what we typically measure.IV

measurements performed atT = 20 mK on the wide sample shown in Figure6.25(b)

indicate the presence of a supercurrent and a critical current, Ic which is gate depen-

dent.Ic ∼ 10 nA atVG = 0 V for the junction withW = 30µm andL = 400 nm. This

is a particularly small value forIc, given the relatively large dimensions of the device.

Assuming a similar conductance for this junction as that in Figure 6.25(a)and using

R = L/(GW ) theIcRn product, where Rn is the normal state resistance, is found to

be∼ 0.65 µV at VG = 0 V. A survey of the literature as presented in Table6.4indicates

that this value ofIcRn is several magnitudes lower than measured in other devices.

The relationship betweenIcRn and T in a Josephson junction was modelled by

Likharev[167]. The result of this model is shown in Figure6.26 for several values

of L/ξn(Tc) whereξn(Tc) is the coherence length in the weak-link between the two

superconducting contacts (in this case graphene) when T = Tc. In broad terms,IcRn

is shown to increase as L/ξn(Tc) → 0 and decreases as T→ Tc. ξn was measured in a

SGS junction to be 260 nm[37], assuming other SGS devices have comparable values
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(a)

(b) (c)

Figure 6.24: A schematic of Rickhauset al.’s Ti/Nb contacted graphene SGS device structure

is shown in a). b) and c) show false colour SEM images of two different devices, with the

superconducting contacts shown in blue and the contacted monolayer graphene flake in yellow.

Taken from Ref. [47].

Author Material Tc (K) Metal Deposition ∼ IcRn(µV ) T (mK) Reference

Du Ti/Al 1.0 E-beam 60 200 [32]

Heersche Ti/Al 1.3 E-beam 60 30 [31]

Jeong PbIn/Au 4.8 Thermal evap. 150 6 [40]

Ojeda-Aristizabal Pt/Ta/Pt 2.5 E-beam 50 60 [37]

Rickhaus Ti/Nb 8.5 Sputtering 0.65 30 [47]

Table 6.4: Summary ofIcRn for devices in the literature.
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(a) (b)

Figure 6.25: Transport measurements performed on Ti/Nb SGS device showing a) conduc-

tance as a function ofVG and b)IV curves taken at several values ofVG indicating the presence

of a supercurrent. Measurements were performed at T = 20 mK. Taken from Ref. [47].
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Figure 6.26: Dependence of normalizedIcRn on temperature based on the microscopic theory

developed by Likharev for a superconductor/normal-metal/superconductor Josephson junction.

Curves for L/ξn(Tc) = 0, 2, 3, 4, 5, 6, 8, 10 and 12 are shown[166].
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and knowing L = 400 nm in the Ti/Nb device, it is likely that thedevice will show an

IcRn dependence similar to the L/ξn(Tc) = 0 or 2 curves.

For0.3Tc < T < Tc a simplified form of the critical current is:

Ic ∝
|∆(T )|2 exp (− L

ξn
)

Tcξn
. (6.20)

It is clear that there is a strong dependence on the temperature dependent superconduct-

ing band gap,∆(T ), which, given that∆(0) ∝ Tc, we would expectIcRn to increase

with Tc. In this respect the Ti/Nb contacted devices clearly underperform with IcRn

far lower than Ti/Al devices, despite having a higherTc. The measurement temper-

ature cannot account for this as the devices were measured atT = 30 mK, which is

well below Tc. A likely cause of the low value ofIcRn is an increase in damage to the

underlying graphene when depositing contacts via sputtering, rather than using elec-

tron beam evaporation, which is in agreement with contact resistance measurements as

discussed in Section6.4.2.

The authors also state that a minimum of 4 nm of Ti must be used to observe su-

perconductivity in their samples. It is possible that the Tiis acting as a momentum

buffer during sputtering, shielding the graphene from the impact of the Nb atoms dur-

ing growth. Ti is a relatively light element, and so should damage the graphene less

during deposition. This would imply that Ti is preferable toPd (which is a heavier

element) for sputtering on graphene, because of a reductionin transferred momentum.

Ultimately SGS devices with sputtered Ti/Nb contacts show no benefit over evapo-

rated Ti/Al devices, in terms of operating temperature, despite the significantly higher

Tc of the contacting metal. The benefit of such a device is the higher critical field of

Nb compared to Al, which allows superconducting and high field phenomenon to be

observed at the same time, and the interplay between them investigated.

6.5 Conclusion

In this chapter the transfer length method has been used to establish the contact resis-

tance of our graphene devices contacted with Pd/Nb bilayers. The method was applied

to both an irregularly shaped sample and a sample with a uniform width achieved
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through etching. Both devices demonstrated contact resistances with gate voltage de-

pendencies with a maximum (minimum) in contact resistance observed atVDirac in the

unetched (etched) device. AtVDirac the contact resistance of the unetched and etched

devices were found to be 5.5± 1.0 kΩµm and 1.9± 0.3 kΩµm. The discrepancy

between the two devices could be because of the additional fabrication steps required

to produce the etched device. Surveying the literature, there is clearly significant vari-

ability in contact resistance, depending on factors such asthe fabrication method used,

choice of contact material and the metal deposition environment. Hence, the contact

resistances in the literature span a range from 100Ωµm to 1 MΩµm.

The use of highly energetic metal deposition techniques, such as magnetron sput-

tering, is likely to be a key contributor to large contact resistance measurements. Ra-

man measurements performed before and after sputtering of athin layer of Pd, clearly

show that the graphene underneath the contact transformed into amorphous carbon be-

cause of sputtering. As a result, sputtered contacts almostuniversally show higher con-

tact resistance than devices with contacts deposited usinga less energetic procedure,

such as electron beam evaporation. A low interface transparency has been identified

as limiting the magnitude of the critical current in graphene based Josephson junctions

(refer to Section2.6) and so alternatives to direct sputtering of metals in this class of

devices should be considered to ensure optimum performance.

Finally, the asymmetry observed in the etched transfer length measurement device,

has been understood in terms of the doping of the graphene by the metal contact by the

formation of an interface dipole. The model first developed by Nouchiet al. [148] con-

sidered only a linear decay of the contact induced doping extending into the graphene

channel. This has been extended further to explore other possible decay profiles. It

was found that a1/x decay gave the best possible fit to the experimental data which is

in good agreement with the doping profile predicted by theory.
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CHAPTER 7

Opto-electronic Response of Graphene

Devices
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While the transport measurements presented in the previous chapters provide a great

deal of information about the graphene devices, there is a disadvantage in that they give

very little information regarding any spatial variations in the samples’ properties. Ow-

ing to its marked opto-electronic response, graphene has become a possible candidate

for incorporation into photodetectors and photovoltaic devices. Furthermore, there is

the possibility of probing the properties of graphene devices by scanning a laser over a

device and measuring the generated photocurrent (PC) as a function of laser position,

in a technique known as scanning photocurrent microscopy (SPCM). One possibility

this opens up is the ability to establish in what manner the position ofEF varies across

a given device.

In this chapter, the basic theory behind SPCM is presented, aswell as a description

of how the Raman system was utilised to perform these measurements. This is then

followed by SPCM measurements taken on several devices, which not only show the

generation of a photocurrent in our devices, but also confirmthe p-type doping of our

Pd/Nb contacts, as was suggested by the transfer length measurements presented in

Chapter6.

7.1 Photocurrent Generation in Graphene Devices

There are three main mechanisms that have been established to explain the generation

of a PC in graphene devices when stimulated by a laser source.The first mechanism

is the photovoltaic effect, whereby photoexcited electron-hole pairs are accelerated in

opposite directions by the presence of an electric field. A PCis measured when either

these accelerated charge carriers reach the contacts or because of the establishment of

a local photovoltage at the laser excitation spot, which acts to drive a PC through the

rest of the device[168]. Lee et al. [169] were the first to measure an opto-electronic

response in a graphene device and they attributed the generated PC entirely to the

photovoltaic effect. Several other authors confirmed this mechanism as a source of PC

in graphene devices[14; 108; 170] and it provides a particularly convincing explanation

of the strong photoresponse measured at graphene-metal interfaces.

Despite the success of the photovoltaic model it proves insufficient to explain the

polarity of the PC as a function ofVG in a myriad of graphene based devices, such

as top-gated p-n structures[111] or graphene monolayer-bilayer junctions[171]. These
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results can be explained by a contribution to the PC from the thermoelectric (Seebeck)

effect. When there is a thermal gradient across a metal, electrons at the hotter end have

greater velocities than those at the cold end. For this reason, a net diffusion of electrons

from the hot end to the cold end occurs, until the generated electric field resulting from

the charge imbalance acts to stop any further diffusion of hot electrons. The result

of this effect is that a potential difference∆V is generated across the metal, with the

hot end at positive potential. The generation of a potentialdifference across a sample

through this process is known as the Seebeck effect. The magnitude of this potential

difference is given by:

dV = SdT, (7.1)

whereS is a material dependent parameter, known as the Seebeck coefficient (or ther-

moelectric power). When two metals, A and B, with Seebeck coefficientsSA andSB

respectively are joined, a thermo-voltage is measured across the A-B interface. Assum-

ingSA andSB are approximately constant over the temperature range investigated, the

thermo-voltage can be calculated:

VAB = (SB − SA)∆T, (7.2)

where∆T is the temperature gradient across the junction. This device geometry is

otherwise known as a thermocouple and is a common way of measuring temperature.

The Seebeck coefficient is related to the electrical resistance,R, through the Mott

formula, which in graphene takes the form[110; 126]:

S =
π2kBT

3e

1

R

dR

dVG

dVG

dE

∣

∣

∣

∣

E=EF

, (7.3)

A graphical representation of the variation inS with EF as predicted by Equation7.3

for a graphene sample is shown in Figure7.1. In a graphene sample it is also possible

to have spatial variations inEF (andR) and as a resultS can also vary spatially. When

irradiating the sample with a laser light source, electronsare excited from the valence

band into the conduction band. These electrons then relax back to EF by phonon

emission, to form a distribution of hot fermions, which can be detected as a PC because

of this thermoelectric effect. This has been unambiguouslydemonstrated in top-gated

graphene FET devices[109; 110], by showing a PC that depends on the top-gate and

back-gate voltage in such a way that can only be explained by the nonmonotonically
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Figure 7.1: Schematic showing the magnitude of the Seebeck coefficient in graphene asa

function ofEF with respect to the Dirac point. The inset shows the characteristic resistance

response for comparison. Taken from Ref. [110].

varying Seebeck coefficient predicted for graphene, as shown in Figure7.1, generating

a photovoltage in accordance with Equation7.2.

The third PC generation mechanism that has been suggested isthe bolometric ef-

fect, where a change in current is measured as a result of the laser heating the device,

changing its overall resistance. This mechanism is only applicable to devices under

bias and is only of appreciable magnitude at relatively large source-drain biases. Bolo-

metric effects aside, establishing the relative contributions to the PC from the pho-

tovoltaic effect and thermoelectric effect is a non-trivial problem, which is only now

being addressed[168]. As such, the following work in the remainder of this chapter

will be presented in terms of there being an appreciable photovoltaic effect, although

there could be a sizeable contribution from the thermoelectric effect.

7.2 Experimental Set-up

A typical set-up used to measure the opto-electronic response of graphene is shown

in Figure7.2. A graphene sample is placed on a Si/SiO2 substrate and contacted with

source-drain electrodes forming a FET. The carrier densityin the graphene flake is

modified via the field effect through the application of a gatevoltage to the highly

doped Si substrate. The potential between the source-draincontacts is measured with

a voltmeter, in this case via a SR560 low noise voltage pre-amplifier coupled to the

DAC (see Figure3.8for more details).
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Source

Drain

x

y

Vsd
VG

Laser

Figure 7.2: Scanning photovoltage microscopy measurement set-up. The laser spot ismoved

across the sample in thex− y plane while the source-drain voltage is measured. A global back

gate enables the measurement to be performed at a variety of current densities.

SPCM is performed by scanning a device with a laser spot and measuring the re-

sultant current (or voltage), between the source-drain contacts. This enables a PC,Iph

(or photovoltage,Vph) map to be reconstructed, whereby the source-drain current(volt-

age) is plotted as a function of laser position. The laser from the Horiba Jobin-Yvon

Raman system (refer to Section3.2.3) was used for this purpose, as the position of the

laser spot can be accurately set by reflecting the laser lightoff a mirror, whose angle

can be controlled via piezoelectric motors. The simultaneous positioning of the laser

and measurement of the source-drain voltage was achieved via bespoke software, that

enabled the transport rig consisting of a PC, DAC and pre-amplifiers to manipulate the

laser mirror, via communication with the Raman PC using the TCP/IP network proto-

col. A circular laser spot with an area of 9µm2, power of 0.3 mW and wavelengthλ

= 532 nm was used to illuminate the graphene sample. The laserspot was then raster

scanned over the area encompassing the device. The minimum step size of the laser

spot available, based on the use of a 50× objective lens, was∼ 0.05 µm, however a

step size of∼ 0.2 → 1.0 µm was more typical, depending on sample size and time

constraints. After each discrete movement of the laser, either anIV measurement was
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performed whereVsd was swept over a 1 mV range and the current measured, orVsd

was measured at zero bias directly. The advantage of the latter technique was that it

was considerably faster, facilitating the use of smaller laser step sizes, so higher reso-

lution Vph maps could be constructed. The disadvantage of this method is that it does

not enable the graphene sheet resistance to be monitored, nor the PC to be deduced,

without prior knowledge of the graphene sheet resistance.

A common addition to the experimental set-up is a photodiode[108; 109; 169–

172], which is used to collect the reflected light from the device. This is useful, as

it allows the position of the source of any generated PC to be determined to greater

accuracy, with respect to the contacts. Unfortunately, there was insufficient time to fit

a photodiode in the Raman system and so an optical image of the device, taken prior

to scanning the laser over the device, was used for comparative purposes. The disad-

vantage of using this technique was that the position of the device would sometimes

shift by several micrometers during the course of the measurement, making precise

identification of the source of the PC difficult.

7.3 Experimental Results

A preliminary measurement of the opto-electronic responseof a graphene sample was

performed on sample SG075, the sample that was previously used to investigate the

effectiveness of our on-chip heaters (see Chapter4). An optical image of this device

is shown in Figure7.3, with the Pd/Nb source and drain contacts labelled. TheIV

response of the device was measured under ambient conditions, using a two terminal

geometry, with the DAC used to bias the device, and current and voltage pre-amplifiers

used to measure the drain current and source-drain voltage respectively. The laser

position was moved in steps of 1µm over a 40× 40µm area, encompassing the entire

device, and at each point anIV measurement was performed using a maximumVsd of

1 mV.

Figure 7.4 shows theIV response of the device for 3 different laser positions,

namely when the laser is at the source contact, off the sample(dark current) and at the

drain contact. When the laser illuminates either the source or the drain contact, there is

an offset in voltage of theIV response, and as a result a PC will be observed to flow,

even when there is no source-drain bias. The observed shift in voltage at the source

163



7.3 Experimental Results
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Figure 7.3: Optical image of graphene sample SG075. The source (S) and drain (D) contacts

have been labelled in the optical image and the graphene flake outlined.

contact was∆V = −60±5 µV, corresponding to a zero-bias PC ofIph = 32±2 nA. At

the drain contact∆V = +70±5 µV corresponding to a zero-bias PC ofIph = −45±2

nA. The change in polarity of the PC at either contact is a result of the mirroring of

the junction geometry, from metal-graphene at one contact,to graphene-metal at the

other (see Figure7.5). The Pd/Nb contacts are expected to dope the graphene p-type,

based on the results presented in Chapter6. The doping profile of SG075 prior to the

PC measurements suggested that atVG = 0 V the graphene was doped n-type (refer to

Figures4.5and4.6) and as a result the device is expected to consist of a p-n-p junction.

The measurement of a positive (negative)Iph at the source-graphene (drain-graphene)

interface atVG = 0 V is in good agreement with this conclusion, assuming the PC is

generated by the potential profile close to the contacts. Theresistance of the device, as

determined from theIV measurements, was found to be1.70 ± 0.02 kΩ for all three

measurements, suggesting that there is minimal heating by the laser or that the heating

is highly localised.

Figure7.6shows the measuredIph as a function of laser spot position. The bright-

est lobes on the map are situated at the contacts, with the source contact (top right)

showing a strong positive PC and the drain contact (bottom left) showing a strong neg-

ative PC.Iph = 0 nA is measured when the laser is far away from the graphene sheet,

which supports the source of the PC is photo-excitation of carriers by the laser. Addi-

tional PC features are observed in the graphene channel itself. Peterset al. observed
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Figure 7.4: IV measurements taken on SG075 with the laser spot in three different positions:

at the source contact, off the sample (dark current) and at the drain contact. A positive or

negative shift inI is observed depending on the position of the laser. The PC is given by the

value ofI whenVsd = 0. Conversely the photovoltage is given by the value ofVsd whenI = 0.

similar features at the boundary between intrinsic graphene and n-doped graphene and

attributed the effect to a purely photovoltaic process[108]. Measurements performed

by Xu et al. also showed features in the centre of the graphene channel atthe bound-

ary between monolayer and bilayer graphene, which they attributed entirely to the

photo-thermoelectric effect[171]. Given the consistency of the optical contrast of the

graphene in the optical image, the presence of charged impurities is a more likely cause

of the optically active regions, rather than monolayer-bilayer graphene boundaries.

Further investigation into the opto-electronic effects ofgraphene necessitates the

application of a gate voltage. This was attempted under ambient conditions with sam-

ple SG075, however no significant change in PC response was observed. Instead a

different sample, SG100, was employed, which was measured under vacuum (∼ 10−5

mbar) in a microstat at room temperature. An optical image ofthis device, consist-

ing of a monolayer graphene flake contacted with Pd/Nb contacts is shown in Figure

7.7(a). A two terminal EFE measurement performed on the same deviceis shown in

Figure7.7(b), demonstrating a broad peak centred aroundVDirac = −55± 5 V, suggest-

ing the graphene is significantly n-doped. Photovoltage maps plotted for increasingly

more negative values ofVG are shown in Figure7.8. EachVph map was taken by mea-
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Figure 7.5: Schematic demonstrating the source of the polarity ofIph during a SPCM measure-

ment because of the photovoltaic effect. a) Cross-section of a two terminalgraphene device

indicating the positions of the source and drain contacts. Laser irradiation of the graphene

channel next to the source and drain contacts is considered. b) and c)show the shift in Fermi

energy∆E (solid black line) of the graphene channel as a function of position with respect to

the CNP (dashed blue line). Pinning ofEF by the metal contact by an amount∆φ forms a b)

p-n-p junction when∆E ≫ 0 and a c) p-p+-p junction when∆E ≪ 0. The direction of travel

of photo-excited electrons and holes is indicated by the arrows.
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Figure 7.6: Spatially resolved PC map for sample SG075 atVG = 0 V. The bright red and dark

blue regions in the upper-right and lower-left regions of the device correspond to the positions

of source and drain contacts respectively.

suring the potential across the source-drain contacts, with no applied bias while raster

scanning the sample with the laser (step size = 0.5µm). The source-drain voltage was

measured using the DAC card via a voltage pre-amplifier. Thismethod enabled the

acquisition of PC data 8.5 times faster than theIV based method, enabling a 30× 25

µm area to be sampled with a laser step size of 0.5µm in 23 minutes for a given value

of VG.

At VG = 0 V a positive (negative)Vph is observed at the drain (source) contact.

This is equivalent to the response shown by sample SG075 in Figure7.6, as the po-

larity of theVph is always opposite that ofIph. As VG → VDirac, the magnitude ofVph

is observed to increase, which is because of the increasing resistance of the device

from a reduction in carrier density. WhenVG > −51 V, Vph is significantly lower

than that near the contacts, while whenVG < −51 V the magnitude ofVph is equiv-

alent to that close to the graphene-metal interfaces. The observation of a significant

photoresponse in the channel whenEF is close the CNP is in good agreement with

measurements made on a similar device by Leeet al., which they attributed to the

presence of charged impurities[169]. For values ofVG far fromVDirac, the fluctuations

in carrier density across the sheet are insignificant, compared to the overall carrier

density and so a reduction inVph is observed. AtVG ∼ 51 V, the polarity ofVph at the
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Figure 7.7: a) Optical image and b) gate response of graphene sample SG100. The source and

drain contacts have been labelled in the optical image and the graphene flakeoutlined. The

gate response shows a greatly shifted CNP withVDirac ≈ −60 V.
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Figure 7.8: Spatially resolved PC maps at various transport regimes of graphene device

SG100. The sequence of images display the PC response asVG is swept from 0 V to−80

V. The approximate positions of the source (S) and drain (D) contacts areindicated. The sign

of theVph response at the drain contact changes at approximately−60 V which corresponds to

the position ofVDirac. The arrow shown on the PC map atVG = −51 V is to aid discussion of

the results in the main text.
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Figure 7.9: PC (red) and resistance (blue) of sample SG100 measured as a function of VG.

PC was measured with the centre of the source contact illuminated with the laser.Resistance

was measured without the laser prior to the PC measurement. The peak in resistance occurs at

VDirac ∼ −56 V while the sign of PC changes at approximatelyVG ∼ −52 V.

source contact changes from negative when the graphene channel is n-type, to positive

when the graphene channel is p-type. The change in polarity is a direct result of the

position ofEF , changing to either above or below the pinned Fermi energy,∆φ, in the

metal contacted graphene. A similar polarity change at the drain contact was expected

but not observed. A possible cause of this is charged impurities near the drain contact

resulting inEF in the channel near the drain contact not being the same as that near

the source contact. A large amount of inhomogeneity is expected in this device, as a

result of the very broad peak in the EFE measurements, in addition toVDirac being far

from VG = 0 V, which is typical for highly doped extrinsic graphene. If VG had been

swept to−100 V or more, it is likely that a reversal ofVph at the drain contact would

have also been observed.

The polarity ofVph is first observed to flip at the centre of the source contact as indi-

cated by the arrow in Figure7.8. A plot of Iph as a function ofVG at this point is shown

in Figure 7.9. Iph was calculated using the measured zero-biasVph and the device

resistance, as measured before illuminating the sample with the laser. As there was

hysteresis in the gate response, only the down sweep (VG = 0 V → −80 V) resistance

data was used, which coincides with the order in whichVG was varied when taking the

maps of photovoltage. The peak in resistance occurs atVDirac ∼ −58 V while the sign
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of Iph changes atVG ∼ −52 V. A positive offset of the value ofVG at which the polarity

of Iph changes was observed by Leeet al. for Au contacts, while Ti contacts showed

a negative offset[169]. This was attributed to Au acting as a p-type dopant while Ti

acted as an n-type dopant, as a direct result of the differentmetal work-functions. As

such, the small positive offset observed, further supportsthat the Pd/Nb contacts act

as a p-type dopant when contacting graphene. This agrees with recent measurements

performed on Pd contacts performed by several authors[138; 173; 174]. Given that 3

nm of Pd was used in the Pd/Nb contacts, it is expected that theresultant work-function

of the bilayer metal will be close to that of pure Pd[151]. It should be noted that the

shift inVG away fromVDirac is smaller than expected, based on the results of several au-

thors for Pd contacted graphene[138; 173]. One possible explanation is that scanning

the sample with the laser could change the position of the CNP and so the pre-scan

R versusVG response is unrepresentative of the state of the sample during the scan.

Another possible cause is oxidisation of the contact material or that the Nb cap has a

greater impact on the overall properties of the contact. There is also an issue of limited

resolution both inx andy, but also inVG. A better method of measuringIph versusVG

would be to position the laser at the contact and then sweepVG with smaller step sizes

to determine more accurately when the polarity ofIph switches. Again measuringIph

directly rather than calculating it fromVph would also be beneficial.

7.4 Conclusion

In this chapter the opto-electronic response of several graphene devices has been in-

vestigated. This has been achieved by modifying a Horiba Jobin-Yvon Raman system,

via the production of custom software enabling the positionof the laser on a sample

to be correlated to electrical measurements. A laser position dependent PC was mea-

sured in all graphene samples tested. A particularly strongPC was observed at the

contacts, which is understood to be because of the presence of local electric fields at

the graphene-metal interface because of contact induced doping of the graphene. The

polarity of the PC at the source and drain contacts suggests that the Pd/Nb electrodes

used to contact the graphene act as p-type dopants, which is in good agreement with

the model used to fit data taken using the TLM presented in Chapter6. The PC has also

been measured as a function ofVG, showing a reversal of the polarity of the PC near
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the CNP, which is understandable in terms of the photovoltaiceffect. Finally, these

measurements establish SPCM as a viable characterisation technique to be used here

at Leeds.
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CHAPTER 8

Conclusions
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In principle, when attempting to produce SGS junctions, there are a number of compo-

nents that must be optimised, aside from producing contactswhich are superconduct-

ing. Firstly, graphene of sufficient quality must be produced. While the isolation of

individual high quality flakes of graphene by the mechanicalexfoliation procedure is

relatively trivial, the processes these flakes undergo to produce working devices results

in graphene with sub-optimal properties. In particular, surface contaminants such as

remnant polymer resists or water from the ambient conditions, act to shift the CNP

away fromVG = 0 V and broaden the peak in resistance observed in EFE measure-

ments. Consequently, the devices produced have a greater amount of inhomogeneity,

with an accompanying reduction in carrier mobility, which acts to prohibit the obser-

vation of interesting phenomena such as the QHE.

Chapter4 presents the data from attempts to remove surface contaminants through

in-situannealing techniques. Two techniques were explored, firstly, heating the graphene

devices indirectly with a platinum micro-heater patternedin proximity to the graphene

device. A second technique involved heating the graphene directly through Joule heat-

ing via the application of a large source drain current. The platinum heater was found

to successfully sustain temperatures of around 400 K, measured via a calibrated plat-

inum strip. This temperature was sufficient to observe a reduction in p-type dopants

which were responsible for a significant positive shift of the CNP in some areas of the

device. Upon failure of the heater at higher heating powers,an appreciable shift in

the CNP of the graphene to a more negative value was observed. This was attributed

to the deposition of platinum adatoms by the destruction of the heater. As such, this

method could be used to intentionally dope graphenein-situ, when fitting a separate

metal deposition system is not possible. The novel use of a platinum micro-heater to

improve the homogeneity of graphene devices has thus been proven a viablein-situ

technique. Through optimisation of the heater design, the heating power and duration

could be increased. The use of a local heating technique suchas this may also have

benefits when incorporated into a temperature sensitive device.

The second annealing method explored was current annealing, a technique pio-

neered by Moseret al. [79], whereby a large source-drain current is applied, which

heats the device via Joule heating. By applying a large current density of around108

Acm−2, the CNP of a two terminal graphene device was shifted towardVG = 0 V,

which indicated a removal of dopants, while a reduction in the overall resistance was
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attributed to a possible improvement in contact transparency. To assess the tempera-

ture reached by the graphene during this anneal, time resolved Raman spectroscopy

was performed. From the shift in energy and width of the characteristic Raman G and

2D peaks, the increase in temperature was estimated to be of the order of several 100

K. A disadvantage of the current annealing technique was demonstrated, in that it was

often highly destructive, with devices regularly losing electronic contact following an

anneal. The most likely point of failure is the graphene-metal interface, owing to a

high contact resistance, which invariably leads to a disproportionate amount of heating

at the contact, in comparison to the graphene sheet.

Ultimately, for the reproducible production of high quality graphene devices with

minimal extrinsic dopant contributions, alternative annealing procedures should be ex-

plored. Anex-situtechnique which could remove most of the organic residues isan-

nealing in a reactive atmosphere of argon/hydrogen. This technique is readily available

at Leeds using an existing furnace. Despite this, anin-situannealing technique will still

need to be employed because of the prevalence of annealed samples to be affected by

ambient conditions[175]. A particularly promising avenue is the fitting of an anneal-

ing chamber to the top of an existing cryostat, which allows the devices to be annealed

and then measured without breaking vacuum in-between. The production of such a

chamber is expected to be underway in the near future.

Transport measurements presented in Chapter5 demonstrate that the quality of the

graphene incorporated in our devices after processing is comparable to that achieved

by other groups. EFE measurements performed on one sample show a CNP close

to VG = 0 V, which indicates minimal doping from extrinsic adsorbates. The carrier

mobility and minimum conductance of this sample were measured to be 5,000 cm2/Vs

and1.0± 0.2(4e2/h) respectively, which is typical for good quality samples produced

using lithographic techniques on SiO2 substrates. Despite this, a linear dependence of

conductance on carrier density suggests that charged impurities are still the dominant

scattering mechanism, even in a sample which otherwise shows minimal doping.

QHE measurements were performed on both etched and un-etched planar devices.

A particularly clear anomalous QHE indicative of a monolayer graphene was observed

in a device etched into a Hall bar, with sub-micrometer features, using a combination

of electron beam lithography and oxygen plasma ashing. Not only does this prove the

successful production of a monolayer graphene device, it also shows that the shape
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of the flake can be controlled without negatively impacting its properties. The recent

acquisition of an EBL system with superior patterning capabilities - combined with

this effective etching technique - could open up several experimental avenues.

In addition to the etched device measurements, an extensivestudy of theVG and

B dependence of longitudinal resistance was performed on an unetched device. This

clearly showed the increased splitting of the Landau levelswith applied field as well

as SdHOs. From the field strength at which the SdHOs were first observable, the

elastic scattering time was estimated to be approximately 300 fs, giving an estimated

broadening of the Landau levels of 2 meV in line with measurements performed by

other authors on devices on SiO2. A direct measurement of the Berry’s phase,β,

was also performed, findingβ = 0.48 ± 0.01, which directly shows that the charge

carriers in the device were behaving as spin 1/2 Dirac fermions. These measurements

show that producing graphene of sufficient quality for incorporation in devices such

as SGS junctions is possible, reaching the limits of device performance on SiO2. In

this respect, significant improvement in device performance from a graphene sheet

quality viewpoint will only be possible through the reduction of substrate effects. This

could be achieved by moving to suspended devices, or deviceson hexagonal boron

nitride which - although achieved by several other groups - would prove an appreciable

technological hurdle to replicate such devices here at Leeds.

Aside from the properties of the graphene sheet, the other important factor is the

requirement to have contacts with a low contact resistance.In Chapter6 the contact

resistance achieved with sputtered Pd/Nb contacts was measured using the transfer

length method, in both unetched and etched devices. At the CNP, the contact resistance

of the unetched and etched devices were found to be5.5 ± 1.0 kΩµm and1.9 ± 0.3

kΩµm respectively, with the variation between the two attributed to differences in

fabrication procedure. These values compare unfavourablyto those presented in the

literature, which for samples with comparable contact materials are a magnitude lower

than presented here. This is most likely caused by the use of sputtering to deposit

our contacts, which is a highly energetic technique, compared to the more commonly

used method of electron beam lithography when depositing contacts on graphene. The

impact of sputtering on graphene was investigated directlyusing Raman spectroscopy,

where following deposition of a thin layer of Pd on graphene,a suppression of the 2D

peak and pronounced enhancement of the D peak were observed.According to the
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work of Ferrariet al. [154] this signifies significant amorphisation of the graphene

beneath the contact material.

While working SGS junctions produced using sputtering have been demonstrated

in the literature, their performance is far lower than thoseproduced using other meth-

ods. From our work it is suggested that this is because of a high contact resistance/low

interface transparency from the amorphisation of the graphene, which acts to suppress

the critical current. To overcome this, contacts should be deposited exclusively using

less energetic techniques, such as electron beam evaporation. If this is not possible the

method employed by Popincuicet al. [43] should be considered, in which the adhe-

sion layer is first deposited using electron beam evaporation, followed by sputtering of

the principal superconducting material on top. In this casethe adhesion layer acts to

preserve the structure of the graphene, which in turn reduces the contact resistance.

The impact of the contacts on the properties of the graphene devices was also in-

vestigated. According to the model of Giovannettiet al. [113], charge transfer to and

from the metal and the graphene (depending on relative work-functions) can lead to

the doping of graphene by the contact metal. This contact induced doping is most

pronounced at the interface, decaying further in to the graphene channel. Nouchiet

al. [148; 176] proposed a simple method to model this, based on the pinningof the

charge density at the contact, followed by a linear decay of this charge density in

the graphene channel. This model was modified to incorporateother possible contact

induced doping profiles in the graphene and then used to simulate the results of the

etched transfer length method device. It was found that a1/x doping profile, where

x is the distance from the contact, gave the best fit to experimental data, which is in

good agreement with that expected from theory. The model also successfully repro-

duced the increasing asymmetry in the electron and hole conduction regimes, as the

source-drain contact separation was reduced. Furthermore, the model indicated that

the Pd/Nb contacts doped the graphene p-type, which is in good agreement with the

literature for Pd contacts, and that this doping extended into the graphene channel. The

gate dependence of the measured contact resistance was alsoextracted from this sim-

ulation, although fitting the model to the experimental datarequired some additional

free parameters. This was necessary primarily because of the coarse selection of initial

parameters in the model, which could be improved with further refinement. Pinning of

the carrier density by the contacts will have a particularlylarge impact in devices with
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very narrow graphene channels, such as in Josephson junctions, and is an aspect that

should be considered.

Finally, Chapter7 presented preliminary measurements of the opto-electric re-

sponse of our graphene devices, measured using SPCM. This wasachieved through the

modification of the a Horiba Jobin-Yvon Raman spectrometer toallow direct control of

the laser position on the sample, coupled with an existing transport measurement rig.

The PC generated was measured as a function of laser positionon the graphene device

and a pronounced response was measured at the contact-graphene interface. This was

understood in terms of a local electric field at the interface- caused by charge transfer

between the metal and the graphene - resulting in a photovoltaic effect upon laser ex-

citation. Measurements performed as a function ofVG also supported the photovoltaic

effect as the source of the PC, with a reversal of the polarity of the photovoltage at the

source contact close the CNP. These measurements also indicated that the graphene

was doped p-type by the Pd/Nb contacts, in agreement with themodel used to explain

the previous transfer length measurements.

Close to the CNP a pronounced photovoltage was also observed inthe graphene

channel itself, which could be attributed to either a photovoltaic or photo-thermoelectric

effect. In either case, this suggests a significant amount ofinhomogeneity in the carrier

density of the graphene as a result of the presence of chargedimpurities, which is in

line with observations of the formation of electron-hole puddles in graphene devices,

when close to the Dirac point. Such inhomogeneity has been proposed by Komatsuet

al. [42], as one contributing factor to the lower than expected critical current in SGS

devices. The measurements performed demonstrate the successful implementation of

SPCM as a complimentary technique for characterising devices.

The production of high quality graphene devices poses a non-trivial problem ow-

ing to the unique nature of the material properties. Its low carrier density results in

it being highly susceptible to doping by charged impuritiesor by interactions with

the contacting electrodes themselves, which can have a negative impact on the per-

formance of the devices. Considerations must also be made to the methods used to

fabricate graphene devices because of the monolayer natureof graphene, which makes

it easily damaged by the use of energetic techniques such as DC magnetron sputtering.

In particular, these properties make the production of SGS devices challenging as the

standard fabrication techniques result in inherently low transparency contacts and a
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highly inhomogeneous carrier density distribution acrossthe graphene channel, which

can hinder the transmission of a supercurrent. This thesis provides methods to both

characterise and optimise graphene devices to realise the goal of producing working

SGS devices.

8.1 Future Work

There is a great deal of scope for future work based on the studies presented in this

thesis. Through improvements in the design of the on-chip heaters presented in Chapter

4, the production of a more robust heater with extended mean time of failure should

be possible. Recent work on graphene FET based SO2 gas sensors have shown that

these devices have improved performance at higher temperature[177]. Through the

incorporation of our on-chip heater technology the sensitivity of such gas sensors could

be improved. Furthermore, it was shown that the sensors could be reset, enabling

multiple uses, via annealing at 100◦C, which is within the operating range of our

heaters.

Regarding the contact resistance measurements, shown in Chapter6, there is scope

for improvement in the charge transfer based model. A more refined model has recently

been published which shows reasonable agreement with experimental data[178]. De-

spite this, there is significant disagreement with the experimental data and the model

for some choices of contact material whenEF in the graphene is far from the CNP.

The authors only considered a linear doping profile in the graphene away from the

contact metal. Based on our investigation of alternative doping profiles, an improved

fit may be possible giving a better understanding of the interaction between graphene

and metals.

While the Raman measurements performed on sputtered grapheneflakes shown in

this thesis suggests that significant damage to graphene is caused by the technique,

there is scope to reduce this. One such method that could be employed would be to

reduce the kinetic energy of the incoming sputtered material by increasing the gas

pressure in the chamber. This would act to reduce the kineticenergy of the deposited

material by increasing the number of scattering events thatthe sputtered atoms undergo

while travelling from target to substrate. A systematic study of gas pressure versus

graphene amorphisation, as determined by Raman spectroscopy, could be performed
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in order to improve the operation of graphene devices with sputter deposited contacts.

Given the low yield of exfoliated graphene flakes an alternative source of graphene

could be employed for this study such as CVD or SiC grown materials.

Finally, the opto-electronic measurements in Chapter8 are representative of part

of a growing body of research into the photoresponse of graphene devices. As such,

there are a number of avenues of investigation available to contribute to this growing

field. While only Pd/Nb contacts were considered here it is possible that the depo-

sition of contacts with an alternative metal, which resultsin a greater difference in

graphene/metal work-functions, could lead to an increase in the measured photocur-

rent.

With the recent availability of a higher resolution electron beam lithography sys-

tem here at Leeds there is also the possibility of producing graphene devices with

contact geometries designed to enhance the generated photocurrent via plasmonic

oscillations[14]. There is also growing interest in the use of graphene in ultrafast

photodetectors[179; 180]. Combining the spatially resolved photocurrent technique

established here with a terahertz radiation laser source could enable a greater under-

standing of the operating principles behind this emergent class of devices.
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block, and H. Bouchiat, “Proximity effect and multiple Andreev reflections in

few-layer graphene,”Europhysics Letters (EPL), vol. 79, p. 57008, Sept. 2007.

185



REFERENCES

[45] B. Josephson, “Possible new effects in superconductivetunnelling,”Physics Let-

ters, vol. 1, pp. 251–253, July 1962.

[46] V. V. Schmidt,The Physics of Superconductors: Introduction to Fundamentals

and Applications. Springer, July 1997.

[47] P. Rickhaus, M. Weiss, L. Marot, and C. Schönenberger, “Quantum Hall ef-

fect in graphene with superconducting electrodes,”Nano Lett., vol. 12, no. 4,

pp. 1942–1945, 2012.

[48] K. Grove-Rasmussen, H. I. Jørgensen, B. M. Andersen, J. Paaske, T. S.
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