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Abstract

The isolation of graphene has generated a great deal oémeiit because
of its unique properties. From a fundamental physics staimtithe most
exciting aspect of the material is its electronic propsrt@ne interesting
method available to explore this electronic system is testigate how the
material interacts with superconductors. This interactias been inves-
tigated by several groups via the production of supercaimthgraphene-
superconductor devices, although their observed trahppoperties have
been less than optimal.

This thesis explores the factors which can limit the perfomoe of
these graphene devices. Suggestions are made regardsilgl@osethods
of improving device performance through the optimisatidrine fabri-
cation procedures. Graphene field effect transistors a@uged using a
combination of mechanical exfoliation, lithography anditsgring tech-
niques. These devices are then characterised using a catobiof trans-
port and optical measurements.

Two annealing methods are explored to reduce the concemtrat
charged impurities on the samples, using both an existingetianneal-
ing technique and a novel annealing technique using an gnptatinum
heater. Quantum Hall effect measurements are performddroan the
high quality of our graphene.

Making poor contact to graphene is a possible performamageli.
The transfer length method is used to measure the contastamse in
our devices directly. A large contact resistance is obskra#ributed to
amorphisation of the underlying graphene by the sputterat@mal. This
is confirmed using Raman spectroscopy. Asymmetry in thereddatld
measurements are also explained using an existing conthated dop-
ing model. Extension of this model to include alternativeidg profiles
is shown to improve the fit to data. Measurements of the olatctr@nic
response of our graphene devices using scanning photatuorieroscopy
supports the observation of contact induced doping andecaensity in-
homogeneity in graphene devices which can limit devicegoerance.
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CHAPTER1

Introduction



The isolation of graphene - a single layer of graphite onenatioick - in 2004[]
generated a great deal of excitement throughout the siiderdimmunity as a result of
its unique properties. From a structural standpoint, desppresenting the ultimate
in thinness, the material is incredibly stro@[owing to the strength of the carbon-
carbon bond, while also very flexible. It is the electroniogerties of graphene which
are arguably the most excitir§)[4]. The electronic band structure of graphene, first
derived by Wallacéd]] in 1947, features two conical points where band crossiog i
Within a small energy range about these points the energgaardy proportional to
the wavevector, representing a linear dispersion relatibich deviates greatly from
the usual parabolic dispersion of almost all other condgmsatter systems. This
dispersion relation closely resembles that of relatigispin 1/2 particles, such as high
energy electrons, which are described not by the &tihger equation but by the Dirac
equation§].

One of the fundamental results of the Dirac formalism is thistence of antiparti-
cles, indeed the Dirac equation predicted the electroparticle, the positron, before
its experimental discovery. In graphene the role of thetpmsiparticle is replaced by
the hole. While electrons and holes are usually describeapsrate wavefunctions,
in the case of graphene they are both described by the positid negative forms
of the same two-component wavefunction. This analogue dxstveharge carriers in
graphene and relativistic fermions can be exploited bynatig otherwise high energy
phenomena to be probed in a standard laboratory setting. pliggical phenomena
resulting from this unique electronic structure were obseérvery shortly after the
isolation of graphene. The most striking observation was tf the anomalous in-
teger quantum Hall effect (QHE) at high magnetic fi@éld§]. A shift of 1/2 in the
sequence of steps in the Hall conductance was observed acedhip the standard re-
sult observed in a two-dimensional electron gas (2DEG) aadiged direct evidence
of Dirac physics.

Accompanying the interest in graphene from a fundamentg$iph perspective
there has also been a great deal of research into possilafécptapplications of the
material. Graphene samples have shown remarkably higkecanobilitiesP], ex-
ceeding those of state-of-the-art silicon transistorsnatestrating ballistic transport
over sub-micrometer distand€]. Consequently, graphene has been proposed as a
possible replacement for silicon in electronic devicesicWlis currently approaching



the fundamental limits of the material. Many other pradticses have been described
for graphene, including its use in gas senshisfL2], touch-screend3] and photo-
detectors]4; 15]. The definition of a resistance standard based on the anomal
QHE has also been proposa€].

With the wide range of technological applications ava#alal large scale method
of producing graphene is required. Two main methods havae pesposed. Firstly,
graphene has been grown via the controlled decompositianS)C substrate at high
temperatureq[7]. More recently large scale films of graphene have been gramn
metallic substrates by a chemical vapour deposition (CVEYn&ue[L3]. Despite the
availability of high throughput fabrication methods, mahstdamental studies into the
properties of graphene have been performed on samplesqaddising the original
mechanical exfoliation techniqul[ This top-down technique consists of the repeated
peeling of graphene layers from a bulk graphite crystaljiti@nally using Scotch
tape, before deposition on a substrate. While,3i&@s mostly been used as a substrate,
owing to the relatively high visibility of graphene on itsriace[l8] and the ease in
which it can be used as part of a global back gate for field effesasurements, it
has more recently been found to limit the performance of lygap deviced[9-21].
Graphene devices with astonishingly high mobilities hagerbshown in recent years
using hexagonal boron-nitride (h-BN) as a substefg[while suspended graphene
devices have also shown remarkable prope@i&s]4]. Despite the marked improve-
ment in device performance that these latter two technidakger, they require a high
level of technical ability, which is currently only avail@to a select few groups world
wide. Graphene on SiQherefore remains one of the most commonly used combina-
tions and is sufficient to explore many of the interestingoerties of the material.

A particularly attractive proposition is to explore thedrntlay between the Dirac
fermions in graphene with other transport phenomena. Orteeomost interesting
phenomena is that of superconductivity, which in itself haen a source of intense
theoretical and experimental research since its discovegy a century ago. The in-
teraction between Dirac fermions and the charge carriees snperconducting ma-
terial - known as Cooper pai®}| - is predicted to lead to new phenomena such as
specular Andreev reflectio®; 27] and so is worthy of investigation. A great deal
of research, both theoretical and experimeg&fi4], has been performed in order
to gain an insight into how the two classes of material irderd’he most common



1.1 Thesis Layout

device geometry employed to investigate this interplahat of the superconductor-
graphene-superconductor (SGS) Josephson junction Jthisl class of devices the
graphene represents a weak link between the two supercamnslués a result of the
Josephson effect - first proposed by Josephson in #8p2f supercurrent can flow
between these two superconductors, the properties of va@pbnd on the weak link
material itself. This device geometry can therefore be usqumobe the properties of
the weak link material.

In the years following the isolation of graphene severaugshave managed to
produce a supercurrent in SGS JJs. These devices typicaibist of mechanically
exfoliated graphene on SjQvith predominantly aluminium (Al) contacts, deposited
via electron beam evaporati@i-36]. Given the very low temperatures required for
operation of Al based devices, coupled to the instabilitthefmaterials superconduct-
ing properties in the presence of relatively weak magnetidsi it would be beneficial
to produce devices using superconductors with highecatitemperatures. One such
material which should be ideal for incorporating into SGSides is niobium (Nb)
because of its relatively high critical temperatufg,= 9.2 K, and critical magnetic
field field[46]. Until recently Nb based SGS devices have been conspituabsent
from the literatured2; 43; 47], despite the obvious technological benefits of such an
advancement. The devices that have been realised suffergreatly reduced super-
currents than expected and operate at temperatures of tendlikelvin, far below
the critical temperature of Nb. In fact, almost all SGS desjaegardless of contact
material, show sub optimal properties which cannot be expthby the fundamental
properties of graphene alone.

1.1 Thesis Layout

This thesis aims to explain the poor performance of SGS de\ng studying the prop-
erties of graphene devices, in the typical field effect gaggmeontacted with super-
conducting electrodes. The contact material used in thdyss a palladium-niobium
bilayer which has previously been used to produce carboadbdds in the form of
superconductor-carbon nanotube- superconductor d¢d&é]. Through a combi-
nation of low temperature transport measurements andabpéichniques the devices



1.1 Thesis Layout

are fully characterised and, where appropriate, the egutérpreted in terms of the
impact the properties will have on SGS devices.

The thesis layout is as follows. Chap@presents an introduction to the theory
and background physics underpinning the research pertbriftee structure and elec-
tronic properties of graphene are discussed with parti@attantion to the interesting
consequences of its unique electronic band structure. Mtthe initial excitement
regarding graphene resulted from its anomalous QHE. Intbr& the QHE has been
one of the methods used to characterise our graphene deVieeQHE in both 2DEGs
and graphene is discussed, with the former discussed botoiftrast and because it
encompasses much of the physics involved. Raman spectyosaspeen used exten-
sively as a complimentary technique for characterisinggraphene thus the theory
behind this technique is discussed. The original aim of tlogept was the realisation
of a working SGS junction and so a review of the fundamentabt behind super-
conductivity is presented. Following this is a review of therk currently published
on this class of devices, with particular focus on the factanich limit device perfor-
mance.

Chapter3 outlines the experimental methods used to produce andatbase the
graphene devices. The lithographic and metal depositidmiques are discussed as
well as the oxygen plasma method used to etch the grapheme idésired shape.
The production of a finalised device for electric field effedtasurements requires
wire bonding of a finished device in a chip carrier, as well akimg good contact
to the silicon substrate for use as a global back gate, andlisast outlined. The
device characterisation methods used include the elattmeasurement set-up, the
cryogenic environment employed for low temperature measents as well as Raman
spectroscopy and these techniques will also be discussed.

To optimise the transport properties of graphene devigssigcessary to minimise
the concentration of impurities on the graphene itself. Grapshows experimental
results from an investigation into annealing grapheneadsyiwhich is one method
used to remove impurities. Two annealing methods are iigaed, one consisting of
an on-chip heater patterned alongside the graphene devicarether involving the
direct heating of the graphene by applying a large curretitéadevice. Field effect
measurements before and after the respective annealingdunes are shown and in-
terpreted in terms of the possible changes the devices malergone. Measurements
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combining time resolved Raman spectroscopy and currentéingare also presented
aiming to understand what changes occur during annealing.

Transport measurements are performed to characteriseapinene devices, with
the results of these measurements presented in CHafkctric field effect measure-
ments are performed in order to assess to what extent theegraps doped by charged
impurities and to determine the carrier mobility of our grape. Following this, QHE
measurements are presented taken both on unetched grdiaikeseand those shaped
into a Hall bar geometry via an etching technique. Througis¢hmeasurements the
graphene is proven to be a single layer and of high qualityeXensive investigation
into the magnetic field dependence of the QHE allows estsnatehe elastic scat-
tering time and broadening of the quantised Landau levete Shubnikov de-Haas
oscillations are also identified and the Berry’s phase in alggae sample measured
directly.

Having validated the high quality of our graphene samplesp@#r6 consists of
an investigation into the contacting of graphene with nlietalectrodes in order to
identify factors which could limit device performance. Te@mmonly used transfer
length method (TLM) is implemented to measure directly tbetact resistance as a
function of applied gate voltage. A model based on dopinghefdraphene by the
metal electrodes is then presented to explain the asymmbésgrved in the TLM
measurements and the resultant gate voltage dependenmataticresistance. Raman
spectroscopy is then used to explore the possibility of dgnta the graphene from
sputtering of the contact material, followed by a compariebour contact resistance
measurements with those available in the literature.

The final experimental chapter, Chapfeshows measurements of the opto-electronic

response of our samples using a scanning photocurrentsoggpy (SPCM) technique.
Maps of photocurrent versus excitation laser positionaken as a function of applied
gate voltage. These measurements are used to assess awhiaed doping of the
graphene, as well as the carrier density inhomogeneityeigtaphene, when the Fermi
energy is close to the Dirac point. Finally, the findings a$ twork are concluded in
ChaptesB.
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Theory and Background



2.1 Structure and Electronic Properties of Graphene

In this chapter the necessary background theory is presémi@d the understanding
of the experimental work presented in later chapters. Thetsire and electronic
properties of graphene are outlined followed by a discussidhe electric field effect
(EFE) in graphene. The QHE is then discussed, first in termbeostandard 2DEG
model and then the specific case of the anomalous QHE in mgaral@aphene.

Optical measurements have been performed during the colithés research as
a complimentary tool, alongside transport measuremenmtddracterise the graphene
samples. The basic theory behind Raman spectroscopy isnpgdsi@ conjunction
with discussing the specific Raman modes that are active phgree samples.

Given the initial aim of the project was to produce a supeticating graphene
device, it seems prudent to outline the basic theory behipereonductivity. The
main results of the microscopic theory developed by Bard€enper, and Schrieffer
(BCS theory) are presented, as well as a description of theepses that occur in
devices where two superconducting electrodes are segdnageweak link, otherwise
known as Josephson junctions.

Finally, an overview of the current state-of-the-art SG8a&s produced is given.
Particular attention is given to temperature and gate geltiependence of the magni-
tude of the critical current, as well the impact of the supaductor-graphene interface
transparency, in order to understand the limiting factdnemtrying to produce super-
conducting graphene devices.

2.1 Structure and Electronic Properties of Graphene

In this section an overview of the general properties of gese are discussed. A
comprehensive overview is difficult to give because of theber of publications on
the topic in recent years, however, a good discussion of ldatrenic properties of
graphene can be found in the complimentary review artidé€3astro Netoet al. [3]
and Das Sarmat al. [4]. The recent text by Katsnelsd@f]] also provides a solid basis
for understanding the properties of graphene.



2.1 Structure and Electronic Properties of Graphene
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Figure 2.1: Schematic diagram showing the’sgp’ and sp bonding hybridisations. Shaded
(unshaded) denote weak (strong) bobdg[

2.1.1 Bonding in Carbon

A single carbon atom has six electrons with a ground stateiatoonfiguration of
1s22¢2p?. When forming molecular bonds with other species the s andtessin
the valence shell hybridise, in order to lower the overadirgg of the system forming
what is known as sp sp or sp states as shown in Figu2el. In the sp configuration
both electrons in the 2s orbital hybridise with the’ Zpbitals, forming tetrahedrally
directed orbitals, which form strong bonds with four neighbouring atoms, giving
rise to the structure of diamond. In the’snfiguration, the 2s orbital hybridises with
the 2p. and 2p orbitals, forming three strong covalent bonds with threggmigour-
ing atoms in the plane, at an angle of 120 one another. The remaining prbital
lies perpendicular to the plane and forms a weakond with neighbouring atoms.
While theos bonds are highly localised, electrons in these orbitalsatdake part in
conduction, ther bonds are de-localised and are responsible for electromdiction
through graphitic structures.

There are a range of structures that can be formed throughosyling in carbon,
see Figure.2 Monolayer graphene, also referred to as single-layerigmag (SLG),
consists of a single 2D sheet of?sponded carbon in a hexagonal structure while
bilayer graphene (BLG) and few layer graphene (FLG) con$ist@or more graphene
sheets, stacked on top of one another respectively. Thouighis thesis, the term
graphene shall be used to denote monolayer graphene urlessvise stated. By
cutting and folding the graphene, several other structcaesbe formed namely the
0D buckminsterfullerene (buckyball) and 1D nanotube. Byldétay many graphene
sheets on top of one another the common 3D graphite strustpreduced.
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Figure 2.2: The allotropes of shbonded carbon with a single graphene sheet (top) and (from
left to right) a buckyball, nanotube and graphite sta@k.[

2.1.2 Band Structure of Graphene

By considering the atomic structure of a graphene sheet, dhd btructure can be
calculated, from which the electronic properties can bevddr The honeycomb lattice
of a graphene sheet is shown in Figdrd(a) The Bravais lattice is triangular with two
atoms per unit cell, each situated on one of two sub-latticien referred to as the
A and B sublattices. The triangular reciprocal lattice isvgh in Figure2.3(b) The
particularly interesting points of high symmetry, the K afighoints have wavevectors:
- 27 2 - 2r 27
KZ(%’_gﬁa)’ K’:(g»m%
The significance of the K and K’ points is clear upon calcolawf the band structure
of graphene. This was first performed by Wall&dpllowing a tight-binding model
with a nearest neighbour approximation, whereby only haogoif electrons between
nearest-neighbour atoms from sub-lattice A to B (or B to Atasisidered. While
consideration of the second- and third-nearest neighlbgiues a more accurate de-

(2.1)

scription of the dispersion relation, for small wavevestaround the K and K’ points
the nearest-neighbour approximation is suffici®sit[ The tight-binding Hamiltonian
for graphene assuming electrons can hop from one atom te#sest neighbour is
given:

H=—tY (afb;+Hc), (2.2)

(i,4),0

10
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(b)

Figure 2.3: a) The honeycomb lattice of graphene with sublattices A and B shown in btle an

yellow respectively. The lattice vectors afe = %(3,v/3) andds = (3, —V/3) wherea ~

1.42A is the nearest-neighbour distance. The nearest-neighbour ventofs & 2(1,v3),
5y = 4(1,—v/3) and o = 5(—1,0). b) Brillouin zone and reciprocal lattice vectors of
graphene. The reciprocal lattice vectorsiare= 27 (1, /3) andb, = 27 (1, —v/3).[3]

wherea,, ; (a;i) annihilates (creates) an electron with spil@ =1, | ) on site: on sub-
lattice A, with an equivalent definition for sublattice B. Timearest-neighbour hopping
energy is given by ~ 2.97 eVp5 and H.c. is the Hermitian conjugate which cor-
responds to an electron hopping in the opposite directidre dnergy bands derived
from this Hamiltonian have the following form:

E(k) = +t\/3 + f(k), (2.3)

where,
F(k) = 2cos (V3kya) + 4 cos (?kya) cos (;kza). (2.4)

The energy dispersion as given by Equat®ais plotted in Figure2.4. The origin of
the upper band is the anti-bonding orbitaits, and the lower band the bonding orbital,
7. The two bands meet at the K-points at the edge of the firstdBiill zone and so
graphene is a zero-gap semiconductor. Close to these poemtigpersion relation is
given by:

E = +uhlk|, (2.5)
wherew; is the Fermi velocity in graphene (which is approximately ms™?), 7 is
Planks constant over2andk is the wave vector with respect to K or K'. This linear

dispersion relation is in stark contrast to the usual quaddapersion relation in solids
(E = h2k?/2m) which has a dependence on the mass)n fact the linear relation is

11
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electrons

kx G K holes

Figure 2.4: Electronic dispersion and Brillouin zone of graphene.

equivalent to that of photons in a vacuum only with the spddujlot ¢ replaced with
vs. As such, the carriers in graphene are said to be relatasil massless.

A further point of interest is that the dynamics of the chatgeiers in graphene
are not described by the Sélinger equation but by the 2D Dirac equation. From this,
the two component wavefunctions in momentum space are foarmtie momentum
around the K and K’ points, and are given by:

. 1 e—iGE/Z . 1 61’9,;/2
wi,K(k) - E (:I:ewEﬂ)’ wi,K’(k) - E (:l:e_wEﬂ)’ (2-6)

where+ corresponds to the* andw bands respectively and the angjeis given by:

07 = arctan (%) (2.7)

Y

The two components of the wavefunction correspond to thé&ribotions from the A
and B sublattices. It should be noted that under a rotatiofrathe wavefunction
changes sign, indicating a phase change.ofThis change in phase with geometry
is otherwise known as a Berry’s phase. A further point of netthat electrons and
holes in graphene have pseudospin. The pseudospin denoitds of the sublattices
the particle belongs and its direction is dependent onyw#@lieor K’) and energy, see
Figure2.5. Pseudospin must be conserved which acts to prohibit beetkesing and
leads to exotic phenomenon such as Klein tunnelb6g[
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2.1 Structure and Electronic Properties of Graphene

=== Pseudospin

=== Momentum

B

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 arrowispted which sublattice the
electron (filled circle) or hole (unfilled circle) is on. Electrons with the same nmbume in the

K and K’ 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 grapbenas the attempt to mea-
sure the EFE in a metd@y]. Ordinarily the conduction in a bulk sample is relatively
impervious to the effects of an electric field because of ghacreening. There is
minimal screening of the charge carriers in graphene antlisdighly susceptible to
nearby charge and so a dramatic field effect is observed. Armonmsample geometry
employed in measuring the EFE in a graphene sample is shofigime?2.6. In this
geometry a graphene flake contacted with metal contactsiesd on top of the oxide
barrier of a highly doped Si substrate (which is conductiv8y applying a voltage
between the substrate (acting as a gate) and one of theogles{rthe device acts as a
parallel plate capacitor and charge builds up at eitheraidlee dielectric. The result
is an increase (or decrease) in the carrier densiiy the graphene, depending on the
gate voltage applied. The resulting carrier density froim dffect is given by:

€€

ng = _|VG’ - VDirac|a (2-8)
te

wheree, is the permittivity of free spacey8.854x 1012 Fm!), e = 3.9 the relative
permittivity of silicon dioxide p§], ¢ is the thickness of the oxide layerthe elemen-
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2.1 Structure and Electronic Properties of Graphene

Source Graphene

Silicon Dioxide
(Dielectric)

Heavily doped Si
(Gate)

Figure 2.6: A simple graphene device. A graphene sheet is contacted by two elex;torae
acting as a source, the other a drain. An insulating Silicon dioxide layeratepahe device
from the conductive heavily doped Silicon substrate which is used as aldlabk gate.

tary charge and the voltage applied to the gate. The gate voltage at whighs
at the Dirac point, otherwise known as the charge neutrpbint (CNP), is given by
Vbirae- IN @n extrinsic sample, external dopants act as eithetreledonors or accep-
tors, which shifts&' away from the CNP and so an additional gate voltége Vpirac
is required to overcome this shift.

An example of the EFE response of a typical graphene sampleisn in Figure
2.7. In an undoped sampleyioc = 0 and atl; = 0 the Fermi level coincides with
the point at which the conduction and valence band meet d@itiae point (neutrality
point). This coincides with a maximum in the resistivity bétsample because of there
being a minimum of free states available at this point. 1as> 0V, Er increases
which coincides with a greater number of available statesgaction in resistivity and
charge carriers are electron-like. As < 0 V E decreases which again increases
the number of available states and a reduction in resigtisibbserved, however the
charge carriers are now hole like rather than electron-like

The carrier mobility can be determined from EFE measuresnbptcombining
Equation2.8with the following relation:

0 = ngef. (2.9)

Whereo is the conductivity of the sample apds the mobility of the carriers (in units
of m*V~1s1). The mobility is thus given by:

t o
= —— 2.10
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pkQ)

A

Figure 2.7: Electric field effect measurements taken on a monolayer graphene sanmge. T
three Dirac cones indicate the shift#) that occurs as the gate voltage is varig.[

and can be found by taking the gradient of the conductivitthwespect to the ap-
plied back gate voltage. Typical values pffor graphene samples on Si@re in

the range of 1,000- 20,000 crdV s~ ![9] close to the CNP which is more than an
order of magnitude lower than theory predi&@j[ The limiting factor has been iden-
tified as scattering from charged impurities and structdefdrmations (ripples) in the
graphene sheet. Values pfexceeding 200,000 ciW ~!s™! have been reported for
suspended graphene sampl@sp3], where impurities such as trapped charges in the
substrate are avoided. Flakes supported on exfoliated hripdlats have also shown
mobilities in the range of 140,000 ém~'s ![22], which is attributable to the good
lattice match between graphene and BN, which reduces stalickeformations.

2.2 Quantum Hall Effect in a 2DEG

Much of the initial excitement generated by the discovergraiphene was fuelled by
its demonstration of an unconventional QHE. While obseovedif the QHE confirmed
that the material was truly two dimensional, the additiortadervation of half-integer
filling factors confirmed that the charge carriers in moneftagraphene were behav-
ing as massless Dirac fermions. In this section the QHE rsdluiced, following the
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2.2 Quantum Hall Effect in a 2DEG

treatment of Singleto®0] 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 confinedda:gtplane. If a magnetic
field is applied in the: plane then the electrons will experience a Lorentz force:

F=—e(E+7xB), (2.11)

wheree is the electron charg@ is the electric fieldy the velocity of the electron and
Bthe magnetic field. As a result, the electrons are driven ircalar orbit in the plane
with an angular frequency known as the Larmor frequencyrgbse

we. = eB/m”, (2.12)

wherem™ is the effective mass of the electron. This leads to the geioerof a series
of discrete quantised energy levels known as Landau lelvets,which can be found
in a 2DEG by solving the Schdinger equation for an electron in a magnetic field
giving:

E, = hw.(n+1/2), (2.13)
wheren is an integer. A diagram showing the energy of the discreteibla 2DEG as
a function of the density of states is shown in Fig@rg(a) These discrete levels are
broadened by £/ from defect scattering as given by the uncertainty prircidl ~
h/7, wherer is the scattering time. The broadened levels are shown uré&sg.8(b)
and?2.8(c)for two different values off=. When the Landau level is half filled, as in in
Figure2.8(b) there are lots of empty states available abbydor electrons and so the
sample will have high conductivity. Conversely, when thehleisf occupied Landau
level is completely filled, as in in Figur28(c) there are no available states ab@ve
and so the sample has low conductivity.

Broadening ensures that the individual LLs can only be regblince a charge
carrier can complete a single cyclotron orbit before scatge which occurs when
w.T > 1, and can be achieved by increasing the magnetic field streaxgi/or re-
ducing the temperature. Decreasing the temperature atspests the Fermi-Dirac
distribution close taFr and so makes it easier to resolve the discrete energy levels.
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=0 g(E)

(@) (b) ()

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 broadenedrdaeened case is
shown in b) and c) wher&r is inside and outside a Landau level respectived}.[

The maximum number of carriers per unit area per Landau,leyetan be calculated

by dividing the 2D DOS by the area of a given Landau level. D@ gives:
2eB

==

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

the field is swept with a period given by:

(2.14)

N

2e
hng'
These oscillations are otherwise known as the Shubnikdvates oscillations (SAHO).

A(1/B) =

(2.15)

2.2.2 Resistivity and Conductivity Tensors for a 2D system.

Considering a 2D sample in thg) plane measured in the Hall geometry the current
densities in the: andy plane,J, andJ,, are given by:

Jp = Opu by + 02y Iy, Jy = =0y By + 042 Fy, (2.16)
where J is the current densityy the electric field and the conductivity tensor. If the
sample is homogeneous and isotropic thep= o, ando,, = —o,,. Assuming all
current flow is in ther direction thenJ,, = 0 and therefore:

Ly _ 0uy
) 2.17
B o (2.17)

17


Images/theory/landau_theory1.eps
Images/theory/landau_theory2.eps
Images/theory/landau_theory3.eps

2.2 Quantum Hall Effect in a 2DEG

and the resistivity tensors are given by:

Ex Ogx Ey Oy
p P Py J. 03, + 03, ( )

The motion of electrons taking into account the relaxatiore approximation is given
by:

W__em e 5 U (2.19)
ot m* m T

In the steady stat%f—' = 0 and so the electron velocity components are given by:
_eTEz — WeTUy, vy = 7 E, —w.Tv,. (2.20)

m*

Ve = m*

As there is no current in thgdirection therv, = 0 and so:

Ey

— = —w,T. 2.21

E WeT ( )
Using J, = —en,v,, Whereng is the carrier density in carriers per unit area, and

Equation2.20and2.21it can be shown that the Hall coefficient can be given by:

E, 1
= = ——. 2.22
B J.B nse ( )

For a two dimensional syster) = I /w andE, =V, /w where! is the current) is
the voltage anab is the width of the device. Therefore Equat®i22can be re-written

as:
vy

Finally the resistivity tensors can be simplified by combgihe high-field relationship
w.T > 1 with Equation2.17and2.18to give:

Ry (2.23)

fo P 1
Ty ™
Uacy

Dow N — RuB. (2.24)

agy’
The counter-intuitive result that,.. is proportional tos,, is caused by the establish-
ment of the Hall field. When the Fermi enerdyy, is in an insulating state between
two LLs 0., goes to zero. Because there are no states to scatter inteetteak will

travel in cyclotron orbits with a drift in thg direction and hence no current flows in
the direction of the applied electric field. Once the Halldied established, from the
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2.3 Quantum Hall Effect in Graphene

build up of charge at the edges of the sample, it balancesdhentz force meaning
that current can flow with a low probability of scattering drehcep,.,. is small.

The longitudinal conductivityy,.,. is at a minimum whenever the total carrier den-
sity coincides with some integer multiple of the number ates$ in a single Landau
level ie:

ng = j%, (2.25)
wherej is an integer. Given Equatioris22and2.24it is trivial to show thato,, is

guantised:
1 n.e 2¢2
= — = s — 7 — 22
TR B B 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, gregpbhows an anoma-
lous QHE as a consequence of its unusual charge carrier dgmas in the 2DEG
case, the energies of the LLs in monolayer graphene can bd foufinding the eigen-
values of HV = E'V for a particle in a magnetic field. Rather than using the stahda
Schidinger form, the Dirac Hamiltonian is now used with the tveanponent wave-
function from Equatior2.7. This gives the following solution for the energies of the
LLs in monolayer graphene:

E, = fvpVv2ehBn, (2.27)

wheren is a positive integer. A similar method can be used to find thedau level
energies in bilayer graphene.

E, = thw./n(n — 1), (2.28)

wherew,. = |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 cathweal 2DEG is shown
in Figure2.9.

In both monolayer and bilayer graphene there is a zero-ghengdau level that is
populated by both electrons and holes. In monolayer graptienzero-energy Landau
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Figure 2.9: Density of states as a function of energy for monolayer graphene, biegehene
and standard 2D electron gas showing the various Landau level sepatg]

level only has half as many states as the other LLs. The rissihié observation of an
anomalous half-integer QHE, with the Hall conductivitytelaus occurring at:
1. e?

Oay = gsgu(n + 5)3- (2.29)
Whereg, = 2 andg, = 2 are the spin and valley degeneracy in graphenis, an
integer,e is the elementary charge ands the Planck constant. In bilayer graphene
there are twice as many states in the zero-energy Landalalesteso the integer Hall
effect returns however there is still no Hall plateawat = 0.

The first measurements confirming the unusual QHE in grapivene published
simultaneously by Zhangt al. [7] and Novoselowt al. [61]. One of the results of
Novoselovet al. is shown in Figur€.10. The main figure showg,, (green) and,
(red) as a function of carrier concentration for a monolayfegraphene etched into
a Hall bar. The inset figure shows, for a similar device consisting of a bilayer of
graphene. In both cases the zero-energy Landau level idyceadent owing to the
lack of a plateau when the carrier density is at a minimum.

The discovery of graphene also opened up the opportunithserse the QHE at
room temperature. This was achieved by Novoselmd. [62] at a temperature of 300
K with a perpendicular applied field of 29 T. This is possilde & number of factors.
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Figure 2.10: Hall conductivityo,, and longitudinal resistivity... for a monolayer of graphene
as a function of carrier concentrationat B=14 T and T = 4 K. (Inset) Sasssurement in a
bilayer samplef]]

Firstly the high mobility of the Dirac fermions in graphenesares a long scattering
time 7 and hence the.7 > 1 condition is met at fields of several T. Secondly, the
energy spacing of the first few LLs in monolayer graphene lage that it can exceed
ksT even at room temperature.

2.4 Raman Spectroscopy

While it is possible to identify the flakes visually, using thyatical microscope, estab-
lishing that monolayers have been produced requires ati@dalitechnique. Raman
spectroscopy has been proven to be a rapid non-destruetiveijue capable of deter-
mining not only the number of layers in a graphene flake, lsa gives information
about the amount of disorder presei8]| strain [64] or doping [65]. Here we outline
the theory behind the technique and the characteristidrspelstained from graphene.

2.4.1 Theory of Raman Spectroscopy

When photons are incident upon a molecule there can be a nuohlmrtcomes,
namely the photon may be transmitted, absorbed or scdit&ed he most common
scattering event occurs when the electric field of the phdistorts only the electron
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Figure 2.11: Energy level diagram showing possible scattering events that can loecause
of an incident photon. Adapted from Reéq].

cloud of a molecule and scatters in an elastic process. $mptioicess the photon does
not change energy and is known as Rayleigh scattering. Anetrent is possible
whereby the photon polarises the electron cloud and nuoieéon is induced. This
is an inelastic process known as Raman scattering which vgaswaired in 1928 by
Ramaret al. [67]. Itis a relatively weak phenomenon involving only onelif — 108
photonsg8], however it is experimentally viable even for small sanspierough the
use of modern lasers with high power densities.

There are two possible outcomes of the Raman process, oneadh thie molecule
absorbs energy from the photon and another in which the miglétansfers energy
to the photon, known as the Stokes and anti-Stokes processasctively. At room
temperature Stokes scattering is the dominant event betheie are more molecules
in the energetically favourable ground state. Throughehmscesses the energies of
the scattered photons are increased or decreased witlcréspbe energies of the
incident photons by a quantised amount, correspondingli@atonal and rotational
energy states in the molecubd], see Figure2.11 Intense Raman scattering occurs
from vibrations, which cause a change in the polarisahilitihe electron cloud of the
molecule, with symmetric vibrations causing the largestnges, giving the greatest
amount of scattering.

In a typical Raman experiment, a sample is illuminated wigletdight of a known
wavelength \ (typically A = 633 nm), and the scattered light (shifted in wavelength
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because of the aforementioned Raman scattering events)aisuneel using a spec-
trometer. The measured Raman shifts indicate the changetompfrequency and are
denoted byAr with units of cnT? (i.e. wavenumber). The Raman shift is calculated
using the following formul&46]:

~10% 108

Where) g and\y are the wavelength of the exciting line and Raman line in aogs
respectively. Equatio.30calculates the Raman shift for the Stokes lines, to obtain
the anti-Stokes lines it is required to interchangeand A with one another.

2.4.2 Lineshape of the Raman Peaks

Peaks in the Raman spectra can be described using a force@dldnapnonic oscil-
lator model where an oscillator with a natural frequengy, is driven by an external
force with a frequency. As such the characteristic line-shape is given by a Lorantz
of the form shown belovg9]:

I 1

I(w) —
() g (W —wy)? + T2

+ 1, (2.31)

where!(w) gives the intensity of the Raman signal at a given frequendyl gris the
damping term. The full width at half maximum of the Lorentzia equal to 2, and
Iy is the maximum intensity of the peak with respect to the bemkgd signal/,. The
relationship between phonon energy and phonon lifetimevisngoy the uncertainty
principle AEAt ~ h. The uncertainty inZ is given byI', and sol’, is the inverse
of the phonon lifetime, with broader peaks indicating skiophonon lifetimes which
could be because of scattering events with other phonorisdrens.

2.4.3 Raman Spectroscopy of Graphene Samples

Figure2.12 shows experimental Raman data taken on flakes, demonsttatinthe
number of graphene layers present can be established byaciogpphe relative inten-
sities of the G peak and the 2D peak (also known as the G’ p&alk)G peak is located
at~1580 cnt! and in the molecular picture is caused by the doubly degenecme
centrel,; mode i.e. the bond stretching of all pairsspf bonded atoms, see Figure
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Figure 2.12: Raman measurements taken on flakes of different thickness using a lagser wa
length = 633 nm. Spectra have been normalised and offset for clarity.
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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 tidira

2.13(a) The 2D peak is located at 2700 cnt* and can be attributed to the second
harmonic of thed, breathing mode (the first harmonic occurring~&t360 cnt?),
see Figure.13(b) While these molecular descriptions of the vibrational nsop-
vide the simplest explanation for the observed peaks inhgmag, they cannot explain
for example, the appearance of the D-peak overtone (2D pdakpite the absence
of the first harmonic D peak which is seen in high quality saaplA more fruitful
approach identified primarily by Ferragt al. [63; 70|, is to consider the solid-state
model of the excitation of an electron by the laser and theagient decay processes
as shown in Figur@.14
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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 responsibie®y/2D, D and D’ modes.
[71]
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2.5 Superconductivity

Itis 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 secardRanhan processes.
In the case of the D peak, Figugel4(c) an electron-hole pair is generated by laser
excitation followed by elastic scattering of the electrdhabcrystal defect. This is
followed by an inelastic scattering event, where an in-plaansverse optical (iTO)
phonon is absorbed or emitted, which allows the electrde-texombination to occur,
generating a photon with energy lower than the initial et®@in energy. A similar case
is observed in the 2D case, Figw2el4(b) whereby following excitation the electron
undergoes two inelastic scattering events by iTO phonoh&hwaccounts for why the
2D band is observed at a frequency twice that of the D band.ablkence of elastic
defect scattering in the 2D band process explains why inctiéfee samples the 2D
peak can be present without a D peak.

Another frequently observed feature in defected sampléseid’ peak at about
1620 cn1! from the process shown in Figuel4(d) Again an excited electron scat-
ters off a defect, only this time remaining close to its araiK point. The electron
then inelastically scatters by the absorption or emissioanoin-plane longitudinal
optical (iLO) phonon before electron-hole recombinaticows.

2.5 Superconductivity

In this section, the basic properties of superconductasieysummarised along with the
underlying microscopic theory of superconductivity. Tle&ated phenomenon of An-
dreev reflection and the Josephson effect are also discirssethe detail. Given the
rich history of superconductivity research over the pastury, a complete discussion
of the phenomenon is beyond the scope of this thesis. For a malepth discussion
of the superconducting state the reader is directed towEndkham [72], as well as
several other instructive texts written by Anné8], Buckel[74] and Duzerf5|.

2.5.1 Basic Properties

Superconductivity was discovered by Kamerlingh-Onnes ae@ntury agaof4] while
making low temperature measurements on mercury. Below texrtyses of 4.2 K the
unexpected observation was made that the resistance drallyalecreased to zero.
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So large was the effect, that it implied that the mercury hatéred into a new state,
which has become known as the superconducting state. Thisopienon has been
demonstrated in a large number of materials, from elemen&éls to more com-
plicated crystalline structures, such as ceramic cupratdsbiological molecules. In
addition, each material shows vanishing resistance atarrabadependent temperature
known as the critical temperaturg,.

As the resistivity is zero beloW, the dissipative mechanisms that would normally
degrade an electrical current are non-existent, hencessspaart current can be gen-
erated. This persistent current can be destroyed througimder of means, namely;
applying a sufficiently large magnetic field (the criticaldi€?,.), by generating a suf-
ficiently large current (the critical curreit) 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 wiasmulated in 1957 by
Bardeen, Cooper and Schrieffer, known as BCS th&aty[ According to the BCS
theory, the superconducting state is a result of the pawinglectrons into a bound
state, a Cooper pair. For this to occur a net attraction betweéectrons is required.
Ordinarily this does not occur because of the mutual Coulagphilsion, however, an
attractive force between electrons can be realised if tisegecoupling between the
electrons and the lattice phonons. Fig@ré5 shows a Feynmann diagram for the
exchange of a virtual phonon between electrons occupyﬁtggﬁ andks,.

While it is required that the total momentur,, is conserved in this process the
energy need not be conserved. As the scattering occurs inyaskert time,z, the
uncertaintyAt is also very small. As a result of the Heisenberg uncertgonityci-
ple AtAE > h and sinceAt is small then the uncertainty in energyE must be
large. Therefore, the total energy after the scatteringtez@n be less than before the
scattering occurred, withie.

The effective reduction in energy from the formation of tloeibd pair is greatest
when the scattering probability is at its greatest whichuogevhenk = k; + ky = 0
i.e. whenk; = —ky. As a result the electrons which form a Cooper pair always have
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Figure 2.15: Exchange of a virtual phonon between two electrons.

equal but opposite momentum. By a similar argument the elestalso have opposite
spins to one another. The attractive force between theretexctan be modelled using
the interaction potential;;;. In BCS theory a simple form is used which assumes
that, foriw < hwp, V;;; is a negative constantl” and zero otherwise. In this case,
w is the frequency difference between the initial and finalestando, is the Debye
frequency, the theoretical maximum phonon frequency fedaitice.

2.5.2.2 BCS Wavefunction

The superconducting state is described by a macroscopiefuwrastion, or condensate,
of Cooper pairs. This macroscopic wavefunction can be writg a superposition of
coherent wavefunctions which can be written as:

[Wacs) = C T [ (1 + i) [0) (2.32)
k

whereC' is a normalisation constanty, is a complex numbet() is the ground-state
wavefunction angy; creates a pair of electrons with equal but opposite spin amd m
mentum. Normalising EquatioR.32 allows the BCS wavefunction to be re-written
as:

[Wecs) = [ [ (ui + vipy) [0, (2.33)
k

where|u}|? and|v}|? give the probabilities that a statek 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 Y pioe+2> lelpipe+2 Y leslprpy, (2.34)
lex—ep|<hwp k>kp k<kp

wheree,, is the kinetic energy of an electron (or hole) measurediveldb the E.
The first term is the contribution from pairing and the secand third term is the
kinetic energy of the electrons and holes respectively. diergy of the supercon-
ducting ground state relative to the normal ground statebeafound by calculating
the expectation value dff. Minimising this energy enables the probabilities of aestat
being occupied or unoccupied to be found, which are givewoléss:

1 €L
2 _ — R, A
”Uk‘ = 5 |:1 (A2 T 6%)1/2:| s (235)
1 €
2 _ - k
fuel® = 3 [1+ —(A2+ei)1/2] , (2.36)

whereA is known as the gap parameter and is defined as:

. A
k k

This can be solved by integrating over the range of availab&rgies:

2 hwp de
— = — 2.38
NV /_FMD (A2 + €2)2’ ( )

whereN is the density of states. Finally this gives the gap paranaste
|A| = hw ! (2.39)
- D €XpP NV )’ .

which is the binding energy of one electron. To evaluate ¢neperature dependence
of the gap parameter it is necessary to incorporate the atdrieermi function,f,
which accounts for the removal of electrons from the pair igriinal fluctuations.
Subsequently, thé dependence A is:

AT) =V wwy (1-2f). (2.40)
k
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Substituting Equatio.37into Equation2.40gives:

AT) =VAT) Y 2LEk (1—2f), (2.41)

where E), is the energy of a single quasiparticle in the supercondgcitate with
wavevectort which is given by:

E} =&+ |AP (2.42)
Equation2.41 can be rearranged and solved by integrating over the alaiéatergy
range:
1 hwp 1 Ey
= — tanh [ — | de. 2.4
NV /0 E tan (k;BT) de (2.43)
AssumingA = 0 whenT = T, wheréeT, is the critical temperature gives the following
result: .
T=1.1 —— . 2.44
kp 3hw exp ( NV) ( )

By substituting Equatio.39into this equation the following result for the pair bind-
ing energy af” = 0 K, A(0), in terms of the critical temperature is achieved:

2A(0) = 3.52k5T,. (2.45)

Consequently, materials with higher critical temperatuneariably have larger pair
binding energies. This is intuitive as more thermal enesggseguired 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 assumihduhiag the transition
from the normal state to the superconducting state only tieegy of the electrons
changes, not their values bf Hence, the following relation holds:

Ns(E) = NNE, (2.46)

dE

where Ny and Ng are the density of states for the normal and supercondustatg
respectively. Combining this with Equati¢h42 results in the following expression
for the BCS density of states.
Ey

Ns(E) = NN(G)W-

(2.47)

30



2.5 Superconductivity

—_—

Quasiparticle density of states

o\\\\\\\ """ R

-3 =2 —1 0 1 2 3
(E-Ep)Er

Figure 2.16: Normalised density of states of the quasiparticles in a superconductadamro
to BCS theory. At T = 0 K all states belowy are occupied (hatched region). Modified from
Ref. [74].

A plot of the density of states of a superconductor is showsignre2.16 This clearly
shows that there is an energy gap2df 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 atritexface between a super-
conductor and a normal conductor is Andreev reflection (ARnSBter an electron
travelling in a normal conductor with an ener@y < A, arriving at the interface of
a superconductor. As the electron is within the supercaimuyienergy gap, there are
no available energy states for it to enter and so it will beblm#o penetrate the mate-
rial. The electron can undergo strong inelastic scatteximjreach thermal equilibrium
with the ensemble of electrons within the superconductatriis process is of little
interest. If instead we consider that the electron retamenergy, there are two possi-
ble outcomes. Firstly, the electron can undergo a speceflaction, a familiar process
that does not contribute to any current transfer acrossntieeface. The second pos-
sibility is that the electron is absorbed into the supercmtal forming a Cooper pair
with a second electron taken from the superconductor. Teisgss can only occur if
the change iml\q(x) is small, compared to the wavelength of the incoming el@otfo
the same length scale.

31


Images/theory/super/quasiparticle_DOS.eps

2.5 Superconductivity
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Figure 2.17: Andreev reflection of an electron in a normal metal. Two possible scattering
processes are possible. The electron can undergo specular sgatettie superconductor-
normal interface where its charged) and spin {) are maintained. Alternatively an Andreev
reflection event can occur where a hole of opposite chargednd spin (o) is retro-reflected.

In this event a net charge ef2e passes into the superconductor condensate as a Cooper pair.
Adapted from Ref. T3].

In order for the Cooper pair to form, the second electron masteimoved from
an energy belowF - resulting in the generation of a hole. The Cooper pair has zero
net momentum (each electron having a wavevektand —k respectively) and so in
order for momentum to be conserved during the process, tleerhost have equal
and opposite momentum to that of the original incident etect The AR process is
as such, an incident electron with wavevedtdorms a Cooper pair with an electron
in the superconductor and a hole is retro-reflected with wester—k in the normal
conductor. It is important to note that during the procestage of 2e has moved
across the interface. This results in the measured cur@oss such an interface
being twice as large as would be expected when the voltagdsetowA /e.

2.5.4 Josephson Effect

In 1962 Josephson predicted that in a superconductoratmstduperconductor (SIS)
junction, in addition to observing standard electron tdliimgeanother tunnelling mech-
anism would manifest itself, consisting of a current cartiy Cooper pairs provided
the barrier was not too thickf]. Josephson predicted that a consequence of this was
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Figure 2.18: IV characteristic of an SNS Josephson junction. Provibled I. there is no
voltage drop. For large currents tli& relation approaches that given by Ohm’s ldw,=
IR.[73]

that a supercurrent should flow, regardless of whether atrigldield is applied (the
DC Josephson effecif].

As the Andreev reflection amplitudes depend on the relathase difference be-
tween the macroscopic wavefunctions describing the twermgnductors, it is ob-
served that the supercurrent across the weak link, knowmea¥olsephson current, also
shares this phase dependency. It can be shown to a firstaggesximation that this
current is given by:

I, = I sinv, (2.48)
o [?
V=92 — 91— b Adl, (2.49)
0J1

which is known as the first Josephson equationis the gauge-invariant phase dif-
ference,®, the magnetic flux quantum anffAdl the path integral of the vector
potential taken from superconductor 1 to superconductd@h2. quantity/.. is known
as the critical current and is the maximum Josephson cutttahtan flow through the
junction. Forl < I.there is no dissipation of the Josephson current, i.e. asupent
flows. When! > I. a finite voltage drops across the junction leading to thecgldiV’
characteristic for a Josephson junction as shown in FigLir@
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Figure 2.19: Andreev bound state in a Josephson junction. A cooper pair is traesfieam
the left superconductor to the right one, via the transmission of an electind reflection of
a holeh, creating a supercurrent flow across the junctics.|

For I > I. the finite voltage difference between the superconducidrsesults
in a time dependent oscillation of the phase difference betvwthe two superconduc-
tors. Consequently, a high-frequency alternating curseabserved, known as the AC
Josephson effect. The relationship betweamdV is given by the following equation:

oy 2V
il (2.50)

2.5.5 SNS Junctions

A supercurrent can also be observed flowing through a supdootor-normal metal-
superconductor (SNS) junction. Rather than the direct tilingeof Cooper pairs
through the barrier as in an SIS junction, this process isiabed via the formation of
Andreev bound states, consisting of repeated Andreevretlection events as shown
in Figure2.19 In SNS junctions additional features can be observed il thehar-
acteristics, known as sub-harmonic energy gap structurs. i observed as peaks in
the conductivity measurements at:

v, = 280 (2.51)

ne

wheren = 1,2, 3... and is because of the occurrence of multiple Andreev reflesti
(MAR), see Figure2.20 When a voltage is applied to the junction, an electron is
accelerated and gains an eneedy, subsequently when a hole is generated via an AR
process, it too is accelerated across the junction (as & pasitive charge), gaining an
energyeV. Each reflection event transfers a chapge- 1)e corresponding to the + 1
particle current. If the applied voltage has the vallg /ne then(n—1) reflections are
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Figure 2.20: Schematic showing multiple Andreev reflections in a normal material between
two superconductors (Sand ;) with a superconducting energy gdp The filled circles

are electrons, the open circles are holes, and the arrows indicate ttiodii@f motion. The
dashed lines (long) represent the Andreev reflection amplitudes. Ttteoelés retro-reflected

as a hole at the Nsginterface via Andreev reflection. In the process a Cooper pair is gester

in Sg. Subsequently at the;SN interface the hole undergoes an Andreev reflection event,
annihilating a Cooper pair. With each successive pass the electron i@sdaloquire an energy
eV from acceleration by the applied bias V. Reproduced from R&j. |
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just enough for an electron (or hole) to reach an allowedgnstate in the opposite
electrode and so each time this condition is met a peak inghéuctivity 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 accessibleghtbe field effect, coupled
to its unique charge transport dynamics, make it an idealidate for incorporation
into superconducting devices. Since its discovery, a \Wweadtexperimental papers
have emerged detailing superconducting phenomenon itgngpdevices. While su-
percurrents have been generated in graphene decorate@®miglandsP8;, 29] and
Andreev bound states have been produced in graphene qudatsB0], generally the
bulk of the work has focussed on producing superconductukgene-superconductor
(SGS) JJs, with graphene as the weak link between two supdwicing contacts. As
such the following discussion shall focus on this class apgene device. A variety of
superconducting materials have been employed, most dewiere initially based on
Al[ 31-36] deposited by electron beam evaporation followed by devieng TaB7],
Pb[38; 39|, PbIn[40; 41], Nb[42], NbTiN[43], W[44] and ReW}2] deposited via a
variety of deposition methods ranging from magnetron gpung[37; 42, 43] and ther-
mal evaporation to decomposition of an active gas by a fexl&s ion beamd[4], 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 graphereglectron beam lithog-
raphy and evaporation. Al was used as the principal supdumar with Ti used as
an adhesion layer to improve contact to the graphene. Alalbstibsequent studies
have employed an adhesion layer with a few nm’s of Pd or Tidé&mpical choices.
Measurements were performed at a temperature of 30 mK whigell below the
critical temperature of the electrodég. (= 1.3 K). Owing to the nanoampere range
of 1. measured in these devices, extensive noise filtering is@ra@| with a standard
set-up consisting of low passfilters at room temperature and RC-filters coupled to
thermocoax cables or metal powder filters at low tempergflre 4.2 K). Heersche
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Figure 2.21: Josephson effects in a SGS junction with Ti/Al contactsl1a)measurements at
various values of(. Inset, current bias sweeps in both directions showing hysteretic ioeinav
typical of an underdamped junction. b) Colour-scale representatioiffefetial resistance
as a function of current and field for T = 30 mK (yellow-orange is zesistance i.e. a su-
percurrent region, and red corresponds to finite resistance. @r@&itiial resistance versiis
showing MAR dips below the superconducting gap. d) AC Josephsentafemonstrating
Shapiro steps of 9.8V 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 biguously identified
as single layer flakes via QHE measurements. Electrodeatepas of these devices
ranged froml100 — 500 nm.

A variety of transport measurements clearly showing theglson effect in these
devices are shown in Figu221 IV measurements are shown at a variety of gate
voltages. In this devicépic Was established to be betweeri0 — —20 V and it
was observed that a reduction in carrier density in the graplthannel corresponds
to a reduction in/.. The highly asymmetri¢V' curve, when sweeping from negative
to positive current is established to be from a hysteretiction response typical of
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an underdamped junction. Similar hysterdtics have been shown in all supercurrent
carrying SGS junctions at low temperature and was attribbie Jeonget al. [40]
to a finite junction capacitance. To establish that the supesgnt is carried through
the graphene and not by superconducting material briddiegwteak link, a weak
magnetic field is applied perpendicular to the junction. sTi@sults in an additional
phase difference across the junction, see Equ&tiég which results in a variation in
supercurrent according to: i (76/0)
sin (7 0

1. x W, (2.52)
where¢ is the flux penetrating the weak link ard is the flux quantum. The result
of varying the field is a characteristic Fraunhofer difffantpattern with minima in
I. when the amount of flux is equal to an integer number of flux tpamd so by
determining the field at which a minima occurs, the junctioeaacan be calculated.
For the data shown the area was found t08et- 0.2 um? which compares favourably
with the area determined by atomic force microscopy ¢ 0.2 um?), confirming
that the supercurrent is being carried by the graphene .sfid®t measurement has
been particularly useful in current annealed SGS devicensare that the diffusion of
superconducting material across the graphene channet resmmonsible for carrying
the supercurrent.

At finite bias, multiple dips in differential resistance areserved at source-drain
voltages/ = 2A/en (n = 1,2, 3, ...) because of MAR. From the MAR s calculated
to be 125ueV which is a smaller energy gap than bulk Al as a result of tesgnce of
the Ti adhesion layer. At voltages aba¥A the normal state resistance is recovered.
Under exposure of the junction to a radio frequency field s&esesf quantised steps
in voltage (Shapiro steps) in thd” curves is observed, the manifestation of the AC
Josephson effect. The steps have an amplitude.gRe wherew is the frequency
of the microwave radiation. The observation of a supercuyferaunhofer diffraction
pattern and Shapiro steps makes it clear that the SGS jusdai®@ operating as JJs.

In Figure2.22(a)a colour plot of differential resistance as a function oftbband
Vs is shown. It is immediately clear that the critical currenhighly dependent ohg
with a minimum critical current atpiac. Furthermore, about the CNPversusl has
a high degree of asymmetry, which correlates strongly tomtrenal state conductance
Gy as indicated by the blue curve. The characteristic voltdge- I.Ry is plotted
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Figure 2.22: Bipolar supercurrent transistor behaviour and finite supercurtethiteaDirac
point. a) Colour-scale plot of differential resistance as a functiohafd V. Yellow means
zero resistance i.e. a supercurrent region with orange to dark ressegping increasing dif-
ferential resistance. Current is swept from negative to positive salnd demonstrates asym-
metry caused by an underdamped junction. The top axis shows the camstydcalculated
using the parallel plate capacitor model and the blue curve representsrthalistate conduc-
tance. b) Product of the critical current and normal state resistamsasigs. Normal state
resistance is measured at T = 30 mK in a small magnetic field to drive the sogdantimg
contacts normaldl]
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in Figure2.22(b)and shows that. is suppressed around 2-3 times close to the Dirac
point. The origin of this suppression has subsequently bgaint of interest in SGS
JJ devices.

Ojeda-Aristizabakt al. [37] explored annealing SGS devices as a means of im-
proving the device so as to observe a supercurrent acrogsitieon. They produced
devices of a similar geometry to Heersatteal. but used Pt/Ta/Pt trilayer deposited
using magnetron sputtering instead of evaporated Ti/Ahascbntact material. The
dimensions of the device investigated was= 330 nm, W = 2.7 um and7, for the
Ta was 2.5 K. Measurements were performed in a dilutiongefdtor atl” = 60 mK.
SeveralR versuslg profiles are shown in Figur2.23for this device. The numbered
curves 0, 1, 2 and 3 correspond to a device before it was athaal three subsequent
anneals respectively. A current annealing procedure wdsrpged, whereby applica-
tion of a large current between the source and drain contastdts in an elevated
sample temperature via Joule heating, as pioneered by Moaél{79]. This process
is described in more detail in Chaptér The first, second and third anneals are per-
formed for several minutes, each using currdnts 3, 6 and10 mA respectively, with
J = 2 x 10® 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 cthamgzurities withVpjac =
5V and at a high carrier density the extracted mobility isuach2,000 cr?vVs which
is relatively low.

The inset figures show the resistance and mean free path atklwh&n the con-
tacts are in the normal state. The mean free path was caldulaing. = ho/(2kre?),
wherekr is determined fronmV/s using a plane capacitor model. Far away frogjac
l. ~ 15 nm which corresponds to diffusive transport. An obviousutbn in resis-
tance is observed following the second anneal (curve 2)hé@sro terminal resistance
measurement includes both the sheet resistance and tteetmdistance it is difficult
to attribute the resistance drop to one or the other follgvitive anneal. The genera-
tion of a supercurrent after the third anneal (curve 3), @idrom R ~ 0 {2 across
all values oflg, suggests that the interface transparency has dramgticglroved.
Additional evidence for an improvement in interface traargmcy is given in measure-
ments ofdl/dV, see Figure2.24 which features peaks in conductance because of
MAR in the high bias regime. While the peak position seemsriam&to the alteration
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Figure 2.23: Gate voltage dependence of the two wire resistance of the sample betbre an
after different annealing steps at 60 mK. The labels 1, 2 and 3 comddpad3, 6 and 10 mA
current anneals for several minutes each. The last anneal resulesuipercurrent running
through the graphene. Inset (a): resistance versus gate voltage bhefy annealing at 4.2 K.
Inset (b): mobility and mean-free path of the graphene sheet befomatimg deduced from
inset (a) data.37]

of Vi, the number of peaks observable does increase from 3 toaWialy an addi-
tional anneal step. This suggests that the interface teaespy has improved, which
enables higher order tunnelling processes to occur.

Further investigation of the supercurrent state of the S@8tjon following the
third anneal was performed, see Fig@&@5 At T = 60 mK the observed zero re-
sistance state was established upg to= 600 nA at Iz = 15.5 V with a hysteretic
IV response as reported previously attributed to the juntigang underdamped. The
characteristic voltage was measured to be of the order piS®hich is approximately
A/5e. Whether the junction is in the long or short limit is deteradrby the ratio of
the junction lengthl to the superconducting coherence lengttgiven by:

| hD

whereD = vl /2 is the diffusion constant of graphene apds the elastic mean free
path. AtV = 15.5 VI, was calculated to be 55 nm which corresponds to a coherence
length{ = 260 nm, placing the junction in the intermediate region betwadang

and short junction. As a result the Thouless enefgy, = AD/L?, a characteristic
energy scale for diffusive processes, is at a similar enterglye superconducting gap.
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Figure 2.24: Evolution of MAR with annealing seen in the differential conductance ciage
a function of bias voltage at 60 mK. Curves correspond to different\gadtage values with
(from top to bottom)l’z = —3, —8 and 5 V in panel a) anllg = —24, —22,-18, —-16, —15
and—6 V in panel b). Up to 4 MAR peaks are seen after the annealing stef 2.

Measurement of,, versusI’ also point to the device operating in the diffusive junction
regime, displaying a trend that obeys the Kulik-Omelyarkclaw which describes
short SNS junctions.

For a perfect interface a device with/¢ = 1.3 is predicted to have B. = 1.3A /e
which is~ 6 times higher than what is measured experimentally. Theoasitftated
that this was too large a discrepancy to be attributed toritegface resistance as such
an explanation requires this resistance to be many timestitéie graphene sheet.
Instead they proposed that de-phasing fluctuators on anelabeihe graphene are
the main cause of the suppressed switching current. While aumechanism will
contribute to the suppression ff, they have not accounted for the increased contact
resistance from damage to the graphene under the contacteaslt of the energetic
metal deposition procedure used.

In the recent work of Popincuiet al. [43] graphene-NbTiN junctions were pro-
duced in SGS and SGN (one normal contact) configurationsinAga NbTiN (7. =
13 K) was deposited using sputtering however the direct spogeof this material
onto the graphene resulted in contact resistance in theokifos range, which they
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Figure 2.25: Full proximity effect after third annealing step. B) curve and b}/V'/dI(I) of
the SGS junction taken at 60 mK, zero resistance state prevails at biastsioe®w switching
current of 600 nA. c) Temperature dependence of the switchingrdujdtata points) fitted to
a Kulik-Omelyanchuk law (continuous line) typical of a short SNS junctidn= 250 uV is
extracted from MAR features}]

attributed to damage to the underlying graphene by the bainent of the energetic
species during sputtering. To reduce this impact a 10 nmfésidn layer was first de-
posited, using an electron beam evaporator, where the idieposnergies are low (of
the order of 1 eV). The sample was then transferred to théespuin air, which took
3 to 5 minutes so that the NbTIiN could be deposited. To remoyeoaide formed
on the Ti during the transfer procedure, the Ti film was etcleed nm using an Ar
RF plasma before sputtering. In another procedure the RF &phass avoided by
depositing Ti/Au first, where the Au acted as a capping lagestop the formation
of any oxide. The authors found that only upon increasinghiekness of the Ti, so
that it was about 20 nm after RF plasma cleaning, could a supert flow through
their SGS junctions. This was attributed to the poor trarespey of damaged graphene
close to the contact, a conclusion supported by conductaresurements in the SGN
devices. In Ti/Au/NbTiN devices only 2nm of Ti and 2.5 nm of Aure required to
produce a working JJ, suggesting the cleaning step adyeaffected the graphene.
That being said they could not observe a supercurrent irethegices wherd, > 280
nm, which is relatively short, and even for a device with dnsiens. = 150 nm and
W = 1.5 um at high carrier density,. did not exceed 4 nA at 50 mK.
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Figure 2.26: Transport measurements taken on @ &by oy based SGS junction. aV
measurement atg = —40 V (Vpirac = -20 V) with increasing and decreasing bias current. The
critical (I.) and retrapping(z) currents are indicated. Inset, resistance vs temperature curve
of a single electrode showing. = 7.0 K. b) IV curves for five different temperatures. c) T
dependencies df. andiy. d) I. as a function of temperature for different valuedgf Solid

lines are fits to a theoretical modef(]
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Jeonget al. produced SGS devices made using a Pbin alloy< 7.0 K) deposited
via thermal evaporatior)]. Indium was included to reduce the granularity of the de-
posited Pd, which would otherwise reduce contact to thelgnap sheet. The addition
of a Ti adhesion layer was found to suppress the observatimwdias conductance
enhancement, indicative of Andreev reflection processdssanPdIin was deposited
directly. Transport measurements taken on one of theseaeis shown in Figure
2.26 ThelV curve in Figure2.26(a)clearly shows the existence of a critical current
at7 = 6 mK, in addition to a pronounced re-trapping currehf, SubsequentV’
measurements taken at various temperatures up to 3.83 Kawa $n Figure2.26(b)
clearly showing a reduction if. with increasing temperature, while the normal state
resistance in the high current regime remains unchangea extracted values of
I. and I are plotted as a function of temperature in Fig@r26(c)which indicate
that while 1. drops rapidly with increasing temperatuig, remains constants until at
T > 1.5 K I. = Ir and nolV hysteresis is observed. Most interestingly the tempera-
ture dependence df at various gate voltages, see Figar26(d) shows a very good
fit to the theoretical prediction for a long diffusive JJ iretlow temperature limit, as
calculated by Dubost al. [80], given by:

—aF
el.Ry = aBry (1 ~bexp <3 ;k T;)) . (2.54)
-2kp

HereEry is the Thouless energfy the normal state resistance, anandb are fitting
parameters. The theoretically predicted valuesahdb are 10.8 and 1.30 respectively
in a long junction wheré’r /A pyr, — 0. The values of parametedsandb are found
to bea = 1.2 — 2.9 andb ~ 1.3 with E7y/Apy, = 0.083. The reduced values of the
fitting parameters are attributed in part to the junctiomgen the intermediate regime
between the long- and short-junction limits.

The production of SGS devices with Nb or ReW contacts openbeipassibility
of investigation of the interplay between superconduigtiagnd exotic phenomenon
that occur at high field, such as the QHE. Komagswal. produced SGS JJs with
sputtered Nb contacts and ReW contacts with a thin (4 to 8 nmadbesion layer
and capping layer (to be published in Phys. Rev.4B)} Prior to the deposition of
the contact material, the devices were annealing in vacuumoaC for an hour. Out
of the 12 samples produced, only 3 showed a full proximitgefat low temperature.
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Figure 2.27: Comparison of switching current with Thouless energy. Upper left, twysvad
defining switching currentl,., the largest current for which the differential resistad®gd! is
zero, andl}}, the inflection point of the jump idV/dI towards large resistance. Upper right,
variations of the Thouless energy witiy;, deduced using the sample resistance in the normal
state for both ReW and Nb SGS junctions. The resistance of the Nb sampleeaasired at

1 K and the ReW sample at 55 mK At> I.. Bottom panels, comparison &f and [} with
Erp/eRy for the sample with Nb electrodes at 200 mK and ReW electrodes at 5548K. [

The results presented by the authors were on a Nb device im#gndions., = 1.2 um,
W =12 um and a ReW device with = 0.7 um andW = 2.6 um. Low temperature
measurements were performed in a dilution refrigeratantgh low-pass filtered lines.
Again the authors found that their junction to be operatmtie diffusive regime with
L/¢ = 7 and 5 for the Nb and ReW devices respectively, putting thecdsvin the
long-junction limit.

Figure2.27(a)shows the two possible ways of defining the switching currént
which is the largest current at whieti /dV = 0, and/}, which is the point of inflec-
tion whend! /dV jumps to a finite resistance. The evolution/ofy with respect to
Vs is shown in Figure2.27(b)for both Nb and ReW contacted samples. According
to the diffusive SNS theory as given by Equat®®4 assuming the second term is
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Figure 2.28: Temperature dependence of superconducting phenomenon in a ReWe.samp
Left, differential resistance curves for various temperatures rarfging 100 mK to 800 mK.
Right, comparison of the extracted critical currents as a function of terypergolid points)

and theoretical curves based on barriers with different ratios of corgsistance to graphene
sheet resistance, Both the overall suppression of the critical current with respect to ltoal T
less energy at low temperature and the respective decayvath temperature are accounted
for assuming ~ 7.[42]

small, there should be a constant factgihetween/. and Ery /e Ry . Itis clear from
Figures2.27(c)and2.27(d)that this is not the case with enhanced suppressiai of
asVs — Vbiraee The values of: giving the best fit tal,. are 0.45 and 0.3 for Nb and
ReW respectively, compared to expected values of 9 and 8 ateemperature. This
difference is attributed to partial transmission at the B@rface, which can be exper-
imentally shown by measurinfy as a function of/’, see Figur&.28 The dependence
of the characteristic voltage with respect to the tempeeaitsi shown to be in good
agreement with the theory of a diffusive SNS junction depebtbby Hammeket al.
[81]. The parameter = G /G WhereG y is the conductance of the normal region
andGp is the conductance of the barrier with= 0 for an ideal interface. A value of
r ~ 7 best fits the data, which suggests that the interface rasesia seven times that
of the graphene sheet resistance.

While interface transparency issues account for a large atadihe suppression
of I.. it cannot explain the additional suppression/potlose to the CNP. The mecha-
nism proposed by Komatset al. [42] to explain this expression is specular Andreev
reflection of Andreev pairs at the interface of charge pusidtethe graphene chan-
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Figure 2.29: Schematic showing specular reflection of an Andreev pair at an n/0O junction
leading to loss of counter propagation and large phase accumulation witihindaeev pair.
The red region is electron doped, the blue region hole doped and the ggien has zero

doping. B2]

nel (see Figure2.29and2.30. The puddles correspond to electron-rich (n-type) and
hole-rich (p-type) regions with a spatial extent typicajhgater than 50 nm. Between
n-type and p-type puddles are regions of zero doping whichbeatermed the O re-
gion. Whenls is close to the CNP, Andreev pairs (which are responsibledoying
the supercurrent across the junction) have a high liketihmiomeeting an n/0 or p/0
boundary. At the boundary, a pair will undergo a speculaecgéfin-like event, which
acts to destroy the counter propagation of the Andreev @gaihe two electrons diffus-
ing across the graphene undergo uncorrelated scatterergsgwvhich increase their
relative phase difference. This results in a loss of phakeremce across the junction
which acts to suppress the critical current. Charged puddlgsaphene sheets have
been observed directly by Martiet al. [82] via scanning single-electron transistor
spectroscopy. An example of such a measurement for a graplessice is shown in
Figure2.31which shows the spatial extent of the n- and p-type regiongedisas the
effective variation in charge density, which is approxietat-10'! carriers cni?. As
such, when the average carrier density in the graphene dxte®€ carriers cm? the
puddles will be washed out resulting in an increase in thembade of /.. Further-
more, the suppression of the supercurrent is expected tardpest in samples that are
long because of the increased probability of an Andreevpaigting a puddle inter-
face. The supercurrent will also be suppressed when supsircting electrodes with
large A are used because of the reduction in the superconductiregerute lengths.
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Figure 2.30: The panels at the top of the figure show the reflection processes thatine
normal metal. These processes are specular reflection at a metal-ingukatiace (left) and
Andreev retro-reflection at the metal-superconductor interface (righg panel at the bottom
of the figure shows the counter-intuitive process known as specutinean reflection that can
occur at a graphene-superconductor interface. Arrows indicagirgetion of propagation of
the charge carriers, electror® é&nd holesl).[26]
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Figure 2.31: Colour map of the spatial density variations in the graphene flake extraotad f
surface potential measurements at high density and when the averdge aamsity is zero.
The blue regions correspond to holes and the red regions to electioaflack contour lines
mark the zero density region87]
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CHAPTER 3

Experimental Methods
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3.1 Device Fabrication

A wide array of experimental techniques have been utilibealtghout this project, in
both the fabrication of graphene devices and their subsegqumaracterisation. This
chapter first outlines the fabrication methods used, sganwith the production of
graphene through mechanical exfoliation. This is followsda description of the
cleanroom based lithography techniques used to patteotizefd graphene flakes, as
well as a discussion of the metal deposition methods usethvere thermal evap-
oration and DC magnetron sputtering. Further discussiarkgfen plasma etching,
used to define graphene flakes into specific geometries,agstied as well as the wire
bonding and back gating of completed devices ready for rmeasant.

Device characterisation is then discussed outlining adj@lectrical measurement
set-up used in transport measurements. With a significambeu of measurements
being performed at low temperature, the use of a He flow cayastdiscussed with
attention to the graphene specific procedures used. Ameutli the Raman spec-
troscopy technique, which was used to gain further insigta 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 avigledbproduce graphene
ranging from bottom-up methods such as decomposition of83]CGjr carbonB4,
large area CVD§5] and chemical processing of graphite oxi8gj[to top down meth-
ods such as unzipping carbon nanotuBégs| The first true isolation of single layer
graphene flakes however was achieved via the mechanicdlagixfio (Scotch tape)
method by Novoseloet al. [1; 61] and it is this method of production that is em-
ployed in this thesis. While unsuitable for commercial eXplion because of a low
production yield and relatively small flake sizes few methaodn rival the quality of
graphene produced and so it is still ideal for studies ingoftindamental properties of
graphene.

The exfoliation method employed is as follows. A single &high quality graphite
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3.1 Device Fabrication

flake! is placed in the centre of a 2010 cm square of tageThe tape is then folded on
itself repeatedly {15 times), each time separating the graphene flake untilrttieee
tape is covered in graphite. Because of the weak van der Waatfing between the
constituent graphene layers in grapl8@[the graphene preferentially bonds to the
tape allowing for the separation of individual layers. Bwling this the graphene is
transferred to the substrate by placing the graphite cdveide face down on top of
the upper surface of the substrate, followed by lightly inglof the tape for 1 minute
to ensure good adhesion. The tape is then very slowly remfreed the substrate
over the course of a minute to ensure the graphene flakes tdamaged during the
procedure.

The substrates used in this study consist of highly dopembsilvith a 300 nm ox-
ide layef. The highly doped silicon enables the substrate to be usadyisbal back
gate for the device for use in EFE measurements. The 300 nde gdrforms two
functions, acting as a gate dielectric and giving the graplitakes sufficient contrast
(through interference effects) that they can be observed as optical microscopaf.
While a 100 nm oxide layer gives similar optical contrast arayjales a greater change
in carrier density for a given gate voltage, it was found tcebsily damaged during
wire bonding. This resulted in inoperable devices becatiggte leakage. An ar-
ray of optical alignment marks were also patterned on thetsaies before graphene
deposition to enable further patterning of devices asmedlin Sectior8.1.2

Following deposition, graphene flakes were identified byisg&y across the entire
sample surface with an optical microscope with ac2afbjective lens. Upon identifi-
cation of a possible graphene flake an optical image was ted&émat the flake could
be aligned in the CAD software. Differentiation of MLG, BLG aRHG was achieved
using Raman spectroscopy as outlined in Seci@il

3.1.2 Lithographic Processing

Lithography utilises polymer resists which can have thelulsility altered through
bond breaking (or formation) by exposure to photons, knowo@tical lithography

11.8-5.0 mm “Graphenium” flakes supplied by NGS Naturgraphit
2Blue surface protection tape supplied by Nitto
3N<100>As doped silicon 4 = 0.001-0.0082cm) supplied by IDB Technologies
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3.1 Device Fabrication

(OL), or electrons, known as electron beam lithography (EBhyough careful expo-
sure of specific lateral regions of the resist, it can be sgkdg removed leaving resist
free regions ready for metal deposition. An outline of a gerléghography procedure
is shown in Figure3.1

In OL the resist is exposed to UV light through a pre-pattdraerome-on-glass
(COG) mask using an optical mask aligner. This allows paitgrof large areas in
a short space of time, often tens of seconds once alignetl, awesolution of~1
um using our equipment. EBL affords the bespoke patterningaobacale features
by controlling the path of a beam of electrons incident onstuaple with an applied
magnetic field. The trade-off is that EBL is time consuminghvie patterning of very
large scale features requiring several hours of writingwel as being considerably
more expensive to perform.

A bilayer resist recipe is used in both OL and EBL steps to eraatundercut in
the resist profile as shown in Figusel(d) The purpose of this is to ensure that there is
good separation between the resist and the deposited mbiskids lift-off procedure
in which acetone is used to remove the resist and unwanteal leating the patterned
features intact.

A false colour optical image showing a complete graphenédes shown in Fig-
ure3.2 First the alignment marks (yellow) are patterned usingcaplithography and
thermal evaporation. The graphene flakes (magenta) arelépasited using mechani-
cal exfoliation and located using an optical microscopextitiee bond pads and tracks
(green) are patterned using EBL, as well as some additiorgairaént marks (red),
which enable subsequent EBL steps to be performed with gr@etaracy. Finally the
graphene flakes are contacted with sputtered contact9 @ieepatterned using EBL.
The specific recipes used during these procedures will nosdoeissed.

3.1.2.1 Ogptical Lithography

OL was used to pattern an array of optical markers onto the Sistrate before
graphene deposition. These were used to identify the mtafithe flake and to align
the first step EBL pattern on the device with an accuracy of armfeevometers. The
optical markers had a spacing of 2Qfh with every 5 markers in the andy direction

also featuring numbers corresponding to the co-ordinatinaif marker. An optical
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% ] % %

Metal

()

Figure 3.1: Schematic showing a typical lithography procedure. a) A clean substrpte-is
pared. b) Resist is then spun onto the substrate to obtain the requiredesciknd baked
either on a hotplate or in a convection oven. c) The resist is then seleatixebsed (shaded
region) to either photons (OL) or electrons (EBL) followed by d) develept in a solvent
which removes exposed resist. e) Metal is deposited onto the sample artebf) i per-
formed in acetone which removes the resist and unwanted metal leavingttbened metal
features intact.
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3.1 Device Fabrication

Figure 3.2: Optical image of a finished graphene device. Features are shown ircdédss to
aid discussion of the fabrication procedure (see main text).

image taken of one the numbered optical markers after greptieposition is shown
in Figure3.3(a)

The OL procedure was as follows; the substrate was cleaesloviication for 5
minutes first in acetone and then in isopropanol (IPA) fodawby drying with N.
The bottom resist layer (8% PMMA in anisole) was then depdsdn the substrate
and spun at 4000 RPM for 30 seconds before baking at CAdr 15 mins. The top
resist (Shipley S1813) was then spun at 5000 RPM for 30 se@nttiplaced on a hot
plate at 120C for 2 minutes.

A Karl Suss MJB3 photomask aligner was used to align the satiestreneath the
COG mask before UV exposure for 8.7 seconds at a power of 3 mt/Che sam-
ple was then developed in Microposit MF-319 for 40 seconelsiaving the exposed
S1813, rinsed in de-ionised,B and dried in N. To remove the PMMA underlayer
the sample was placed into a UV ozone cleaner for 15 minumslaped in a 1:3
MIBK:IPA solution for 30 seconds, rinsed in IPA and dried in.NThe sample was
then ready for metal deposition which for the optical mask&as 20 nm of Ti and 40
nm of Au deposited via thermal evaporation. The Ti was usednaadhesion layer
with Au deposited as it gives good image contrast in the SENhduhe EBL step.

Following this, lift-off was performed by placing the saraph acetone for several
hours. As this step was performed before graphene depositesample was sub-
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(b)

Figure 3.3: SEM images of a) an optical alignment marker and b) an electron beam liiiggra
marker.

sequently cleaned using an Plasma asher at 50 W for 2 minutes as this improved
graphene adhesion manifesting as an increased yield okilegdlakes. Because of
the low yield of graphene flakes produced via micromech&oleavage large batches
of 20—-30 15 mmx 15 mm chips with optical alignment marks were produced at a
time to improve the chance of finding suitable flakes in a gien

3.1.2.2 Electron Beam Lithography

EBL was performed after graphene deposition, see Se8tihd, and so it was neces-
sary to first remove tape residues from the sample by soakiagatone for 5 minutes
before repeating the procedure in IPA. Sonication was &bk it can damage the
graphene. 3% PMMA 495k in anisole was then spun on the sanhglg0® RPM for
20 seconds and 3000 RPM for 40 seconds. The sample was thesh dtakeé0C for
15 minutes. Originally a 45 minute bake time was u88Hput this was suspected
to overbake the resist making removal difficult. 2% PMMA 950lanisole was then
spun on at 3000 RPM for 20 seconds and 5000 RPM for 40 secondgaimdteaked
at 170C for 15 minutes. The sample was then loaded into a Raith 5e@rsyfsr EBL
patterning.

EBL designs were produced using the AutoCAD software packAggchematic
of a standard first step EBL design is shown in Fig8i# The design consisted of 16
bond pads (shown in red) with thick tracks heading towardscimtre of the design
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3.1 Device Fabrication

where the graphene flake is situated. Alignment of the EBLgiesd the optical
alignment marker array is performed by aligning an opticahge of the flake and
alignment marks to a CAD design of the optical alignment matkeThe bond pads
are 200x 200 um in size which is sufficient for wire bonding purposes. Thgda
number of bond pads ensures that a sufficient number of dsntac be made on
the graphene flake, despite the graphitic debris that is @sdmple which can cause
breaks in some of the tracks. Additional alignment marksa¢ése patterned during the
first EBL step, shown in magenta in the magnified region of Fe@.u, which enable
subsequent EBL patterns to be aligned on top of the sampleawiditcuracy of 10’s of
nanometres. A scanning electron microscope (SEM) image BB4 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 thalaalignment. Typically
the large bond pads were patterned first using a large beaentwf 5 nA at 30 keV
to shorten the necessary exposure time-t80 minutes. The beam current was then
reduced for the smaller features to 50 pA at 30 keV which gaifecgent resolution.

A dose of 346uA/cm? was used for patterning all features.

Following patterning the sample was developed in a solutioMIBK:IPA (1:3
concentration) for 90 seconds, before rinsing in IPA for 86asds and drying with
N,. It was then transported from the cleanroom to the sputteiriaa Desi-Vat"
hand-pumped desiccator at a pressure of 0.5 atmospheresdaantamination. After
sputtering the sample it was returned to the cleanroomfteoffiin acetone for several
hours before rinsing with IPA and drying with,N

3.1.3 Metal Deposition Techniques
3.1.3.1 Thermal Evaporation

In thermal evaporation the metal to be deposited is placedresistive boat (usually
made of tungsten), through which a large current is appliédough Joule heating the
boat reaches a sufficiently high temperature to melt the Im&tee procedure is per-
formed under vacuum to reduce the vapour pressure, alloitnmgnetal to evaporate
for re-deposition on a substrate, which is in line-of-sighthe boat.

12 point align procedure using ALIGN command in AutoCAD
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Figure 3.4: Schematic showing the first step EBL procedure in red and green. Theifreeg
region (right) shows the EBL alignment marks patterned next to a gragteee(shown in

grey).

Thermal evaporation of Ti and Au was performed in an Edwafi& €/aporator,
fitted with a turbo pump, enabling evaporation to be perfairaea pressure of less
than10~° mbar. Ti and Au were placed into separate boats allowing tbetty of
both materials without breaking vacuum. A current of apprately 30 A for Au and
40 A for Ti was passed through the boat, resulting in a groaté of 0.1 nm/s which
was measured with a crystal monitor.

An advantage of the thermal evaporation procedure was tkatey than 10 sam-
ples could be evaporated at once, with the deposition cdetpie approximately 1
hour. The disadvantage was that the procedure often baka@sist making the sub-
sequent lift-off procedure difficult. As a result thermaéperation was generally used
only for depositing optical alignment markers as, at thegyet the sample could be
sonicated if necessary without damaging the graphene.nfdiesvaporation is also
only suitable for metals with a low melting temperature andssnot suitable for Nb.

3.1.3.2 Magnetron Sputtering

Magnetron sputtering has been used extensively in this wideposit contact ma-
terials on graphene. A schematic of a typical magnetrorugas shown in Figure
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3.5, Sputtering was performed in an evacuated chamber in whigbrking gas is
introduced. Argon (Ar) is frequently used as a result ofisrt nature which ensures
it will not react with the target material. In DC sputterindaage DC voltage is ap-
plied between the anode and the cathode which causes eleetréhe cathode to be
accelerated toward the anode because of the electric fielck @n electron has gained
sufficient kinetic energy it can convert a neutral Ar atonoiatpositively charged ion,
ArT, through collision via Townsend dischargél[:

e +Ar—2e +Art. (3.1)

For charge conservation an additional electron is releagkeidh can cause additional
ionization. Concurrently, the Arions are accelerated toward the cathode, which upon
collision can eject secondary electrons, which also coutei to the process. This
cascade of electron generation results in the breakdowreafds and the measurement
of a current between the cathode and the anode. Simultadgeatsns from a target
situated on the cathode are also ejected (sputtered) tews@dubstrate, because of the
transfer of momentum that occurs from the impinging Aans to the target material.
As the process occurs in gas, the path of the ejected matenaire diffusive than in
vacuum (as in thermal evaporation). This necessitatess@®ibilayer resist recipes
when patterning, to avoid build up of material on the wallgha# resist, which can
make lift-off difficult.

By increasing the electrical potential between the cathoddlze anode, as well as
increasing the gas pressure, the rate of deposition dupatjesing can be increased.
Further enhancement can be achieved via housing a ring anbaviNdFeB bar mag-
nets behind the target. Consequently the resultant stralydeifines generated elec-
trons to a circular “racetrack” above the target. The inseglanegative charge density
in this region attracts the Arions, increasing the plasma density, and hence the sputter
rate.

Sputtering was performed in the Mjolnir sputter system,chigonsists of a vac-
uum chamber, 4 independent magnetron sources (2 magrgetsta? non-magnetic)
about 8 cm from the surface of a rotatable sample wheel capldarrying 6 sub-
strates. A turbo pumped load lock is used to place sampleghet chamber, which
enables a greater number of samples to be patterned indetianging targets. The
base pressure of the system measured with a mass-speerasngd® Torr (with a
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Figure 3.5: Schematic showing principle of DC magnetron sputtering.

Material Current (mA) Power (W) Ratd\(s)
Niobium (Nb) 300 22 1.2
Palladium (Pd) 70 92 14
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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partial pressure of water of I& Torr), which is achieved through several stages of
pumping. Firstly the chamber is pumped from atmosphere tmgh vacuum using a
rotary pump, secondly the chamber is pumped using a cryopumigh consists of a
cold surface af’ ~ 10 K upon which gases can condense. Further removal of water is
achieved by using a Meissner trap, which consists of a caitbpper tubing through
which liquid Nitrogen afl’ = 77 K is passed, condensing the water vapour away from
the sample. The removal of water is particularly importameduce the possibility of
oxidising any deposited metals, which can adversely afffesst properties. Optionally,
gettering can be performed, whereby a reactive metal suElk as Ti is pre-sputtered

to remove remnant oxygen in the system.

Sputtering was performed at an Ar pressure of 2.6 mTorr. Pléter parameters
for the main materials deposited in this thesis are showmai€B.1 The sputter rates
were calibrated by growing thin films for a given time and meawg 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 gragbebe controlled.
This was achieved by using an oxygen plasma to etch the gnaepdgosed through
an etch mask. In this case the etch mask consisted of theasthbdayer PMMA
recipe which was exposed using EBL in the regions in which tiapligene was to be
removed. An example of a PMMA etch mask on graphene priordbirg is shown
in Figure3.6(a) After depositing the etch mask, the sample was placed imaiteEh
K1050X oxygen plasma asher and etched for 2 minutes at a ph&erW, which was
found to be sufficient to remove a single layer of graphenbaut removing all of the
resist. Following etching, the resist is removed by soakiregsample in acetone for 5
minutes, followed by rinsing it with IPA. The result of an ktstep is shown in Figure
3.6(b) A similar procedure was attempted on a bilayer sample, iemiewas found
that the time to etch 2 layers of graphene was more than tleestbmemove the resist.
As such, an alternative method would have to be employeddbirey bilayers.
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(@) (b)

Figure 3.6: Optical images of graphene flake a) before and b) after an oxygemalkish. For
clarity the graphene flake is outlined in a). Colour differences betweendalp) are an artifact
of the microscope cameras used. Scale bar igrB0

3.1.5 Wire Bonding and Back Gating

Upon completion of the lithography steps, the substratauiga fit a ceramic chip
holder using a mechanical diamond scribe. An optical imdgeammpleted device is
shown in Figure3.7. The device is secured to the chip carrier with conductihgsi
paint. For the substrate to be used as a global back gate gigxidcal contact must be
made to it. Initial attempts to form a good contact to the bgate involved removing
the thermal oxide on the silicon with a diamond scribe, ajpglya small amount of
indium and baking the sample on a hot plate in air at’2ZD@Qntil the indium melted.
Unfortunately, this procedure resulted in graphene dewaéh uncharacteristic gate
responses. Instead the oxide was removed and a thin layéresffzint applied to the
etched area, which produced devices with satisfactorypadnce.

Contact between the bond pads on the device and the elecwitiacts on the chip
carrier was made using a Kulicke and Soffa Industries Mo8@b4wire bonder. The
wire bonder uses aluminium wire and makes a bond by applyinglteasonic pulse
via a metal wedge to the wire, causing it to melt and form aoyalNith the material
it is adhering to. The force applied to the wire, as well astiime and amplitude of
the ultrasonic pulse, had to be minimised to avoid penetyatie oxide layer during
bonding, as this caused the gate to leak during measurenhongng from substrates
with a 100 nm oxide layer to a 300 nm one also reduced the caaeerof gate leaks.
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3.2 Device Characterisation

Device |

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 ohig.

3.2 Device Characterisation

3.2.1 Electrical Measurements Set-up

A schematic of the electrical measurement set-up is showigire3.8. A 16 bit dig-
ital to analogue converter (DAC) supplied by National Instemts (NI-DAQ 6221) is
fitted to a desktop computer and used to output a voltage tdawiee. The maximum
input and output of the DAC i%:10 V with a resolution of 32@.V. To improve the res-
olution of the output, a potential divider with a variablsisgor is utilised to step down
this voltage by 1000 times, giving a maximum outputtdfO mV with a resolution of
320 nV which is sufficient for our measurements.

The drain current of the device is measured using a low naigeict pre-amplifier
(SR570), which converts the measured current to a voltagehakiread back by the
DAC. The amount of volts output per ampere measured can b® seicommodate
the maximum range and measurement resolution of the DAC lyribst was set to
output 1 V for every 1uA measured. Similarly the voltage across the device was
measured using a low noise voltage current pre-amplifier 8R3n the configuration
shown, the SR560 outputs a voltage based on the differente ¢fvb input voltages
(V4 — Vp). This output can again be amplified up tox510* times before read-
back, although given the mV range voltages applied, amatifia of 1¢ times was
sufficient. Both amplifiers also provide internal RC filters ¢move unwanted noise
from the input signal before amplification; in this case a 1zKbw-pass filter was
selected to eliminate any high frequency noise. For QHE oreasents 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 voltéige same time as the
longitudinal voltage.

Previous efforts to back-gate bias carbon nanotubes ind &@dEFE measure-
ments used the DAC to bias the back g&8[ For graphene measurements the maxi-
mum output of the DAC is insufficient as voltages upt@0 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 tindyrdgped substrate of
the device, while the low output was connected to the grodrdeoDAC card to en-
sure a common voltage reference point with the device. Conuation between the
desktop computer and the K2400 was performed using a GPeéBface card.

To reduce electrical noise, cabling between instrumentsisted of shielded coax-
ial cable, terminated with BNC connectors. Connections talthéce were made via
a breakout box which allowed each line to the device to bepgaddently grounded.
This is necessary when changing contacts to avoid damaggnggvice. A cable from
the DAC to the breakout box was connected at all times to ertbat it was not float-
ing when connected to the device. Both pre-amplifiers werergted to the DAC card
through the outer shield of the coaxial cable, which in tuaswgrounded via the earth
of the desktop computer.

Measurements to determine the resistance of the devicesteohsf taking multiple
IV measurements as a function of gate voltage. In each caseureesrain voltage,
V.4, was commonly swept over a range-6fl mV, followed by stepping the back-gate
voltage,V5, by a set amount and repeating. Resistance was subsequetettynched
by fitting the multiplelV measurements to a linear function. All measurements were
performed using custom LabVIEW softwaré which controlled the DAC, K2400,
temperature controller and the magnet power supply.

3.2.2 Cryogenic Measurements

Low temperature measurements were performed in an Oxfatuments continu-
ous flow He cryostat as depicted in FiglB®. A variable temperature insert (VTI)
is housed inside the cryostat within which a sample can beedlaThe VTI sits in
a reservoir of He at 4.2 K, which is used both as a sample cbstaurce, as well

IWritten by Dr Gavin Burnell
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He Reservoir

N, Reservoir

Needle Valve

Sample Holder

Figure 3.9: Schematic showing He flow cryostat apparatus. Modified with permission fro
Ref. [91].

as cooling the superconducting solenoid below its critieedperature. The solenoid
can run in both variable and persistent modes up to fields qf @fitrolled via the
power supply. The entire outer jacket of the cryostat isdilath liquid nitrogen to
thermally shield the He bath and experiment, from the antliéamperature of the lab-
oratory. The VTI provides temperature control over the eah@ to 300 K by releasing
gaseous helium into the VTI from the He reservoir via a needlee and heating the
inner chamber using a heater. The VTI is continuously punpdxtlow atmospheric
pressure by an oil free scroll pump, lowering the vapourguesinside, allowing for
temperatures below 4.2 K to be achieved. Graphene deviveddegn shown to have
extreme sensitivity to gaseous species in the experimentalonmentf2] and so an
oil free pump is preferred to avoid contaminating the sample

Temperature control is achieved through the use of an Oxfaiuments Intelli-
gent Temperature Controller (ITC) which controls the heatevgr and He flow rate
using a proportional integral derivative (PID) control jofor stability. Normally the
ITC only controls the heater power to avoid flooding the chamkith too much He
(which then has to be pumped away). The chamber temperatumenitored using
a thermometer which is also connected to the ITC. During higlal ineasurements
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3.2 Device Characterisation

the temperature is controlled manually, as the measuredlofiatemperature can be
incorrect as the thermometer has a magneto-response.

The sample is loaded into a custom built sample holder whistasthe bottom of
the sample stick. The stick has a sliding seal at the top ottyestat and allows the
sample to be slowly lowered into the bottom of the cryostaiwéring the sample too
quickly into the base of the cryostat results in condensdtioming on the device and
so to avoid this the sample was pumped for several minutdgedbp of the cryostat
before slowly being moved down into the bore of the magnee tEmperature of the
sample head is monitored using a Cernox thermometer corhiecteLakeshore 340
temperature controller. Cooling of the sample to its dedeatperature was performed
at a rate of less than 3 K per minute to ensure no damage wasdcauthe graphene
as its thermal expansion coefficient is of opposite sign &b o the Si substrat@p).

Samples were warmed, where possible, to above 273 K beforeved from the
cryostat to avoid condensation of atmospheric water ongimpge. This is of particular
importance in graphene devices because of their exposétesrand sensitivity to
surface species. This was achieved by closing off the pugnipie and flooding the
VTI with He gas followed by heating the chamber to above 273[Kis procedure
was particularly time consuming and only performed on sasplhich showed good
transport properties and thus warranting further measemném

3.2.3 Raman Spectroscopy

Two Raman spectrometers were used during the course of 8eaneh, one a Ren-
ishaw 2000 equipped with a HeNe 633 nm laser, the other a Btddibin-Yvon LabRAM
HR system which has a 532 nm Nd:YAG laser in addition to a Hedserl The op-
erating principles of both system are similar yet the Hoslpatem has the capacity
to control the sample temperature, map across the sampleianthe sample as well
as having an additional excitation wavelength to use. Fisrrémson the following
discussion shall be limited to this system.

A schematic of the Raman apparatus is shown in Fi§ut@ Monochromatic light
is emitted from the laser and passes through a line filter,(WR)ch lets only the pri-
mary laser wavelength through. The light then passes tihrangadjustable intensity
filter (IF), which controls the intensity of the light thatirecident on the sample, before
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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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3.2 Device Characterisation

reflecting off a 2 way mirror and entering the microscope. frieroscope is used to
focus on the sample, observed through a USB Camera using @ hghit source, and
to ensure the laser spot is incident on the sample and is Wiitbdooth 50< and 20«
objective lenses. Most of the laser light elastically srat{Rayleigh) off the sample,
while some of the light is inelastically scattered as disedspreviously. This reflected
light then travels back through the microscope, reflectshafffirst mirror and through
the second mirror. It then passes through a long wave passfdéigg, which blocks
the Rayleigh scattered light, leaving only the inelasticattattered light. This light
then diffracts off a diffraction grating, revealing the sfra which is detected using a
charge coupled device (CCD). Observation of a wide range dfesed wavelengths
can be achieved by rotating the diffraction grating and ttelity of the measurement
improved by using a finer diffraction grating (although thigl increase the required
measurement time).

The sample is housed in an Oxford Instruments Microstat-BliReontinuous flow
liquid helium cryostat. The sample sits on top of a copper@arstage which can be
cooled to 4.2 K by flowing liquid helium through the coils tlsatrround it. The sample
chamber is sealed and pumped using a diffusion pump befalengpwhich ensures
condensation does not form on the observation window. Tyestat also has 10 elec-
trical connections which enable the sample to be conneotéuketstandard transport
measurement apparatus. Coarse movement of the sampleasextkiirough the use
of a manually controlled XY stage which moves the entire stgb Fine movement
(step size~ 0.05um) is achieved through the use of an automated motorisedmirr
which deflects the beam prior to passing through the obgetens.

Simultaneous Raman and transport measurements are aideclbtoan TCP/IP
server application that runs on the Raman PC. This applicatiables remote control
of the diffraction grating, laser intensity and laser sgaétal position as well as the
taking of Raman spectra.

1 Transmission Control Protocol (TCP) and Internet Prot¢d®)
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Optimisation of Graphene Devices
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It has been demonstrated extensively in the literaturegteggthene samples produced
in the lab have a large degree of variability in their projsras a result of the pres-
ence of disorder. This disorder primarily consists of def@tthe graphene she@§],
interactions with the substrate (typically S)L9; 94] and unintentional doping of the
graphene by surface adsorbeB&[ These sources of disorder manifest in transport
measurements mainly as a shift in the position of the chaegerality point in gate
voltage and a sub optimal carrier mobility that is severaeos of magnitude lower
than theoretically predicted.

There have been a number of methodologies employed to avertiese issues.
Trapped charges in SKJ19] - and the rippling of graphene that occurs upof4j[-
when it is used as a substrate, have been shown to limit canoéility and induce
hysteresis in electric field effect measurements. This leas lmvercome through ei-
ther suspending the graphene over a chatfe{4] or by placing it on single crystal
h-BN[22; 96] which is defect free and well latticed matched to graphehdenstill
acting as a dielectric, negating the difficulties assodiatéh working on SiQ. Un-
fortunately, the extremely challenging nature of thesaneques renders them beyond
the scope of this work.

Another major source of disorder that is universally obedmn graphene devices
produced in the lab, is the presence of unwanted contansimanthe surface of the
graphene. As the surface of the graphene sheets are exmoagddspheric condi-
tions during processing species such as atmospheric watebe adsorbed onto the
graphene surface. Remnant polymer resist remaining on #yghgne device after
lithographic processing can also prove to be particularipervious to any removal
attempts®7]. Whilst graphene devices prove surprisingly resilient togessing - de-
spite being only one atom thick - many of the techniques tloatlevbe used to remove
organic residues, such as UV ozone cleaning, oxygen plasrohemnical solvents,
also act to destroy the graphene. One method that has beeah tmimprove sample
properties, without causing significant damage to the graphis high temperature
annealing. A common method that has been employed, is angdhe device in a
reactive Ar/H atmosphere for 1 hour at 40C€[98]. While this has been shown to
remove PMMA residues, it is difficult to incorporate such ehteique into a cryostat
system and so exposure of the cleaned sample to ambienticosdefore measuring
cannot be avoided. An alternative method that has beenrexplbat allows foim-situ
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4.1 On-chip Heaters

cleaning of the sample is current annealif@}[ which is one of the methods that is
explored in this chapter.

In this chapter two methods of annealing samples via Jowdérigeare employed.
Firstly the use of a resistive platinum (Pt) heater lithqinaally patterned in close
proximity to the graphene sheet is explored. By passing & lamgrent through the
heater a rise in temperature, monitored through a calidaleginum strip thermome-
ter which is patterned alongside the heater, is observaagaict remove dopants. In
a second independent experiment current annealing isrpetbon a device follow-
ing the methodology of Moseat al. [79]. In this method the graphene sheet itself is
used as a resistive heater to remove any contaminants tght be present. Finally,
to try and gain further insight into the current annealinggedure, time-resolved Ra-
man spectroscopy is performadsitu 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 usiegjstive element, a
schematic of which is shown in Figu#el, patterned in close proximity to the device
(50 um- 100um device-heater separation). The element consisted ofmrh.®ng 3
um wide track with 24 turns defined by EBL, into which 50 nm of Pswiaposited via
sputtering. Ptwas used as it has a relatively high elettessstivity and melting point,
p=1.1x 10"" Om (at room temperature) afid= 2041.5 K, which is beneficial, given
that the power output of the heater is proportional to itsstesce and that it must
operate at high temperature. Also Pt has a highly lineast@ste versus temperature
response, which makes it ideal for use as a thermon®eshich allows us to also
pattern a strip of Pt adjacent to the heater which enables aurate monitoring of
the local temperature. The heater was designed such thatghedering element was
of higher resistance than the connecting leads, to ensare#jority of the heating
occurred near the graphene sample rather than lost in ttie.lea

Before heating the device, the Pt strip thermometer wasreadih by measuring
the resistance of the strip as a function of temperaturet@srdmed by a Cernox ther-
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4.1 On-chip Heaters

Heater Element

Figure 4.1: Schematic showing the design of a Pt resistive element heater and acgamgpan
Pt thermometer on an Si/SjBubstrate. Pt thickness is 50 nm.

mometer situated in the sample holder. The sample was cookdte flow cryostat
and the resistance of the Pt strip measured using a 4 tergeoahetry so that the re-
sistance of the leads could be ignored. In addition the Rttstermometer was biased
using a 1 mV square wave to avoid self heating effects.

The change in resistance for a given material can be quahiifieerms of its tem-
perature coefficient of resistanaewhich is given by Equatiod.1:

R(T) = R(Ty) (1 + aAT), (4.1)

whereR is the resistancd, is temperature of the materidly a reference temperature
andAT = T —Ty. The temperature coefficient of resistance for the Pt stap found

to bea = (3.464 0.01) x 102 K~! which is comparable to that found in the literature
for bulk Pt, apux = 3.8 x 1072 K= [100. The positive value ofy indicates that as
the resistive heater gets hotter its resistance will alscesse. Given that the resistive
heater should conform to Joule’s law, namely that the rateeat dissipation is given
by the power output of the heat&r= IR = V?/R, it was necessary to voltage bias
the resistive heater to avoid increasing heat dissipasdhetemperature of the heater
element increases. A K2400 was used to bias the heater di@ménenables large
voltages 210 V at+105 mA) to be applied and so can provide appreciable heating
power.
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4.1 On-chip Heaters

J

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 performed on the
sample shown in Figuré.2 The comparatively large graphene flake 0 um) was
etched into a Hall bar and contacted with Pd(3nm)/Nb(90nomyacts deposited via
sputtering. A schematic of this sample is shown in FiguBawith the contacts labelled
to aid further discussion. The sample was cooled in a He flgwstat to 1.4 K and
measurements were made in a field of 8 T to try and observe traateristic half
integer anomalous Hall effect that has been uniquely okserrvgraphene. This was
not observed and so the on-chip heater was utilised to tryrapcbve the sample.

The EFE was measured between every permutation of contasttpaletermine
the inhomogeneity across the device. The sample was theakahusing the on-chip
heater before being cooled again and the EFE measurempatded. This procedure
was performed several times with different annealing prsfillThe electrical measure-
ment data taken before and after annealing between paimntdats is shown in Fig-
ures4.5and4.6 with the thermometry data and corresponding applied heateers
recorded during annealing shown in Figdréd.

The individual EFE curves of the sample prior to annealirmpskignificant differ-
ences to one another indicating that the sample is highlgnmdgeneous. The curves
mainly fall into one of three categories:
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4.1 On-chip Heaters

Figure 4.3: Contact layout of sample SGO075.

e A highly symmetric curve with/p;5c Close to 0V, for example between contacts
A and B as shown in Figuré.5(a)

e A curve with Vp;ac Cclose to 0 V with lower conduction in the electron carrier
regime, for example between contacts A-C , A-D and B-E as shiovAigures
4.5(b) 4.5(c)and4.5(h)respectively.

¢ A highly anomalous response showing a very broad peak ckatra highVg
of around 40 V, for example between contacts C-E and D-E asrshoigures
4.6(c)and4.6(e)respectively.

The first instance shows the desired case as the un-shifstiopoof Vpjac and
equal mobilities of electrons and holes represent a samggeifom contaminants that
dope the sample and contribute to scattering. The secotahoesdeviates from this
ideal with asymmetry between electron and hole conduciibe. likely cause for this
is the unwanted presence of dopants on (or under) the graglade. Given that the
peak is still close to 0 V it is likely that the current path ween these contacts is
primarily through regions consisting predominantly ofaciegraphene but there is an
additional contribution from highly doped regions. The finase represents highly
disordered graphene with a range of magnitudes of dopirsepteesulting in a broad
feature. As such the sample seems to generally be undopser ¢tbcontact A with
more doping induced disorder towards contact D. An addaligoint of note is that
the measurements featuring contact F show a resistanch slan order of magnitude
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4.1 On-chip Heaters
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Figure 4.4: Thermometry readings from on-chip Pt strip (red) and sample holderogern
(black) as a function of time during the sequential anneal procedurésped on sample
SGO075. The manually recorded power output of the Pt heater is als;mshow

larger than other measurements; this is likely to be caugedhigh contact resistance
between contact F and the graphene sheet.

The annealing procedures performed after these measuiearershown in Figure
4.4. During the first anneal, shown in Figuded(a) the heater output power was in-
creased manually at irregular time intervals, while thegerature of both the on-chip
Pt strip and the sample head Cernox was monitored. An outpegipaf around 0.3 W
was sufficient to cause an appreciable change in the tempew@itthe Pt strip (which
should be indicative of the sample temperature), while trenge in temperature of
the Cernox was less pronounced. As such, it seems the on-eaiprtprovides highly
localised heating (as was expected). This first annealinggglure lasted approxi-
mately 1.2 hours with a maximum heater output of 0.9 W reachethg this time,
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4.1 On-chip Heaters

corresponding to a heater bias voltage of 44.5\% Q0 mA, J = 1.3 x 107 Alcm?).
The maximum sample temperature reached Was = 370 K which is a temperature
change ofAT = 130 K from the initial sample temperature. The maximum terap
ture the sample holder reached Wagx = 260K (AT = 20K). Upon removal of the
heater bias voltage after 1.2 hours the temperature of th&ipis observed to rapidly
decreasex 80 K in 6 minutes). The temperature of the Cernox also decseztghis
point although at a slower rate owing to it having more thdmmass. The additional
annealing procedures performed can be summarised as $ollow

e 2nd anneal - 3 hour anneal with a maximum sample temperatud®® K
reached, see Figurke4(b)

e 3rd anneal - 13 hour anneal with the sample at 370 K for 9 h@as,Figure
4.4(c)

e 4th anneal - 15 hour anneal with a maximum temperature of 48taKdecays
to 375 K over 13 hours, see Figutet(d)

During the fourth anneal at 15 hours the heater element wesradéd to fail. Be-
tween 2 and 15 hours the Pt strip temperature decreasedyskmviesponding to a
reduction in the power output of the heater element. As tlaenaevas voltage biased
and the power output? = V?/R it is likely that during this time the resistance of
the heater was increasing as a result of gradual breakdowgeddy the high current
density,J = 1.6 x 107 A/lcm?. Breakdown in Pt micro-heater elements used for gas
sensing has been ascribed to stress caused by electraomgias a result of using
high current densities/(~ 10°> A/lcm?) [101-103. While this may have contributed
to the failure of the element, inspection of the damagedeneet shown in Figuré.7
indicates that damage mainly occurred at the connectingpbetween the high resis-
tance thin wire meander and the wider connecting leads. fi@ieges in track width at
these points will result in a non-uniform current densityra) the wire and generate a
substantial thermal gradient. This could cause the wiretstiained and increases the
chance of breakdown. It should also be noted that the heatgrdrature is likely to
be much higher than the Pt thermometer indicates as they @@or thermal contact
via SiO, which has a low thermal conductivity\ (~ 1.3 Wm 'K ~! for a 300 nm
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film)[ 104, while the Pt contacts connected to the thermometer achastesink, with
the thermal conductivity of Pt ~ 70 Wm ~!K —1,

Only a few permutations of contact pairs had EFE measurentakén between
them after the first annealing step because of minimal obsdeshiifts inVp;ac Or ap-
preciable changes in other features. The contact paiedtestre A-B, A-D and C-D
shown in Figuregl.5(a) 4.5(c)and4.6(b) All measurements show a positive shift in
position of the resistance maxima which would correlatéai increase (decrease)
in p-type (n-type) dopant concentrations. The longer se@meal showed more pro-
nounced feature changes and so all permutations of cordi@rst \were investigated.
The broad EFE peak observed between C-D, C-E and D-E in Figuégls) 4.6(c)
and4.6(e)is replaced by a narrower peak arourigl= 22 V. This suggests that a sig-
nificant change in the sample in this region has occurredt hke$y the removal of a
significant quantity of p-type dopant. The anneal has algmatted the EFE measure-
ments that demonstrated an apparent low carrier mobilitheéri/z > Vpjrac €lectron
conduction regime such as between contacts B and C in FKg&(®. In this case the
accompanying wide shoulder feature betw&gr 20 and 60 V has been replaced by
an additional peak dtz = 30 V. This double peak response is indicative of a p-p, p-n
or n-n structure depending on the positionf)f (such structures have been observed
extensively in the literaturelp5-111]). As such, the previously mentioned EFE shoul-
der erroneously attributed to low electron mobility wasaatuality, from a broad peak
caused by a highly doped region of graphene on the device.

The shift in Er from the applied gate voltadg; in the undoped graphene case can
be found using the following relatioh]Z]:

E2LC = sign AVg)hwpy/ar| AV, (4.2)

whereAVj is the applied gate voltagey is the Fermi velocity in graphene and=
7.2x 10" cm~2 V! is the gate capacitance for a 300 nm silicon oxide layer. df th
sample is doped thefi- must be adjusted by a corresponding amount to coincide with
the Dirac point. As the two peaks in Figutes(f) occur atl; = +10 V and+30 V this
corresponds to a shift il of —98 meV and-170 meV respectively.

The prolonged third anneal caused a further shift in all gezditions toward$s =
0V as aresult of dopant removal. The other notable feata@isnounced increase in
the resistance in measurements involving contact F, seedsd.5(e) 4.6(a) 4.6(d)
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Figure 4.5: SGO75 Gate response before and after annealing
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Figure 4.6: SGO75 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 graphenetboatr
contact F or an increase in contact resistance as a resulheffing. From the optical
image in Figuret.2it is apparent that the metallic electrode for contact 0 pm
from the heater at its nearest point and so it is possiblettigaheated electrode has
caused preferential heating and damage of the grapheneadact F.

Following the fourth anneal procedure, in which the healiement was observed
to fail, all EFE measurements between contact pairs shongdesbroad feature atg
~ —40 V. A possible cause for this is re-deposition of Pt from dlestroyed heater
onto the surface of the graphene device. A negative shifyiig. of 40 V is equivalent
to a positive shiftinFr of 0.2 eV based on Equati@gh2 This is theoretically plausible
based on the interfacial dipole model proposed by Gioveet#l. [113, which gives
a similar shift for Pt when the distance between the dopatdlradatoms and graphene
is less than & (refer to Figures.10). Furthermore, this result is in very good agreement
with graphene samples covered by Pt deposited by MBE as peddiycPiet al. [114].
They observed a shift ifpic proportional to the number of monolayers (ML) of
transition metal covering the graphene. For Pt they fouatl @075 ML of Pt caused
a shift in Vpjac of —40 V, where 1 ML= 1.908 x 10' atoms/cm (the areal density
of primitive unit cells in graphene)}L4], which would suggest a similar distribution
of adatoms has been achieved via heater damage. The fi@ctioange in carrier
mobility after Pt depositiony:./uo = 0.3 ,wherepu, andy are the carrier mobilities
before and after deposition, extracted using the Drude hiieme data in Figuret.5(a)
is also comparable to that observed byePal. further supporting the premise of Pt
adatom deposition via thermal evaporation.

4.2 Current Annealing

It was established by Mosett al. [79] that a graphene device could effectively be
cleaned through the application of a large current dendityy 16° A cm™2. The
procedure consists of gradually increasing the voltagéegppcross two contacts on
a graphene device and monitoring the change in current. Wisaiffigient voltage
is reached, the current is seen to decrease, indicatingcagaise in the resistance of
the device. This increase in resistance corresponds tdtaghof the Dirac point -
and subsequently the resistance maximiép.y - towardsVs = 0 as dopants (such as
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50 ym

Figure 4.7: Optical image of heater destroyed during annealing process.

PMMA residues) are removed through Joule heating. A lovmeit lbn the temperature
reached on the surface of the graphene during this processstablished by Moset
al. [79] through the observation of the removal of CdSe nanopastiei¢h a melting
temperature of 60@ from the surface of a graphene flake during this process.

The gate voltage dependence of resistance (gate voltaggp¥$¥ee a two terminal
graphene device before and after a current annealing pioeeshown in Figurd.8,
The measurements were performed using the method outim&edtion3.2.1 with
21 point/V measurements, with a maximum source-drain voltage idf mV, being
taken at each applied gate voltage. The resistance valogsshere calculated by
performing linear fits to each individuéal” measurement.

Current annealing was performed in a helium cryostaft at292 K with no gate
voltage bias and/s4 supplied by a K2400 as it enables the application of voltages
greater than the limit of the DAC (10 V). Over the course of 3bwutes V.4 was
gradually increased from 6+ 14 V at which point the current through the device
reached 4.1 mA and was observed to be decreasing with timeegjbates to a current
densityJ = 1.6 x 10° A cm~2, assuming a sheet width of 7,6n (as determined by
optical measurements) and a graphene thickness of 0.35%mnjhich is of similar
order of magnitude required to anneal a graphene samplatad sty Moseet al. [79)].
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—e— Pre-Anneal
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Resistance (kQ)

Gate Voltage (V)

Figure 4.8: Resistance as a function of gate voltage before (red) and after (ldacidnt
annealing graphene sample SG084.

The reduction in current indicated that the resistance@tifvice was increasing with
time and thus it was likely that the CNP was shifting towargs= 0 V because of the
removal of dopants. A bias voltage of 14 V was maintained fbniinutes, at which

point the current was observed to be stable at 3.8 mA, indigab further removal of

dopants was occurring. A post-anneal gate voltage sweepheasperformed using
the aforementioned electrical measurement set-up.

To quantify the changes that occurred to the device afterctineent annealing
procedure, the gate sweep curves shown in FiguBdave been fitted using equation
4.3taken from Ref. 115:

Mecg(VG - VDirac) + Opes Ve > Vbirac

o(Ve) = (4.3)

_,Uhcg(VG - VDirac) + Opes Ve < Vbirac
Wherep. (1) is the electron (hole) field-effect mobility, ¢s the gate capacitance per
unit area, 1.15< 10~* F m2, Vs is the gate voltagd/pirac is the gate voltage at which
the conductance minima is observed ang, is the residual conductivity associated
with a given fit. This procedure gaye =0.24 n¥ V-!s—!, 4, =021 nt V-1is 1
Voirac = 22 V, 0yes = 1.6 x1074 Q7L po/uy, = 1.1, for the sample pre-anneal and=
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018Nt V-lst, 4, =022 Vst Voac= —3.7V, 00, =2.1x107* Q1 and
el = 0.82, post-anneal.

The pre-annealed sample clearly shows unintentional do@e evident by the
shifting of the CNP away fromz = 0 V, as would be true in an intrinsic (undoped)
graphene sample. The positive value of this shift indictttasthere is a p-type (hole
donor) dopant, which has reducég- in the graphene sample away from the Dirac
point, which can subsequently only be recovered by filliregest via the application
of a positive gate voltage. The annealing procedure hatediiie CNP closer to 0 V
which is most likely caused by the removal of the p-type dopa@he fact that the CNP
is at—3.67 V rather than 0 V could result from the presence of anpe-tyopant or
electrostatic effects because of the high current dessitibieved during the annealing
process, as shown by Chei al. [105. A change in the field-effect mobility is also
observed with a slight increase iy compared to a moderate decreasgJnA carrier
dependent change in mobility has been observed caused lzydopants acting as
long range scattererd 16, and so, such dopants are likely cause for the shift in the
CNP in this sample.

A final characteristic of note is the reductionfity,ax after current annealing. This
could be caused by a reduction in the homogeneity of thesaidaping of the graphene
sheet, resulting in different areas of the device havinfgiht CNPs117]. As this is
a two terminal measurement, the observed reduction intaesis 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 procassjtutime resolved Raman
spectroscopy was performed. This consisted of taking tegeRaman spectra over
the1250 — 2750 cm~! wavenumber range ,while increasing the current densitsipgs
through a 7.5um x 7.5 um graphene sheet between two electrodes. The sample was
housed in an Oxford Instruments microstat and pumped tawbaimospheric pressure
using the combination of a rotary pump and diffusion pumphwite measurement
performed at room temperature. The sample was held undeurnator two reasons,
firstly to stop oxidisation of the sample from heating in ag@en rich atmosphere and
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secondly to reduce the amount of water vapour which can dasteresis in the EFE
measurements of graphene devices.

4.3.1 Hysteresisin EFE Measurements Performed in the Microstat

An example of such hysteresis in a different graphene saimgleown in Figuret.9.

In both cased/; was first swept forward from an initial gate voltage of 0 V.dPrio
placing the device under vacuum the device shows markedtagss, with a reduction
in the resistance maximum at the CNPlgt~ 17 V on the back sweep compared to
the forward sweep. Similar responses have been observeaphene field effect tran-
sistors and have been attributed to both charged dopante@utface of the graphene
and trapped charges beneath the grapldr@[119. Following placing the sample un-
der vacuum the hysteresis is almost completely eliminagesledl as an observed shift
of the CNP to a more negative value. The negative shift woufdyrthe removal of a
p-type dopant such as water vapour via the pumping procéss rdsult suggests that
all transport measurements should be performed under ratwavoid the effects of
water vapour on the sample. A complimentary technique tadavater contamination
is to place the graphene flake on a hydrophobic substrates. CEm be achieved with
the standard Si/SiOsubstrates by treating them with Hexamethyldisilazane [F8Y!
prior to graphene deposition. This technique was pionebyedafkioti et al. [120,
who observed an increase in carrier mobility and reduceftl ghihne CNP in devices
treated with HMDS prior to graphene deposition. An attenoptetplicate this result
here at Leeds was unsuccessful, owing to difficulties inimgetboth photoresist and
PMMA to adhere to the substrate following treatment.

4.3.2 Modification of the Graphene via Laser Irradiation

A He-Ne laser § = 532 nm) was used to illuminate the sample with a circular spot
size of 9um?. The maximum laser power at the sample is 30 mW, which wascestiu
to 0.3 mW through the use of an intensity filter, giving a lgs@wer per unit area of 33
uW/um?. The intensity of the laser was reduced in order to minintizgossibility of
laser induced damage to the graphene, as well as any laseemhtieating. A nominal
laser power was still required however, to ensure suffi@eattered light reaches the
spectrometer during the individual spectra acquisitioretiwhich was 30 seconds.
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Figure 4.9: Room temperature gate sweeps taken on graphene sample (SG108 pinefafter
pumping down the optical microstat showing signs of hysteresis becaasgnt conditions.
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Figure 4.10: Room temperature gate sweeps taken on graphene sample (SG108)drefor
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 agmecmodification to
the graphene following prolonged laser exposure. An EFEsoreanent made on a
graphene device before and after prolonged exposure to agmtion is shown in
Figure4.1Q The prolonged laser exposure was performed as part of aunezasnt
of the photocurrent response of the device, which invohasier scanning the laser
spot across the entire surface of the device over the cofi®&@aurs. The laser spot
was directly on the graphene sheet for approximately a guaftthis time. The EFE
measurement following this procedure shows a pronounaédrsthe position of the
CNP with Vpjrac moving from approximately-9 V to —29 V.

The prospect of modification of graphene through prolongeen exposure was
explored in detail by Krausst al. [121]. In this case a laser with = 488 nm
with a power of 1 mW was focussed on a graphene sample to a 50@iameter
spot. This equates to a power per unit area of 5000 um?, which is several order of
magnitudes larger than the sample in FigluE0was subjected to. The authors studied
the change in Raman features, EFE measurements and thedpppof their devices
(using AFM) as a function of laser exposure time. In their ER€asurements they
observed a gradual large shift in the position of the CNP,tgreban 80 V after 8 hours
exposure, with an accompanying reduction in carrier mgbillhis was attributed to
several phenomena inferred from Raman and AFM measurements.

At first the laser anneals the sample which acts to removebedaopants from
the surface of the graphene. This manifested as a reductite ineight profile of the
graphene measured using AFM after 5 minutes of laser expo$iallowing this the
measured height of the graphene rapidly increases to 2 mm3fftminutes exposure.
This was attributed to the cracking of’dponds by the laser, forming nano-crystalline
graphene, which provide sites for molecular adsorbentsiber@ to, increasing the
observed height of the graphene. The formation of nanaatyse graphene is sup-
ported by the evolution of the ratio of intensities in the Rarspectra, which follow
the disorder trajectory for graphere nano-crystalline graphene which was estab-
lished by Ferraret al. [63] (this is discussed in more detail in Sectiérl). Despite
the reduced laser intensity and excitation energy usedristoily, it is possible that
bond breaking is occurring as a result of the long duratioscahs, along with a poor
vacuum, providing an abundance of possible adsorbateshvene the source of the
observed shift of the CNP in Figuel1Q
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Figure 4.11: Graph showing the applied power and current density applied to the egraph
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 currenttgdeatsioss the device,
J, during the current anneal procedure is shown as a funcfidime, ¢, in Figure
4.11 The current density was calculated using a graphene shesst sectional area
of 7.5um x 0.35 nm. The sample was current biased and the power cadulatng

P = I?’R, with R being the resistance of the device measured the instantithent
had been increased. The current was increased manualanrppreciable increase
in R was observed, which should correspond to a shifting of tisitipa of the CNP
towardsls = 0 V because of the removal of dopants.tAt 20 minutes/ is increased
from 0.75 — 1.25 x 10® Alcm? because of a minimal change in resistance being
observed at the lower current density, coupled to no appatemge in the observed
Raman spectra being continually taken during the procedéfer ¢ = 40 minutes

(J ~ 1.5 x 10® Alcm?) the device was observed to fail and no further current flosw wa
possible through the device.

4.3.4 Discussion of Raman Measurements

A selection of Raman spectra during the anneal procedureharensin Figure4.12
each of which clearly shows a G and 2D peak, at around 1600 emd 2680 cm*
respectively, characteristic of a graphene device. Theighghl spectra have been
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Figure 4.12: Individual Raman spectra taken at different times during the currergadimg
procedure. Curves have been shifted vertically 80 units from one @noth

offset from one another in the y-axis for clarity. Some sailathanges are apparent,
such as a reduction in the intensity of the G and 2D peak witle tias well as a clear
broadening of the G peak. An additional observation is thabttackground signal also
increases. This is expected as the heated graphene systeid sidiate energy, in
accordance with Planck’s law for a grey boti®f]. To gain further insight into the
change in the spectra during the anneal, it is necessarythefieaks and extract the
fitting parameters.

The results of fitting the data to a Lorentzian, as given bydfiqu 2.31, using a
least squares method, are shown for both the 2D peak and Grp&akures4.13(a)
and4.13(b)respectively. The band width of both peaks is observed teease with
time (and subsequently the current density), while the aratgy (i.e. the position
of the peak) is shown to decrease. Notably in the first 10 rasaf the measurement,
whenJ < 0.5 x 10° Alcm?, there is no significant change to neither the width nor the
position of the peaks. This not only suggests thét too low to cause any appreciable
change, it also indicates that heating from the laser is moagr contributor to any
change in the Raman features in this study. A significant lmoiad of the Raman
peaks and red shifting of their positions is observed affenihutes, when the current
density was increased from75 — 1.25 x 10% Alcm?.

Beyond 20 minutes the data for the G peak has a significant ambdernror, both
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Figure 4.13: Raman band energy and width as a function of current anneal time. The&D
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 peaérisity, coupled to the
already narrow peak, making fitting difficult. To improvegineasurement, either the
integration time (the time taken to capture the spectra)ldvbave to be increased or
the diffraction grating constant (number of lines per ueitdth) increased, to ensure
more points were sampled in the wave-number range 358%93 cnt!. Anincrease
in the integration time would result in a loss of resolutiartime, although this would
be acceptable given the time taken between changés Trhe use of a larger grating
constant would be acceptable if only one peak was of intexethe wave-number
range that can be sampled by the Raman’s CCD at any given timel\weuleduced.
Despite the large errors it is still clear that with increasy an increase in G band
width has been measured alongside a reduction in the bangyeiidere are a number
of possible mechanisms that the observed changes coulttibetad to and these will
now be discussed.

There is the possibility that the high current density emetbis damaging the
graphene. A comprehensive study into how disorder influgtiecharacteristic peaks
of graphene was performed by Martins Ferrestaal. [123. The authors studied
how the band energy,, and band width]", were dependent on the average distance
between defectd, . It was observed that as disorder increasedand— 0 thatw,

I'c andT'yp increased whiless, decreased. The asymmetry of the responses;of
andwyp is counter to that observed in Figu4el3 which suggests that an increase in
disorder is not the main mechanism behind the evolutionefeéhtures with annealing
time.

There have been several studies on Raman spectroscopy begeaflakes at dif-
ferent temperatures, mainly focusing on the response oGtipeak[l22 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 terapge. The tempera-
ture of the graphene was controlled by thermally anchorivegsample to a hot-cold
source and Raman measurements were made with an excitagemwah A\ = 488
nm. They observed that; roughly decreased linearly with increasing temperature
over the measured temperature range3of 373 K, stating that the following relation
holds:

wg = wapo + X1, (4.4)
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wherewg  is the frequency of the G mode when the temperdfuieextrapolated to O
K andy is the first-order temperature coefficient. The applicgbdf this relationship
to the current annealed sample is limited, as at high teryoera second-order term
appears which the authors did not extract from their datespie this, it is possible
to determine a lower bound estimate for the change in temyeraf the annealed
sample. From Figuré.13(b)an overall change afkw¢ ~ 2.3 cm~! is observed during
the course of the anneal. Caliebal. measuredi = (—0.016+0.002) cm~!/K which
according to Equatiod.4, gives a maximum temperature reachedif+20 K. Again
this is a lower bound, as it does not include the second-deaeperature coefficient
and the error has been greatly underestimated, as a resgittasing the large error in
wa-

Another comparable study to this work is that of Berciatdl. [122), in which
they investigated the electron and optical phonon tempest’,, and7,, respec-
tively, in electrically biased graphené&., was determined by measuring the spectral
radiance of a graphene sample as a function of photon enghigh was then fitted
to Planck’s law for a grey bod$p2. Owing to the nature of this measurement, it
was only applicable td@,;, > 1100 K. T;,, was determined by comparing the relative
intensities of the Stokes and anti-Stokes peaks which BGipeak can be written as:

% = Cexp (;5;5), (4.5)
wherel,, and [ are the intensities of the anti-Stokes and Stokes peakscataggly,
hwg is the G phonon energy{ 195 meV),kp is the Boltzmann constant ardd is a
numerical factor.

The fact that such a relationship holds is intuitive, as tteatgr the temperature the

higher the probability of an electron being in an excitedest@hich leads to a greater
chance of anti-Stokes scattering occurring. As a resul,rttechanism is the likely
source of the reduced intensity of the peaks observed vmitd/tiurrent density which
was shown in Figurd.12 Berciaudet al. also showed that at high temperatute
andT,, are approximately equal and that overall the sample tertyrerés roughly
proportional toy/P. The maximum dissipated power during the current anneal we
performed was- 80 kW/cm?, which when compared to the data acquired by Berci-
audet al. corresponds to a temperatufe= 640 + 120 K, assuming similar sample
conditions.
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Berciaudet al. also measured andI'; as a function of calculated temperature,
observing a general trend of a reductionig and an increase i with temperature.
This is in agreement with our data assuming the sample i;gdibtter with anneal
time. The increase i indicates a reduced phonon lifetime, which is expected at
higher temperatures. The maximum change in fitting paramétam the initial state
at7T = 300 K in our measurements ardw; ~ —2.3 andAl'¢ ~ 1.8. Again these
correspond to a similar changelhaccording to the data presented by Berciatdl.
although an accurate comparison is difficult because ottty lerror bars in their data
and poor fit to the theoretical model. A final point of merithst much higher values
of P were achieved in their samples compared to ours. One pessiplanation is
that their vacuum is much better and so their samples arsisseptible to oxidation.
This is likely as our chamber was not continuously pumpednduthe course of the
experiment. Another possible explanation is a high conmtgistance at the graphene-
metal interface, which would increase the amount of powssigated at the contact.
Having this interface as the point of failure seems likelyaaRaman signal is still
observed, even after electrical contact has been lost.h&unbre, under inspection
of the sample after the anneal with an optical microscoperetivas no evidence of
damage to the graphene sheet within the channel betweenrthects.

Another possible contributor to the changeup andI'; is a change in doping
during the anneal. Figuresl4(a)and4.14(b)show whyl'; andw respectively vary
with the position ofEr. I'i is dependent on the G phonon lifetime and so if another
decay pathway is available to the phonon, its lifetime wallbduced, which will result
in a broadening of the peak. Whéiy- is close to the Dirac point, a G phonon can
decay into an electron-hole pair as shown in the Feynmargratiain Figuret.14(a)
However, when the magnitude of tii&- is greater than the phonon energy,, this
decay pathway is forbidden as a result of the Pauli exclugrarciple. This results
in an longer phonon lifetime and a reductionlip. In the process shown in Figure
4.14(b) G phonons with energy greater thafiz | can undergo a renormalization
process, where an electron-hole pair is generated andelhembined to form another
G phonon, which alters the frequency of the phonon. Agairthascarrier density
increases this process is available only to the higher gr&@nghonons.

The effect of doping was investigated prior to annealingséuaple by measuring
wg andl's as a function oflz. The results of this measurement are shown in Figure
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Figure 4.14: a) G band damping and b) G band renormalisation processes in n-tyfeegeap

In @) a Feynmann diagram is shown for the electron-phonon coupliniicable to the G
phonon. Wherk'r 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 forbiogéime Pauli exclusion
principle. In b) the Feynmann diagram shows the renormalisation procass thediated by

the G-phonon interacting with virtual electron-hole pairs. Only electrde-pairs with energy
greater thar?| E| are allowed. Taken from Ref6§].
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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 perfamestmple SG103 at

a laser wavelength of 532 nmat= 4 K. b) Measurement performed by Yaal. at a laser
wavelength of 488 nm &f' = 10 K with the Dirac point indicated by a dotted lirG].
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4.4 Conclusion

4.15(a)alongside a similar measurement performed by &fead. [65] in Figure4.15(b)
for comparison. In the work of Yaet al. V; was varied from-100 V to +100 V with
we and 'y extracted from the Raman data at each valu&®f A central peak in
the value ofl' coincided with a dip in the value af,. From the symmetry of the
data, this point was identified as the CNP witg,sc = 18 + 2 V. Away from this
point, as the carrier density increases, an increase @s=ye values ab; (I') are
measured. Raman measurements were performed on our dedidé; avas varied
from —60 to 460 V. No peak or corresponding dip was observed in either patemme
which indicates thalt/p;,c lies outside the measured rangelef Given thatwg (I'g)
increases (decreases) for more positive valueggoit is clear thatVpjac < —60 V
because of a large amount of n-type doping. In this case tdt@f dopant removal
during annealing would be a decreasevm and increase i’ as thelpjac — 0 V.
Given the same trend is observed because of an increaseperaure, the two effects
are indistinguishable during the annealing procedure.

4.4 Conclusion

It has been demonstrated that a Pt heater which is capablestaiising temperatures
of around 400 K, can be patterned using EBL and sputter déposiurthermore, the
temperature can be successfully monitored using an acepnmgathermometer pat-
terned in proximity to the heater. While the heater was shafaitwhen dissipating a
power of 1.4 W, 1 W would have been sufficient to reach a confpp@tamperature of
400 K without causing damage to the heater. The annealirigrpezd using the heater
removed a p-type dopant from a large etched graphene flakeh\whd an otherwise
inhomogeneous doping profile across its surface. Despéé thias not possible to re-
move all dopants resulting in a graphene n-n, p-n or p-p jond¢ype EFE response, as
a consequence of having two regions with different dopingil&\thetallic strips have
been previously used to apply a thermal gradient to a gragptievicel 26, this is the
first time such a heater has been used to remove dopants. drapfeene devices, as
investigated here, often have inhomogeneous doping ana#ef efforts to measure
phenomena such as the quantum Hall effect (as presented pteCBpaconcentrated
on devices with smaller dimensions.
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4.4 Conclusion

An unintended consequence of the destruction of a heataeeakduring an anneal
procedure was thia-situ deposition of Pt adatoms on a graphene flake. This has been
demonstrated to give comparable results to adatoms degastng MBE. The depo-
sition of transition metal clusters on graphene has beésadiby others to investigate
scattering mechanisms in graphe8g;[127, 128, as well as other phenomena such as
induced superconductivit®B]. The method to deposit such clusters as presented here,
could prove beneficial when undertakiimgsitu measurements in instruments where
placing a metal deposition source is not possible. Addatiamvestigation would have
to be undertaken to understand how reproducible the démosi and what sort of
control can be gained over the areal density of the tramsitietal deposited.

Modification of the properties of graphene samples has asa bchieved through
the application of high current densities wifh~ 10® A/lcm?. A shift in the position
of the CNP toward$ = 0 V indicated a removal of dopant adsorbents, while a reduc-
tion in resistance was attributed to a possible improvenmetite transparency of the
contact interface. While current annealing does show pm@inigerms of removing
dopants from the surface of the sample, it does have itdtroits, such as an apparent
reduction in the electron mobility. The technique is al&elly to only remove dopants
on the upper surface of the graphene sheet, as those traptveekin the graphene and
the substrate cannot escape because of the impermeabiitgmhene 129. Current
annealing is also high risk, as the graphene sample cary easiliptured if too large a
voltage is applied.

To gain further insight into the current annealing proces®ther device was si-
multaneously probed, using a developed time-resolved Rapeatroscopy technique.
During a current anneal procedure an increase in bandwidtldacrease in band en-
ergy of both the 2D and G Raman modes was observed with inogeasneal time
/ current density. This was understood to be resulting froninarease in tempera-
ture of the graphene sheet of several 100 K, as well as a p@gshtribution from
the removal of dopants. This dopant level dependency of Rde®tnres was also
investigated through varying the doping in the graphenehaaelectric field effect.
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CHAPTERDS

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 tbetbe properties of
graphene, it was through transport measurements that it Excitement about
the material was generated. The demonstration of the QH&eshdirectly that the
material was truly two dimensional. Furthermore, by sh@aénunique half integer
guantisation of the Hall conductivity, it was identified thle low energy excitations
in graphene, are in fact massless Dirac fermions, analogoti®se in high energy
physics only in a condensed matter system.

In this chapter the results of EFE measurements made oredinggr graphene
samples are shown. The mobility and minimum conductancexracted and com-
pared to similar devices on SjQubstrates presented in the literature indicating their
high quality. Following this, the results of QHE measuretsesn both etched and
unetched devices performed at low temperature are showfrroorg the single lay-
ered nature of the samples. Finally, an extensive QHE meamnt is performed on an
unetched device at a range of field values in which ShubnikeiMdas oscillations (Sd-
HOs) are observed. From these oscillations a direct measumsof the carrier density
is achieved, comparing favourably to that determined bypiduellel plate capacitor
model. The Berry’s phase is also extracted, confirming thatotayer graphene has a
geometric phase of. These measurements confirm that monolayer graphene sample
of sufficient quality have been successfully produced atlkee

5.1 Mobility and Conductance Minima in a High Qual-
ity Sample

Figure5.1shows a field effect measurement performed on a typical gragbdevice,
using a four point probe geometry performediat 1.4 K, in a continuous flow He
cryostat with no applied field. The data has been plotted nmgeof resistance and
conductance in Figurés1(a)and5.1(b)respectively. The resistance in this case is in
fact the square resistance given by:

R = —R, (5.1)

whereR is the measured resistance afidand L are the width and length respectively,
of the graphene sheet between the electrodes. Similarlgahductance 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 Cblfirs atlz =
0.540.5 V, which according to Equatio?.8, corresponds to a very low p-type impurity
contribution of4 & 4 x 10'° carriers cm2. Many prepared samples had CNPd/at
~ 20 V because of a large contribution from a p-type dopant. Itekeled that the
reduced dopant concentration in this sample resulted flarparticular care taken
during the fabrication procedure to avoid contaminatireggtirface of the device. The
time for which the lithography resists were baked was redudeom 45 minutes to
15 minutes - in order to facilitate their removal followirithbgraphy. Effort was also
made to reduce the duration for which the sample was expasathtosphere, by
keeping the sample in a pumped container, at a pressure @t®dspheres with a
desiccant to remove any excess water.

Figure5.2 shows the carrier mobility;, as extracted from the data using Equation
2.10 The carrier density is also shown, determined using Eqn&tiB. The divergent
nature ofy close to the Dirac point was confirmed by Zhagtaal. [7] via QHE mea-
surements, although in those measuremgnts 10,000 cm?/Vs in the high carrier
density regime, whereas this sample has 5,000 cm?/Vs. A small amount of asym-
metry in the mobility of the p-type and n-type regions is alied and expected, given
the low dopant concentration. The minimum in conductangg, occurs atl.0 + 0.2
x (4¢2/h). The magnitude of,,;, andy are in very good agreement with a plethora
of measurements performed on similar devices in the |iieezs shown in Figurg.3.

While there were initially some indications that,;, = 4¢?/h was a universal
value for graphene devices, this has now been understoa het the case. In fact
o has been shown to be a function of temperature, frequenayife@ergy, impurity
scattering strength, intervalley scattering strength system sizef]. For example
a finite temperature always results in there being some thgrmaxcited carriers, as
there is no gap between the conduction and valence bandspdndently, the highly
inhomogeneous landscape of experimentally realised graphfrom the formation of
electron-hole puddles - results in the Fermi level nevemdpeiactly at the Dirac point
across the entire surface of the graphene sample. Thisedstis in the observation
of a non-zero conductance minimum. Nevertheless the medsatue ofo,,;, IS in
good agreement with similar devices produced by other grosymgesting the sample
guality is reaching the limits of exfoliated graphene on SsObstrates.
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5.1 Mobility and Conductance Minima in a High Quality Sample
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Figure 5.1: Electric field effect measurements of sample SG071 showing the gate sespon

of a) resistance and b) conductance. Measurement performed at4r k= with no applied
external field.
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Figure 5.2: Calculated carrier mobility (red) and carrier density (blue) as a functicyatd#
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Figure 5.3: Measured minimum conductance values as a function of carrier mobility for a
variety of graphene devices on SiGubstrates. Circles (unfilled) represent data taken by other

groups while the square (filled) shows the values extracted from sampielS@&dapted from
Ref. [9].

102


Graphs/SG071_mobility.eps
Images/theory/graphene_mobilities2.eps

5.2 Sample Geometry for QHE Measurements

Despite a low dopant impurity concentration, an appreeiafect in the form
of a linear dependence of with carrier concentrationy, is observed. The weakly
interacting nature of charge carriers in graphene enabledhductivity to be described
by Boltzmann theory, which in the = 0 K limit gives:

e*v% e?2Ep

D(Ep)T(EF) = ETT(EF), (5.2)

whereuv is the carrier velocity at'r, D(Er) is the density of states and Er) is
the scattering timd]. The two main contributors to scattering are neutral intps
and charged impurities that are responsible for short ramgelong range scattering
respectively. It has been shown that for short range seaster

g =

1
T — = o(n) ocn’, (5.3)

Jn

while for long range scattering charged impurities:
Txvn = o(n) xn. (5.4)

As a result, charge impurities are expected to dominatewsdiwh at low carrier den-
sities, while at higher densities shorter range scattgpiags a larger role. In very
high mobility samples a sub-lineat(n) is observed. This is because of a reduction
in charged impurities (which dominate the conduction ofdowobility samples), re-
sulting in a greater relative contribution to the conduttifrom short range scatterers.
From the highly linear dependenceafr) shown in Figureés.1(b)it can be concluded
that charged impurities are the dominant scattering mesimaim the measured sam-

ple.

5.2 Sample Geometry for QHE Measurements

Two sample geometries were considered for QHE measurerasrsisown in Figure
5.4. The first geometry consists of an unetched graphene flakeswiirce and drain
contacts patterned at either end. The voltage probes thratich the longitudinal
voltage,V,., and transverse (Hall) voltag¥,,, are measured, are patterned as close
to the sample edge as possible. The sample is then measuhethevapplied external
field perpendicular to they 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 Sanple

a graphene flake that has been etched into a Hall bar georbetoye patterning and
depositing the contacts using the method outlined in Se8tib.4 A false colour SEM
image of an etched graphene flake (yellow), that is contaeitdda Pd/Nb bilayer
(blue) is shown in Figur®.5. The device was designed to have a central channel width
of 1 um, however the final width as measured using the SEM imag€/igf. The
discrepancy is attributable to the undercut in the bi-lagsist profile used to define the
etch area, which results in more graphene being etched #sgreed. Contacts 4 and
1 are the source and drain contacts, respectively WithandV,,, measured between
contactss — 6 and5 — 3 respectively. Contacts — 3 are bridged by some material,
likely graphite debris remnant from the graphene depospimcedure, although this
seemed to have minimal impact on the QHE measurements matealevice.

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 enflow cryostat
and a magnetic field of 8 T perpendicular to the plane of thepdamias applied. Indi-
vidual IV measurements (maximum source-drain bias = 1 mV) were thdorped,
measuring both voltage geometries simultaneously ovengeraf applied gate volt-
ages (50 V < Vg < 50 V). The results from this measurement are plotted in [Egur
5.6 with the longitudinal resistance?,,, and Hall conductancey,,, extracted from
the IV measurement shown in red and blue respectively.is plotted in units of 4
e /h which corresponds to a single quantum of conductance foiecamwith fourfold
degeneracy (two from spin and two from pseudospin). Theekrgeak ink,., coin-
ciding with then = 0 Landau level (LL) and/prac, OCcurs al/s ~ 12 V. This is shifted
from Vs = 0 because of an extrinsic p-type dopant source contrigpgtinx 10! car-
riers cnT?2, according to the parallel plate capacitor model, see Emuat8. At this
point 0., is observed to change sign, which confirms a change of cayper from
holes to electrons asx moves through the Dirac point. The existence ofiaa 0 LL
and plateaus in the Hall conductancerat = (n + 3)4¢®/h confirms unequivocally
that this sample is a monolayer of graphene.
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5.3 Measurement of the Quantum Hall Effect in an Etched Hall Bar Sanple
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Q@ Source

(a) unetched

Q@ Source Drain ®

|

(b) etched

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 Sanple

Figure 5.5: False colour SEM image of sample SG091 showing Pd/Nb contacts (blue)eand th
etched graphene Hall bar (yellow). The contacts have been humbea@di dscussion. The
scale bar is 2um.

(u/,%) oUEINPUOD |IEH

Longitudinal Resistance (kQ2)

Gate Voltage (V)

Figure 5.6: Gate response of an etched graphene Hall-bar (sample SG091A) at5Tk= 1
and H = 8 T. Dashed lines indicate expected level of half-integer quantateapso,, =
(n + 1/2)4e?/h for monolayer graphene.
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5.3 Measurement of the Quantum Hall Effect in an Etched Hall Bar Sanple
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Figure 5.7: Schematic showing the observable LLs in an etched monolayer graphenke samp

using parameters extracted from QHE measurements. The LLs are lab&hetieir respec-
tive indices. The shape of the LLs are given by Lorentzian curvemdamed by scattering,
withT' = 2 meV.

5.3.1 Extraction of Landau Level Separation from QHE

To further illustrate the point, a schematic of the LL enesgparation as taken from
this data is shown in Figure.7 calculated using:

€p€

E | VG - VDirac| (5-5)

E = +hvpk = £hop/mn, = :I:hvp\/w

wheren is the carrier density; > the Fermi velocityg, the permittivity of free space,
e the permittivity of SiQ, V the gate voltagelpiac the voltage coinciding with the
Dirac point,t the thickness of the substrate oxide anthe charge of the electron.
The sign of the energy is given by the sign(df; — Vbiac). The large energy sepa-
ration of then = 0 andn + 1 levels results in clear resolution of the central peaks in
R,, and a sharp transition between plateaus i close toVpiac. The shape of the
LLs is approximated to a Lorentzian distribution as obsernveinfra-red absorption
spectroscopy measuremed3{]. The half width at half maximum of the Lorentzian
distributions,I', is equivalent to the scatter induced broadening of the lddsiaset at
a representative value of 2 med1].
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5.3 Measurement of the Quantum Hall Effect in an Etched Hall Bar Sanple
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Figure 5.8: Quantum Hall effect measurements performed on an unetched samp@(SG0
T = 1.4 K. a) Longitudinal resistance and b) Hall conductance measutsmenboth shown.
The Hall conductance is shown for two different field directions with ddslnes indicat-

ing expected level of half-integer quantum plateays = (n + 1/2)4e?/h for monolayer
graphene.
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5.4 Measurement of the Quantum Hall Effect in an Unetched Grapkne Device

5.4 Measurement of the Quantum Hall Effectin an Un-
etched Graphene Device

Further probing of the QHE in graphene can be achieved byngtihe applied mag-
netic field. Because of the failure of the etched device faited to electrostatic dis-
charge), an unetched device with the geometry shown in Efyd(a)was employed.
R, as a function ofl; for this device is shown in Figurg.8(a)with o, measured
in two magnetic field orientations shown in Figu8(b) The R, response of the
unetched device demonstrates a comparable number of Liesvatide over the 100
V gate voltage range, as the etched devices indicatingibagamples exhibit similar
carrier mobilities. While the etched device showed a redffigsymmetric response
aboutVpac, the unetched device has an asymmetric response with theipea, .,
corresponding to the = 1 LL being twice as high as the = —1 peak. The cause of
the asymmetry is that the contacts used to meagyrealso measure a component of
V.y, and vice-versa, because they are placed within the graptieamnel. This is most
pronounced in the,, measurements, which clearly show oscillations coinciaith
the oscillations ink,,. Despite this effect, the quantised valuesgf = (n+ 3)4e*/h
(indicated by the dashed lines), are still evident, paldidy in the electron conduction
regime whenugH = +8T.

5.4.1 QHE as a Function of Field and Gate Voltage

QHE measurements were performed on the unetched samplagéihas well asl.
The applied field ranged from-8- O T with a step size of 50 mT anid; ranged from
50 — —50 V with a step size of 1 V. At each value &f and Vg, a 21 point/V
measurement was performed, with a maximum source-dragdsia mV, with V.
andV,, measured simultaneously, using two voltage pre-amplifiacsthe DAC. As
a result of time constraints, onfy > 0 T was investigated, as the main interest was in
R..., which should depend only on the magnitude of the applied,fiedt its direction.
The temperature remained at T = 1.4 K throughout the measunior a duration of
16 hours.

The result of these measurements is shown as a colour plogumes.9 with the
magnitude ofR,, indicated by the colour bar. The value of each pixel is olgdin
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5.4 Measurement of the Quantum Hall Effect in an Unetched Grapkne Device
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Figure 5.9: Longitudinal resistance of a graphene sample (SG089) as a functigpbéd
gate voltage and external magnetic field.

by performing a linear fit to thél” data, at that respective value & and applied
field. The centres of the LLs correspond to peakski, which in the colour plot
are represented by the features coloured blueed. The LL plateaus occur when
R, is at a minimum which are seen as black features in the colotr por B = 0

T a single peak is observed along the x-axi$/af,c ~ 8 V. Increasing the field has
little effect until B ~ 2.5 T at which point oscillations in?,, as a function ofl;
are observed because of the formation of LLs, having satigfie criteriaw.m ~ 1.
As E, x VN the LLs separation increases with field and, as a result,rfebe are
observable within the specified rangel@f. For example at 8 T the LLs with indices in
the range-5 < n < 4 are observable comparedtd1 < n < 7at4 T. The maximum
energy separation in the data is observed at 8 T where thigorehip betweern?,,
andV4 is equivalent to that measured previously and presentedjurés.8(a)
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Figure 5.10: Normalised longitudinal resistance as a function of applied field showingSdH
in sample SG089 at; = —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 seuof the oscilla-
tions in magnetoresistance (MR) with increasing field, kn@srthe SdHOs (refer to
Section2.2.1for more details). Taking slices of the data in the y-dir@eis equivalent
to performing an MR measurement at a given value,ofT his makes it clear that as
increases additional SAHOs are observable owing to thelsayrgd LLs with higher
indices.R,..(B) (normalised by the zero field resistance) as a function af &€l =
—50 V is extracted from Figur&.9and is shown in Figurg.10

The field strength at which the SAdHOs are first observaBig,, can be used to
extract some key parameters regarding the quality of theogamamely the elastic
scattering timey, LL broadening,I’, and the mobility,.. SAHOs correspond to the
formation of LLs which can only be resolved oncgr ~ 1. The effective cyclotron
mass;n*, of graphene is given by = m*v% whereFE is energyg]. Combining this
relation with the standard definition of cyclotron frequgaad the dispersion relation
for graphene, given by Equatio2s12 and2.13respectively, produces the following
relation:

evpB
= 5.6
e = (5.6)
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Figure 5.11: Normalised longitudinal resistance as a function of the inverse of the aiglieéd
from sample SG089 dt; = —50 V. The labels indicate the respective Landau level indices
associated with each minima in MR. The line connecting the data points is a guide fyah
only.

and hence the elastic scattering time is given by:

T ~ /s : (5.7)
evr Bsa

In the high carrier density regime 8¢ = —50 V, n, ~ 4.5 x 103 carriers cm? and
the first SAHO is observed &tsgy ~ 2.5 T, which givesr ~ 300 fs. The uncertainty
principle gives the broadening of a LL by defect scatterisd'a~ //7 ~ 2 meV,
which is comparable to the broadening reported by othemasifior graphene on SiO
substrateq[31]. Given thaty = er/m* the criteria for LL generation in terms of
mobility and field isjBsqy ~ 1, giving a lower bound mobility of. ~ 4,000 cnd
V~! s~ which is in good agreement with values obtained from eiedield effect
measurements. Based on these considerations our samplessamalar quality to

those presented in the literatu®g[

5.4.3 Extraction of Berry’s Phase and Carrier Density from Sd-
HOs

Several fundamental quantities can be extracted from ti#OSdnamely the carrier
density, Berry’s phasg and the cyclotron mass. As the determinatiomdfrequires
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5.4 Measurement of the Quantum Hall Effect in an Unetched Grapkne Device

a measurement of the SAHO amplitude as a functigh,oivhich was not a variable
in this measurement, only the former two quantities are oreaisin this section. The
change inRk,, because of the SAHOs is given by the following relati®dif-133:

AR,, = R(B,T) cos [2% (% + % + ﬁ)] : (5.8)
whereR(B,T) is the SAHO amplitude and is the Berry’s phase. The frequency of
the SAHO inl /B is given by Bg:

EY  hki  hwng

p— — —_ 5-9
2evih 2e 2e ’ (-9)

Br

and so is only dependent on the carrier density,R,, is @a minimum when an integer
number of LLs is filled and the following relation is satisfied

21(Bp/B +1/2+ B) = 2n(n + 1/2), (5.10)

wheren is the Landau index of the highest filled level which take®getr values.
Rearranging this relation gives the following expressianifm terms of B:
Br

n=g+p. (5.11)

By producing a plot of. as a function ofl /B (otherwise known as a fan diagram),
both Br (and hence:,) and 3 can be extracted from the gradient and y-intercept of
the linear fit respectively. Figurg.11shows a plot of normalise&,, as a function
of 1/B for Vg = —50 V. The minima inR,,. are spaced equally it/ B in agreement
with theory and have been assigned Landau indices repmegéhé highest filled LL
through comparison with the complete data set (shown inrEi§l9). As the spacing
of the data points in Figurb.11increase withl /B it is more difficult to assign an
accurate value of the minima for higher LLs and so only the firebservable levels
are selected in this case. This process was repeated fardaircdensities with the
result plotted for a selection of gate voltages in a fan diagas shown in Figurg.12
The dashed lines correspond to fits to EquaBidriwith lines of positive and negative
gradient corresponding to values @ above and belowp;, respectively, which in
turn corresponds to electron-like and hole-like chargeea:
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Figure 5.12: Fan diagram for sample SG089 showing SAHO minima positions for a selection
of values of gate voltage for clarity.

A plot of ng versuslg is shown in Figureés.13 The points represent the carrier
density as determined from the fan diagram using:
4eBp
=
where By is the gradient of the individual Landau plot fits. The lin@sis the result
of using the parallel plate capacitor model as given by Equ&.8 The response is
symmetric about/pirac ~ 8 V and the lowest experimentally determined value ois
1.2 £ 0.2 x 10'* carriers cm?2. The validity of the parallel plate capacitor model is
confirmed via its good agreement with the extracted valuesuofer density.

The intercept values of the linear fits on the fan diagram gquakto5. The mag-
nitude of 3 is plotted as a function o¥g in Figure5.14 From the plot a value of
6 = 0.48 + 0.01 is found. The expected value foris 0.5, which suggests there is a
systematic error. A likely source of this error is the linditeesolution of the measure-
ments inB. Despite this discrepancy it is clear thats close to 0.5 and does not take
an integer value as is observed in 2DEGs. The extracted whldalirectly supports
the conclusion that the charge carriers are $pihDirac fermions.

(5.12)

N

5.5 Conclusion

Graphene samples of comparable quality to those in thatitsx have been produced
as confirmed by EFE measurements. A sample With. 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 tHercar
density as determined from the landau plot in FighiE2 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 $G08
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5.5 Conclusion

indicating a very low charged impurity concentration. Thalitity and minimum con-
ductance of this sample were found to be 5,008/8ts and4e? /h respectively, which
is in good agreement with samples produced by other grou@®@y using mechan-
ical exfoliation and lithography. A highly linear dependerof conductance on gate
voltage was observed, which is understood in terms of theiriomee of long range
scattering by charged impurities over the short rangeewadt by neutral impurities.

Following this study, QHE measurements have been perfoionetivo types of
graphene sample. One type consisted of a graphene sheeatndigined shape with
invasive contacts; the other was etched into a Hall bar usiectron beam and oxy-
gen plasma ashing. The QHE was measured at low temperatbothrdevices with
plateaus in the Hall conductance observed at valués-6fl /2)4¢? /b, confirming that
the samples consisted of single layer graphene sheets.|dteayss in conductance of
the unetched device were not very well defined, which wasbated to the use of
invasive voltage probes. The unique energy spacing of treihlgraphene was also
extracted directly from this QHE data.

Finally an extensive study of the QHE in an unetched samptepeaformed as a
function of applied field strength. The onset of the Landaellseparation was ob-
served alB ~ 2.5 T atT = 1.4 K. From this the elastic scattering time and the Landau
level broadening were estimated tobe- 300 fs andl” ~ 2 meV respectively. Addi-
tionally, oscillations in longitudinal resistance withlflevere observed and identified
as SdHOs. The minima of these oscillations were spaced bysiamt value inl /B
as expected for a monolayer graphene sample. By assigningsfstance minima
to specific LLs, the carrier density and Berry’s phase wererdahed directly. The
dependence of carrier density on gate voltage was showmtorco to the proposed
parallel plate capacitor model. The Berry's phase was foortayts = 0.48 4+ 0.01
which indicates a phase change of the wavefunction efhen rotated by2z in k-
space, which is consistent with having spjf2 Dirac fermions as charge carriers.

The single layer nature of the samples has been unambigieiushn via a demon-
stration of the rich and fundamentally new physics predictegraphene by theory.
Furthermore, the quality of the graphene produced here dms $hown to be of com-
parable quality to some of the best graphene on, $i€vices made. As a result, it is
likely that the performance of our graphene devices is matdid by the quality of the
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graphene but by the contact made to it. The following chagtptores the contacting
of graphene in more detail.
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6.1 Measuring Contact Resistances

Itis well understood that the discontinuity between theperties of bulk materials and
those with restricted dimensionality makes contactingosaale devices with metal-
lic contacts a non-trivial problertif4. Graphene is no exception, with many factors
playing a role in the quality of contact that can be made, ftbmfabrication tech-
niques used, to the choice of contact matetiaf-139. The contact resistance has
also been shown to be highly dependent on carrier concemtrahd temperature in
graphene devices, with an additional degree of varialiwveen otherwise identical
devices. Given that the ability to form highly transparer. (low resistance) contacts
is particularly important when producing devices wherentaning phase coherence
across the contact and graphene is necessary (such as in guS8n) it seems
wise to measure the contact resistance, to assess thatyiabibbserving phase co-
herent phenomenon. This is of additional interest given ttia majority of devices
presented in the literature are fabricated using contapesited with electron beam
evaporation, whereas the devices presented within thssstlaee deposited by means
of sputter deposition.

This chapter presents the results of investigating theaoting of graphene with
metals. Contact resistances are measured on both etchedaeiatied graphene de-
vices. Asymmetry observed in the transport measuremeriteesé graphene devices
is then discussed in terms of contact induced doping, feguitom the formation of
a dipole at the graphene-metal interface, and a model ieptes to explain the effect
this has on the transport properties. The impact of spogecontacts on graphene
is then investigated using Raman spectroscopy, followedreyiaw of contact resis-
tance measurements made on devices in the literature andhimwaompares to our
samples.

6.1 Measuring Contact Resistances

6.1.1 Transmission Line Model

One of the main considerations when determining the com&mistance of devices
with planar geometries is that current is not necessaigcted uniformly over the full
area of the contact. This can be understood in terms of thertrgsion line model first
proposed by Murrmann and Widmann and later refined by Berg&[ A schematic
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Figure 6.1: Schematic of a planar device with electrical resistance represented byed mod
circuit as assumed in the transmission line madi.

of this model is shown in Figuré.1, which shows that the area under the contact can
be described by a network of resistors in parallel. Thessfourrent injection from the
bulk material to the contact primarily occurs at the= 0 contact edge as this proves
the path of least resistance. By considering this networksiktors the spatial change
in potential under the contact is found to be:

V/Pspecosh [(L —x)/Ly]

V@) = I /L)

(6.1)

whereL is the contact length/ is the current flowing and’ is the width of the con-
ducting channel. The distance over which most of the cutransfer occurs is given

by:
LT =V pc/psa (62)

wherep, andp, are the sheet resistance and specific contact resistarpectiesly.
Despite this model being originally proposed for bulk sesnauctor-metal interfaces,
conceptually the situation in planar graphene devices ldhog similar. The main
discrepancy will likely be the assumption that the shedstasce is the same in the
channel and under the contact, which may not be the case giriphene is damaged
by the metal deposition procedure.

6.1.2 Transfer Length Method

A common method used for determining the contact resistaratransfer length is
through the use of a technique called the transfer lengthoddfTLM). The technique
utilises a test structure as shown in Figar2(a) in which a channel of uniform width
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Figure 6.2: a) A transfer length method test structure and b) an example plot of totsthmese
as a function of contact spacing. Adapted fra(j.

Z is contacted by identical contacts with unequal spacingiVhen measuring the
resistance between adjacent contacts the total resistBpces given by:

Ry = %d +2R.. (6.3)
whereR,. is the contact resistance in Ohms. By plottiRg as a function ot/ (keeping
Z constant) it is possible to extract both tRgand L+ as shown in Figuré.2(b)

An alternative form of the equation was proposed by Venubepal. [136 for a
non-uniform channel. Considering an irregularly shapednbbas shown in Figure

A

<>«

d

Figure 6.3: Irregularly shaped graphene device geomet#|.
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6.3, it can be shown that the total resistance is of the form:

d 2pe
Rp = py—— + ,
T =71 LZeta

(6.4)

where,
ZQ > Zl,

Zeff1 = (Zz - Zl)/hl (ZQ/Z1),
Zetto = 22175 )(Z1 + Zs),

and Z; and Z, are the width of the graphene at either end of each respeatisenel
between two adjacent contacts. In this casis the specific contact resistance(Inm?
as Venugopagt al. assumed current flow occurred along the full length of theain
Samples consisting of both irregularly shaped grapheneuaiidrm width graphene
have been investigated, the results of which are presemtie ifollowing section.

6.2 Experimental Data

In the following section the contact resistance measuréstaken on graphene sam-
ples with sputter deposited Pd/Nb (3 nm/90 nm) contactsrasepted. Measurements
are first shown for an irregularly shaped sample (SG085pvi@d by a device with
uniform width (SG098).

6.2.1 Irregularly Shaped Device

EFE measurements were taken between pairs of adjacentctoota the unetched
graphene flake shown in Figufe4, with channel lengthd = 0.8, 1.3, 2.5, 4.4 and
6.3 um and contact length, = 1 um. The two terminal resistance as a function of
Vs for each pair of contacts is shown in Figigés(a) with the channel length given
in the legend. As the channel length reduces, the totalteesis, R, is observed
to reduce over the total gate voltage range investigatédowh comparing curves
visually is problematic given the varying channel widthsieTsmallest channefl (=
0.8 um) shows an anomalous response, as the resistafige=at- 60 V is comparable
to that of the largest channed & 6.3 um). This is despite the narrower junction
having a significantly smaller area of graphene betweendhtacts. 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 g0

anomalous resistance is not clear, although it is posdildlethere is debris under the
outermost contact, which having a particularly small contaea, would be heavily
impacted even by small obstructions.

In order to extract the sheet and contact resistangeand p. respectively, as a
function of V, the data was fitted using the TLM equation for an irregulansa,
Equation6.4. As the channel width at either end of the chanrgl &nd 7,) vary for
each pair of contacts, the data was fitted using a least syoathod, minimising the
difference betweem®; as measured and calculated usin@ndp. as the only fitting
parameters. This procedure was repeated for data takerclavake ofVs and the
results of these fits are shown in FiguS(b)and6.5(c)

The sheet resistance extrapolated from the TLM measurengesihown in Figure
6.5(b) and displays a field effect typical of a graphene device. Téld gffect mo-
bilities as extracted using the Drude model (Equadd) are ., = 4,200 cdV ~'s™?
andy;, = 4,900 cdV ~'s~'and are comparable to those measured by other groups for
non-suspended graphene on Sgbbstrated].

Venugopalet al. [136 reported a current transfer length greater than the contac
length based on the transmission line model and concludsdthis indicated that
charge transfer occurred over the entire contact. This wastered by Xiaet al.
[1398, who stated that this reasoning was not applicable to graplior two main rea-
sons. Firstly, the model assumes the metal-semiconduetaact is diffusive, which
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Figure 6.5: TLM measurements taken on an unetched graphene flake. EFE measisremen
taken between pairs of adjacent contacts are shown in a) with the skiséimee 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 sighifi¢arger than a typical
semiconductor structure, around 1,000 nm for grapt8mempared tol0 — 100 nm
for Si (depending on dopant concentration and temperafi#g) Secondly, the model
assumes that the sheet resistance under the contact aecimatiinel is the same. This
is unlikely to be the case in a graphene device, as the grapteanbe damaged by the
deposition technique (expected for sputtered sampi&p] doped by the contacting
metal[L13 or have its band structure altered by interaction betwé&encarbon and
metal atoms[44; 145.

It is now generally accepted that carrier injection occwrsra short distance at
the contact edgé&B5 138 139 and sop. has been plotted in units ¢dum to be
comparable with values quoted in the literature. The specifntact resistance shown
in Figure6.5(c) shows a clear dependence on gate voltage with a peakatl/piac,
which decreases away from the Dirac point, saturating &t gate voltages. The
specific contact resistance in the p-type & Vpirac < 0) and n-type ¥V — Vbirac >
0) branches display asymmetry, saturating at-8.8.7 k2um and 4.2+ 0.8 k2um
respectively. Such asymmetry, with higher contact rescda when n-type doping,
was also observed by Xiet al. [13§ in all their samples contacted with Pd. For Ti
doped samples they observed the opposite asymmetry anttibatat! this effect to
doping of the graphene by the metal contact, with the typepfrdy depending on the
work-function of the metal (see Secti6rB.]).

The large error bars on both Figueb(b)and Figures.5(c)are primarily from the
difficulty in assigning an appropriate value of channel Wedt; and Z,. The model
assumes that the overall channel width decreases linestthelen both contacts which
is not the case for at least one of the channels. Shaping #pihgne flake so it has a
uniform width eliminates this source of error and makesrprietation of the data sim-
pler. This is because of the simple relationship betwegmild, based on Equation
6.3 can be employed for a uniform width device rather than usimgdth dependent
least squares fit, based on Equatto#, as required for a non-uniform device.

6.2.2 Uniform Width Device

Uniform width graphene samples were produced by isolatvigliated flakes of suf-
ficient size to accommodate a test structure, typically ireggia 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 js1i0

greater than 2@m. It was necessary to then etch the flakes using electron litbag-
raphy and oxygen plasma, as outlined in Sec8dn4to ensureZ was constant. This
was then followed by depositing contacts using the stanB&idand sputtering tech-
niques. One such device, SG098, was produced in this maritiecontacts of width,
L=1wum, Z =2.0um and channel lengthg, = 1.0, 1.5, 2.0, 3.0, 5.5 and 9;0n
respectively, see Figur@.6. Measurements were made under vacuum in a He flow
cryostat, to avoid any hysteresis in the EFE measuremensedaby ambient condi-
tions.

The two terminal EFE measurements for each of the pairs dactsiseparated by
a uniform graphene channel of lengtlare shown in Figuré.7. The device with a 9
um channel shows the most typical graphene-like respons$ie avesistance maxima
corresponding to the CNP occurringlag = 15 V. At this value ofl; we see that the
values ofR decrease as the channel length is reduced, which is to betegdsecause
of the contribution ta?+ from p, being proportional td as stated in Equatigh3. The
more striking feature in these measurements is the incrgasymmetry in the curves
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Figure 6.7: EFE measurements taken on a TLM structure with uniform width.

aboutlp;ac asd decreases. As the carrier mobiljtyoc dR/dVg the naive assumption
would be that the ratio gf. to x;, changes significantly with. By extracting the sheet
and contact resistances independently from the data itideet/that this is not the
case.

Figure6.8(a)shows the total resistance versus channel length extréiedthe
EFE measurements and the linear fits from which the specifitacoresistance and
sheet resistance can be extracted based on Equa8dor several values of;. It is
clear from this plot that fol/z < Vpirac the intercept of the fit, and hence the contact
resistance, is relatively constant, despite the chandiegtsresistance (indicated by
the varying fit gradients). It is also clear that the fits willarcept ther axis at a value
much more negative than2 um. As the value of this intercept is equivalento; this
would indicate that charge injection is occurring over tharety of the contact, which
was the conclusion of Venugopei al. [136). Several other groups have found similar
results forL from TLM measurements, yet complementary transport measemts
have indicated that the charge injection occurs only at tm¢act edge.

The extracted value gf, andp. are shown as a function % in Figure6.8(b)and
Figure 6.8(c) respectively. It is clear that whem, is considered independently from
the contact resistance, the characteristic symmetricesimajhe gate voltage response
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Figure 6.8: TLM measurements taken on an etched graphene flake with uniform widil. To
resistance versus channel length for a range of gate voltages is plottedith the extracted
sheet resistance and specific contact resistivity plotted in b) and &atasgly.
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6.3 Modelling Charge Transfer from Metal Contacts to Graphene

is recovered, indicating that. and.;, are comparable and independent of the channel
length and that the asymmetry in the resistance curves ausemf a gate dependent
contact resistance. Figufe8(c)shows that this gate dependence is significantly dif-
ferent when in the holélg < Vpirac) OF electron Vs > Vpirac) CONduction regime, with
pc(holes) remaining relatively constant at approximate$/+.0.3 kum, even as the
carrier density increases. In the electron regpy(electrons) is highly dependent on
carrier density, increasing by a factor of 2 over a 20 V ramgésL

Huardet al. [14§ investigated electron-hole asymmetry in the resistancess
of graphene by producing devices with both invasive costébibse that covered the
entire width of a graphene channel) and external contdutsétconnected to the chan-
nel via etched graphene arms). They observed that the dewitle invasive contacts
showed strong electron-hole asymmetry (in addition tolgudar conductance), which
the external contacts did not. This phenomenon was atyibtat the transport prop-
erties of the metal-graphene interface and moreover todtradtion of p-p or p-n
junctions at the interface, through charge transfer froemtietal to the graphene. The
mechanism by which the charge transfer occurs is discussBdation6.3, followed
by a model explaining the electron-hole asymmetry in thearesistance 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 opgene on different metal
substrates, Giovannett al. [113 developed a phenomenological model that predicts
the shift in £ of graphene when in contact with a metal. This section oceslithis
model and the results that can be obtained from it for sed#fatent metallic species,
including those used to contact graphene in this thesis.

When graphene is contacted with a metal, a transfer of elestwocurs to bring
the Fermi levels into equilibrium which is dependent on lative work-functions of
the graphene, Wand metal surfacd}’,;. 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. Repdodom Ref. 113.

by the following relation:

2bF

= DyFE 6.5
W(UFh)Q 0L~F ( )

D(E) =

giving Dy ~ 1.6 x 10'" m—2eV~! for E within 1 eV of the Dirac points. This is much
lower than for a normal metal, and so equilibrium is achigdvgthe movement of/»
in the graphene, as even a small electron contribution cde maignificant change in
Er. The result is the formation of an interface dipole betwdendgraphene and the
metal as illustrated in Figuré.9, whered is the metal-graphene separatiop,s the
effective distance between the charge sheetsdrids the potential change generated
by the metal-graphene interaction. As most of the chargetshexist within the space
between the graphene and the metal, it is modelled,as d — d, whered, is a
constant.

The potential change is given by:

where/\,, is the contribution from charge transfer because of thedfice in work-
functions in the metal and. is the contribution from the chemical interaction between
the graphene. Both components are dependent on the mephlegia separatiod.
The chemical interaction is necessary to explain why thplggae doping is not simply
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electron (hole) doped whéiw,; > Wy, (W < W)y,) but instead the crossover from
n-type to p-type doping is &'y, — Ws = 0.9 eV for an equilibrium separatioh~ 3.3
A. The work-function of the metal covered graphene is thusmgby:

W (d) = Wy — AV(d), (6.7)
with the shift in Fermi level:
AER(d) =W (d) — Wg. (6.8)
The charge transfer component is modelled using a pardditd papacitor model:
Ay (d) = aN(d)zq, (6.9)

wherea = €2/, A = 34.93 eVIA where A = 5.18 A? is the area of the graphene unit
cell. N(d) is the number of electrons per unit cell transferred to tteplgene and is
found by integrating Equatio.5:

N(d) = /D(E) dE = DOALW.

: (6.10)

Combining Equation$§.6, 6.7, 6.8and6.9and solving the resultant quadratic equation
gives the following expression for the shift in the graphEeemi level:

- \/1+205D0(d—d0)|W]u—Wg—Ac(d)|—1
AEp(d) = £ 2 Dold ) . (6.11)

Assuming that the parametefsandA.(d) depend very weakly on the choice of metal,
the model is found to be dependent only bf,, W; andd. The values ofi, and
A.(d) were found by fitting Equatio®.11to their DFT results for Cu (111). This
was achieved using a parameterised forr\ofd) = e¢~*4(ag + a1d + aod?), finding
do = 24 A, k = 1.6443 A1, ap = —2048.56 eV, a; = 1363.87 eV/A and ay, =
—205.737 eV /A% for d 2 3.0 A. The resultani\ £ dependencies for various metals
on graphene, based on their respective work-functions guetion6.11, 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 graplergesoA.(d) was only
dependent on exchange repulsion. The chemisorption of Btearther hand is partic-
ularly strong because of hybridisation between the gragpearbitals and the metal d
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Figure 6.10: Calculated shift inE'r as a function of graphene-metal surface distance for vari-
ous metals using the model developed by Giovaneeti. [113.

orbitals (Pd orbital configuration is ([Kr] 4¢)), heavily distorting the graphene bands
in addition to having reduced separationdpf = 2.30,&[113]. Hence, the calculated
AFE for Pd contact is not accurate as it chang¥4”) for the graphene, has a greater
dependence chV on A, as well as predicting,., < d, which is un-physical. Instead
AFEy for Pd can be found via DFT calculatiodg]/].

Interestingly, another species that undergoes chemisarph graphene is Tid,
= 2.1A)[147, which has an orbital configuration of [Ar] 28c? with outer d orbitals
that can undergo hybridisation. This orbital hybridisatexplains the prevalence of
adhesion layers consisting of Pd and Ti when contactingoresbructures. Conversely
a metal such as Nb has an orbital configuration of [Kr] 8d', and so the d orbitals
cannot undergo hybridisation with the graphepefbitals, resulting in poor adhesion.
IV measurements performed on graphene samples contactedvwithth and without
a 3nm Pd adhesion layer are shown in FigbuEL The sample without Pd clearly has
a non-linear/ V' characteristic of tunnelling because of poor metal-graptedhesion
whereas the sample with a Pd adhesion layer has an Ohmicnsspalicative of a
good contact.

Given the planar geometry of the devices presented in tleisighthe influence
of the metal covered graphene on the uncovered graphenebmausinsidered. A
schematic of this situation is shown in Fig&d 2for a metal which induced’” < .
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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. Measuremenpeviermed 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-plaraplene
device with a metallic contact. Reproduced from R&#7].

As there is a discontinuity between the work-functions ef¢bvered and free standing
graphene, electrons move from the low to the high work-fisnctrea to equilibrate
Er across the sample. The result of this band bending is a pecttéeioping of the
graphene into the uncovered channel, whose magnitude deperthe distance away
from the metal contact. The manifestation of this effecthiEEransport 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 electroa-as&ym-
metry, observed in graphene devices with invasive contatisy attributed the asym-
metry to an effective non-uniform doping profile across trep@iene channel because
of doping by the metal contacts, a concept supported by sogmiotocurrent mi-
croscopy measurements. The device geometry they condiderg a uniform width
graphene channel of lengthcontacted directly with metallic electrodes that dope the
graphene over a lengthy, away from the contacts, see Fig@d 3

Assuming that the graphene is homogeneous parallel to titaactoedge, then the
total resistancelz, of the graphene channel between the source and drain t®ntac
be determined by integrating the resistivity over the feiidth of the channel:

I I
RZ?/O p(m)dxzz/o mdx. (6.12)
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Figure 6.13: Schematic diagram of a graphene FET indicating the geometry used in tige char
transfer model.

whereZ is the channel width ang(z) ando(z) are the local resistivity and conduc-
tivity at a distancer from the source edge respectively. Using the Drude model and
assuming that the carrier density dependencé®wobeys a parallel-plate capacitor
model, the conductivity as a function of distance can be ddfas:

o(z) = \/{MEO;TV(Q:)}Q Vo2 (6.13)

The local doping profile is given by (x) = Vi — Vp(z) wherelg is the applied gate
voltage and/(x) is the voltage required to reach the Dirac point at a giveritipos
Combining Equation$.12 and6.13results in the following expression for the total
resistance across the device:

1 L €0€r 2 2 71/2(31 6.14
R—E/O ({u 7 V(a:)} +0mm) x. (6.14)

This equation can be solved easily using numerical integratt the doping profile is
known. Two types of doping profile were considered by Nowtlail. for modelling the
effects of charge transfer from the contacts, both are showigure6.14 In the first
case, Figuré.14(a) the doping potential is pinned at the source-graphenefaate

(r = 0), varying linearly over the length, until it reaches the gate potentigl. The
doping profile remains at this value until it is a distardgefrom the drain-graphene
interface ¢ = L), at which point it once again drops linearly to the pinnetlga
Varying Vs changes the doping potential within the channel at a distapdrom the
contacts, but the value at= 0 andx = L does not change. The second case is shown
in Figure6.14(b) whereby the potential is not pinned at the interface & free to
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Figure 6.14: Contact induced doping across a graphene channel in which ther gierisity
beneath the contact is a) pinned and b) not pinned. Reproduced &brfilRg.

Type Function

Linear(x) V(z) x1— i

1/x: V(z) o< 1/(1 4 72)
x—1/2 V(z)oc1/y/1+ 32
exponential (%) V(z) o< - +6(2,n3)(27/Ld 0

Table 6.1: Table of considered potential profiles as a function ofly./2 is the width over
which V' (z) drops to half its initial value at the contact edge.

modulate the doping of the entire channel, with a linearedféd the edges because of
contact induced doping. From this point on we shall only aersthe case where the
charge-density is pinned at the interface.

To extend the work of Nouctlet al. several additional doping profiles beyond the
simple linear case have been consider as proposed bgtXh [138. The profiles
considered are shown in Tal#el, with a graphical example given in Figuéels In
the graphical exampl& (z) is pinned at the contact edge at a value of 1.0 V Bads
setto 0 V. In the linear case this results in a linear decrgmaBéx) over a distance of
L4 at which point it is at a constant value .

Each field effect transistor (FET) consists of 2 contactélaéeends of the graphene
channel hence the impact of doping by both contacts simediasly must be consid-
ered. Simulated potential profiles of devices with lengties $ame 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 Figaréa Only the simplest case
where the doping varies linearly withis shown for clarity. In this case the pinned
doping level at the contacts because of charge trangfer,is —10 V, Vg =0 V and
the length at which the contact induced doping halkgs 0.8 um. The sign oflr
was selected to generate resistance curves with the sammemasgy, as seen in the
experimental measurements for the etched TLM device./F9.0, 5.5, 3.0 and 2.0
um, V' (x) varies linearly froml/7 to Vi, with an increasing proportion of the channel
affected by the contact induced doping as the channel leedtices. Whei, < 2L,
as in the profiles for channels with= 1.5 and 1.0um, the doping profile is a super-
position of the contributions from both contacts. As a rethd effective gate potential
of the device does not readly. Consequently, the observed positionlgf,. will be
shifted positively in the EFE measurements, as a result afdalitional gate voltage
having to be applied, to compensate for the contact induopahd.

The simulated EFE measurements based on this model for a @bigle withy =
4,000 cni/Vs, 0, = 3 x 4¢2/h, Vor = —60 V and Ly = 1.2 um are shown in Figure
6.17, from calculations based on Equatiéri4 using the potential profiles discussed
previously. The parameters are selected to generate curvpslitative agreement
with the measured TLM device and are reasonable for a graptevice on SiQ[9].
Only doping induced by an applied gate voltage or via theaxdstis considered, while
in actual measurements an additional doping caused byroomdats is also present,
as evident by a shift inpi,c away from 0 V. Figures.17 shows the modelled total

137


Graphs/Nouchi_V_profile.eps

6.3 Modelling Charge Transfer from Metal Contacts to Graphene

— 1.0 um
) | — 15um
— 20 um
— 3.0 um
— 55um

9.0 um

Figure 6.16: Effective gate potentials across graphene channels of varying widilyfe 0.8
um, Ve =0V andVer = —10 V.

resistance as a function of. Only the simulations for the linear doping profile are
plotted for clarity.

In comparison to the measured TLM device in Figaréthe model agrees qual-
itatively in several respects. The experimentally obsgmiectron-hole asymmetry
is successfully replicated with higher values af R the electron conduction regime
(Ve > Vbirac), compared to the hole conduction regim@ (< Vpirac). The model also
predicts that very short junctions, such as in the 1.0 um case, display a positively
shiftedVpirac and with R- remaining close to the maximum value at high gate voltages.

Fitting the modelled EFE measurements to the TLM Equaii@enables equiva-
lent plots for sheet resistange, and contact resistanck,, to be generated. These are
shown in Figures.17for the 4 possible doping profile functions considered. Thiees
resistance for the ande~* doping profiles are symmetric about = 0 V, whereas
1/z andz~1/% show a positive shift il/piac from Vs = 0 V. In the case of /= and
x~1/2, both functions decay over a longer length scale hence dagfithe graphene
channel in these regimes is more pronounced. This occunscto & degree that the
carrier density in the channel is always pinned to some éexsihl 5, IS 0bserved to
shift. This shift is more pronounced for'/? than1/z, as the decay rate of the former
function is less than that of the latter. The electron-hslgametry inp, as a function
of Vi observed in the experimental data for both etched and ue@tdévices is also
replicated by the model in th/z andz~'/? doping regimes. This suggests that they
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Figure 6.17: Simulated EFE measurements based on charge transfer modélgntbtted as
a function of Rr.

are the closest to the physical situation, which is in goag@gent with theoretical
predictions of the expected contact induced doping pradig[

The gate dependence Bf generated by the model, shown in Figér&8(b) also
replicates key features observed experimentally in thelfixelth device, shown in
Figure6.8(c) In particular, a dip inR,. at Vpirac Is Shown with larger (smaller) values
of R, for Vg > Voirac (Ve < Vbirao)- Again, the impact of consideringza/? or 1/z
profile is more pronounced than theande™* profiles for the same arguments made
earlier. Where the model clearly fails is the expectation négativel,. close toVpjrac
which is clearly not observed experimentally. It must besidered that the calcu-
lated 2. from contact induced doping is only one component of theadcheasured
contact resistance. To model this the following form of sfpecontact resistance is
considered:

pe(vg) =7 ((A X fs(‘/g - VDirac) + B X fc(‘/;; — VD) + RserieQ) , (6.15)

where f, and f, are the modelled sheet resistance and contact resistanceofs
respectively,” is the width of the deviced and B are scaling pre-factors angkeries
is a series resistance. While the sheet resistance shoutdmiibute to the measured
pe, the contact resistance has been observed in Pd contaciedsl® be of a similar
form[138 and so such a contribution is a reasonable assumption. Téw¥aptors
A and B account for discrepancies between the original paraméters,,;,., Vor
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Figure 6.18: Simulations of a) calculated sheet resistance and b) calculated contsizties
based on charge transfer model.
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Figure 6.19: Comparison between experimental data and the developed model for specifi
contact resistance as a function of applied gate voltage.

and L,) used in the EFE model (from whicfi and f. were generated) and those
in the experimental system. The series resistance acctmmésy resistance from
the measurement lines or because of any damaged graphesrethmdontact, which
was not included in the original model. Finally, the paraanébp; .. is included, to
account for any additional extrinsic doping in the expentaésample from surface
contaminants for example. For the fitting procedyteand f. generated from th&/x
doping profile result were used because they produced amaslyiop, in agreement
with the experimental data.

The result of fitting the model in Equatidhl15to the experimental data obtained
from the etched device, via a least squares method, is shoWwigure6.19with the
fitting parameters used shown in Tabl2 It is clear that the model is in good agree-
ment with the experimental data and is within the experimesrrors. The parameters
obtained from the least squares fit are also realistic, withlize of A that suggests that
the intrinsic gate dependent contact resistance mirr@slhileet resistance, yet is of a
smaller magnitude. The value &findicates that the initial model has underestimated
the magnitude of the contact resistance. The gate indepeRdgies Suggests there
is an additional series resistance, which is likely to besgnaiated with the graphene
sheet. Possible sources of this resistance are remnastthvesveen the contact and the
graphene, amorphisation of the graphene beneath the tonfaarasitic resistances at
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Parameter Value

Doping Function 1/z

i 4,000 cni/Vs
Omin 3x 4¢€lh
Ver —60V

Ly 1.2um

A 0.44

B 1.7

Vbirac 13.1V
Rieries 0.83 K

I 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 elsorcies. This is
most likely caused by the way in which the initial modellirgyameters were selected.
omin Was overestimated to generate a peak in the EFE model thatomgzarable to
the measured values, while not taking into account thesegmstance present. Based
on the theoretical value foA £, predicted for Pd(111) on graphene beir@.45
eV[147)], the equivalent/-r can be calculated using:

1 <EF 9
‘T~ ra hvp

(6.16)

wherea = 7.2x 10" cm=2 V! for a substrate with 300 nm of SiOThe calculated
value for Pd(111) on graphene ¥&+ = —200 V which is greater than that used

in the model, however, this assumes a clean interface betiteePd and graphene
and that the graphene beneath the metal is not damaged bgpbsition procedure.
The contact is also a Pd/Nb bilayer, which could result in dastment in the work-
function of the Pd and subsequently altef/;- [150, although with a Pd thickness of

3 nm this effect should be minimd%1]. The lower value ofVor used in the model
could explain why B> 1, as it needs to compensate for the underestimated contact
doping. A reduction inu would broaden the modelled. with respect tols, which
could also give a better fit.
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Finally, the discordance between the results gobetween the etched and un-
etched samples must be considered. While the etched sarepiyycthows evidence
for charge-density pinning by the contacts, the unetchetpkadoes not. This is pos-
sibly because of the etched sample having an additionab$iéhography performed
upon it or because of damage at the edges of the sample vidadragpetching pro-
cedure, promoting charge transfer by an unidentified mesharAlternatively, a high
contact resistance in the unetched sample is masking aggt &bm charge transfer,
which is worsened by the large amount of error in the measemétnecause of the
fitting procedure used. More devices would have to be fatatten order to determine
whether the difference between etched and unetched samples/ersal, or if it is
entirely sample dependant.

6.4 Depositing Metals on Graphene

While the carbon-carbon bond in graphene is particularlyrgfy making graphene a
relatively robust material, it comes as no surprise thatéasily damaged given that it
is only 1 atom thick. Itis thus necessary to consider theipdig of graphene damage
during contact deposition and the impact this can have orce@erformance.

In this section the impact of depositing metals on graphgdescussed. The possi-
bility of damage to the graphene from the sputtering of cotstes investigated, in order
to account for the large contact resistances measured.orttaat resistance measure-
ments presented in this chapter are then compared to thageld® in the literature
and the impact this may have on superconductor-graphereigdwvices discussed.

6.4.1 Sputter Induced Disorder

To investigate the impact of sputter deposition on graplilakes, Raman spectra on
several graphene samples were taken before and afterrapyittEurthermore, sput-
tering was performed at a range of different powers, to itiyate the dependence of
damage to the graphene on the kinetic energy of the incidentsa

A total of 8 graphene flake samples were identified and cheniaet! using Raman
spectroscopy (laser excitation wavelengtlr 633 nm) on 5 Si/Si@ substrates. All
samples showed clear graphene signatures before spgteitim prominent features
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at around 1565 cmt and 2650 cm! corresponding to the characteristic G and 2D
peaks respectively. These flakes were then sputtered with @ ri°d in Ar gas (flow

= 24 standard cubic centimetres per minute) with powers of, 8, 16 and 24 W
respectively (background pressuré < 102 Torr).

Following sputtering, only 1 flake showed a clear carbonatgre, in the form of
prominent G and 2D peaks at 1581 thand 2655 cm' respectively. The normalised
Raman spectra taken on this flake before and after sputteerghawn in Figur®.20
After sputtering the G peak has shifted to 1560 ¢rand the 2D peak is not present.
An additional D peak has emerged at 1311 ¢rand a small feature visible at 1591
cm~! (the D’ peak) is also present.

An amorphisation trajectory was established by Feetal. (summarised in Ref.
[63]), in which the evolution of graphite- nanocrystalline graphites low sp*> amor-
phous carbon- high sg amorphous carbon can be identified using Raman spectrome-
try. The first stage (graphite: nanocrystalline graphite) manifests itself in the Raman
spectra in the following way6pB]. Firstly the D peak appears and the ratio of inten-
sities of the D and G peakpland |; respectively, increases in accordance with the
Tuinstra-Koenigl52 (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:

I C(\p)
o (6.17)

where L, is the in-plane correlation length (cluster size) in nm &id ) is a pro-
portionality constant dependent on laser excitation gnefag empirical relationship
between C and for visible wavelengths was found by Mattheetsal. [153:

C(A) = Co + ALCh, (6.18)

whereCy andC; were found experimentally to bel2.6 nm and 0.033 respectively. A
laser wavelength of 633 nm was used during these measurembith corresponds
to C~ 8.3 nm.

The second amorphisation stage (nanocrystalline graphitew sp* amorphous
carbon) is characterised by the G peak position decreaging ®0 cn1 ! because of
the softening of the phonon modes as a result of increassayagr. The TK relation
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Figure 6.20: Raman spectra for a graphene sample a) before and b) after sputteamgép.
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Figure 6.21: Raman spectra taken on graphene flakes of varying thickness afteetraagn
sputtering of a) AIO; and b) MgO. Taken from Ref1p4|.

is no longer valid andp /I — 0 as the amount of amorphous carbon increases. This
is coupled with increasing dispersion of the G peak and aeratesof the second-order
Raman peaks. In the amorphous carbon regime the peak iptesusit based on the
TK relation is replaced by the following relation proposgdHerrariet al. [154]:

Ip/lg = C'(\)L2. (6.19)

As the transition from nanocrystalline graphite to amorghoarbon occurs dt, ~
2.0 nm,C" can be found by solving Equatios17 and 6.19 simultaneously. Using
this method”" (633 nm ~ 100 nm2.

In the Raman spectrum of the graphene sample before spgttshawn in Figure
6.20(a) there is no D or D’ peak, indicating that the sample is higtrlystalline and
free from disorder. This is in contrast to the spectra of gma@e post sputtering as
shown in Figures.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 atelithe formation
of nanocrystalline graphene. Based on the TK relation, Egu&.17, the sample
consists of graphene islands withh ~ 2.9 nm. This conclusion would be valid, if
not for the suppression of the 2D peak, which is a key sigeatfithe formation of
low sp* amorphous carbon. In this regime TK no longer holds and aaste must be
calculated using Equatigh19from which L, ~ 1.7 nm is found.
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Similar results were reported by Dlubakal. [155 in which they deposited AD;
and MgO via DC and RF magnetron sputtering respectively oratptene flakes, with
varying a number of layers, the results of which are preskint&igure6.21for com-
parison. For the samples where, @k was deposited, the amount of disorder decreases
with an increasing number of layers, indicated by a redudtiche D’ peak intensity,
lower D/G peak ratio and a decrease in the 2D peak intendityy @lso observed that
the number of layers affected by sputtering reduced withesing total number of
graphene layers which they attributed to a reductiosptnbond bending disorder with
increasing number of layers. The MgO deposited samples ahoare pronounced ef-
fect, with a larger suppression of the 2D peak for fewer laypéigraphene. The 1 layer
graphene + MgO growth result is comparable to that of the @rdthkes measured in
this study.

The sample presented in Figuee0continued to show a graphitic response com-
pared to the other samples for two reasons. Firstly, the lEamas grown at 4 W
which is the second lowest power in the study. This shouldlrés the impinging
metal atoms having less kinetic energy, so fewer carbon dislocations should oc-
cur. Secondly, the G and 2D peaks before sputtering are @l éegpight, suggesting
that the sample is a bilayer, which should be more robustrdow to the study of
Dlubaket al.[155.

These measurements indicate that sputtering Pd onto grapiaises significant
damage to the graphene structure, resulting in amorphab®rtdeneath the con-
tacts. It is possible that minimising this effect can be acbd through reduction of
sputtering power and the use of thicker graphene wherecaigdi. Additionally, the
use of higher argon pressures when sputtering could inetbasamount of diffusion
of deposited metal clusters, reducing their kinetic enengy hence the likelihood of
graphene damage. While graphene has been successfullgteshtesing magnetron
sputtering, as shown in the transport measurements pegsenthis thesis, the amor-
phisation of graphene under the contacts is likely to havergact on the transport
properties. The contact resistance is likely to be highgéh@se samples because of
a decrease in conductance as graphene becomes more did{iffi§r Moreover it
would be difficult to observe interface dependent phenomesuzh as Andreev re-
flection in devices in which the graphene has been amorpbigeaguttering. Conse-
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quently, an alternative deposition technique such asreletteam evaporation would
be more appropriate, when fabricating graphene devices.

6.4.2 Comparison with Literature

A summary of the contact resistance measurements made pinegi@ devices in the
literature is presented in Tab&3 This list is by no means exhaustive, presenting
only studies that were primarily concerned with contacistaace. Some studies er-
roneously gave the contact resistance in unitQ@pm?, resulting from the belief that
charge injection occurred over the entirety of the contaften through overconfi-
dence in the value af; extracted using the TLM method. Where possihléas been
converted fromf2um? to Qum using the contact length quoted in the literature. Com-
parison is further complicated by studies being performedamples prepared using
a range of metal deposition techniques, in chambers witardifit base pressures and
contact material choices. Transport measurements wevgaléormed at a range of
temperatures and gate voltages, which again can greatlyta# value op,. obtained.
Franklinet al. also observed an order of magnitude increase in contastaese as
the length of the contactl,. was reduced from 206- 20 nm[L57. The values of
p. included in the table are thus presented for devices Wwijth> 200 nm, to avoid
discrepancies as a result of having different contact legt

The primary reason for choosing Pd as an adhesion layer betiie graphene
and Nb was because of the prevalence of Pd/Nb bilayers imestath superconduct-
ing carbon nanotube$8-52]. The contact resistance data presented in Taldalso
supports this selection, with some of the lowest values. o&ported with Pd contacts
with Xia et al. [138 and Watanabet al. [164] reportingp. ~ 100 Qum and 50Q2um
respectively. From the wide selection of contact matemalsstigated by Watanalst
al. Pd, Ni and Co were found to have the lowgstlosely followed by Ti. Ni and Co
are ferromagnetic elements and so would make poor adhesten ¢hoices for a su-
perconducting device, as magnetism and superconduchxétyypically antagonistic
phenomenori65. Hence Pd is expected to be an ideal candidate for makintacbn
to graphene in superconducting devices.

The gate dependept in our devices was.7 — 3.6 x 10 Qum and2.5 — 6.5 x
103 Qum for the etched and unetched samples respectively. Thieaeay than the
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Author Material Thickness (nm) ~ p. (2pm) Metal Deposition Base Pressure (Torr) Reference
Danneau TilAu 10/40 < 4x10? E-beam 2.5x10~8 [158“
Franklin Ti/Pd/Au  0.5/20/30 2102 - — [157°
Heersche TilAl 10/70 < 2.5%10% E-beam 8x 109 3¢
Huang Ti/Pd/Au 0.5/20/30 7%510° E-beam - [159

Ni/Au 30/20 2x10°

TilAu 5/50 1x10*
Liu Ti/Au 9/80 2x10° E-beam — [160 167

Ti/Au 9/80 1x10* Sputtering
Malec Cu 35 6¢10% Thermal evap. x10~7 [162
Nagashio Ni 25 510% Thermal evap. 75108 [135 163

Cr/Au 10/20 1x10%-1x 100

TilAu 10/20 1x10%-1x 10°
RUSSO TilAu 10/25 &10% E-beam 8x 107 [139
Venugopal  Ni 60 2.510° E-beam - [13q
Watanabe Ti 100 &10% E-beam 7.5x10~ 8 [164

Ag 100 2x10%

cr 100 3x10°

Fe 100 2¢10%

Co 100 3107

Ni 100 3% 102

Pd 100 5¢10%
Xia Pd/Au 25/25 107 - — [138

“ p. 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 graphesrs fay

graphene devices with contacts deposited by electron beam evaporadigputering. SLG,
BLG and MLG represent single-layer, bi-layer and many-layer gnaplmespectively. Taken
from Ref. [L61].

majority of studies presented in the literature, althouglydkhicet al. [135 163 did
measurep,. of similar magnitude for thermally evaporated Cr/Au and Ti/éontacts,

as did Huanget al. [159 for Ti/Au contacts deposited by electron beam evaporation
The relatively large values gf. measured in our devices, can be attributed to the use
of sputtering to deposit the contacts. laual. [160 161] performed a comparative
study of metal deposition on graphene via electron beamoeatipn and DC mag-
netron sputtering, the results of which are shown in Figh22 They observed a
fivefold increase irp.. for sputtered single layer samples, compared to electrambe
evaporated samples. The impact of sputtering was redudaidayer samples ang.

for sputtered many-layer samples was comparable to eteb#am evaporated sam-
ples, suggesting that only the upper few layers are damagedaphene deposition,
consistent with Raman spectroscopy data taken on sputtaneples as discussed in
Section6.4.1 The invariance op. when electron beam evaporation was used - even
when accounting for graphene flakes of varying thicknesggssts that this deposi-
tion method leaves the graphene relatively intact. etial. [160 161] also observed

an order of magnitude increasepfor larger sputtering powers, although the pow-
ers used were not quantified by the authors. Whijléor our devices is lower than
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Figure 6.23: Low contact resistance device fabrication procedure performed bjnBanet
al. using G plasma. Taken from ReflB7].

measured by Liet al. for single-layer graphene, this could be attributed thesbheaf
using Pd instead of Ti for the contact.

The fact that sputter deposition induced damage would Gaug®rease in contact
resistance is not immediately apparent. Robinsbal. [137] reported a reduction of
contact resistance fron—* to 10~7 Qcm? in epitaxially grown graphene samples on
SIC, after selectively treating them with, @lasma, before metal deposition followed
by annealing, see Figu®&23 They attributed an improvement mn to the removal
of resist residue by the low power,@lasma (confirmed by X-ray photoelectron spec-
troscopy) despite the simultaneous damage to the undegryaphene (confirmed by
Raman spectroscopy). It is likely that in this situation timpiovement irp. from the
removal of resist residue outweighs the increasg.ifrom the amorphisation of the
graphene beneath the contact. Sputtering affords no susfibas it only damages
the graphene without removing the resist residues.

With regard to superconductor-graphene devices, the @pgrted contact resis-
tance measurement is on Ti/Al contacted SGS JJs in the seewimerimental work of
Heerscheet al. [31]. They reported a value ¢f. < 2.5 x 102 Qum, which is amongst
the smallest reported for any graphene device. This is nilady lattributable to the
UHV base pressure of their electron beam evaporation greygtem, as there appears
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to be a correlation between base pressuregangthen comparing the otherwise sim-
ilar devices of Heerschgll], Danneaul58 and Russcet al. [139. Whether such a
low contact resistance is required for SGS devices remaihs tletermined, however
other groups that have successfully observed a supertuawesxplicitly state a need
for highly transparent contac&g.

6.4.3 Discussion of Recent Results on SGS Devices with Sputtered
Contacts.

During the course of writing this thesis, results have bealiphed in which a su-
percurrent was successfully observed in a SGS with Ti (4 ntm40 nm) contacts
sequentially deposited via magnetron sputtediifj[A schematic of the device geom-
etry as produced by Rickhaesal. is shown in Figuré.24(a) with false colour SEM
images of narrow and wide devices shown in Figug&sl(b)and6.24(c)respectively.
The contacts were characterised using a L@y 10um Ti/Nb test strip, from which
the critical temperaturd,. = 8.5 K was measured.

The EFE measured on the thin sample is shown in Figu2g(a) showingVpjrac
very close to 0 V, with a conductance minimum(at: 5¢*/h and quoted field effect
mobility of 1 ~ 3,000 cm?V~'s™!, which is below what we typically measuré}’
measurements performedZt= 20 mK on the wide sample shown in FigulBe&25(b)
indicate the presence of a supercurrent and a critical myrfewhich is gate depen-
dent./. ~ 10 nA at Vs = 0 V for the junction withi’’ = 30 um andL = 400 nm. This
is a particularly small value fof., given the relatively large dimensions of the device.
Assuming a similar conductance for this junction as thatigufe 6.25(a)and using
R = L/(GW) the I.R,, product, where Ris the normal state resistance, is found to
be~ 0.65 uV at Vg =0 V. A survey of the literature as presented in Tehkindicates
that this value of.R,, is several magnitudes lower than measured in other devices.

The relationship betweeh.R,, and T in a Josephson junction was modelled by
Likharev[l67]. The result of this model is shown in FiguBe26 for several values
of L/&,(T.) where&,(T,) is the coherence length in the weak-link between the two
superconducting contacts (in this case graphene) when I inTbroad terms/.R,,
is shown to increase asd.(7.) — 0 and decreases as—+F T.. §, was measured in a
SGS junction to be 260 ni8}], assuming other SGS devices have comparable values
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Ti 4 nm

Graphene

(b) (c)

Figure 6.24: A schematic of Rickhaust als Ti/Nb contacted graphene SGS device structure
is shown in a). b) and c¢) show false colour SEM images of two differenicds, with the
superconducting contacts shown in blue and the contacted monolaykegesitake in yellow.
Taken from Ref. 47].

Author Material T. (K) Metal Deposition ~ I.R,(uV) T(mK) Reference
Du Ti/Al 1.0 E-beam 60 200 32
Heersche Ti/Al 1.3 E-beam 60 30 37

Jeong Pbin/Au 4.8 Thermal evap. 150 6 401
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 ofl.R,, for devices in the literature.
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6.4 Depositing Metals on Graphene

Figure 6.25: Transport measurements performed on Ti/Nb SGS device showing ajcond
tance as a function dfg and b)IV curves taken at several valuesi@findicating the presence
of a supercurrent. Measurements were performed at T = 20 mK. TakerRef. @7].
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L/&,(T,) =

eR_I./A(0)

0.01

Figure 6.26: Dependence of normalizddR,, on temperature based on the microscopic theory
developed by Likharev for a superconductor/normal-metal/superctordiosephson junction.
Curves for L£,(T.) =0, 2, 3,4,5, 6, 8,10 and 12 are shol®§.
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and knowing L = 400 nm in the Ti/Nb device, it is likely that tHevice will show an
I.R,, dependence similar to thed[(7.) = 0 or 2 curves.
For0.37T. < T < T, a simplified form of the critical current is:

[A(T)? exp (—£)
TCg'I’L

Itis clear that there is a strong dependence on the tempe@dpendent superconduct-
ing band gapA(T'), which, given thatA(0) « 7., we would expect. R, to increase
with T.. In this respect the Ti/Nb contacted devices clearly uneldopm with I.R,,
far lower than Ti/Al devices, despite having a highér The measurement temper-
ature cannot account for this as the devices were measufBd=880 mK, which is
well below T.. A likely cause of the low value of. R, is an increase in damage to the
underlying graphene when depositing contacts via spagerather than using elec-
tron beam evaporation, which is in agreement with contaistance measurements as
discussed in Sectio.4.2

The authors also state that a minimum of 4 nm of Ti must be usethserve su-

(6.20)

1. x

perconductivity in their samples. It is possible that thasTacting as a momentum
buffer during sputtering, shielding the graphene from thpact of the Nb atoms dur-
ing growth. Ti is a relatively light element, and so shouldndge the graphene less
during deposition. This would imply that Ti is preferableRd (which is a heavier
element) for sputtering on graphene, because of a reduatioansferred momentum.

Ultimately SGS devices with sputtered Ti/Nb contacts shovwenefit over evapo-
rated Ti/Al devices, in terms of operating temperaturepdeghe significantly higher
T. of the contacting metal. The benefit of such a device is thidrigritical field of
Nb compared to Al, which allows superconducting and highldfdenomenon to be
observed at the same time, and the interplay between thexstigated.

6.5 Conclusion

In this chapter the transfer length method has been usedetblish the contact resis-
tance of our graphene devices contacted with Pd/Nb bilayférs method was applied
to both an irregularly shaped sample and a sample with a mmifeidth achieved
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through etching. Both devices demonstrated contact resissawith gate voltage de-
pendencies with a maximum (minimum) in contact resistatseo/ed al/piac in the
unetched (etched) device. Ab;ac the contact resistance of the unetched and etched
devices were found to be 556 1.0 k2um and 1.9+ 0.3 kK2um. The discrepancy
between the two devices could be because of the additiobatédion steps required

to produce the etched device. Surveying the literatureetiseclearly significant vari-
ability in contact resistance, depending on factors su¢hefabrication method used,
choice of contact material and the metal deposition enu@mt. Hence, the contact
resistances in the literature span a range from¢106 to 1 MQum.

The use of highly energetic metal deposition techniquesh si8 magnetron sput-
tering, is likely to be a key contributor to large contactisesnce measurements. Ra-
man measurements performed before and after sputterinthof Eyer of Pd, clearly
show that the graphene underneath the contact transfontedmorphous carbon be-
cause of sputtering. As a result, sputtered contacts almmosgtrsally show higher con-
tact resistance than devices with contacts deposited aslegs energetic procedure,
such as electron beam evaporation. A low interface traesggrhas been identified
as limiting the magnitude of the critical current in grapaéased Josephson junctions
(refer to SectiorR.6) and so alternatives to direct sputtering of metals in tlas<of
devices should be considered to ensure optimum performance

Finally, the asymmetry observed in the etched transferttermgasurement device,
has been understood in terms of the doping of the grapherebyétal contact by the
formation of an interface dipole. The model first developgdbuchiet al. [148 con-
sidered only a linear decay of the contact induced dopingnehig into the graphene
channel. This has been extended further to explore othesitpgesdecay profiles. It
was found that 4 /= decay gave the best possible fit to the experimental datewidic
in good agreement with the doping profile predicted by theory
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Opto-electronic Response of Graphene
Devices
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7.1 Photocurrent Generation in Graphene Devices

While the transport measurements presented in the previears provide a great
deal of information about the graphene devices, there isadgdantage in that they give
very little information regarding any spatial variatiomsthe samples’ properties. Ow-
ing to its marked opto-electronic response, graphene hasmea possible candidate
for incorporation into photodetectors and photovoltaicices. Furthermore, there is
the possibility of probing the properties of graphene dewvisy scanning a laser over a
device and measuring the generated photocurrent (PC) agi@ofuof laser position,
in a technique known as scanning photocurrent microscoPZ&). One possibility
this opens up is the ability to establish in what manner thetiom of £/ varies across
a given device.

In this chapter, the basic theory behind SPCM is presentetiethas a description
of how the Raman system was utilised to perform these measatemThis is then
followed by SPCM measurements taken on several deviceshvaoiconly show the
generation of a photocurrent in our devices, but also cortfiep-type doping of our
Pd/Nb contacts, as was suggested by the transfer lengthureeants presented in
Chapter6.

7.1 Photocurrent Generation in Graphene Devices

There are three main mechanisms that have been establshrplain the generation
of a PC in graphene devices when stimulated by a laser sotileefirst mechanism
is the photovoltaic effect, whereby photoexcited elecinote pairs are accelerated in
opposite directions by the presence of an electric field. ARGeasured when either
these accelerated charge carriers reach the contactsaudsecf the establishment of
a local photovoltage at the laser excitation spot, whick &xdrive a PC through the
rest of the devicd[68. Leeet al. [169 were the first to measure an opto-electronic
response in a graphene device and they attributed the gedd?& entirely to the
photovoltaic effect. Several other authors confirmed thesmanism as a source of PC
in graphene device$fl; 108 170 and it provides a particularly convincing explanation
of the strong photoresponse measured at graphene-metdhogs.

Despite the success of the photovoltaic model it provedfiognt to explain the
polarity of the PC as a function dfs in a myriad of graphene based devices, such
as top-gated p-n structurd@d[l] or graphene monolayer-bilayer junctioh3fl]. These
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7.1 Photocurrent Generation in Graphene Devices

results can be explained by a contribution to the PC fromhiibemoelectric (Seebeck)
effect. When there is a thermal gradient across a metalrefecat the hotter end have
greater velocities than those at the cold end. For this reaseet diffusion of electrons
from the hot end to the cold end occurs, until the generataxtrét field resulting from
the charge imbalance acts to stop any further diffusion ¢fdhectrons. The result
of this effect is that a potential differencel is generated across the metal, with the
hot end at positive potential. The generation of a potediitdrence across a sample
through this process is known as the Seebeck effect. Theitudgrof this potential
difference is given by:

dV = SdT, (7.1)

wheresS is a material dependent parameter, known as the Seebedicieref(or ther-
moelectric power). When two metals, A and B, with Seebeck adeiffisS, andSp
respectively are joined, a thermo-voltage is measuredathe A-B interface. Assum-
ing S4 andSpg are approximately constant over the temperature rangstige¢ed, the
thermo-voltage can be calculated:

Vap = (Sp — Sa)AT, (7.2)

where AT is the temperature gradient across the junction. This dey@gometry is
otherwise known as a thermocouple and is a common way of megdemperature.
The Seebeck coefficient is related to the electrical rasistaR, through the Mott
formula, which in graphene takes the fodtp; 126:

_ wkT 1 dR dVg

S = - 7.3
3¢ RdVe dE |,_p,~ (73)

A graphical representation of the variationSrwith £ as predicted by Equation3

for a graphene sample is shown in Figidt& In a graphene sample it is also possible
to have spatial variations iAx (and R) and as a resuli can also vary spatially. When
irradiating the sample with a laser light source, electranesexcited from the valence
band into the conduction band. These electrons then relek toaZ by phonon
emission, to form a distribution of hot fermions, which cadetected as a PC because
of this thermoelectric effect. This has been unambiguodsiynonstrated in top-gated
graphene FET deviceR)9 110, by showing a PC that depends on the top-gate and
back-gate voltage in such a way that can only be explainethdyonmonotonically
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S A R
0 CNE_—
CNP <
Er

Figure 7.1: Schematic showing the magnitude of the Seebeck coefficient in graphene as
function of Er with respect to the Dirac point. The inset shows the characteristic resgstanc
response for comparison. Taken from R&fL().

varying Seebeck coefficient predicted for graphene, asshowigure7.1, generating
a photovoltage in accordance with Equatib&

The third PC generation mechanism that has been suggestexibslometric ef-
fect, where a change in current is measured as a result cdiske heating the device,
changing its overall resistance. This mechanism is onlyiegdge to devices under
bias and is only of appreciable magnitude at relativelydagurce-drain biases. Bolo-
metric effects aside, establishing the relative contrimsg to the PC from the pho-
tovoltaic effect and thermoelectric effect is a non-triypaoblem, which is only now
being addressetlfg. As such, the following work in the remainder of this chapte
will be presented in terms of there being an appreciablegvottbic effect, although
there could be a sizeable contribution from the thermoeéeeffect.

7.2 Experimental Set-up

A typical set-up used to measure the opto-electronic respoif graphene is shown
in Figure7.2 A graphene sample is placed on a Si/Sgdbstrate and contacted with
source-drain electrodes forming a FET. The carrier densityhe graphene flake is
modified via the field effect through the application of a gatétage to the highly
doped Si substrate. The potential between the source-coatacts is measured with
a voltmeter, in this case via a SR560 low noise voltage preliierpcoupled to the
DAC (see Figure.8for more details).
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7.2 Experimental Set-up

Source

Figure 7.2: Scanning photovoltage microscopy measurement set-up. The laser spoted
across the sample in the— y plane while the source-drain voltage is measured. A global back
gate enables the measurement to be performed at a variety of currsittesen

SPCM is performed by scanning a device with a laser spot andurieg the re-
sultant current (or voltage), between the source-draitiemts. This enables a PGy,
(or photovoltagel,n) map to be reconstructed, whereby the source-drain cufveltt
age) is plotted as a function of laser position. The lasenftee Horiba Jobin-Yvon
Raman system (refer to SectiBrR.3 was used for this purpose, as the position of the
laser spot can be accurately set by reflecting the laserdiflat mirror, whose angle
can be controlled via piezoelectric motors. The simultaisgaositioning of the laser
and measurement of the source-drain voltage was achieadbgpoke software, that
enabled the transport rig consisting of a PC, DAC and pre-iéienglto manipulate the
laser mirror, via communication with the Raman PC using the/TRCRetwork proto-
col. A circular laser spot with an area ofi@n?, power of 0.3 mW and wavelength
=532 nm was used to illuminate the graphene sample. Thedpsémwas then raster
scanned over the area encompassing the device. The minitepnsige of the laser
spot available, based on the use of akx5@bjective lens, was- 0.05 um, however a
step size o~ 0.2 — 1.0 um was more typical, depending on sample size and time
constraints. After each discrete movement of the laséreedn/1” measurement was
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performed wheré/sqg was swept over a 1 mV range and the current measureld,yor
was measured at zero bias directly. The advantage of tles tatthnique was that it
was considerably faster, facilitating the use of smallsetastep sizes, so higher reso-
lution V;,» maps could be constructed. The disadvantage of this meshibei it does
not enable the graphene sheet resistance to be monitorethenBC to be deduced,
without prior knowledge of the graphene sheet resistance.

A common addition to the experimental set-up is a photodi@® 109 169-
177, which is used to collect the reflected light from the devidéis is useful, as
it allows the position of the source of any generated PC todierthined to greater
accuracy, with respect to the contacts. Unfortunatelygetheas insufficient time to fit
a photodiode in the Raman system and so an optical image oftheed taken prior
to scanning the laser over the device, was used for compaatrposes. The disad-
vantage of using this technique was that the position of thecé would sometimes
shift by several micrometers during the course of the measent, making precise
identification of the source of the PC difficult.

7.3 Experimental Results

A preliminary measurement of the opto-electronic respaisegraphene sample was
performed on sample SG075, the sample that was previously tasinvestigate the
effectiveness of our on-chip heaters (see ChagjteAn optical image of this device
is shown in Figure7.3, with the Pd/Nb source and drain contacts labelled. TVie
response of the device was measured under ambient corglitieimmg a two terminal
geometry, with the DAC used to bias the device, and curreshvatiage pre-amplifiers
used to measure the drain current and source-drain volespectively. The laser
position was moved in steps ofidn over a 40x 40 um area, encompassing the entire
device, and at each point & measurement was performed using a maximggof
1mV.

Figure 7.4 shows thelV response of the device for 3 different laser positions,
namely when the laser is at the source contact, off the safdai& current) and at the
drain contact. When the laser illuminates either the sourtieecdrain contact, there is
an offset in voltage of théV response, and as a result a PC will be observed to flow,
even when there is no source-drain bias. The observed shitiliage at the source
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Figure 7.3: Optical image of graphene sample SG075. The source (S) and draioifcts
have been labelled in the optical image and the graphene flake outlined.

contactwas\lV' = —60+5 pV, corresponding to a zero-bias PCIgf = 32+2 nA. At

the drain contacAV = +70+5 puV corresponding to a zero-bias PClgf = —45+2

nA. The change in polarity of the PC at either contact is altesithe mirroring of
the junction geometry, from metal-graphene at one contagraphene-metal at the
other (see Figur&.5. The Pd/Nb contacts are expected to dope the graphenesp-typ
based on the results presented in Chaftérhe doping profile of SGO75 prior to the
PC measurements suggested thatzat 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-nepiqun.
The measurement of a positive (negatiyig)at the source-graphene (drain-graphene)
interface atl; = 0 V is in good agreement with this conclusion, assuming tGa<P
generated by the potential profile close to the contacts.r@sistance of the device, as
determined from théV measurements, was found to b&0 + 0.02 k2 for all three
measurements, suggesting that there is minimal heatinigebaser or that the heating
is highly localised.

Figure7.6 shows the measuregy, as a function of laser spot position. The bright-
est lobes on the map are situated at the contacts, with tlreescantact (top right)
showing a strong positive PC and the drain contact (bottdindeowing a strong neg-
ative PC.I,, = 0 nA is measured when the laser is far away from the grapheeet,s
which supports the source of the PC is photo-excitation ofea by the laser. Addi-
tional PC features are observed in the graphene channiél Psterset al. observed
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Figure 7.4: I'V measurements taken on SGO075 with the laser spot in three different pasitions
at the source contact, off the sample (dark current) and at the draiactorA positive or
negative shift in/ is observed depending on the position of the laser. The PC is given by the
value of/ whenVsq = 0. Conversely the photovoltage is given by the valu&gfwhen’ = 0.

similar features at the boundary between intrinsic graplam n-doped graphene and
attributed the effect to a purely photovoltaic procé8§. Measurements performed
by Xu et al. also showed features in the centre of the graphene chantined Bound-
ary between monolayer and bilayer graphene, which theipatid entirely to the
photo-thermoelectric effectff1]. Given the consistency of the optical contrast of the
graphene in the optical image, the presence of charged i@sus a more likely cause
of the optically active regions, rather than monolayeaysr graphene boundaries.
Further investigation into the opto-electronic effectggodiphene necessitates the
application of a gate voltage. This was attempted under@mloonditions with sam-
ple SGO75, however no significant change in PC response wses\aul. Instead a
different sample, SG100, was employed, which was measuréer wvacuum- 10~°
mbar) in a microstat at room temperature. An optical imagthisf device, consist-
ing of a monolayer graphene flake contacted with Pd/Nb ctsitacshown in Figure
7.7(a) A two terminal EFE measurement performed on the same deygl@own in
Figure7.7(b) demonstrating a broad peak centred arougd. = —55 + 5V, suggest-
ing the graphene is significantly n-doped. Photovoltageshpdgited for increasingly
more negative values of; are shown in Figur&.8. EachV}, map was taken by mea-
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Figure 7.5: Schematic demonstrating the source of the polaritiptiuring a SPCM measure-
ment because of the photovoltaic effect. a) Cross-section of a two tergrayaihene device
indicating the positions of the source and drain contacts. Laser irradidtitre @raphene
channel next to the source and drain contacts is considered. b) ahdw)the shift in Fermi
energyAFE (solid black line) of the graphene channel as a function of position withedto
the CNP (dashed blue line). Pinning Bf by the metal contact by an amoufatp forms a b)
p-n-p junction whem\ E >> 0 and a ¢) p-p-p junction whenAE < 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 SGO7%at= 0 V. The bright red and dark
blue regions in the upper-right and lower-left regions of the deviceespond to the positions
of source and drain contacts respectively.

suring the potential across the source-drain contacth, vatapplied bias while raster
scanning the sample with the laser (step size 3u0). The source-drain voltage was
measured using the DAC card via a voltage pre-amplifier. Teshod enabled the
acquisition of PC data 8.5 times faster than ifiebased method, enabling a 3025
um area to be sampled with a laser step size of®bn 23 minutes for a given value
of V&.

At Vs = 0V a positive (negative)yy, is observed at the drain (source) contact.
This is equivalent to the response shown by sample SGO75urér.6, as the po-
larity of the V, is always opposite that af,. As Ve — Vbirae, the magnitude of/,
is observed to increase, which is because of the increassigtance of the device
from a reduction in carrier density. Whérg > —51V, V, is significantly lower
than that near the contacts, while whigg < —51 V the magnitude ofyy, is equiv-
alent to that close to the graphene-metal interfaces. Thkergation of a significant
photoresponse in the channel wh&p is close the CNP is in good agreement with
measurements made on a similar device by eeal, which they attributed to the
presence of charged impuriti@§[9. For values ofis far from Vpj5c, the fluctuations
in carrier density across the sheet are insignificant, coethto the overall carrier
density and so a reduction Iny, is observed. Al ~ 51V, the polarity ofl/, at the
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Figure 7.7: a) Optical image and b) gate response of graphene sample SG100.ufte aod
drain contacts have been labelled in the optical image and the graphenedtiked. The
gate response shows a greatly shifted CNP Wighyc =~ —60 V.
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-0.6 mV 0.0 mv 0.6 mV

Figure 7.8: Spatially resolved PC maps at various transport regimes of grapheiee dev
SG100. The sequence of images display the PC responkg isswept from 0 V to—80

V. The approximate positions of the source (S) and drain (D) contaciadicated. The sign
of the Vph response at the drain contact changes at approximat#ly/ which corresponds to
the position oflpirac. The arrow shown on the PC mapla = —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 furfclign o
PC was measured with the centre of the source contact illuminated with the Resgstance

was measured without the laser prior to the PC measurement. The peaktamn@sisccurs at

Vbirac ~ —56 V while the sign of PC changes at approximately~ —52 V.

source contact changes from negative when the grapheneaham-type, to positive
when the graphene channel is p-type. The change in polaraydirect result of the
position of £, changing to either above or below the pinned Fermi enéxgy,in the
metal contacted graphene. A similar polarity change at thmmaontact was expected
but not observed. A possible cause of this is charged imesinitear the drain contact
resulting inEx in the channel near the drain contact not being the same tedha
the source contact. A large amount of inhomogeneity is epleio this device, as a
result of the very broad peak in the EFE measurements, irtiaddo Vpi o being far
from Vs = 0 V, which is typical for highly doped extrinsic graphené.Vk had been
swept to—100 V or more, it is likely that a reversal dfy, at the drain contact would
have also been observed.

The polarity ofV, is first observed to flip at the centre of the source contactdis i
cated by the arrow in Figure.8. A plot of I, as a function of/; at this point is shown
in Figure 7.9. I, was calculated using the measured zero-igsand the device
resistance, as measured before illuminating the sampletiw laser. As there was
hysteresis in the gate response, only the down sw&ep 0 V — —80 V) resistance
data was used, which coincides with the order in whiglwas varied when taking the
maps of photovoltage. The peak in resistance occurgat ~ —58 V while the sign
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7.4 Conclusion

of I,n changes ak; ~ —52 V. A positive offset of the value df; at which the polarity

of I, changes was observed by Letkal. for Au contacts, while Ti contacts showed
a negative offsef[69. 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 diffenetdl work-functions. As
such, the small positive offset observed, further suppbisthe Pd/Nb contacts act
as a p-type dopant when contacting graphene. This agrelesagent measurements
performed on Pd contacts performed by several auth88s[L73 174. Given that 3
nm of Pd was used in the Pd/Nb contacts, it is expected tha¢thuttant work-function

of the bilayer metal will be close to that of pure BE[]. It should be noted that the
shift in Vg away fromVpirac is smaller than expected, based on the results of several au-
thors for Pd contacted graphef8g 173. One possible explanation is that scanning
the sample with the laser could change the position of the ONPsa the pre-scan
R versusl; response is unrepresentative of the state of the samplegdime scan.
Another possible cause is oxidisation of the contact meiterithat the Nb cap has a
greater impact on the overall properties of the contactrd fsealso an issue of limited
resolution both inc andy, but also inV. A better method of measuring, versuslg
would be to position the laser at the contact and then sweepth smaller step sizes
to determine more accurately when the polarity/ gfswitches. Again measuringy,
directly rather than calculating it froivi,, would also be beneficial.

7.4 Conclusion

In this chapter the opto-electronic response of severgdignae devices has been in-
vestigated. This has been achieved by modifying a Horibandét’on Raman system,
via the production of custom software enabling the positbthe laser on a sample
to be correlated to electrical measurements. A laser positependent PC was mea-
sured in all graphene samples tested. A particularly sti®@@gwvas observed at the
contacts, which is understood to be because of the presémoeabelectric fields at
the graphene-metal interface because of contact indugadglof the graphene. The
polarity of the PC at the source and drain contacts sugdestsite Pd/Nb electrodes
used to contact the graphene act as p-type dopants, whiclgsod agreement with
the model used to fit data taken using the TLM presented in @hépThe PC has also
been measured as a functionl@f, showing a reversal of the polarity of the PC near
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the CNP, which is understandable in terms of the photovolfiect. Finally, these
measurements establish SPCM as a viable characterisatiomdee to be used here
at Leeds.
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In principle, when attempting to produce SGS junctionsidfa@e a number of compo-
nents that must be optimised, aside from producing conteltish are superconduct-
ing. Firstly, graphene of sufficient quality must be prodiic&Vhile the isolation of
individual high quality flakes of graphene by the mechangdbliation procedure is
relatively trivial, the processes these flakes undergoddymre working devices results
in graphene with sub-optimal properties. In particularfae contaminants such as
remnant polymer resists or water from the ambient condsti@tt to shift the CNP
away fromVs = 0 V and broaden the peak in resistance observed in EFE neeasur
ments. Consequently, the devices produced have a greatenanfdnhomogeneity,
with an accompanying reduction in carrier mobility, whiattsato prohibit the obser-
vation of interesting phenomena such as the QHE.

Chapterd presents the data from attempts to remove surface contatsititaough
in-situannealing techniques. Two techniques were exploredyfitathting the graphene
devices indirectly with a platinum micro-heater patteriregroximity to the graphene
device. A second technique involved heating the grapheeettli through Joule heat-
ing via the application of a large source drain current. Tlagmum heater was found
to successfully sustain temperatures of around 400 K, medsia a calibrated plat-
inum strip. This temperature was sufficient to observe aatoiu in p-type dopants
which were responsible for a significant positive shift af NP in some areas of the
device. Upon failure of the heater at higher heating powansappreciable shift in
the CNP of the graphene to a more negative value was obsertésiwas attributed
to the deposition of platinum adatoms by the destructiorheftteater. As such, this
method could be used to intentionally dope grapherstu, when fitting a separate
metal deposition system is not possible. The novel use o&@npim micro-heater to
improve the homogeneity of graphene devices has thus besempa viablan-situ
technique. Through optimisation of the heater design, deaihg power and duration
could be increased. The use of a local heating technique asithis may also have
benefits when incorporated into a temperature sensitivieelev

The second annealing method explored was current annealitechnique pio-
neered by Moseet al. [79], whereby a large source-drain current is applied, which
heats the device via Joule heating. By applying a large cudemsity of around 0®
Acm~2, the CNP of a two terminal graphene device was shifted toward 0 V,
which indicated a removal of dopants, while a reduction makierall resistance was
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attributed to a possible improvement in contact transpgatemo assess the tempera-
ture reached by the graphene during this anneal, time m$ddaman spectroscopy
was performed. From the shift in energy and width of the attaréstic Raman G and
2D peaks, the increase in temperature was estimated to be ofder of several 100
K. A disadvantage of the current annealing technique wasdstrated, in that it was
often highly destructive, with devices regularly losinga@tonic contact following an
anneal. The most likely point of failure is the grapheneahetterface, owing to a
high contact resistance, which invariably leads to a digpritonate amount of heating
at the contact, in comparison to the graphene sheet.

Ultimately, for the reproducible production of high qugldraphene devices with
minimal extrinsic dopant contributions, alternative aalivey procedures should be ex-
plored. Anex-situtechnique which could remove most of the organic residuasis
nealing in a reactive atmosphere of argon/hydrogen. Thisiigue is readily available
at Leeds using an existing furnace. Despite thisnasituannealing technique will still
need to be employed because of the prevalence of anneal@tesambe affected by
ambient conditiond[75. A particularly promising avenue is the fitting of an anneal
ing chamber to the top of an existing cryostat, which alldwesdevices to be annealed
and then measured without breaking vacuum in-between. Tdduption of such a
chamber is expected to be underway in the near future.

Transport measurements presented in Chdptemonstrate that the quality of the
graphene incorporated in our devices after processingngacable to that achieved
by other groups. EFE measurements performed on one sangplesICNP close
to Vs = 0V, which indicates minimal doping from extrinsic adsddsa The carrier
mobility and minimum conductance of this sample were mesbto be 5,000 cifVs
and1.0 4 0.2(4¢*/h) respectively, which is typical for good quality samplesgroed
using lithographic techniques on SiGubstrates. Despite this, a linear dependence of
conductance on carrier density suggests that charged itmeguare still the dominant
scattering mechanism, even in a sample which otherwiseshonimal doping.

QHE measurements were performed on both etched and urdgitdrear devices.
A particularly clear anomalous QHE indicative of a monolayephene was observed
in a device etched into a Hall bar, with sub-micrometer fezgpusing a combination
of electron beam lithography and oxygen plasma ashing. Nigtdoes this prove the
successful production of a monolayer graphene devicesa sthows that the shape
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of the flake can be controlled without negatively impactitsgproperties. The recent
acquisition of an EBL system with superior patterning calités - combined with
this effective etching technique - could open up severa¢éerental avenues.

In addition to the etched device measurements, an extestidy of thel; and
B dependence of longitudinal resistance was performed omatched device. This
clearly showed the increased splitting of the Landau lewgtls applied field as well
as SdHOs. From the field strength at which the SdHOs were trst¢rgable, the
elastic scattering time was estimated to be approxima@lyf8, giving an estimated
broadening of the Landau levels of 2 meV in line with measets performed by
other authors on devices on SIOA direct measurement of the Berry's phasg,
was also performed, finding = 0.48 4+ 0.01, which directly shows that the charge
carriers in the device were behaving as spin 1/2 Dirac femsid@hese measurements
show that producing graphene of sufficient quality for immoation in devices such
as SGS junctions is possible, reaching the limits of devex@opmance on Si® In
this respect, significant improvement in device perforneafiom a graphene sheet
guality viewpoint will only be possible through the redwactiof substrate effects. This
could be achieved by moving to suspended devices, or devitdgexagonal boron
nitride which - although achieved by several other groupsuld prove an appreciable
technological hurdle to replicate such devices here at$.eed

Aside from the properties of the graphene sheet, the othgoriant factor is the
requirement to have contacts with a low contact resistafirc€hapter6 the contact
resistance achieved with sputtered Pd/Nb contacts wasumeshsising the transfer
length method, in both unetched and etched devices. At the tBBlPontact resistance
of the unetched and etched devices were found t6.be- 1.0 kQum and1.9 + 0.3
kQum respectively, with the variation between the two atteolto differences in
fabrication procedure. These values compare unfavoutaltlyose presented in the
literature, which for samples with comparable contact miateare a magnitude lower
than presented here. This is most likely caused by the uspuifesing to deposit
our contacts, which is a highly energetic technique, coeghéo the more commonly
used method of electron beam lithography when depositintpcts on graphene. The
impact of sputtering on graphene was investigated direxstiiyg Raman spectroscopy,
where following deposition of a thin layer of Pd on graphemesuppression of the 2D
peak and pronounced enhancement of the D peak were obsekeedrding 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 haaenbdemonstrated
in the literature, their performance is far lower than thpseduced using other meth-
ods. From our work it is suggested that this is because offadogtact resistance/low
interface transparency from the amorphisation of the graphwhich acts to suppress
the critical current. To overcome this, contacts should é@odited exclusively using
less energetic techniques, such as electron beam evapordtihis is not possible the
method employed by Popincuét al. [43] should be considered, in which the adhe-
sion layer is first deposited using electron beam evapargiitiowed by sputtering of
the principal superconducting material on top. In this dhgeadhesion layer acts to
preserve the structure of the graphene, which in turn regdtieecontact resistance.

The impact of the contacts on the properties of the graphewieek was also in-
vestigated. According to the model of Giovannettal. [113, charge transfer to and
from the metal and the graphene (depending on relative Wor&tions) can lead to
the doping of graphene by the contact metal. This contaataed doping is most
pronounced at the interface, decaying further in to thelggap channel. Nouclst
al. [148 176 proposed a simple method to model this, based on the pirofitige
charge density at the contact, followed by a linear decayhisf ¢harge density in
the graphene channel. This model was modified to incorpothtr possible contact
induced doping profiles in the graphene and then used to aiethe results of the
etched transfer length method device. It was found thtzadoping profile, where
x Is the distance from the contact, gave the best fit to expatimheata, which is in
good agreement with that expected from theory. The modelslscessfully repro-
duced the increasing asymmetry in the electron and holeuctiah regimes, as the
source-drain contact separation was reduced. Furtherrtf@enodel indicated that
the Pd/Nb contacts doped the graphene p-type, which is id ggeeement with the
literature for Pd contacts, and that this doping extendtxtive graphene channel. The
gate dependence of the measured contact resistance waxtsted from this sim-
ulation, although fitting the model to the experimental daguired some additional
free parameters. This was necessary primarily because obtirse selection of initial
parameters in the model, which could be improved with furtb&nement. Pinning of
the carrier density by the contacts will have a particulé&atge impact in devices with
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very narrow graphene channels, such as in Josephson jusicéind is an aspect that
should be considered.

Finally, Chapter7 presented preliminary measurements of the opto-eleatric r
sponse of our graphene devices, measured using SPCM. Thehiased through the
modification of the a Horiba Jobin-Yvon Raman spectrometaHltov direct control of
the laser position on the sample, coupled with an existiagsjport measurement rig.
The PC generated was measured as a function of laser pasitiihre graphene device
and a pronounced response was measured at the contaceigeadpterface. This was
understood in terms of a local electric field at the interfacaused by charge transfer
between the metal and the graphene - resulting in a photwvdffect upon laser ex-
citation. Measurements performed as a functio@®also supported the photovoltaic
effect as the source of the PC, with a reversal of the polafitig@photovoltage at the
source contact close the CNP. These measurements alsotéudibat the graphene
was doped p-type by the Pd/Nb contacts, in agreement witmtite| used to explain
the previous transfer length measurements.

Close to the CNP a pronounced photovoltage was also obsentbd graphene
channel itself, which could be attributed to either a phottarc or photo-thermoelectric
effect. In either case, this suggests a significant amountboimogeneity in the carrier
density of the graphene as a result of the presence of chargrdities, which is in
line with observations of the formation of electron-holelgles in graphene devices,
when close to the Dirac point. Such inhomogeneity has begposed by Komatsat
al. [42], as one contributing factor to the lower than expectedcaiiturrent in SGS
devices. The measurements performed demonstrate thesstidaenplementation of
SPCM as a complimentary technique for characterising dsvice

The production of high quality graphene devices poses atrivaat problem ow-
ing to the unique nature of the material properties. Its lanrier density results in
it being highly susceptible to doping by charged impuritiesby interactions with
the contacting electrodes themselves, which can have diveegapact on the per-
formance of the devices. Considerations must also be made tméthods used to
fabricate graphene devices because of the monolayer radtgraphene, which makes
it easily damaged by the use of energetic techniques sucasdynetron sputtering.
In particular, these properties make the production of S&f&cds challenging as the
standard fabrication techniques result in inherently leang$parency contacts and a
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8.1 Future Work

highly inhomogeneous carrier density distribution actbesgraphene channel, which
can hinder the transmission of a supercurrent. This thesiddes methods to both
characterise and optimise graphene devices to realiseotleofproducing working
SGS devices.

8.1 Future Work

There is a great deal of scope for future work based on theestymlesented in this
thesis. Through improvements in the design of the on-chapere presented in Chapter
4, the production of a more robust heater with extended meaa aof failure should
be possible. Recent work on graphene FET basedda® sensors have shown that
these devices have improved performance at higher tenupeft7]. Through the
incorporation of our on-chip heater technology the sensjtof such gas sensors could
be improved. Furthermore, it was shown that the sensorsidmeilreset, enabling
multiple uses, via annealing at 10C, which is within the operating range of our
heaters.

Regarding the contact resistance measurements, shown iteCéapere is scope
forimprovement in the charge transfer based model. A mdirger® model has recently
been published which shows reasonable agreement withimergral datal78. De-
spite this, there is significant disagreement with the arpantal data and the model
for some choices of contact material wheip in the graphene is far from the CNP.
The authors only considered a linear doping profile in thelgeae away from the
contact metal. Based on our investigation of alternativarapprofiles, an improved
fit may be possible giving a better understanding of the auion between graphene
and metals.

While the Raman measurements performed on sputtered grafpaleeeshown in
this thesis suggests that significant damage to graphersuged by the technique,
there is scope to reduce this. One such method that could pged would be to
reduce the kinetic energy of the incoming sputtered mdtbsiancreasing the gas
pressure in the chamber. This would act to reduce the kieetegy of the deposited
material by increasing the number of scattering eventdhiestputtered atoms undergo
while travelling from target to substrate. A systematicdgtof gas pressure versus
graphene amorphisation, as determined by Raman spectypsoapd be performed
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8.1 Future Work

in order to improve the operation of graphene devices withtepdeposited contacts.
Given the low yield of exfoliated graphene flakes an alteveasource of graphene
could be employed for this study such as CVD or SiC grown meiteri

Finally, the opto-electronic measurements in Chaptare representative of part
of a growing body of research into the photoresponse of gnapldevices. As such,
there are a number of avenues of investigation availablemtribute to this growing
field. While only Pd/Nb contacts were considered here it issiids that the depo-
sition of contacts with an alternative metal, which resuit@ greater difference in
graphene/metal work-functions, could lead to an increagbe measured photocur-
rent.

With the recent availability of a higher resolution electdeeam lithography sys-
tem here at Leeds there is also the possibility of producirsgpliene devices with
contact geometries designed to enhance the generatedcphretat via plasmonic
oscillations[l4]. There is also growing interest in the use of graphene irafast
photodetectord[79 180 Combining the spatially resolved photocurrent technique
established here with a terahertz radiation laser sourgkl @nable a greater under-
standing of the operating principles behind this emergkasisoof devices.
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