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Abstract

The unique electronic and physical structure of graphene is highly sensitive to its sur-
roundings, producing a promising candidate for future sensor technologies. However,
graphene responds equally to perturbations at both sides of its interface, such that
tuning the chemical potential of the substrate at the graphene-solid interface impacts
the sensor response at the graphene-gas/liquid interface. In this work, two distinct
non-contact graphene sensing platforms are studied under various ambient conditions

to assess their propensity towards molecular sensing.

The different spectral enhancement mechanisms of graphene surface enhanced Raman
spectroscopy platforms are studied through interfacing graphene to differently treated
gold nanodisc substrates. Using statistical Raman analysis, the influence of the chemi-
cal enhancement mechanism with respect to the graphene Raman peaks is assessed.
Moreover, Kelvin force microscopy shows that the locally enhanced electromagnetic
field can induce surface chemical reactions which are dependent upon the sensor
environment. Explicitly, laser illumination in an air/nitrogen ambient, p-/n-dopes the

graphene sheet by ~ -0.87 £+ 0.05 meV/~ 40.75 £ 0.07 meV.

By measuring the change of resistivity of graphene upon gas adsorption using a mi-
crowave dielectric resonator, a contactless non-invasive gas sensing platform is demon-
strated. This large area graphene measurement platform allows evaluation of the real
time sorption processes of NO, with graphene. Using a modified Langmuir adsorption
model, the sticking coefficient is exponentially dependent upon NO, occupancy. Conse-
quently, the possible variation of the NO, binding energy, which is frequently considered
as the main parameter, plays only a secondary role compared to the rising adsorption
energy barrier with increasing NO, coverage. Finally, through preliminary temperature
and electrical gating measurements the charge transfer affinity of graphene based
NO, sensors is explored. Interestingly, the sensor response can be hindered and/or

enhanced by back gate control of the doping in graphene.
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Chapter 1

Introduction

Sensor technologies are becoming increasingly ubiquitous, with the common goal to
improve measurement precision and sensitivity. Molecular sensing is a broad term
encompassing a large range of spectroscopies, chromatographies, microscopies and
electrical platforms spanning the macro- and nanoscales down to single molecular
detection [1, 2]. Although single molecular sensing platforms provide the ability to
detect rare stochastic processes, that would otherwise be burried within the noise,
leading to insights into chemical reaction mechanisms [3, 4, 5]; quantitative analy-
sis requires the measurement of a large number of events requiring the process of
large quantities of data [6]. Indeed emerging smart sensors look at integration with
computational processes to account for this emerging demand [7, 8, 9]. With this in
mind, macroscopic sensing is still vital in certain applications. For example, cheap
chemiluminescent nitrogen dioxide (NO,) gas sensors loose their efficiency at higher
concentrations [10]. As a result, monitoring realistic city pollution levels or in labo-
ratory environments at concentrations of detrimental toxicological impact [11, 12]

suggests the need for highly sensitive accumulative gas sensors.

Graphene is an interesting platform, both for ultra-sensitive spectroscopic Raman based
sensing and chemo-restive type accumulative sensing applications. The former provides
chemical identification of the measurand species, although is limited to the nanoscale
and requires specialist equipment. Whereas the latter provides simple, fast and real

time cumulative molecular detection via simple electrical resistance measurements;

29



30 Chapter 1. Introduction

although chemical disambiguation is still a challenge. However, this versatility of
graphene, specifically its ability to integrate with multiple sensing technologies po-
tentially provides a way to maximise the benefits of each sensing technology while
hopefully minimising their respective shortfalls. Indeed, graphene has shown promise

for a large range of sensing platforms [13, 14, 15, 16, 17, 18, 19].

Graphene is comprised of carbon atoms arranged in a two dimensional honeycomb
lattice with a single delocalized electron per atom. Remarkably, this arrangement gives
rise to a band structure with a linear dispersion around the K points of the Bouillon
Zone Boundary - from which all its unique properties arise [20, 21]. As a consequence,
the charge carriers of graphene, known as Dirac Fermions, are highly sensitive to
modulations of the carrier density [20]. Therefore, external perturbations to the crystal
structure or carrier distribution can be directly probed and/or measured; which is

especially desirable for quantitative analysis of measurands [14].

Of particular importance for gas sensing, graphene exhibits: unique optical proper-
ties, which include broadband light interaction and a particularly high Raman cross
section [22, 23]; high tunable electrical conductivity [24, 25], which is perturbed in
the presence of adsorbate species [26]; high thermal conductivity [27, 28], which
furthers the robustness of nanoparticle based surface enhanced Raman spectroscopy
platforms [29, 30, 31] and; sensitivity to mechanical stress and flexibility, which enables

integration to a wide range of nano-patterned substrates [32].

Therefore, the work in this thesis focuses on two distinct, non-contact graphene sensing
platforms: a graphene surface enhanced Raman spectroscopy (G-SERS) platform, which
is a highly sensitive Raman based spectroscopic sensor comprised of graphene integrated
with a periodic gold nanodisc array; and the development of a novel graphene coupled

microwave dielectric cavity gas sensing platform, which is shown to be a highly sensitive



1.1. Gas Sensing Technology Overview 31

accumulative gas sensing technique based on the measurement of electrical sheet
resistance. Although the G-SERS platform can be used as a molecular sensor in
aqueous solutions, the discussion in this thesis will be framed in terms of ambient gas
sensing. In short, it is the nanoscale interactions at the graphene interfaces which is
the common focus of this work. In both platforms, the graphene charge density is
modulated either through graphene substrate treatments, electric field effects and the
adsorption of environmental gases. Interestingly, the relative doping of the graphene
surface is shown to enhance and/or hinder certain aspects of the sensor response which

is shown to be potentially pivotal in designing selective graphene sensors.

1.1 Gas Sensing Technology Overview

Gas sensors technologies are used in all walks of life including research and develop-
ment, industry, environmental monitoring, earth observation and health and monitoring
toxicological hazards [33, 34, 35, 36]. However, the diverse range of applications
requires sensors capable of gas detection at various concentration ranges and the
importance of sensor properties such as sensitivity, selectivity, detection limits, recovery
and response times depend upon the application. Metal oxide semiconductors rely
on redox reactions of gases at the surface to facilitate a charge transfer and produce
an electrical signal [34, 37]. This signal can be detected as a change in capacitance,
work function, optically or thermally depending on the metal oxide sensor. Although
some metal oxide sensors have the benefit of miniaturisation, they also typically re-
quire high operation temperatures [37]. Alternative chemiresistive gas sensors which
overcome this shortfall include polymer, carbon nanotube based and graphene sensors
which don’t require high operating temperatures [38]. Moreover, polymer sensors are

compatible with chemical species that can degrade metal oxide sensor performances
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[34].

Optical based gas sensors depend upon the measurement of absorption at particular
wavelengths, where the absorption frequencies in the UV/Vis and IR correspond to
electronic excitations and molecular vibrations respectively [39]. Interestingly, optical
cavities provide some of the most chemical selective and sensitive gas sensors, since
the path length is so large and the measurement relies upon the the chemical spe-
cific electronic excitation being stimulated using a monochromatic source [40]. On
the other hand, gas chromatography techniques are more widely used for analytical
measurements of gas mixtures. Gravimetric gas chromatography is widely used for
accurate measurements and chemiluminescent sensors measure the ratio of the target
gas with a reference upon illumination, which are useful for low cost NO, pollution

monitoring [41, 42].

Recently, there has been a driving trend to scale down current sensor technology
and design light, flexible and wearable sensors [7, 18, 43, 44, 45]. Furthermore, the
incorporation of nanostructures is ideal for improving the surface to volume ratio in
gas sensors. Moreover, metallic and dielectric nanoparticles are easily functionalised
adding selectivity to gas sensing performance [3, 46, 47], which is a problem for most
electronic based sensor arrays [48]. As a result, two dimensional materials such as
graphene are particularly suited in the development in the next generation of sensor
technology, since they are integrable with nanophotonic and nanoelectronic devices

enabling multi-functional capabilities [43, 49, 50].
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1.2 Graphene Gas Sensors Overview

In recent years there has been a development of a wide range of gas sensing platforms
that rely on the unique properties of graphene [13, 14, 15, 16, 43]. Most graphene
gas sensors function by measuring a change in electrical conductivity induced by gas
adsorption. Upon adsorption, a p-type (n-type) gas will donate holes (electrons) to the
graphene sheet, which modulates the charge carrier density and dopes the graphene
which can be electrically detected via traditional DC measurements [26, 51, 52, 53,
54,55, 56, 57, 58, 59]. Even nanomechanical pressure sensors rely upon measuring
the change in electrical resistivity due to strain on suspended graphene nanodrums

[60, 61, 62].

Consequently, graphene molecular sensors have fast response times and high sensitivity,
with the potential for single molecular detection [26, 54], and have been shown to be
capable of distinguishing chemically similar gas species by analysing these response
times; explicitly the overall magnitude, gradient and shape of the sorption sensor
response curves are dependent upon characteristic graphene—molecule interactions
[63, 64]. Indeed there are a number of studies that discuss improving graphene
responses by functionalising it [65, 66, 67, 68, 69, 70, 71, 72], optimising the graphene
carrier density through field effect transistor devices [73, 74, 75, 76, 77], introducing
defects [65, 71, 78, 79, 80, 81], and by studying the binding affinities of graphene and
graphene derived 2D materials [78, 82, 83, 84, 85, 86, 87].

Interestingly, due to the gapless nature of the graphene band structure, graphene is a
poor light emitter [22] despite having a relatively high optical absorbance (2.3% of
white light) considering graphene is an atom thick material [23]. As a result, only light

emission via phonon mode scattering or rather Raman spectroscopy is widely studied.
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Table 1.1: Overview of gas sensing technologies used for NO, detection. The limit
of detection (LOD), typical concentration ranges and typical measurement response
times for the range indicated for NO, detection is compared. A brief overview of their

advantages and disadvantages are also compared.

Response .
Technology LOD* Range Time Advantages Disadvantages Ref.

Graphene Contactless large area Long recovery time, no specificity

Microwave ~87 ppb | 0.1-100 ppm 5 mins measurement, real time or selectivity, need high resistivity [88, 89]
% Method accumulation, easy fabrication substrate.
g Graphene DC Integrable with nanoscale Costly fabrication, no specificity or
& Transport 0.158 ppt | 0.1-100 ppm 5 mins electronics, potential ppt selectivity [16, 15, 90]
é sensitivity, real time accumulative
= Metal Oxide 10 ppb to Incompatible with corrosive gases, | [91, 92, 93,
E Semiconductors | 10.6 ppb 100 ppm <5 mins Low cost, readily available poor selectivity, high operating 94]
o temperatures
19}
= Well established, portable, low | Liquid electrolyte, Failures modes

Ampeoteric 6 ppb 5-500 ppb 1 min cost, Conmpatible with a large are not revealed unless advanced | [33, 94, 95]

range of gases including VOCs** monitoring technique used.

° Potentially Specialist equipment, dependent
E) SERS single 0.1-3 ppm 3 to 5 mins Spectroscopic determination on overlap of plasmon mode with [33,96]
a molecule vibrational mode
7] Chemi- Measurement relies on ratio of
= luminescent 18.6 ppb | 18.6 - 50 ppb 5 mins cheap, portable NO/Nox so looses sensitivity at [41, 42]
TS higher concentrations
*a Optical 75 ppt to 100 Highly sensitive and specific Expensive, specialised and bulky
o Techniques 75 ppt ppm 1-120 s detection equipment [39]

* LOD = Limit of Detection reported in literature so far
**VOCs = Volatile Organic Compounds

Indeed the Raman spectroscopy of graphene is highly sensitive to perturbations in its
carrier density and lattice structure which is discussed in detail in chapters 2 and 3. To
overcome the weak coupling to electromagnetic waves, the graphene dimensions are
either reduced such that it can sustain optical surface plasmons [97, 98, 99, 100, 101]
or integrated with plasmonic nanostructures [102, 103, 104]. It should be noted that
graphene sustains long lived plasmons in the terahertz and the mid-IR [105, 106] which
can be used to detect molecular vibrational spectra [107]. Interestingly, graphene
nanostructure hybrid devices have shown promise as spectroscopic gas sensors. Either
due to the change in graphene conductivity facilitating a change in the refractive index
[108, 109, 110, 111, 112], or large enhancements of the electric near field of the
nanostructures enabling spectroscopic molecular detection [113, 114, 115, 116]. The
latter Surfaced Enhanced Raman Spectroscopy/Scattering (SERS) active graphene

hybrid devices is the focus of chapter 3.
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For context table 1.1 provides a useful general overview of similar gas sensing technolo-
gies to the gas sensing platforms explored in this thesis. Namely gas sensing methods

based on electrical variation upon NO, adsorption and spectroscopic optical methods.

1.3 Thesis Overview

Since two distinct graphene gas sensing platforms are discussed in this thesis, the thesis
structure is kept modular such that the core concepts and theory relevant for each
chapter is self contained as much as possible. With this in mind, Chapter 2 discuss the
experimental techniques, apparatus and core concepts used to characterise the various

graphene devices.

Chapter 3 focuses on a G-SERS platform consisting of chemical vapour (deposition)
deposited (CVD) graphene transferred onto a gold nanodisc decorated substrate. In
this chapter, the propensity of chemically doping the graphene through substrate
interactions is shown to influence the enhancement factor of the graphene Raman
signal. In addition to perturbations of the spectroscopic signature of graphene, it is
shown through Kelvin force microscopy (KFM) and statistical Raman analysis, that the
intense enhancement of the electric field in the vicinity of the nanostructures, upon
resonant illumination, can induce surface chemical reactions with the environment.
Graphene is permanently either doped by ~ —0.87 £ 0.05 meV or ~ +0.75 £ 0.07 meV
depending on whether the sample is exposed to laser irradiation in an air or nitrogen
ambient respectively. This work provides insight into how the graphene platform itself
interacts with the SERS active nanostructures, which provides a necessary baseline for

the interpretation of G-SERS platforms for targeted molecular sensing applications.

In contrast, chapters 4 and 5 follow the development of graphene coupled to a
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microwave dielectric cavity to form a novel gas sensing platform. Chapter 4 discusses
a ‘Microwave Method’ which uses microwaves to probe the AC conductivity of the
graphene charge carriers such that no electrical contacts are required. This enables a
study of the fundamental graphene—gas surface interaction since contacts are known
to perturb the measured electrical response [117, 118, 119, 120, 121]. This sensing
platform is shown to detect nitrogen dioxide concentrations spanning 3 orders of
magnitude. Moreover, the fundamental adsorption interactions are explored using a
modified Langmuir adsorption model, where it is shown that the sticking probability is

exponentially dependent upon the adsorbate surface coverage.

Chapter 5 records the preliminary measurements following the work from chapter 4.
An open cavity design is developed as an alternative gas sensing platform, enabling
high temperature measurements and electrostatic gating. This platform is designed
to explore the charge transfer affinity between graphene and NO, adsorbates, which
impacts the sensor response. As a result, the temperature measurements provide
preliminary information on the NO, sorption energy barrier at equilibrium conditions,
and the graphene field effect transistor device shows that modulating the charge carrier
density can promote or hinder the sorption process. Remarkably, in some cases prevent

sorption entirely.

Chapter 6 presents some general conclusions of the work in this thesis. Followed
by chapter 7 which suggests future work including and beyond gas sensing of both

sensing platforms studied.



Chapter 2

Experimental Techniques

The aim of this chapter is to introduce the experimental techniques, methodology
and the necessary concepts used to characterise the graphene samples studied in this
work. To begin the wet transfer graphene sample fabrication process is described
after a brief discussion of alternate transfer techniques. A detailed section in Raman
spectroscopy is included, which is a standard characterisation tool of graphene and
also forms the basis of surface enhanced Raman spectroscopy; which is explored
as a molecular sensing platform in chapter 3. The other ‘standard’ characterisation
techniques include scanning probe microscopy, Fourier transform infra red spectroscopy,
electrical gating measurements and scanning electron microscopy. The two graphene
coupled microwave dielectric resonator platforms are discussed in detail in chapters
4 and 5. This is because their design and development as gas sensing platforms is

integral to the novel work of this thesis.

2.1 Graphene Fabrication

The first knowingly fabricated graphene sample was achieved using the mechanical
exfoliation technique using Scotch tape [122]. Since then a variety of other methods
ranging from chemical vapour deposition (CVD), mechanical exfoliation, liquid exfolia-
tion, epitaxial growth and methods involving chemical precursors are used to prepare

not only graphene, but a wide range of other 2D crystals[123, 124, 125, 20, 126].

37
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Moreover, synthesis of functionalised graphene materials [127, 128, 129, 130, 131]is a
rapidly expanding subfield of graphene where chemical control of the functional groups
is a desired goal [132, 133, 134, 135]. Although some of the highest quality devices
are fabricated using mechanical exfoliation methods [136] and chemical precursors
[137, 138, 139, 140]; CVD graphene has the benefit of being grown large scale and
consequently more easily integrable into the industrial environment [141, 142]. As
a results, CVD graphene is widely commercially available and through the transfer

procedure, can be integrated with a wide variety of substrates.

2.1.1 CVD Graphene Transfer

CVD graphene and h-BN grown on copper are bought from Graphenea and Graphene
Supermarket respectively. The goal of the transfer method is to remove the graphene
from the metal substrate and transfer it onto a desired substrate. Although recent
progress has been made in non-polymer assisted transfer methods [143, 144, 145],
the “wet” and “dry” graphene transfer procedures are two commonly utilised polymer
assisted graphene transfer methods [ 146, 147, 148, 149, 150]. In this work a standard
wet transfer procedure is predominately used to transfer graphene onto different

treated silicon based substrates.

Figure 2.1 is a schematic representation of the wet graphene transfer procedure. First
a thin protective layer of polymethyl methacrylate A4 495 (PMMA) is deposited on
top of the graphene sheet using a spin coater at 1000 rpm for 30 s; resulting in
an approximately 200 nm thick film. The polymer protected stack is then oxygen
plasma ashed for 2 minutes at 100 W to remove the unwanted graphene layer on the
unprotected backside of the copper foil. If necessary, in order to improve mechanical
support, a Kapton tape frame is pressed on top of the PMMA layer (figure 2.1b). The

copper is then etched in a 0.1 M aqueous solution of ammonium persulfate overnight
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Figure 2.1: Schematic of the step by step process of the graphene transfer procedure.
This process is equivalent for any 2D material that can be grown on an etchable metal
foil.

(figure 2.1¢). Once the copper has been fully dissolved into the acidic aqueous solution,
the kapton/PMMA/graphene floating stack is transferred to a beaker of deionised (DI)
water to remove any excess ions (figure 2.1d). A target substrate is then used to "scoop"
the floating graphene stack out of the water (figure 2.1e). The sample is left to dry
completely before annealing the sample at 180°C for 30 minutes. This step allows the
PMMA to re-flow and improve graphene-target substrate adhesion. Once cool, the
sample is immersed in acetone for 8 hours to dissolve the PMMA coating. Normally
the acetone is refreshed at least once during this time. Finally, the sample is immersed
in isopropyl alcohol (IPA) for 15 minutes to prevent acetone residue from building up

on the surface and left to dry (figure 2.1f).

During a dry transfer procedure, after the sample has been rinsed in DI water it is
removed from the water and placed (PMMA side down) on a glass slide. The graphene
sample is dried on a hot plate at 60°C for an hour before transferring onto the target
substrate. At this point, similar to the wet transfer procedure, the sample is annealed

at 180°C before removing the PMMA in acetone and rinsing in IPA. During the wet
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transfer procedure it is not necessary to have a thick PMMA protective layer or the
additional kapton frame support. Whereas during the dry transfer it is important that
the graphene is fully supported, otherwise the film can collapse. The main benefit
of the dry transfer procedure is that it removes p-dopant water molecules from the
graphene substrate interface and the heating step relaxes the PMMA reducing graphene
wrinkle formation. In general the quality of dry transferred graphene is better than that
of wet transferred graphene [151]. However, the dry transfer procedure is technically
more difficult, graphene is more damaged in the vicinity of the Kapton frame and the

process is not scalable for large area industrial applications.

2.1.2 Target Substrate Preparation

In this work, graphene is transferred onto a variety of target substrates. The substrate
properties along with the quality of graphene post transfer are summarised in table
2.1. A full discussion about the interpretation of graphene Raman statistics, which
better describes the graphene quality, can be found in chapter 3 section 3.3.2. The
“SERS” substrates (of chapter 3) are first decorated with plasmonically active gold
nanostructures before the graphene is wet transferred. Gold nanodisc box arrays of
dimensions 40 x 40um on silicon are fabricated using e-beam lithography, thermal
evaporation (40 nm gold) and lift-off. A variety of nanodisc arrays are fabricated
with nanodisc radii ranging from 25 to 125 nm and periodicities of 200 to 1000 nm.
After nanodisc fabrication, three graphene gold nanodisc hybrid devices are fabricated
as shown in figure 2.1. For the first sample, graphene is wet transferred onto the
nanodisc substrate following the process described above. For the second sample,
the substrate is first oxygen plasma treated to improve graphene-substrate adhesion
and increase doping prior to a dry graphene transfer. The third nanodisc substrate

is first oxygen plasma treated, followed by the dry transfer of monolayer h-BN and
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Figure 2.2: Graphene gold nanodisc hybrid devices where (a) is wet transferred
graphene, (b) the substrate is oxygen plasma treated prior to dry graphene transfer
and (c) the substrate is oxygen plasma treated prior to the sequential dry transfer of
monolayer h-BN and graphene. SEM micrigraphs of the gold nanoparticles of radii 75
nm and periodicity 300 nm of sample (a) at (d) 1 kx magnification showing full array
structure and (e) 10 kx magnification showing nanoparticles.

then the dry transfer of graphene. The h-BN provides a Van der Waals interface for
graphene to adhere to and also passivates the highly doped silicon substrate. In this
way three optically active graphene gold nanodisc hybrids are fabricated; the oxygen
plasma treated sample, the wet transferred sample and the h-BN pacified sample, with

decreasing magnitude of p-doping respectively (see figure 2.2).

The “Microwave Samples” substrates consisted of low doped (high resistivity) silicon,
each with varying thermally grown oxide thickness. The high resistive nature was
necessary to be compatible with the microwave measurement. The graphene was
wet transferred onto all of these highly insulating substrates using the wet transfer
process. From these samples, the lightly doped silicon substrate with the native oxide is
utilised for the microwave gas sensing measurements described in chapter 4. Whereas
the other samples consisted of various thermally grown oxides that are designed to
be compatible with graphene field effect transistor type measurements as shown in

chapter 5.
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Table 2.1: Summary of the substrate properties and graphene transfer details of the
various samples fabricated. Silicon wafers are bought from Graphene Supermarket,
CrysTec GmbH and Inseto (UK) Ltd. The CVD graphene used in this work was purchased
from Graphenea. The quality of graphene is quantified using Raman spectroscopy
measurements and DC transport measurements*. Only areas of graphene in the absence
of gold nanodiscs (AuNDs) are considered for the SERS sampels.

Substrate

Substrate
Oxide

Substrate

Resistivity (Q2.cm)

Substrate
Doping

Transfer

Graphene Quality
(AuNDs Absent)

SERS Samples™*

AuNP/Si0, /Si

90 nm

0.001-0.005

Wet Transfer

Moderately p-doped and strained
1(G/2D) eqn = 1.026 £ 0.004

P05 Grpeqn = 1593.9 £ 0.043 cm ™!
P052D,peqn = 2651.8 +0.069 cm !
2.3% of area has a D peak

AuNP/SiO, /Si

300 nm

~ 0.001-0.005

Dry Transfer After

Oxygen Plasma

Treatment

Highly p-doped and strained
1(G/2D) eqn = 1.447 £0.003
P0SGpeqn = 1601.0 £ 0.075cm ™!
P0s2D,yeqn = 2653.0 £0.0138 cm 7!
50-80% of area has a D peak where:
I(D/G)mean = 0.6381 £ 0.004

AuNP/Si0, /Si

300 nm

~0.001-0.005

Dry Transfer After

Oxygen Plasma
h-BN Transfer

Lightly doped and strained
1(G/2D) pyeqn = 0.668 £ 0.003

P0SG eqn = 1583.6 £ 0.022 cm™!
P052Dypeqn = 2642.1£0.043 cm !
28.7% of area has a D peak where:
I(D/G)mean = 0.956 % 0.006

Microwave Samples

*The DC transport data was calculated using equation (2.9).

Undoped Si'

Native

>500

Wet Transfer

Lightly doped, no significant strain
I(G/2D)eqn = 0.427 £0.001
P05Grpeqn = 1586.6 £ 0.0464 cm™!
P052Dypeqn = 2691.8 £0.0520 cm !
23.0% of area has a D peak where:
I(D/G)mean = 0.3714 £ 0.002

Si0,/Si*

50 nm

>2000

Wet Transfer

Lightly p-doped

Dirac Point ~ 2.5 —10V

Hole Mobility ~ 3.62355 cm?V 257!
Electron Mobility ~ 1.88433 cm?v 257!

Si0,/Sit

100 nm

>10 000

Wet Transfer

Lightly p-doped

Dirac Point ~11.5—13.5V

Hole Mobility ~ 46.73 cm?V 257!
Electron Mobility ~ 10.94 cm?V 2571

Si0, /Si

300 nm

>6000

Wet Transfer

NA

**The Raman data used for the quality analysis of graphene transferred onto the SERS samples is discussed fully in chapter 3.

TThe Raman data used for the quality analysis used for the undoped silicon sample is discussed fully in chapter 4.

*The transport measurement for this sample is shown in appendix figure A.6.

$The transport measurement for this sample is discussed in chapter 5
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2.2 Raman Spectroscopy

Raman spectroscopy in its simplest description is the measurement of the inelastic
scattering of light with a material [152, 153]. When an intense laser light of frequency
w, impinges a Raman active surface, light will either scatter elastically (Rayleigh
scattering) or inelastically (Raman scattering). The inelastically scattered photons can
either loose energy though the emission of phonons into a lattice, Stokes emission, or
gain energy via molecular vibrations in the lattice producing a photon with a higher
frequency, Anti-Stokes emission. Semi-classically this process is described by the
absorption of a photon which excites an electron to a virtual state, followed by the
emission of a photon which has gained or lost energy by a discreet amount dependent
upon molecular vibrations (see Fig. 2.3 [154]). A more complete description of Raman
scattering involves the interaction of photons, electrons and phonons. Phonons like
photons are both massless particles. Where photons are the quantum description
of electromagnetic radiation, phonons are a description of lattice vibrations/lattice
waves. Raman scattering is then described as being comprised of three real transitions:
the absorption of an incident photon, the emission or absorption of phonons and
the emission of the scattered photon. The virtual transition involves the creation of
an exciton, whereupon it is scattered via exciton-phonon interactions and ultimately
destroyed, returning the system to the ground state [155]. The real transitions can
occur in any order. Figure 2.3 schematically shows the first order Raman process both

semi-classically and quantum mechanically using a Feynman diagram.

In short, Raman spectroscopy provides a wealth of information about a material’s crystal
structure. It is a technique that is dependent upon the inter-molecular vibrations of
atoms in a lattice and therefore is highly sensitive to chemical and physical properties

of a material. As a consequence, Raman spectra can provide information about a
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Figure 2.3: Two schematics of a first order Raman scattering interaction. (a) Semi-
classical depiction of Raman scattering emphasising the origin of the Stokes and
Anti-Stokes shift due to optical transitions to a virtual state. (b) Feynman diagram
describing a first order Raman scattering process. The vertices indicate a particle
interaction described by H,z and H,, which are the operators for the electron-light
radiation and the electron-phonon interaction respectively.

material’s physical crystal structure, temperature, chemical environment molecular
arrangement and functional groups, purity and stress or strain in the system [154, 156,
157, 158, 159]. A detailed overview of the Raman scattering process is described in

appendix A.1.

2.2.1 Raman Apparatus

The Raman measurements reported are performed on a variety of Raman systems
(see table for specs). All Raman systems used were of a confocal set up and equipped
with a piezo scanning stage enabling 100 nm step sizes. The three major parts of
the Raman apparatus are the excitation source, the microscope and the spectrum
analyser. The laser beam passes through a beam splitter and is focused on the sample
as shown in figure 2.4. The scattered light is then collected through the microscope and
using a beam splitter directed towards the spectrometer. The light is then diffracted
via a diffraction grating and focused onto a CCD camera. Obviously the higher the
frequency of scattered light the smaller the magnitude of diffraction. This allows the

different frequencies to be distinguished laterally and converts the photon signal into
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Figure 2.4: Schematic layout of a typical confocal microscope Raman system.

an electrical signal. The higher the density of lines present in the grating improves
the spectral resolution. The confocal set-up in conjunction with a pin hole prevents
unfocused light from entering the spectrometer improving the spatial resolution. One
of the most important optical components scattered lights beam path is the edge
filter. The edge filter is chosen such that all Rayleigh scattered/reflected light at the
same energy as the excitation source is adsorbed by the filter and does not reach the
spectrometer. Otherwise the elastic Rayleigh scattered light would dominate the signal
masking the less quantum efficient Raman scattered light and potentially damaging
the spectrometer through over saturation. Most microscopes stages are integrated
with XYZ piezo stages enabling Raman mapping. For the gas sensing measurements
the Jobin-Yvon Raman system was integrated with a Linkam THMS600 stage. The
atmospheric environment inside the Linkam stage can be controlled by flushing a gas

into the stage and the temperature varied from -196°C to 600°C.
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Table 2.2: Table of specifications of the various Raman microscopes used.

Raman Microscope Lase(l;li:))urce Grating 1/ mm Stage
WiTec 532, 633, 785 600, 1800 Piezo
Renishaw 483;;(5)};’3(6)33’ 1800, 2400 Static
Jobin-Yvon LabRam 514, 633 600, 1800 Lmkar’;iztzige and
Renishaw Invia 514, 633 1800, 2400 Piezo
Renishaw G4L12 532, 633 Piezo

"Has an additional grating at 1200 1/mm is compatible for A = 633 nm, 780 nm).

2.2.2 Raman Power Density Calculation from Beam Waist

Typically the spot size of a Gaussian beam can be calculated by measuring the intensity
profile, P, of the beam along a knife edge and fitting the result to equation (2.1)

[160, 161, 162]:

w

P=P,+ % (1 —erf (M)), with erf(z)= %Jo e dx (2.1)

where P, and P,,,, are the minimum and maximum measured intensity of the profile,

X, an offset, w the beam waist and er f () is the Gaussian error function.

A typical way to measure the focal spot size of a laser beam is to scan the focused beam
across the edge of a silicon sample edge, while continually sampling the intensity. In
Table 2.3: Properties of the 633 nm laser during the environmental measurements using
a 50x long working distance objective lens. The average power density between the high

power and low power measurements is (2.95+0.19)x10°> Wem ™2 and (3.43+1.22)x10*
Wem ™2 respectively

Ambient | Power (mW) | Waist (um) | Power Density (Wem™2)

Air 4.55 0.831 2.09x10°
Air 1.14 1.565 1.48x10*
Nitrogen 4.55 0.920 1.71x10°

Nitrogen 1.14 0.962 3.91x10*
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Figure 2.5: (a) Schematic of the Gaussian beam being scanned across the AuND array
boundary of the G-SERS sample. The dashed white line shows the direction of travel.
(b) The Raman intensity map of the 2D peak acquired during the low laser power
measurement in the nitrogen ambient. The extracted intensity profile of the 2D Raman
peak crossing the AuND array boundary during the (c) high and (d) low power air
ambient and the (e) high and (f) low power nitrogen ambient measurements. Each
profile is fitted using equation (2.1). The dashed white line of (b) corresponds to (f)
the low power nitrogen ambient.

Table 2.4: Properties of the 633 nm laser during the G-SERS substrate treatment com-
parison study using a 100x objective. The average power density in this measurement
configuration is (1.42+0.46)x10°.

Sample Power (mW) | Waist (um) | Power Density (Wecm™2)
h-BN Spacer 3.05 0.62 2.52x10°
Wet Transfer 3.05 1.32 5.56x10*
Oxygen Plasma 3.05 0.912 1.17x10°
Mean 3.05 0.95+0.20 1.42 £ 0.46x10°

this way, the silicon sample edge is analogous to the knife edge. In this experiment,
the AuND array itself is used as another type of edge. By taking a line profile of the
measured intensity of the 2D peak Raman map, the change in intensity of the peak due
to the SERS enhancement produces a similar knife edge profile. This is possible since
the EM enhancement falls off within nanometers of the disc edge (see figure 3.1 of
chapter 3), whereas the beam waist itself is in the order of microns. Figure 2.5 shows (a)
a schematic of the measurement, (b) an representative graphene 2D Raman intensity

map used to extract the intensity profile and (c-f) the extracted intensity profiles of
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all environmental Raman measurements. Since the beam waist extracted from each
fitted profile is equivalent to the laser spot radius when focused, the power densities
for each environmental measurement is reported in table 2.3. As a result the average
power density of the high and low power measurements is (2.95+0.19)x10°> Wem™2
and (3.43+1.22)x10* Wem ™2 respectively. Similarly, table 2.4 shows the results of the
beam properties of the G-SERS comparison study where the exact same procedure is

used. In this experimental set up the power density is (1.42+0.46)x10°> Wem™2.

2.2.3 Raman Spectroscopy of Graphene

A typical graphene Raman spectrum obtained from the wet transfer procedure is shown
in figure 2.6a. The characteristic G and 2D peaks of pristine graphene in addition to
a D peak is clearly shown at ~ 1580, 2675 and 1340 cm ™ respectively. As with all
scattering processes, both energy and momenta must be conserved. Interestingly, the
G peak is the only spectral peak arising from a first order process and has the phonon
wave vector q = 0, such that it satisfies q = k; —k;, where k; and k, are the incident
and scattered phonon wave vectors. From the phonon dispersion in figure 2.6b q =0
can only be satisfied at the I point at the center of the Brillouin zone. Moreover, only
electrons close to the Dirac point (K point of the Brillouin zone) can be excited at
optical frequencies as highlighted in figure 2.6c¢ by the blue region. On the other hand,
the 2D peak is a two phonon scattering process where the phonons have opposite
wave vectors (q and —q) to conserve momentum (and q ~ 2Kk). In addition to these
fundamental graphene peaks, other spectral peaks become activated in the presence
of defects such as the D’ and D peak which are intravalley and intervalley scattering

process respectively.

*“For clarity, in Raman spectroscopy the terminology “red shift” corresponds to the phonon frequencies
interacting with light have decreased. In other words, the scattered 2D photon is red shifted with respect
to the G scattered photon however the 2D band phonons are blue shifted with respect to the G band
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Figure 2.6: (a) Typical Raman spectrum of wet transferred CVD graphene/SiO,/Si
obtained using a 514 nm excitation source. Dashed lines correspond to the location
of the G and 2D peaks of pristine graphene [163]*. A visualisation of the atomic
displacements in the graphene lattice (where the white and black atoms correspond
to the two graphene sublattices) and their resultant vibrational modes responsible
for G (Eyg) and D/2D (A;,) Raman peaks are shown inset. The arrows show the
general peak shift trends upon charge doping, heating and straining the lattice. (b)
The phonon branches of graphene reprinted with permission from [164]. Note that i
denotes “in-plane” vibrations, o “out of plane” vibrations, L longnitudinal, T transverse,
O optical and A acoustic phonons. (c) The band structure of graphene reprinted with
permission from [165]. The black (red) bands correspond to the IT (o) bands. The
blue lines indicate the approximate energy range accessible with visible light such that
phonons can only interact with electrons in this energy region.

Figure 2.7 summarises these process schematically on the electron dispersion around
the Dirac point [ 158, 166, 164, 167]. Using the G peak as an example, the process is as
follows: first the absorption of a photon of energy, Aiw; facilitates the transition |i) — |n)
forming an electron-hole pair; then the excited electron with momentum k and energy
E,,(k) interacts with a phonon of momentum q and energy fiw ) corresponding to
the transition from |m) to the virtual state |n); finally the electron-hole pair recombine

emitting a photon of energy, fiw,;, corresponding to [n) — |f) where |f) is the final

phonons.
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Figure 2.7: Examples of prominent Raman scattering processes in graphene adapted
from [166, 164]. The solid black lines show the electron dispersion around the K (and
K’) point(s). (a) First order G peak process involves the electron scattering with the
q = 0 phonon. (b) Second order 2D peak process where the scattering involves two iTO
phonons with equal but opposite momentum in k-space. Defect activated processes
(dashed horizontal arrows) give rise to the (c) D’ peak and (d) the D peak. Grey lines
are a guide for the eyes to show the energy states of the system. The solid gray lines
indicate real energy states and the dashed gray lines indicate virtual states. Therefore
all optical transitions between solid gray lines indicate are resonant processes whereas
transitions from dashed line are not.

energy state of the process. Clearly for energy conservation purposes the incident
and final states must be equal, i.e. |f) = |i) [158, 168]. Similar logic can be used to
construct the processes of the other Raman peaks of graphene as shown in figure 2.7.
Due to the linear dispersion around the K point all vertical transitions from and to
a solid grey line are real at optical frequencies. A corollary of this is that, provided
the graphene isn’t doped beyond 2E; which will result in Pauli blocking, all optical

frequencies are resonant. Moreover, the two phonon process contain two resonant
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process which results in the 2D peak being twice the height of the G peak (See appendix

A.1.3 for more details).

2.2.4 Interpretation of Graphene Raman Spectra

Like the electron dispersion, the phonon dispersion of graphene is derived from its
honeycomb crystal lattice structure. As a result, perturbations in the crystal lattice
due to thermal expansion, stress/strain, carrier density and environmental conditions
perturb the Raman signal. In general the G and 2D phonon modes blue shift upon
electron and hole doping and redshift upon increasing temperature and tensile strain
[166, 169, 170, 163] as summarised in figure 2.6. Interestingly, due to the highly
symmetric nature of the graphene branch structure at the I' and K points, the phonon
modes soften (decrease) in what is called a Kohn Anomaly [171, 172, 164, 173]. As a
result hole (electron) doping of the G (2D) band can lead to a small redshift before
a blueshift [163, 169]. Moreover, the relative intensity of the peaks are dependent
on good phonon-electron coupling, such that strong doping and strain perturbations
decreases the intensity of the G band and 2D band due to increasing scattering proba-
bilities [170, 169], where the exact origin is complex since the density of states of the
band and branches is needed [174]. The two phonon double resonance process also
results in the wavelength dependence of the 2D band (and D band). Further to this,
the 2D band broadens significantly in the presence of high doping and interactions
with other aromatic chemical species including another graphene layer [175, 176].
Finally, the presence of the D and D’peaks (where the D’ peak is located as a sharp
shoulder on the G peak at around ~ 1590 cm™!) are indicative of disorder/defects in
the lattice [177, 164, 166]. Obviously, the appearance of sharp additional peaks, in
addition to the perturbation of the graphene peak shapes, imply that an external molec-

ular source is interacting with graphene and has its own Raman spectrum convolved
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with the graphene spectrum. However, not all molecular species have strong Raman
cross sections, and will not produced a signal without some form of enhancement
mechanism. For example 4-aminothiophenol and 4-nitrothiophenol require a SERS

type of enhancement to be observed, but they do perturb the graphene signal.

2.2.5 Spectral Processing

Clearly there are a lot of factors that change graphene peak shape and location. More-
over, it is rare that a single spectrum is truly representative of the overall properties of
the graphene sample. Instead, it is more useful to compare the graphene properties
over a sample area and build up statistics of the spectral peak properties associated
with the sample. In this thesis all spectral maps are analysed using Igor Pro version
6.37 regardless of the Raman microscope used to collect the spectral data. This has
the added benefit of consistent analysis between different Raman instrumentation,
being in full control of background removal procedures, the processing of convolved
peaks and enabling quality control checks within the analysis. Typically, after the
spectral data is acquired, any background slope convoluted with the spectral peak is
removed (see appendix A.3) and the individual peak is fitted either with a Gaussian or
Lorentzian peak shape using an Levenberg-Marquardt algorithm, which is a non-linear

least-squares fitting procedure, as follows:

_ 2
fGauss(x) =JYo +A{exp - (l)j/ldf}(;) } (22)

A

ot (x—x0)2+B (2.3)

fLor(x) =Y

where A is the peak amplitude (intensity), x, is the peak position and y, an offset.
The FWHM from the Gaussian peak from is 24/In(2)width and from the Lorentzian is
2+/B.
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2.3 Scanning Probe Microscopy

Scanning probe microscopy (SPM) instruments consist of a probe, with an atomically
sharp tip, which is scanned across a surface while maintaining a constant force or
force gradient by a feedback loop. As the probe is drawn across a surface, it interacts
with the interatomic forces between the surface and the tip, which are topographically
dependent and can be measured [178]. A Dimension 3100 and Brucker’s ICON scanning
probe microscopy instruments are used predominantly to measure the height profile

and surface potential profile using atomic force microscopy and kelvin force microscopy.

2.3.1 Atomic Force Microscopy Apparatus

In AFM the attractive and repulsive (Van der Waals) forces between the probe and
the surface are investigated using a probe, which consists of an atomically sharp tip
attached to a reflective cantilever, which is mounted onto a piezoelectric actuator and
a position sensitive photodiode detector (figure 2.8a). A laser beam is reflected from
the end of the cantilever onto the photodetector accurately measuring the movements
of the tip. An electrical current proportional to the beam movement is generated at the
detector which can then be converted to a voltage signal. This voltage is then compared
to a desired ‘set point’ value and the error between the two is used to force the tip
back to the desired position of the cantilever in an automated feedback procedure

[179, 180].

As the tip approaches a surface it is initially attracted by the surface predominantly
through van der Waals forces [182]. These attractions increase the closer the probe
gets to the surface until the atoms of the tip become very close to the atoms of the

surface and the orbital electrons begin to repel (figure 2.8b). There are three typical
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Figure 2.8: (a) Generalised schematic of an AFM where the inset is of the cantilever
components reproduced with permission from [179]. (b) Typical force curve of an
SPM tip as it approaches the surface [181].

AFM modes commonly used to probe these forces: contact, non-contact and tapping
mode. Contact mode is where the tip is brought into direct contact with the surface
and interacts with the repulsive forces as it is dragged across the surface. Non-contact
AFM probes the attractive forces by oscillating at the cantilever’s resonant frequency a
distance above the surface. Tapping mode AFM, like non-contact mode, oscillates above
the surface but is intermittently brought into contact with the surface. As the oscillating
tip is brought into contact, force interactions cause a shift in the oscillation resonant
frequency thus measuring the change in amplitude or frequency gives information on
the interatomic forces and a surfaces topography. In other words, the deflection of the
laser beam mechanically induced oscillation of the cantilever is dependent upon the

surface forces that interact with the tip.

2.3.2 Kelvin Force Microscopy

Kelvin Force Microscopy (KFM) is an extension of AFM but instead probes the elec-
trostatic forces between the tip and the surface. In KFM a conducting tip, with work

function ¢,, is brought into contact with an electrically grounded surface, with work



2.3. Scanning Probe Microscopy 55

oy

VCPD e

¢
; E, Eg Ey ‘ Ey
ple] ¢«e—— 5| Tip Sample Tip m| Tip

J I
[
a b c

>
;T
N\

=S

Ev ----- e Ev Ev Ev
- 1
5
ple

[clelele)]
[o]olo]o]

Figure 2.9: The electronic energy levels of the sample and the tip (a) when the tip is
not interacting with the surface and they are a large distance apart, (b) brought close
to the surface and the Fermi Levels align and (c) an external voltage applied at Vpp to
restore the Fermi Levels back to the original state. Figure reprinted with permission
from [183].

function ¢, creating a contact potential difference (CPD) Vpp:"

Vepp = (qbfi—_j’) 2.4)

Initially, before contact (figure 2.9a), both the tip and the sample are aligned with
identical vacuum energies a distance d apart. As the tip is moved closer to the surface,
it is brought into electrical contact. The electrons then migrate from the material with
the lower work function to the material with the higher work function (figure 2.9b this
is from the sample to the tip). At equilibrium an electrical force is generated between
the tip and the sample surface due to their respective Fermi levels aligning creating
a contact potential difference V.p,. The contact potential difference (CPD) can be
nullified by applying an external bias V. until the electrical force disappears (figure

2.90).

To measure the Vpp, a two pass method is used. On the first pass the surface topography

is measured using tapping mode AFM. On the second pass, the probe scans the same

"The + e term in equation (2.4) depends on how the apparatus is biased.
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Figure 2.10: (a) AFM and (b) KFM micrographs across a Au-ITO step. The dashed
black lines roughly show the gold step boundary where the diffuse edges are due to
the tip curvature. (c) KFM histograms of the surface potential distribution on the gold
and ITO surface. (d) The AFM (black) and KFM (red) surface profiles of the white
dashed lines from (a) and (b) respectively. Overlaid on this image is a schematic of
the Au-ITO step and the relative magnitude of the measured work functions of the Au,
ITO and PtlIr tip where E,, is some vacuum energy level. From this measurement it is
confirmed that the machine is biased such that equation (2.4) is eVepp = ¢yip — Ps-

area except held at the same distance above the surface. During this second pass, an
oscillating voltage is applied to the tip V,, = V cos(wt) such that the tip is attracted
and repulsed by the charge at the surface, which induces a mechanical oscillation that
can be measured by laser deflection as before. Considering the tip-sample system to be

a capacitor, the electrostatic force on the tip can be described as follows:

1dC
F, = —EE(VdC —Vepp + V. cos wt)?, (2.5)
Where dC/dZ is the differential capacitance between the surface and the tip [182].
Therefore, to measure the magnitude of the voltage induced deflection, a compensating

dc-voltage, V., between the tip and the sample is applied such that when the V.

reaches a minimum and V. is equal to the contact potential Voltage.
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Equation (2.4) is dependent upon the biasing of the KFM apparatus. It is unclear how
the machine is internally biased and if the software is designed to compensate for it.
Therefore a simple experiment measuring the potential step across a physical gold -
indium tin oxide (ITO) step confirms the biasing. Figure 2.10 displays representative
measurements of (a) the topography, (b) the surface potential, (c) surface potential
histograms over each material and (d) line profiles across the AFM and KFM maps
across the Au-ITO step. In ultra high vacuum, the work function of gold and ITO
are ~5.2 and 4.5 eV [184, 185] such that ¢,, > ¢,;;o. Therefore, the potential step
measurement of figure 2.10d is only consistent when eVipp = ¢y, — ¢ 4,; Where the
platinum iridium tip purchased from Windsor Scientific Ltd has a high work function
~5.7-6.3 €V. It should be noted, that the lack of a sharp interface at the step is due to a
combination of: the gold deposited material having a diffuse edge and the lateral KFM

and AFM resolution being limited by the probe geometry [186, 187].

Kelivn Peak Force Tapping

Brucker’s ICON scanning probe microscope has the additional functionality of peak
force tapping. During the AFM tapping scan, this instrument simultaneously measures
a force curve similar to figure 2.8b, at every point scanned as the tip approaches and is
withdrawn. A force set point is chosen during the AFM scan, which has the benefit in
preventing the tip from crashing into the surface and allows soft and hard surfaces to
be measured reliably without risking the tip integrity. Moreover, since a force curve is
measured at every point, nano-mechanical information such as tip-surface adhesion
and dissipation is measured simultaneously as the height information. After the peak
force informed surface topography is measured in the AFM scan, the probe is brought
to a fixed height above the surface as before and surface potential is measured in Kelvin

pass.
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2.3.3 KFM Tip Calibration Reference Sample
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Figure 2.11: Repeated measurements of the surface potential of different areas on (a)
gold and (b) HOPG reference samples. The measurements between 2 and 3 on the
gold reference were on a different samples showing that the tip didn’t degrade much
during this particular measurement. Conversely there is a lot of variation between
HOPG regions making gold a better reference material due to its consistency.

The work function is defined as the minimum energy required to remove an electron
from a material such that ¢ = V,,,.,,,, — Er, Where V,,,.,,m 1S the vacuum potential and
Ej is the materials Fermi energy. This is particularly useful in graphene characterisation,
since a change in the Fermi energy of graphene results in large changes of its electrical
properties [188, 189]. As are result KFM is an invaluable tool in assessing spatial
doping variations due to wrinkles [190], nano device geometry [191], multilayer
regions [192, 193, 194], strain [ 195], substrate material variation [196] and molecular
dopants [197, 74]. To determine the work function of the graphene surface, the work
function of the SPM tip is calculated using equation (2.4) where ¢, is the work function
of a known reference sample. Highly ordered pyrolytic graphite (HOPG) and gold were
both tested as reference sample candidates. The widely accepted work function of gold
at ~ 5.1 eV holds only in vacuum conditions. The moment the gold sample is brought
into ambient conditions, atmospheric gases adsorb onto the surface and alter the work

function[184, 197, 198]. On the other hand HOPG, upon mechanical exfoliation of

a graphitic layer, a fresh surface can be measured before an appreciable number of
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adsorbates contaminate the surface [184]. Figure 2.11 both reference samples are
tested and the gold reference sample is more stable. In practice, cleaving the HOPG
sample created terraces of graphitic layers with varying degrees of surface adhesion
which made it an inconsistent reference sample. Moreover, HOPG had a tendency to
containate the surface of the tip. Therefore, despite an absolute workfunction of the
gold reference sample being unknown in the lab ambient conditions, the consistency of
the surface potential distribution regardless of where the tip is located on the sample,

made it a more reliable calibration source.

2.3.4 Work Function Determination of G-SERS platform.

Figure 2.12 compares the 60 x 60 um AFM and KFM images acquired after different
environmental laser exposures. Although the SPM tip is calculated against a gold
reference sample, its work function inevitably alters between measurements due to
tapping induced blunting or interaction with contaminant residues on the graphene
surface. Moreover, it is difficult to bring the SPM tip into ‘contact’ at the same interaction
distance (a problem resolved using KPFM). As such, the gold calibrated SPM tip is
used to measure the entire graphene coated AuND array to determine the deviations
in surface work function. From this, sequential measurements using a fresh SPM tip
is calibrated against an unperturbed part of the graphene sample. Although higher
resolution images are obtained of the regions of interest, comparing the whole array

provides a more accurate work function determination to measure gas induced changes.
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Figure 2.12: AFM images (a) before laser illumination, (b) after laser illumination in a
N, gas environment and (c) after laser illumination after compressed air environment
where (d-f) are the corresponding KFM measurements. After the first tip calibration,
the graphene in the red box region is used to calibrate the work function of sequential
tips.

2.4 Scanning Electron Microscopy
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Figure 2.13: Scanning electron micrographs of (a) dry transferred graphene and h-BN,
and (b) wet transferred graphene on gold nanodisc arrays. Surface adhesion and
defects such as tears and wrinkles can be viewed using SEM.

All scanning electron microscope (SEM) images are taken using a Raith e-Line electron
lithography system. The main components of any SEM is the electron source, the

column the electrons are accelerated through, the electron detector and the sample
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chamber. The beam of electrons interact with the material which emits secondary
electrons, where the intensity of the collected emitted electrons build an image of
a surface. In this work, images are taken using 10 kV drop from the beam column
resulting in a 30 um focusing beam aperture and 10 mm working distance. Although
graphene is conductive, the energy of impacting electrons is enough to defect and dope
the graphene sheet. Therefore after an image is taken the electron beam is immediately
capped to prevent overtly damaging the film. Due to the two dimensional nature
of graphene, there is little variation in the secondary electrons of pristine graphene.
Instead, multilayer, defects, boundaries, tears and wrinkles are easily viewed using

SEM [199, 200].

Figure 2.13 are typical SEM images of (a) graphene and h-BN dry transferred and
(b) graphene wet transferred onto a gold nanodisc SERS array. The periodic array is
clearly visible and have a brighter contrast due to a nanoparticle edge effect. Graphene
wrinkles and multilayers typically have a darker contrast, whereas tears in the graphene
brighter die to underlying insulating substrate charging up upon electron beam expo-
sure. Interestingly, although SEM enables high resolution images of graphene, due
to the atomic flatness of 2D materials it is difficult to determine much more about
2D heterostructure interactions. Instead Haigh et AL. [201] demonstrate that the
individual layers of a 2D heterostructure can be imaged using transmission electron

microscopy of a sample cross section.

2.5 FTIR

Fourier transform infrared spectroscopy is a widely used technique to study the light-
matter interaction at near, mid and far infrared frequencies. As the source light impinges

the surface, the light will either transmit, adsorb or scatter resulting in a characteristic
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Figure 2.14: (a) Beam path in a Michelson interferometer, where the path of one of
the split beams can be modulated by a distance of Ax using a movable mirror. (b) The
beam path based on a Hyperion 3000 FTIR microscope in the reflection mode. The
multiple movable mirrors in place enable switching between the IR and white light
beam paths and the insertable movable mirror is necessary to achieve an interferogram
of the light reflected from the target G-SERS sample.

spectrum of the material’s properties. The spectral response is acquired by using a
Michelson interferometer component to generate an interferogram in conjunction with
the use of discrete Fourier transforms to convert the spatial signal into a frequency
signal. A Michelson interferometer (figure 2.14a) splits a source beam through a
partially reflective beam splitter, whereupon one of the split beams is reflected from
a mirror, a distance L from the beam splitter, towards the detector. The other split
beam is also reflected back towards the detector using a movable mirror that can
be moved precisely by Ax around L, such that as the reflected light approaches the
detector, it will interfere with the other light [202]. As a result, a monochromatic light
source will result in a typical interference pattern and a polychromatic light source
an interferogram dependent on the value of x. The intensity of the combined wave
trains is a function of x such that I(x) = S(v)cos(2m vx), where S(v) is intensity of the
the monochromatic line located at wavenumber v. The interferogram is sampled by

moving the mirror through N discrete equidistant steps and converted the real space
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domain to the frequency domain using a discrete Fourier transform as follows [203]:

N—-1

S(k-Av)= ZI(nAx)exp (

n=0

[21tnk

= ) (2.6)
where the A v spacing in reciprocal space is related to real space Ax by Av=1/(N -
Ax). In addition to this method achieving high wavenumber accuracy, the acquisition
of spectral data is limited by the speed at which the mirror can moved, making it

significantly faster than the monochromatic equivalent.

Placing a sample in the beam path will perturb the interferogram, as shown in figure
2.14b. Since silicon isn’t transparent in the near and mid IR, measurements of the
G-SERS samples were acquired using the ‘reflection’ mode. As a result, to deconvolve
the perturbed spectral signal from the source, the interferogram of the source signal is
obtained by placing a gold mirror in the place of the sample. All measurements were
acquired using a Bruker Hyperion 2000 microscope. Depending on the spectral range,
silicon and InGaAs (indium gallium arsenide) detectors are used in the near and mid IR
regions respectively (see figure 3.2 in chapter 3). The gold nanodiscs typically resonate
in the near IR /visible region, as such most measurements are taken using the silicon

detector.

2.6 Electrical Measurements

2.6.1 DC Transport Measurements

Both traditional DC and non-traditional microwave AC measurements investigate the
electrical properties of graphene. Since the development of the microwave measure-

ments is an extensive part of chapters 4 and 5, only a brief explanation of standard DC
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Figure 2.15: (a) Two terminal geometry for G-FET characterisation. (b) Typical
conductivity response of graphene adapted from [204], showing ambipolar behaviour.
Upon increasing (decreasing) the gate voltage from the charge neutrality point at
Vi = 0, the electron (hole) concentration and conductivity increases.

graphene transport measurements is described here. Graphene field effect transistor
(G-FET) devices allow fast characterisation of the electrical properties of graphene
[24, 205, 206]. Indeed this measurement (using a four terminal configuration) con-
firmed the presence of graphene in Novoselov and Geim’s seminal work [122]. Figure
2.15a shows how the source/drain and source/gate biases are applied in this G-FET
configuration; where the silicon dioxide layer functions as the gate dielectric. A voltage,
Vs, is dropped across the oxide causing charge to build up at the interface. The
graphene electrons then ‘reorganise’ to minimise the effect from the charged silicon
dioxide interface, ultimately inducing an electric field across the interface forming a
parallel plate capacitor system. The mobility of such a system can be described as

follows:

= ) (2.7)

where the gate capacitance C, = €’e(A/t,, and A, t,, and €’ correspond to the area,

thickness and permittivity of the dielectric layer.
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Now, the sheet conductivity of a material is described by:

Os = 5 (28)

RsW

where L and W are the length and width of the graphene channel and Ry the sheet
resistance. By combining equations 2.7 and 2.8 and using Ohms Law the graphene
mobility can be described as follows:

_G01 sl 1
oV, C, 3V, WC,Vyp

u (2.9)

Using a Keithley dual source measure unit (SMU), the source drain current, I, is
measured during a gate voltage, Vs, sweep while keeping the source drain voltage
Vsp constant. In this way the hole and electron mobilities can be calculated using
equation (2.9) by fitting the gradient of the measured curve at either sides of the
Dirac point. A consequence of equation (2.9) is that the length and width of the
measurement channel greatly effect mobility result. Explicitly, since the mobility is
limited by intravalley scattering processes [207, 208], smaller measurement channels
result in higher mobilities. In this work, the length of the measurement channel is in the
order of centimeters whereas typical graphene devices are in the order of micrometers

or less.

2.6.2 Microwave Dielectric Resonators

Electromagnetic microwave resonance is a phenomenon exhibited by conducting cavi-
ties or free standing dielectric structures or a combination of the two geometries. The
common feature of these resonators is that electromagnetic standing waves can be set
up at certain frequencies. The values of these resonant frequencies are set by the size,

geometry and relative permittivity of the enclosed materials. Ignoring any microwave
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dissipation processes the resonant frequencies would be infinitely sharp but in real
resonators there will be loss processes (such as ohmic dissipation in the conducting
walls of the cavity, dielectric losses in the dielectric materials and external losses rep-
resenting the microwave radiation coupled out of any feed structures). As a result of
finite losses from these processes, real resonators have finite linewidths associated with
each resonance. This leads to their wide use as filters and other microwave frequency
selectors — typically between 300 MHz-300 GHz — making them integral components in
oscillators, amplifiers and tuners for microwave circuits [209, 210, 211]. Resonance in
a dielectric resonator is analogous to hollow metallic cavities, except that the boundary
conditions are defined by the large change in permittivity at the dielectric material’s
interfacing surface, instead of the interface of a conductor. As a result, the resonant
modes are dependent upon the geometry and the relative permittivity of the dielectric

material [209].

A useful figure of merit for a resonator is its quality factor, Q, which describes a
resonators capability to store electromagnetic energy and is the ratio between the max-
imum energy stored and the maximum energy dissipated per cycle - where dissipation
typically occurs through heat losses. More quantitatively, the Q factor can be derived
to approximate the ratio between the resonant frequency and its associated linewidth
such that [210]:

Q=—, (2.10)

where f, and w, correspond to the resonant frequency and its linewidth respectively.

In this thesis, a frequency domain transmission technique is used to measure the Q of
a resonator. This involves inserting the resonator into a metal enclosure and using two
coaxial probes connected to a vector network analyzer (VNA) to source and measure

the input and output microwave signals [210, 212]. The resultant transmission curve
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of a resonant mode is of a Lorentzian lineshape in the frequency domain where the

central frequency is f,, and its full width at half maximum or linewidth is w,.

The overall losses in the resonator are additive and the observed linewidth w, is related
to the individual losses arising from several sources according to the relationship
[213, 214]:

R, R 5
&z—h+—g+tan(—), 2.11)
fo G, G, &d

The first two terms represent conduction losses, arising from the walls of the resonator
(having sheet resistance R;) and from any other conducting material included within
the resonator housing (in this case the graphene film which is being measured, having
sheet resistance Rg). The third term represents losses in the dielectric resonator
structure itself, where tan ¢ is the loss tangent 6 of the dielectric, defined as the
ratio of the imaginary to real parts of the permittivity. The constants G, and G, are
geometric factors which relate to the electromagnetic energy density at the resonator
and graphene respectively, normalised by the energy stored in the cavity. Similarly,
g, is a geometry factor related to energy stored within the dielectric. The coupling
losses are ignored since these may be made arbitrarily small. Additionally, the loss
in the substrate on which the graphene sample is supported, is also small enough to

disregard, as well as remaining constant.

It is the simple additivity of these losses, combined with the accuracy of frequency
measurement, which makes the dielectric resonator method a powerful means to
characterise the sheet resistance R,. The housing losses can be made small so that
changes in R, in response to chemical or electric field doping or temperature can be
accurately measured if the graphene film is brought into the evanescent field region

which surrounds the dielectric resonator.

In practice, the additive contributions to the overall resonator linewidth «, means that
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the quality factor of a loaded resonator system (Q;). In any mode of operation, this
can be expressed in terms of quality factors associated with each of the individual loss

mechanisms leading to the formula:

— = — (2.12)

where Qq4, Q., Q, and Q. are dielectric, conductive, radiative and coupling losses

respectively.

Surface impedance measurements typically use TE,; s resonant modes since the intrinsic
quality factor can be high (as there is very low dissipation in the housing for this mode
geometry). The dominant dissipation of energy is then due to the evanescent electric
fields interacting with conduction electrons in the graphene surface. Provided the
presence of the graphene and its substrate do not perturb the frequency of the resonator
too much, first order perturbation theory is applicable and equation (2.12) may be
applied and the perturbation of Q; allows the evaluation of sheet resistivity, provided
the geometry facotrs are known or can be measured. A particular case for measuring the
sheet resistivity of graphene is derived in chapter 4 section 4.2. However, more complete
descriptions of dielectric resonator mediated surface impedance measurements can be

found here [213, 214, 215, 216].

2.6.3 Determining the Resonant Frequency and Linewidth in the
Microwave Measurements

From the previous section, the measurement of Q is an integral component for the
measurement of the graphene conductivity. In this work two resonant peak fitting
procedures are used. The first of which is the ‘3 dB method’. This method simply relies

on the in-built analysis software in the Anritsu series 37XXXC vector network analyzer
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Figure 2.16: Resonant mode fitted with the skewed Lorentzian curve using (a) a linear
scale and (b) a logarithmic scale. The sensor response at 3 ppm NO, using the (c) LSF
and (d) 3dB method to fit the resonant mode.

(VNA). The Anritsu VNA, which works in the logarithmic scale, calculates the resonant
frequency by reading the maximum value in the pre-programmed data range. The two
linewidth points are calculated by subtracting 3 dB units from this maximum value. If
the resonant peak does not have a background slope this method accurately measures
the resonant frequency and the linewidth. This is the case in chapter 4 where the
graphene sample is enclosed by the copper housing. However, using the open cavity
configuration as shown in chapter 5, the resonant mode is located on a slight slope.
As a result, the maximum value is not the resonant frequency, instead it is slightly
offset. Secondly the two points to calculate the linewidth are clearly offset upon visual
inspection with the VNA as the 3dB method cannot compensate for the slope. The
origin of this slope is suspected to be due to convolution of the resonant signal with a

destructive interference mode due to microwave cable length.

To compensate for this slope, the resonant data is converted to the linear scale (linear =
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Figure 2.17: Comparison of the measurement of frequency, linewidth and quality factor
of the resonant using the (a-c) 3dB method and (e-f) LSF method respectively.

1098/19) and fitted using a least squared fitting procedure (‘LSF method’) of a skewed

Lorentzian curve described as follows:

afo +s(x—fo)
(2 = fOP + (w2x)}

y(x)= c, (2.13)

where f; and w are the resonant frequency and linewidth respectively, a is the ampli-

tude, s defines the skew and c is an offset value.

Figure 2.16a shows an example of a trace of the empty cavity resonant mode being fitted
to equation (2.13) where figure 2.16b is the same data converted to the logarithmic
scale. Clearly, the fit describes the main properties of the resonant mode and is less
successful in capturing the lossy mode. Figure 2.16c and d follow the change in
linewidth upon exposure to 3 ppm NO, evaluated using the ‘LSF method’ and the ‘3dB
method’ respectively. The linewidth calculated using the LSF method is sharper and

less noisy than the 3 dB method.
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The deviation between these two fitting procedures is most pronounced during the
applied electric field measurements of the graphene. Figure 2.17a-c and d-f compare
the resonant frequency, linewidth and quality factor of the same measurement analysed
using the 3 db and LSF methods respectively when sweeping an applied voltage. The
most pronounced difference is in the measurement of the resonant frequency which
is shown to increase (decrease) upon increasing gate voltage using the 3 dB (LSF)
method. As the linewidth sharpens upon increasing gate voltage, the skew becomes
more pronounced and the maximum frequency value is more offset from the resonant
frequency. Interestingly, the LSF measured frequency in the region of the Dirac point is
consistent, indicative of the loss of precision of the microwave measurement as the
graphene sheet reduces in conductivity. Although the LSF reduces the maximum change
measured, the reduced noise in the linewidth and gas measurements is significant

making it the more reliable measurement.

2.7 Finite Difference Time Domain Calculations

Finite difference time domain calculations are performed using Lumerical FDTD Solu-
tions software. The sample material and geometry is first imputed into the software.
Of importance is the inputting of the complex permittivity range of the material being
modeled in the frequency range calculated. Then the system is meshed into discrete
Cartesian cells of dimensions Ax, Ay and Az. By solving Maxwell’s equations at dis-
creet time interval steps, At, at the boundaries of each cell. The calculation is started by
injecting a plane wave source above the structure. The new field components at At are
then calculated sing the finite difference between the previous spatial boundary points
based at the values at the previous time interval. This is continued until steady state

conditions are met. The frequency values are then extracted using Fourier transform.
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To model the response of a AuND array, a single gold nanodisc monomer unit with
periodic boundary conditions is simulated as an approximation. Additional boundary
conditions involve the use of perfectly matching layers (PML) to prevent stray reflections
from interfering with the calculation (e.g. at the base of a silicon substrate). Specifically,
a plane wave source is used to illuminate the modeled surface. The reflected waves
are monitored with a detector placed above the structure (see figure 3.2 from chapter
3). The near field components of nanostructures are assessed by placing monitors at
the xy and xz axis cutting through the nanodiscs (see figure 3.1c and d of chapter 3).
The average electric field above a nanodisc is achieved by calculating the mean value

of the full xy plane of the monomer unit as seen in figure 3.1e of chapter 3.



Chapter 3

G-SERS Platforms for Enhanced

Optical Sensing

3.1 Introduction to Chapter

SERS is a powerful analytical technique that provides fast real time ultra sensitive molec-
ular detection; providing a chemical finger print of the species detected [217, 218].
Graphene metal nanoparticle hybrid devices present promising molecular sensing
platforms. Through the combination of spectral enhancements originating from the
nanoparticle decorated substrate, in a typical SERS response [217, 219, 220], and
meV the graphene itself, in what is aptly names graphene enhanced Raman spec-
troscopy (GERS) [116, 221, 222]. These hybrid devices are named G-SERS platforms
[113, 115, 29, 223, 224, 225]. In addition to spectral enhancements mediated through
the traditional electromagnetic and chemical mechanisms, G-SERS platforms quench
unwanted fluorescence from ‘probe’ molecules [224, 226], provide an atomically flat
surface [29] and the overall enhancement can be improved via electrically tuning the
graphene Fermi level [227, 228, 229]. As a consequence, G-SERS platforms have the
potential to not only selectively enhance trace molecules, but also simultaneously eval-
uate the quality of the graphene through its characteristic Raman spectrum. However,

the Raman spectrum of graphene itself changes upon doping [169, 170].

73
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Although there are a variety of studies correlating the local doping variation in graphene
through kelvin probe microscopy and its Raman spectrum [189, 192, 194, 196, 230,
231], a detailed study of the doping variation of graphene induced from the substrate
is still in its infancy. This is particularly important since G-SERS platforms typically
consist of highly periodic nanoparticle arrays providing a highly modulated topological

graphene surface with respect to strain and doping around the nanoparticle.

In this work, graphene is interfaced with a SERS active substrate. The SERS substrate
consits of gold nanodisc (AuND) particles arranged in a periodic pattern on a silicon
substrate. Section 3.2 introduces the main spectral enhancement mechanisms relevant
for the AuND platform. A primary focus is on the electromagnetic mechanism (EM) of
enhancement followed by Fabrey Perot enhancements and the a short discussion of the
chemical enhancement mechanism. Following this, section 3.4 follows a comparison
study using Raman spectroscopy on three differently prepared G-SERS substrates.
As a result, the interfacing graphene is either highly doped (oxygen plasma treated
substrate), moderately doped (normal wet transferred graphene) and a lightly doped
(h-BN pacified) by oxygen plasma treating the substrate prior to a dry graphene transfer,
transferring graphene using the wet transfer method and incorporating a h-BN spacer
layer prior to a dry graphene transfer respectively. First a detailed evaluation of
the graphene spectrum in the presence and absence is compared highlighting the
difference in doping induced by the treated substrates and the AuNDs. Secondly a
rigorous statistical analysis is performed on these samples with the aim to show how to
reliably characterise large area CVD graphene devices and better highlight the doping
variation which arises from engineering the solid-graphene interface. Finally section
3.4 moves on to look at optically induced doping at the graphene-gas interface. In an
effort to correlate the doping dependence of the enhancement factor, it was found that

intense electric field enhancement facilitated by the AuNDs is sufficient to irreversibly
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dope the graphene. An effort to understand the mechanism of this doping resulted in a
methodology whereupon the graphene sheet can be selectively p or n doped depending
upon the gaseous environment graphene resides in prior to optical excitation. This
doping is quantified using KFM where a p-doping (n-doping) shift of ~—0.87 £ 0.05
meV (~ +0.75 + 0.07 meV) is stimulated in a compressed air (nitrogen) environment.
A discussion on whether this change in graphene surface chemistry is optically or

thermally induced concludes this section.

3.2 Hybrid Graphene Gold Nanodisc Platforms

The following section provides a description of the enhancement mechanisms relevant
for the graphene gold nanodisc hybrid devices. This section will first briefly summarise
the key concepts behind the electromagnetic enhancement mechanism and the origin
of the fourth power enhancement of the electric field in the Raman measurement.
Following this, the electric field distribution of the gold nanodiscs platform is simulated
and it is shown how the rapidly decaying electric field profile upon increasing height
above the nanodiscs make two dimensional materials ideal for integration. With this
in mind, the different magnitudes of enhancement experienced by the different Raman
scattered graphene peaks are compared and other mechanisms contributing towards
spectral enhancement, namely a Fabrey Perot type enhancement and the chemical

enhancement mechanism.

3.2.1 The Electromagnetic SERS Mechanism

SERS is primarily driven by an electromagnetic mechanism (EM), whereupon the
intensity of the Raman spectral peaks of a molecule is enhanced via the interaction

of light with the resultant electric field of the molecule and its environment. The
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first SERS spectrum observed by Fleischmann et al. [232] was of pyridine molecules
adsorbed on a roughened silver electrode. However it wasn’t until later that the works
of Jeanmaire et al. [233] and Albrecht et al. [234] that an adequate explanation of
the physics behind the observed spectral enhancement mechanism was first proposed.
Finally, work by Moskovits [235] proposed a model which attributed the observed
spectral enhancement to a “bumpy” metallic surface. This rough surface caused a local
enhancement of the electric field. Since then, SERS active substrates have been tailored
to optimize the “bumpiness” of the metallic surface. As a result, metallic nanoparticles
in colloidal dispersions, anchored to a surface, or nanostrucutres directly fabricated

onto a substrate have become standard SERS platforms [236, 237].

The SERS enhancement factor, G, is defined as the ratio of the Raman signals from
a known number of molecules in the presence and absence of a plasmonically active
nanostructure [217, 238]. Briefly, a plasmon is a quazi-paritcle arising from the
collective oscillations of free electrons in matter. These oscillations are typically arise
in dipolar moments due to resonant coupling with the electromagnetic radiation [239].
The average enhancement factor is around 10°, but can be higher when the probe
molecules are localised around a nanostructure [218, 240, 241]. Enhancements as large
as 10'* and 10" have been reported on SERS platforms capable of single molecular
detection [242]. Upon illumination with a plane wave at the plasma frequency of a
nanoparticle, w,, an electromagnetic resonance with time dependent dipole symmetry
occurs [220, 239, 241, 243] (see figure 3.1c). The origin of the augmented SERS
spectrum intensity, is routed in the enhancement of the electric field at the surface of a
nanoparticle such that E, = gE,; where E, is the incident electric field and g the field
enhancement. Adsorbed molecules at the nanoparticle surface are enhanced by the
E,. As a result, the electric field experienced by the Raman scattered light produced

by the molecule will be E. o< ai gE,, where a; is the Raman polarizability tensor (see
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appendix A.1). In addition to this, the Raman scattered light can be further enhanced
by a factor g’ via the exact same mechanism the incident light experienced. However,
the scattered light must also coincide with the frequency distribution of the resonant
plasmon. Typically these requirements are met since the plasmon distribution is broad.
As a result, the total enhancement of the SERS electric field Egzrs = azg’gE,. Finally,
since the intensity of the scattered light is proportional to the square of the modulus of

the electric field, the intensity of the SERS light is

Isprs OC a12g|g/g|210, (3.1)

where I, is the intensity of the incident field.

Therefore for low wavenumber bands g’ ~ g, the SERS intensity will be enhanced by a
factor proportional to the fourth power of the incident near field where |E;|* = |g|*. As
such, the total SERS enhancement factor can be described as

agr

G= lgg’)?, (3.2)

Agro

where ay, is the Raman polarizability of the isolated molecule. A more rigorous
derivation of the above can be found in the work of Moskovits [241], Stiles et al. [218]

and Ru et al. [244].

3.2.2 Gold Nanodisc Arrays as a Platform for SERS

Metallic nanoparticles can be considered SERS active if their dimensions are smaller
than the wavelength of the incident light but are still big enough to sustain surface

plasmons [241]. From the Drude model[239, 241], the dielectric function of a metal
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can be described as
2

e(w)y=1——2—, 3.3

() w? +iyw (3.3)
where 7 is the collision frequency of the charge carriers. The plasma frequency of a
free electron gas is defined as co}z) = (ne?)/(e,m), where n is the number density of

electrons with charge e and effective optical mass m. Explicitly, €, is the permittivity

of free space.

The SERS active nanoparticle platform in this study comprised of gold nanodisc arrays.
Each with different radial dimensions and spacing periodicity. Figure 3.1a is a SEM
image of the G-SERS platform studied. The dark line across the image shows a tear
in the graphene such that the insulating silicon dioxide layer starts to charge up and
provides good contrast. The high resolution image shows that graphene contours the
nanoparticles well and the graphene isn’t prone to suspension across the nanodiscs. The
inset is a schematic of a monomer unit of a single gold nanodisc of radius r = 50 nm

and periodicity p = 300 nm deposited on a silicon dioxide/silicon (SiO,/Si) substrate.

As stated previously, the SERS electric field is proportional to the polarization of the

gold nanodisc which is described as follows [245]:

4na’b  e(w)—1

3 1 +L(e(co)—1). G4

a(w) =

This is dependent upon €(w) where a and b are the dimensions of the long and short

axis of the discs and L is a geometric depolarization factor.

Zori¢ et al. [245] showed that the localised surface plasmon can be described simply

in terms of the nanodiscs dimensions such that,

,  L3c?

D ="gp (3.5)
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Figure 3.1: (a) SEM micrograph of graphene a gold nanodisc array of radius 50
nm and periodicity of 300 nm. Inset shows schematic of device monomer unit. (b)
FTIR response of the array showing a resonance around 620 nm. The solid red line
corresponds to the 633 nm Raman laser and the dashed lines correspond to typical
graphene Raman peaks. The solid red point indicates the localised surface plasmon
band of the nanoparticle array. The lumerical FDTD simulation of the normalilised
electric field distribution (|E[*/|E¢|?) of (¢) xy and (d) xz plane of the gold nanodisc
unit. (e) The average electromagnetic field integrated over the full monomer unit xy
plane as a function of increasing z height above the nanodisc. (f) A cross section of (d)
aty =0.

where c is the speed of light.

From equations (3.3) to (3.5), it is clear that the plasmon properties are dependent
upon the disc dimensions and the optical properties of the nanoparticle material. Aside
from the alkali metals, only the group 11 transition metals have a resonant frequency
at visible wavelengths [246]. Therefore, the SERS platforms studied were comprised

of gold nanoparticles arranged in a periodic array.

Figure 3.1b compares the optical response of the graphene-AuND hybrid platform
and the graphene using Fourier transform infra red (FTIR) spectroscopy. The Raman
laser line at 633 nm is shown to excite at the plasmon resonance mode - which is the

minimum of the at ~ 620 nm annotated with the red circle. The dashed lines show
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the Stokes Raman peaks typical of CVD graphene, indicating their relative positions
with respect to the plasmon distribution. Interestingly, the Raman scattered peaks
of graphene are far away from the nanodiscs resonant mode where g # g’. As a
result the peaks will experience non-uniform enhancement. Explicitly, the 2D peak will

experience a smaller g’ compared to the G and D peaks.

To visualise the near field distribution around the gold nanodisc, a finite difference
time domain (FDTD) lumerical method is used. (see chapter 2 section 2.7 for details).
Figures 3.1c and d show the resultant normalised electric field distribution generated
around a gold nanodisc upon plane wave excitation at A = 633 nm in the xy and xz
direction respectively. |E|?/|E,|? describes the calculated electric field divided by the
source electric field, where the modulus squared is proportional to the intensity. The
characteristic dipole distribution of the enhanced electric field is clearly seen where the
highest enhancements are located at the nanoparticle edge. More practically, figure
3.1e shows the average field enhancement of the whole monomer surface (figures 3.1c
and d) upon increasing height above the nanodisc. Clearly, the average E field decays
exponentially as a function of distance from the nanoparticle. Interestingly, the inset
of figure 3.1c is the same calculation using a finer mesh to better capture the physics
at distances closer to nanoparticle surface - i.e. the distances relevant for interfacing
2D materials. Finally, figure 3.1f plots the normalised electric field profile through the
center of the nanodisc of figure 3.1d. The characteristic sharp intense E field at the

disc edge which exponentially decays as a function of distance is clearly seen.

From these theoretical simulations, the calculated electric field enhancement is orders
of magnitude reduced when compared to the typical 10° order of magnitude reported
in literature [218, 240, 241]. Normally these measured enhancement factors include a
geometric scaling factor that improves the result. Following this, the consequent work

in this thesis is focused on the enhancement of the graphene spectrum itself, which
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requires calculating the full substrate area and is not limited by a single point which is
commonly used to describe the enhancement of a single molecule. Fortunately, the
measured graphene enhancement factors discussed further in this chapter (table 3.2)
are of the same order of magnitude instilling confidence to this model. Regardless,
it is clear that 2D materials, due to their low dimensionality, are ideal candidates for
coupling to optically active nanostructures. The exponentially decreasing electric field
distribution is optimally coupled to graphene as close to its maximum enhancement as
physically possible. Moreover, Van der Waals heterostructures, such as graphene on
hexagonal boron nitride (h-BN), are still thin enough to interact with the enhanced
electric field with minimal loss, providing an excellent optically active sensing platform.
Table 3.3 estimates typical interlayer distances of graphene and graphene/h-BN on a

AuND and is discussed in section 3.3 with respect to the G-SERS platforms studied.

3.2.3 Other Spectral Enhancement Mechanisms

Although the electromagnetic enhancement mechanism is the dominant mechanism
contributing to the SERS enhancement, electromagnetic calculations alone do not ac-
count for the total enhancement observed experimentally. The chemical enhancement
mechanism and constructive interference effects at the silicon dioxide/silicon layer pro-
vide non-trivial spectral enhancements [247, 248]. The chemical mechanism facilitates
spectral enhancement via interactions between the metal nanoparticle and the typically
adsorbed probe molecule [249, 250, 251]. The change in polarisability of the metal
nanoparticle/graphene surface induced by the adsorbed species alters Raman spectral
intensity according equation (3.1). Additionally, this results in enhanced molecular
vibrations, leading to electrons tunneling to other vibrational states, charge transfer
and resonant process. All in all, these slight perturbations in the electrons energy state

ultimately relax selection rules [159].
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Graphene itself is a proven spectral enhancing platform and has given rise to what are
named GERS platforms [221, 29, 252, 253]. The GERS mechanism is facilitated via
chemical enhancement processes. It has been shown that maximum enhancements of
GERS platforms occur when the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) bands of the probe molecule are located close
the graphene Fermi level [221, 222, 227, 228, 253]. As a result spectral enhancement
is dependent upon the relative degree of doping in graphene. In general, the GERS en-
hancement, which is measured as the ratio of the spectral intensity of a probe molecule
in the presence absence of graphene, is in the range of 10-10%. Although the chemical
mechanism prevalent in GERS platforms provide significantly smaller enhancements
than metal particle graphene hybrid platforms, EM enhancement contributions of
G-SERS platforms are confined to the local vicinity of the plasmonic nanoparticles.
In contrast, the chemical mechanism provides enhancement throughout the whole
graphene sheet. Moreover, GERS platforms provide an atomically smooth homoge-
neous surface, despite underlying substrate fluctuations, such that probe molecules can
adsorb to the surface in a more predictable way [226]. A further benefit is that the aro-
matic band system of graphene can quench the fluorescence response of most aromatic
probe molecules, effectively reducing unwanted background effects and improving the
signal to noise ratio [ 102, 224]. As a consequence, despite the chemical enhancements
facilitated through graphene being considerably smaller than the electromagnetically
facilitated enhancement from the gold nanoparticles, it is still an important contribution

towards spectral enhancements.

Finally, the substrate the graphene is placed upon can play a role in enhancing the
electric field that interacts with 2D materials. In the case of silicon with a thermally
grown oxide layer, light will interfere between the two layers such that the enhancement

depends upon the thickness of the oxide layer - a Fabry-Perot interference affect. The
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Figure 3.2: FTIR measured and lumerical simulated reflectance of silicon with a native
(green), 90 nm (black) and 300 nm (blue) oxide layer. The solid line corresponds to
the 633 nm laser pump and the dashed lines correspond to the Stokes Raman peaks of
graphene. To cover the full wavelength range a silicon (InGaAS) detector measured
the experimental data as left (right) of the black dashed line.

resultant enhancement factors can be as high as 30 [247]. It should be noted that
this is the mechanism that provides optical contrast allowing graphene to be detected
with the naked eye on silicon dioxide\silicon (SiO,\Si) substrates [254]. Figure 3.2
compares the reflectance of light of silicon wafers with a native, 90 nm and 300 nm
oxide layer. The solid red line corresponds to the 633 nm laser pump and the dashed
lines correspond to the D, G and 2D peak. Although this enhancement is small in
comparison to both the EM and chemical mechanism, it is clear that the characteristic

Raman scattered bands of graphene are not necessarily enhanced to the same degree.

To summarise, spectral enhancements considered in this work are facilitated by EM
of the gold nanodiscs, chemical interactions induced from the graphene itself and
finally interference affects from the substrate. Each enhancement mechanism does not
uniformly influence a wide spectral range. The EM enhancement is maximised around
the plasmon distribution and the interference related enhancements are consistent

across the wafer although not the whole spectrum. By contrast, chemically mediated
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mechanisms are less easy to quantify since they are molecular/quantum process. More-
over, graphene is highly sensitive to perturbations in its charge carrier density due
to chemical interactions with its substrate and its environment. Fortunately, despite
a plethora of mechanisms resulting in various types of spectral enhancements, the
Raman response of graphene is fairly well understood. As a result, the following work
aims to understand how different degrees of doping of the graphene itself influence

the spectral enhancements of G-SERS sensing platforms.

3.3 Optimising the Enhancement Factor by Interfacial

Engineering of the Graphene Substrate.

As introduced above, there are a variety of parameters that result in spectral enhance-
ments in G-SERS platforms. Namely the thickness and permittivity of the substrate
material/s, the nano-particle geometry, and the unique electronic configuration of
graphene itself. Fortunately, being a solid state device the fabrication of the nanoparti-
cle decorated substrate is easily controlled and predictable. On the other hand, the
integration of CVD graphene into the device is less controlled. The transfer technique
introduces impurities and dopants from the water and polymethylmethacrylate (PMMA)
used in the fabrication procedure. In addition to this, there are a variety of defects
such as grain boundaries, wrinkles and point defects in the graphene itself that result

in local variation of the graphene properties, in particular its doping characteristics.

Despite this, one of the key strengths of a G-SERS platform is the ability to reference
the measured enhanced signal against the characteristic graphene spectrum. This is
particularly important since, the doping of graphene does not only enhance or weaken

the spectra of the probe molecule, but also the characteristic graphene Raman peaks.
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Figure 3.3: Representative Raman spectra of graphene in the presence (red spectra)
and absence (black spectra) of the gold nanodisc array for (a) graphene wet transferred
onto silicon, (b) oxygen plasma treated substrate with dry transferred graphene and (c)
oxygen plasma treated substrate with dry transferred h-BN followed by dry transferred
graphene. (See Appendix A.3 for details on the background removal).

Bearing in mind that the different enhancement processes discussed in the previous
section do not enhance equally, the importance of referencing the enhanced graphene
spectrum while simultaneously detecting molecular species becomes invaluable. In-
terestingly, the combination of doping induced enhancement coupled with plasmonic
nanostructures is still in its infancy. Therefore, the work in this section aims to ad-
dress how chemically doping the graphene influences the graphene spectrum of AuND

G-SERS platforms.

To discern the doping induced spectral enhancements of G-SERS platforms, graphene is
interfaced with three distinct AuND pattered and surface treated substrates. Fortunately,
although there is a large degree of local variation of the graphene properties arising
from the transfer procedure. The mean of the doping distribution can be controlled
through careful preparation of the interfacing substrate [197, 255, 256, 257, 258].
Figure 3.3a-c compares the typical Raman spectrum of graphene in the presence (red
spectra) and absence (black spectra) of AuNDs of (a) an untreated substrate whereupon
graphene was transferred using a standard wet transfer method, (b) a substrate that
was oxygen plasma treated prior to a dry graphene transfer and (c) a substrate where

a h-BN spacer layer was dry transferred onto an oxygen plasma treated surface prior
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to a dry graphene transfer. A comparison of the graphene quality through analysis of
the Raman peaks of figure 3.3 and more rigorously via statistical analysis of Raman
maps is presented in sections 3.3.1 and 3.3.2 respectively. From this, it is shown that
graphene is highly (oxygen plasma treated), moderately (wet transfer) or lightly (h-BN
pacified) p-doped depending on the substrate interface. For full details of the sample

fabrication see section 2.1.1 of chapter 2.

3.3.1 Overview of the Raman Spectra of Differently Prepared Sub-
strates.

The discussion of the Raman spectra in this section introduces key concepts that will
recur throughout this thesis chapter. Table 3.1 summaries the peak position, full width
and half maximum and peak ratios of each representative spectrum of figure 3.3.
For comparison the peak properties of ‘pristine’ graphene [163, 259, 260] are also
tabulated. Interestingly, all the G and 2D peak phonon modes are blue shifted with
respect to pristine graphene. The increase in wavenumber of the G and 2D bands
are attributed to hole doping facilitated by the PMMA [261, 262] used in the transfer

process, water trapped underneath the graphene in the wet transfer [ 148] sample and

Table 3.1: Raman peak properties from figure 3.3. The peaks are fitted to a Lorentzian
function except for the peaks marked with the superscript* which are fitted to a Gaussian
function. (Appendix A.4 shows the peak fitted spectra in detail). The data for pristine
graphene excited at 633 nm were collected from references [163, 259, 260]

Fabrication AuUND Peak Position (cm™!) FWHM (cm™) Ratio
Method u D G 2D D G 2D |D/G|G/2D
No 1329.3 | 1590.6 | 2646.4 48.52 23.41 30.36 0.68 0.86
Yes 1324.6 | 1585.8 | 2635.2 57.58 29.61 43.93 1.08 1.03
No 1332.6 | 1605.6 | 2659.9 36.69 18.19 30.48 1.12 1.61
Yes 1318.2 | 1587.4* | 2625.3* 39.21 50.76* | 67.41* 3.02 2.03
h-BN No NA 1585.7 | 2642.1 NA 12.87 28.15 NA 0.54
Spacer Layer Yes 1322.7* | 1584.3 | 2628.3" | 42.933* | 27.60 | 52.463* | 0.56 0.57
Pristine
Graphene

Wet Transfer

Oxygen Plasma

NA NA ~1581 | ~2625 NA ~13.5 ~23 NA 0.5
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dangling bonds generated on the silicon dioxide surface after oxygen plasma treatment
[263]. Appendix A.5 compares transport measurements of equivalently fabricated

samples without AuNDs which verifies that all samples are p-doped.

Unsurprisingly, the G and 2D bands are shifted the most in the oxygen plasma treated
substrate, followed by the wet transferred graphene and then the h-BN pacified sample,
which confirms the order of doping since larger wave numbers correspond to higher
concentrations of charge carriers [169]. Interestingly, the G band shift is smaller in the
presence of the AuNDs due to the graphene in contact with the nanoparticles being
decoupled from the p-doping substrate and AuNDs n-doping the graphene upon optical
excitation [264]. Consequently, the AuND facilitated n-doping brings the originally
p-doped graphene closer to the charge neutrality point. In contrast, the 2D band
position decreases when the graphene lattice is strained [ 163], which is the case for the
graphene contoured around the gold nanoparticles. Clearly, h-BN is good at pacifying
the graphene from substrate induced doping, such that there is hardly any change in
the G peak position in the presence or absence of the AuNDs. The discrepancy in the
2D peak positions are due to strain. This strain and doping relationship is explored

further in the next section and figure 3.7.

The G/2D intensity ratio is typically 0.5 for monolayer graphene in the absense of
strong doping effects [164, 166]; which is clearly the case for h-BN pacified graphene
in the presence and absence on AuNDs and the standard wet transferred graphene
sample in the absence of AuNDs. However since the spectral peak intensities are greatly
affected by charge doping, the oxygen plasma treated and the unpacified interaction
between graphene and the gold nanodiscs provide enough doping such that this ratio
will change even in the presence of monolayer graphene. In particular, a decrease in
intensity of the 2D peak is expected [229, 265]. Further to this, due to the near field

enhancement being the strongest for the D band and the weakest for the 2D band, it is
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expected that the ratio of the enhanced peaks is higher than those absent of the gold

nanoparticles, which is consistent with what is observed.

In the absence of the AuNDs the D band which arises due to disorder (see chapter 2)
in the graphene structure or if close to the edges is absent only in the h-BN pacified
sample. The slight disorder in the crystal structure of the wet transfered sample is
caused by the polymer used in the transfer procedure and the evaporation of water
trapped under the graphene sheet which breaks through the membrane causing cracks
[143, 148, 266]. The D peak is more intense in the oxygen plasma sample due to
extreme substrate treatment inducing surface charges in the silicon creating defects in
the graphene crystal. To better quantitatively assess the number of defects present if
the graphene sheet, the intensity of the D/G peak ratio is used. A D/G ratio >1, as is
the case for the oxygen plasma treated graphene, is indicative of large crystal disorder.
Which is consistent with its harsh treatment of the substrate surface. Whereas the
D/G intensity ratio <1 suggests less impurities, as is the case of the wet transferred
graphene. However, the D band is expected when measuring graphene integrated
with nanostructures since graphene contours the nanoparticles well (as shown in the
SEM image of figure 3.1a) which introduces abrupt transverse discontinuities-“artificial
edges" [164, 224, 267]. This is clearly shown in figure 3.10 of section 3.3.2 which
shows 10 x 20 um Raman maps of the D peak properties of the same samples studied.
Consequently, the presence of the AuNDs always activate a D peak, therefore defect

concentration evaluation is impossible in the presence of AuNDs only.

Interestingly, for all enhanced spectra, when graphene is in the vicinity of the AuNDs,
the enhanced G peaks exhibit a slight shoulder at ~ 1618 cm™2 at the D’ band location.
The D’ band is due to disorder in the graphene lattice due to restructuring forming
nanocrystaline domains [166]. Interestingly, since the D’ band is absent in the h-

BN pacified sample, it is likely that the increase in defected graphene is substrate
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mediated. Further to this, in general a sharp full width at half maximum (FWHM)
of the Raman bands coincide with less doping and impurities in the crystal lattice.
Therefore in the absence of the AuNDs it is clear that h-BN is the best quality graphene
whereas the oxygen plasma treated is highly doped with a lesser quality. However, the
electromagnetic enhancement in the vicinity of the AuNDs broadens the spectral peaks

making it difficult to evaluate the quality control of the material.

To summarise, hole doping is most prominent for the oxygen plasma treated substrate
due to the the formation of silanol functional groups at the silicon dioxide surface. As
a result, the plasma treated surface is positively charged which significantly p-dopes
the graphene. Conversely, the h-BN pacified surface shows very little doping compared
to the “pristine” suspended graphene, has a G/2D intensity ratio of ~0.57 and there is
no evidence of a D band; demonstrating good quality. This is unsurprising since h-BN
is an atomically flat 2D insulator, with similar crystal spacing as graphene and is free
from charge impurities which provides a good surface for graphene to adhere to via
Van der Waals bonds [268]. However, not only does the presence of the AuNDs dope
and strain the graphene, the non-uniform spectral enhancement of the graphene itself
affects interpretation of the graphene properties. As a consequence, when preparing
the G-SERS platform it is important to have a region free of nanostructures as a quality

control reference.

Doping and Enhancement Factor Comparison

To conclude this section, table 3.2 compares the measured enhancement factors of
the main graphene Raman peaks from figure 3.3. Since there are many mechanisms
that results in spectral enhancements, all the samples were fabricated on substrates
with 300 nm oxide. However, the wet transferred sample was transferred onto a wafer

from a different batch from the others and from FTIR measurements (figure 3.4a)
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Figure 3.4: FTIR reflectance of wet transferred graphene, graphene dry transferred
into an oxygen plasma treated substrate and graphene dry transferred onto a h-BN
pacified sample in the (a) absence and (b) presence of gold nanodiscs. Discs with radii
at 50 nm and periodicity 300 nm were were fabricated on the wet transferred and
h-BN sample. Discs with radii at 40 nm and 60 nm with the same periodicity were
studied on the oxygen plasma treated substrate.

it is clear that the oxide thickness are not exactly identical. Unfortunately, identical
AuND geometries were not possible for the oxygen plasma treated sample. Instead the
nanodisc array consisted of a radius of 60 nm and periodicity of 300 nm which shifts
the resonance as shown in figure 3.4b. An additional array with smaller nanoparticle

radii of 40 nm is also compared which is of relevance for section 3.3.2.

Another factor to consider is the lateral height where the gold—graphene distance of the
h-BN pacified sample is larger than the other samples. Since the EM of enhancement is
the prominent mechanism, at least at frequencies corresponding to the D and G bands,
the calculated average normalized electric field from the inset of figure 3.1e is compared
at relevant interlayer distances as shown in table 3.3. The interlayer spacing d,,,, values
of table 3.3 are idealised assuming Van der Waals type interactions obtained from
literature. In reality, the interlayer separation distances can vary depending on defects
and crystal stacking orientation and therefore are guideline values [269, 270, 271].
The calculated electric field distribution is the result of the average electric field

enhancement of a full nanodisc unit as shown in figure 3.1a. Interestingly, the simulated
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Table 3.2: G-SERS enhancement factors Table 3.3: Normalised electric field at

for different substrate treatments. relevant interlayer separations distances.
Material 2
Fabrication | Enhancement Factors Interface dinc(A) | [BI*/[Eq|"
Method D G 2D Au — Gr 3.31 [118]| 1.67
Wet Transfer 10.05 6.32 5.32 Au — h-BN 2.48 [269] 1.69
Oxygen Plasma | 19.14 7.08 5.64 h-BN — Gr 3.20 [271] NA
h-BN Layer NA 3.92 | 3.69 Au—h-BN —Gr | 5.68 1.60

enhancement factors underestimates the enhancement factors measured. Potential
reasons for this include the use of no filling factors and ignoring light matter interactions
with the 2D materials themselves, which are doping dependent. Ignoring these two
parameters are non-trivial particularly since graphene/h-BN/gold structures have been

shown to have remarkable light confinement properties [272].

Regardless, the enhancement factors are largest from D, G and then the 2D band,
since the lower wavenumbers are located closer to the plasma frequency of the AuNDs.
Although work by Schedin et al. [113] correlate the enhancement factor using assuming
|E|* from FTIR measurements, it is clear that scattered Raman peaks are too far away
for this relationship to be accurate. From table 3.3 there is an estimated 5% decrease
in electric field magnitude in the graphene of the h-BN pacified sample due to the
increased distance at excitation frequency. Since the D peak intensity naturally increases
due to the ‘artifical edge effect’ the enhancement factor is not reliable. Interestingly,
there is less distinction between the enhancement factors of the G and 2D band of
the h-BN pacified sample compared to the other two. Implying one of two things,
first that the lack of doping dampens the enhancement of the G peak, or secondly
the approximate 2.37 A extra graphene—gold distance is sufficient to reduce the local
enhancement. However, the 2D bands of all samples should be mostly decoupled from

the plasmon enhancement. With this in mind, the large increase in enhancement factor
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of the G peak compared to the 2D peak suggests that the increased p-doping enhances
the peak. To conclude, despite EM enhancement contributions dwarfing those of the
chemical mediated mechanism, the psuedo-large area of carbon atoms being probed
optically (i.e. all the carbon atoms illuminated under the laser spot) shows that global

charge doping isn’t negligible.

3.3.2 Statistical Raman Analysis of Doping

From the previous section it is clear that a wealth of information can be extracted
from the Raman spectra of figure 3.3. However, the properties of a typical graphene
surface vary spatially. Therefore, Raman spectroscopy maps of dimensions 10x20 um
are compared to investigate the local spectral variation across the various graphene
samples. Figures 3.5 and 3.6 compares the peak position, full width at half maximum
and enhancement factors spatially for both the G and 2D peaks respectively. The
dashed lines show the interface between the graphene in the presence (right) and
absence (left) of the AuND array. Clearly, each sample shows local variations within

the graphene irrespective of the AuNDs.

Interestingly, there is a clear contrast between the graphene peak properties in the
presence or absence of the AuND array. With the exception of the G peak position, which
is invariant across the h-BN pacified interface. This indicates that the main source of
doping for the other samples is due to graphene—substrate interactions. This confirms
the initial single spectrum assessment of figure 3.3 showing that the addition of the
AuNDs dopes and strains the graphene membrane. This is more easily visualized in
figure 3.7 where the Raman peak data is displayed in a 2D histogram format. Here the
invariance of the G peak position of the h-BN interfaced layer is in stark contrast to the
other samples, which shows a distinct doping shift in the presence and absence of the

AuNDs. Similarly, the difference in AuND induced strain on the graphene becomes more
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Figure 3.5: Raman maps of the local varation of the G peak properties.
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Figure 3.6: Raman maps of the local varation of the 2D peak properties.
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The above Raman maps show the peak position (Pos), FWHM and Intensity for (a-c)
standard wet transferred graphene on gold nanodiscs r50p300 (d-f) h-BN protected
substrate on gold nanodiscs r50p300 and oxygen plasma treated substrate on (g-i)
r40p300 gold nanodiscs and (j-1) r60p300 gold nanodiscs for G and 2D peak maps,
figures 3.5 and 3.6 respectively. Each map was imaged at the nanoparticle array edge
such that the pixels left (right) of the dashed line correspond to the graphene Raman
signal in absence (presence) of the AuNDs.
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Figure 3.7: 2D scatter plot comparing G and 2D peak position on and off gold nano
particle arrays on graphene transferred via different methods. Red hexagon corresponds
to pristine graphene at (1581, 2625) as observed by Berciaud et al. [259] under 633
nm laser illumination. The black solid lines correspond to vectors in Pos 2D-Pos G
space associate with tensile strain and doping. The strain contribution is split into two
gradients dependent upon whether the 2D inter valley scattering process involves the
inner or outer cone [273]. The dashed orange lines show a clear distinction between
the Raman response of graphene in the presence and absence of AuNDs.

apparent by following the large shift in 2D peak wavenumber along the strain vector
guide line - where decreasing (increasing) wave numbers corresponds to increasing
tensile (compressive) strain. Moreover, the distributions clearly show that the oxygen
plasma treated samples are the most doped, followed by the wet transferred sample
and finally the h-BN pacified layer and the AuND-interfaced graphene. Interestingly,
in the presence of the AuNDs, the peak position distributions broaden; including in

the h-BN pacified sample. As a result, the presence of the AuNDs not only reduces
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Figure 3.8: 2D scatter plots of the (a) G and (b) 2D peak enhancement factor vs peak
position. Corresponding 1D histograms are plotted at the corresponding axis as a guide
to the eye. Above (below) the horizontal dashed lines mark a clear separation between
the Raman spectra influenced (uninfluenced) by AuNDs. Similarly left (right) of the
vertical dashed line in (b) shows spectra influenced (uninfluenced) by the AuNDs due
to strain.

the p-doping influence of the substrate, but also increases the micron scale doping

variation.

To elucidate the role of nanoparticle size on the enhancement factor, similar 2D his-
tograms were constructed as shown in figure 3.8 corresponding to the (a) G peak and
(b) 2D peak. The EF was calculated by dividing the total intensity data set by the mean
peak intensity in the absence of nanoparticles. In both cases the corresponding 1D
histograms clearly show a positive correlation between the nanoparticle size and the
EE From the FTIR result in figure 3.4b, better coupling the of the scattered photons
to the resonant mode as shown in figure 3.4b certainly contributes to this response.
Interestingly, although the EM enhancement mechanism/nano particle size influences
the enhancement factor the most, comparing the lightly doped h-BN pacified sam-
ple with the moderately doped wet transferred graphene shows an increased overall

enhancement of the moderately doped wet transferred sample. Strikingly, the EF of
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Figure 3.9: 2D scatter plots of the (a) G and (b) 2D peak FWHM vs position. The
intensity ratio of the (c) D/G and (d) G/2D vs 2D peak position. The dashed lines
show a clear distinction between the data in the presence and absence of AuND.

the 2D peak of the wet transferred sample compared to the h-BN pacified sample is
obviously larger than the G peak. This is particularly important since the 2D peak
is largely decoupled from the plasmon resonant mode. However, upon comparison
with figure 3.4b, it is unclear whether or not the prominent factor is substrate induced

doping or interference induced enhancements at the oxide interfaces.

For completeness, figure 3.9 compares the other spectral peak properties. Figure
3.9a plots the 2D FWHM against the 2D peak position. The increased strain and line
broadening of the graphene peak induced by the AuNDs is easily distinguishable, as
marked by the dashed orange lines. Figure 3.9b compares the G peak FWHM against

the G peak position. The smearing of the distributions in the presence of the AuNDs is
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Figure 3.10: Raman maps of the D peak properties showing the spatial variation of the
Pos, FWHM and Intensity for (a-c) standard wet transferred graphene on gold nanodiscs
r50p300 (d-f) h-BN protected substrate on gold nanodiscs r50p300 and oxygen plasma
treated substrate on (g-i) r40p300 gold nanodiscs and (j-1) r60p300 gold nanodiscs.
Each map was imaged at the nanoparticle array edge such that the pixels left (right) of
the dashed line correspond to the graphene Raman signal in absence (presence) of the
AuNDs.

clearly evident. Unlike the broadening of the 2D peak, the G peak broadening is more
pronounced in the presence of the AuNDs. With the exception of the h-BN pacified
sample which is broadened but the distribution less smeared, possibly due to the h-BN

providing a more homogeneous surface for the graphene to adhere.

Finally, the the D/G and G/2D intensity ratios are compared against the strain sensitive
2D peak position in figures 3.9¢ and d respectively. The large shift in 2D peak position
separates the graphene response in the presence and absence of AuNDs. Overall in
the presence of AuNDs the D/G ratio distribution spreads and increases. However, the
distribution is more consistent regardless of the AuNDs for the h-BN pacified sample.
The points at zero are attributed to regions of graphene without an appreciable D peak,

indicating that the wet transferred sample contains fewer defects. This is more clearly
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shown in figure 3.10 from the 2D maps of the D peak where the black pixels correspond
to regions of graphene where there is no detectable D peak. Interestingly, in the
absence of AuNDs, the wet transferred method produces the least defected graphene
and the oxygen plasma treated substrate produces the most defected graphene. This
is quantitatively summarised in table 2.1 of chapter 2. This is unsurprising since the
oxygen plasma treated substrate introduces more defects into the graphene lattice
and the graphene/h-BN sample requires two PMMA mediated consecutive transfers.
Strikingly, the concentration of D peak increases in the presence of the AuNDs. As stated
previously, this is due in part to the presence of defects in the graphene lattice and
in part due abrupt transverse discontinuities caused by the AUNDs creating "artificial
edges" [164, 224, 267]. Finally, the G/2D intensity ratio distribution also spreads in
the vicinity of AuNDs. For graphene in the absence of AuND the statistical mean of the
G/2D ratio is between 0.5 - 1. Interestingly this mean ratio increases in the presence
of AuNDs which is consistent with the EM enhancement being stronger for the G than

the 2D peak.

To conclude this section, the statistical analysis of the Graphene Raman data provides a
more robust and comprehensive characterisation of the G-SERS platform. From figure
3.8, it is clear that in addition to improving the electric field—graphene coupling by
choice of specific nanoparticle geometry, substrate interference effects and increased
p-doping in particular augments G peak enhancement [170] by 30%. The statistical
analysis of the Graphene Raman data allowed for unambiguous distinction between
the graphene properties influenced by the AuNDs, doping and strain effects. More
interestingly, the Raman maps of graphene show increased sensitivity in the vicinity
of the AuNDs as evidenced by a ‘smearing’ of the spectral distribution statistics. This
smearing of graphene properties in the presence of the AuNDs implies: that either the

G-SERS platform is sensitive to the spatial doping variations in the graphene that cannot
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be measured in the absence of the AuNDs; or the AuNDs themselves are enhancing
doping mechanisms within the graphene, since the AuNDs reduce p-doping by counter
n-doping mechanisms. In short, the influence of “chemical” doping of the graphene
via substrate engineering is not entirely masked by the EM facilitated nanoparticle
enhanced spectra, nor the AuND decoupling of substrate effects. Despite this, G-SERS
platforms provide a promising platform for spectroscopic sensing. Through continual
analysis of the baseline graphene properties, the presence of the probe molecules
unique spectroscopic signature is potentially not the only information that can be
attained from G-SERS sensors. Since the graphene Raman spectrum is sensitive to
perturbations in doping and strain of the crystal lattice, the graphene spectrum itself
can provide additional facets of information that SERS sensors alone cannot. However,
the interpretation and understanding of the various enhancement effects that are
necessary in order to determine the baseline for the optimisation of reliable future

G-SERS molecular sensing platforms.

3.4 Optically Induced Environmental Doping of

Graphene

From the previous section, the Raman maps of graphene across the AuND interface
show local variation of spectral properties in addition to their enhancement. Initially
KFM measurements were undertaken to correlate regions of high doping with regions
of high Raman spectral enhancement. However, through imaging the surface potential
of the graphene gold nanodisc arrays, it became clear that regions of nanoparticle
decorated sample exposed to the laser became permanently doped. This effect did not
occur in regions where there were non nanoparticles. This effect is clearly shown in

Figure 3.11 where the (a) AFM and corresponding KFM (b) before and (c) after Raman
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Figure 3.11: (a) AFM image and corresponding KFM images of graphene/h-BN sample
(b) before and (c) after laser illumination at at 633 nm at ~ 2.5 mW. The black spot in
the KFM images corresponds to a hole in the 2D materials such that the non-conductive
substrate is exposed and charging the tip. Raman maps of the G Peak (d) position and
(e) intensity, and (f) the G/2D intensity ratio. Logarithmic false colour scales are used
for (d) and (e) since the electromagnetic enhancement is too large to view variations
on and off the nanodisc array clearly. The dashed boxes on the SPM images mark the
regions illuminated for the Raman measurements.

illumination of graphene on h-BN at the AuND (radius of 50 nm and periodicity of
300 nm) interface. Appendix A.6 is the KFM measurements of an equivalent substrate
without a h-BN pacified layer. The surface potential of the illuminated area (dashed
box) is clearly changed before and after laser illumination. KFM measures the surface
potential, which is the difference between the work function of the SPM tip and the
material being probed (see chapter 2 section 2.3.2). From the biasing set up of the
scanning probe microscope, an increasing surface potential corresponds to increasing
the p-doping of graphene. Therefore, from the KFM measurements, it is immediately
apparent that the total region illuminated where discs were present is irreversibly p-
doped. Moreover, this laser induced doping in the vicinity of the AuNDs is not uniform

across the graphene, however KFM resolution is limited by the probe geometry.

Corresponding Raman maps of the laser doped region of the G peak position, intensity
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and G/2D ratio are shown in figures 3.11d-f respectively. The G peak position is most
sensitive to doping variation, indicating regions of highly p-doped graphene (~1600
cm™!) over the AuND region. In general, these highly doped regions correspond to
areas with the largest enhancement above the AuNDs, as shown by the G peak intensity
map. Interestingly, the G/2D ratio shows that for the most part, is similar across the
imaged array except at locations of highly p-doped graphene. Although from the
SPM micrographs there are clear areas of PMMA residues that could contribute to the
p-doping, these regions do not obviously correlate with the Raman maps. This in part
is due to the mismatch of resolution between the scanning probe microscope, limited
by tip curvature in the order of nanometers; and the spot size of the Raman laser, in

the order of about a micron.

The following work aims to elucidate this permanent doping mechanism. Regions
of graphene at the AuND interface were measured using KFM before and after laser
illumination at different laser intensities and environmental conditions - namely air
and nitrogen at atmospheric pressure. During laser illumination, the Raman signal of
graphene was continuously measured. Surprisingly, the‘inert’ nitrogen gas environmen-
tal conditions, n-doped the illuminated graphene whereas an air environment p-doped
the AuND regions of the sample. Through analysis of the KFM micrographs and the
corresponding Raman maps, the graphene is shown to be selectively doped by + 1
meV via optical excitation mediated predominately via the AuNDs depending on the

environmental conditions.
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3.4.1 Optically Induced Environmental Doping of Graphene
Background

The doping of nanoparticle decorated graphene can only occur via an interaction at
the interface, in other words the doping is either induced from the substrate or from
the gaseous environment at the exposed surface. Under illumination at nanoparticle
resonance, the electrons in graphene are excited either optically [274] or thermally
[275, 276]. It has been shown that thermal annealing of graphene irreversibly dopes
graphene by decreasing the graphene—substrate bond distance which increases the
interlayer coupling [277, 278]. As a consequence, to minimize doping from the G-SERS
substrate a h-BN pacifying layer was introduced prior to the graphene transfer. As a
result, the only doping pathway is via the exposed surface. As such, optical excitation is
performed in two different ambients; an air environment, achieved using a compressed
air cylinder such that nitrogen, oxygen and trace amounts of water is expected; and a

nitrogen environment.

Laser induced doping has been shown to reversibly [279, 280, 281] and irreversibly
[282, 283, 284, 285, 286] dope the graphene surface. Laser doping of graphene on a
SiO, substrate is achieved by the laser inducing charge trap defects on the SiO, surface
[282]- this process is irreversible. In contrast, the laser induced doping of graphene on
a h-BN substrate is mediated through the defect states in the band structure arising
from nitrogen vacancies and carbon defects - this process is reversible [280, 281]. Laser
induced annealing of graphene/SiO, facilitates the transition from ‘pristine’ graphene
to nanocrystalline graphene by breaking C—C bonds and induce sp® hybridisation
[284, 286] at laser powers as low as 1 mW upon continuous exposure. Interestingly,
Huang et al. [285] showed that a 3 mm beam diameter with an irradiance as low

as 60 W cm™2 increased the induced amorphization of the carbon lattice. However,
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temperatures as high as 1100°C were measured implying it was a global thermal effect;
particularly since a typical 1 mW Raman measurement for a 1 um beam diameter has an
irradiance of 2.55x10°> Wem™2. In all laser induced annealing measurements p-doping
of graphene was observed due to either the ambient environment or oxygen and water
species trapped at the surface. Therefore, altering the molecular environment should

change the magnitudeof the doping.

Further to this, thermal annealing of graphene in different ambient conditions influ-
ences the doping. Indeed, it is well established that thermal annealing in oxygen
environments induces defects in the graphene lattice and ultimately p-dopes the sheet
[261]. Similarly, annealing in situ followed by oxygen exposure will reversibly p-
dope the graphene unless water is present, where the p-doping becomes irreversable
[278, 287]. In addition to this, measurements have also shown reversible oxygen/air
doping post annealing in situ and nitrogen environments [288, 289], where nitrogen
is assumed to be inert at room temperature. However, annealing in nitrogen environ-
ments has been shown to reduce the p-doping character [290] and produce n-type
graphene [291]. However it is unclear if this is due to nitrogen actively n-doping the

sheet, the lack of O,/H,0 in the vicinity or other fabrication conditions.

Interestingly, despite the emergence of G-SERS platforms, environmentally dependent
optically induced doping of graphene gold hybrid devices has not been previously
investigated. Further investigation into this effect is important since G-SERS platforms
provides such a promising sensing platform, whereupon a key strength includes that
of high thermal dissipation through the graphene which protects the integrity of the
optically active nanostructures [29, 30, 31]. Moreover, reversible optically induced
doping has been reported in graphene [264, 292, 293] where hot electron chemistry
is an emerging field [292, 294, 295, 296]. As such, understanding and ultimately

controlling the behaviour of G-SERS platforms in different environmental conditions is
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of paramount importance.

3.4.2 KFM Determination of Optical Doping of G-SERS Platform

To discern between substrate, environmental thermal and optically induced doping,
graphene transferred onto a gold nanodisc decorated sample (radius = 75 nm and
periodicity = 400 nm) is pacified by an h-BN spacer layer, to reduced substrate induced
doping. The graphene is measured using KFM before and after laser exposure. To
investigate thermal effects, laser irradiation of the sample is achieved using a 633 nm
Raman system where 10x10 um maps at either at a high and low laser power at 4.55 mW
and 1.14 mW respectively. The corresponding power densities are (2.95+0.19)x10°
Wem ™2 and (3.43%1.22)x10* Wem ™2 respectively for a measured beam diameter of
1.07 £ 0.17 um (see chapter 2 section 2.2.2 for details). The maps were taken at
a AuND array boundary to distinguish between effects induced by the nanoparticles
and the graphene itself. To understand the origin of the doping, the illumination was
carried out in both a nitrogen and air ambient. To achieve the different ambients, the
G-SERS sample is placed into a Linkam stage and flushed with nitrogen to remove
any moisture in the stage. During this procedure the stage is not heated to avoid any
unwanted thermal effects. After the purging procedure, the target environmental gas
(N, or compressed air) is introduced to the stage at 1 atm and sealed. During all Raman
measurements the stage was kept at at 25°C. During laser illumination Raman spectra
are continually recorded. It should be noted that all KFM measurements were made in

an ambient of lab air.

Figures 3.12 and 3.13 compare the laser induced doping effects at high power in an air
and nitrogen environment respectively where: (a) is an AFM micrograph of the region
of interest where (b) shows the same region with an overlaying Raman map of the 2D

peak position, confirming the location of the illuminated region due to graphene strain
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Figure 3.12: High Power Laser Illumination in Air Ambient
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Figure 3.13: High Power Laser Illumination in Nitrogen Ambient
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(a) AFM image (b) Raman map acquired laser illumination of the graphene 2D peak for
localisation purposes and KFM images (c) before and (d) after 633 nm laser illumination
at 4.55 mW in air and N, environments at 1 bar. Dashed line indicates gold nanodisc
array edge.
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Figure 3.14: Low Power Laser [llumination in Air Ambient
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(a) AFM image (b) Raman map acquired laser illumination of the graphene 2D peak for
localisation purposes and KFM images (c) before and (d) after 633 nm laser illumination
at 1.14 mW in air and N, environments at 1 bar. Dashed line indicates gold nanodisc
array edge.
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induced by the AuNDs shifting the peak position. The corresponding KFM images (c)
before and (d) after laser illumination are compared. The dashed white lines marks
the AuND array boundary and the solid white box mark the region illuminated by
the laser. KFM measures the potential difference between the work function of the
scanning probe microscopy (SPM) tip and the graphene surface. As a result, variations
at the surface correspond to changes in the work function of graphene. Explicitly,
an increase in surface potential corresponds to a decrease in the work function and
Fermi energy. Prior to laser exposure, green-red regions at low surface potential
values on the KFM micrographs correspond to p-doping PMMA and graphene wrinkles
[190, 297]. Of consequence, upon comparison with graphene directly transferred
unto the AuND/SiO,/Si substrate, the h-BN spacer layer clearly screens the graphene
from doping interacting from the substrate (See Appendix A.6 for KFM image of an
equivalent substrate without h-BN showing substrate interactions). However, the
AuNDs are discernible as pale blue dots on the KFM micrographs due to the increased

strain on the graphene [190, 195] at the interface.

Interestingly, the most striking difference between KFM micrographs before and after
laser illumination is the local increase in p-type and n-type doping in the air and
nitrogen environments respectively. The enhanced regions of p-doping in figure 3.12d
are most prominent around deposits of PMMA and in regions of suspended or cracked
graphene. However, the graphene regions in the absence of the AuNDs do not show
an obvious increase in p-doping, indicating that the increased p-doping after laser
illumination is more prominent in the presence of AuNDs. Conversely, figure 3.13d
shows the experiment in a nitrogen environment results in n-doping of the graphene.
Moreover, the region illuminated in the absence of AuNDs is also altered which is

certainly not the case in the air illuminated experiment.

As a control, both measurement procedures were repeated at different regions of the
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Figure 3.16: KFM histograms comparing the surface potential of graphene in contact
with h-BN/SiO,/Si (red) and h-BN/AuNP/SiO,/Si (black) (a) before and (b) after 633
nm laser illumination in air at 4.55 mW. Similarly (c) is before and (d) after 633 nm
laser illumination at 4.55 mW in nitrogen. The relative number of counts is dependent
upon the resolution of the SPM imaging which was not the same for all measurements.

sample, at a lower laser power of 1.14 mW in the air and nitrogen environments as
shown in figures 3.14 and 3.15 respectively. Unfortunately, the sample above the region
of interest in figure 3.14 is slightly damaged between KFM measurements. Also, each
Raman spectrum acquired in air, consisted of the summation of two spectra acquired
at half the integration time as those acquired in nitrogen ambients. This was done
to minimise saturation effects in the high power measurements in the presence of
the AuNDs. Unfortunately, in the absence of AuNDs at low power, these conditions
prevented accumulation of a satisfactory signal. Irrespective of this, all laser exposures
were acquired during identical periods of time and does not adversely impact the laser

induced doping effect. Regardless, the KFM measurements in the irradiated regions of
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both environments show no obvious doping effects.

To quantify the change in doping in the high power measurements, figure 3.16 compares
the surface potential histograms in the presence and absence of AuNDs. Each KFM
micrograph is measured either using different SPM tip, or at least a day has passed
between measurements such that the work function of the SPM tip is altered between
measurements. Therefore, only the relevant shift in surface potential magnitude
between features of the same micrograph are comparable. Figures 3.16a and b compare
the histogram distributions before and after high power laser illumination in air. A
gaussian curve is fitted to each histogram as a guide for the eye. Before illumination in
air, there is little difference between the surface potential of graphene in the presence
or absence of the AuNDs. However after illumination, not only is there a striking
reduction in the surface potential of graphene in the presence of the AuNDs, indicative
of p-doping, but also a broadening of the statistical distribution. Similarly, in the
nitrogen environment there is a relative shift in the surface potential in the presence
of the AuNDs and statistical broadening. However, this shift corresponds to a relative

increase in surface potential or n-doping of the graphene.

The measured surface potential is equal to the difference in work functions between
the graphene surface and the SPM tip such that ¢sr = ¢,;, —eVipp. The first tip used
was calibrated against a gold reference sample, immediately afterwards a 60 um KFM
image encompassing the total nanoparticle array was measured. The work function of
the gold reference sample was taken from a literature value of 4.75 since values of gold
in air range from 4.7-4.8 eV [184, 197, 198]. To avoid tip degradation of sequential
measurements, the new tips used are calibrated against the same untampered part
of the graphene sample (see chapter 2 section 2.3.4 for details). As such, figure 3.17
compares the change in work function in (a) air and (b) nitrogen. From this it is

clear that the graphene in the presence of the AuND array (solid lines) experiences
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Figure 3.17: Work function histogram distributions of measurements in (a) air and (b)
nitrogen environments. The blue (red) curves correspond to graphene before (after)
laser illumination at 4.55 mW. The solid (dashed) lines correspond to KFM measure-
ments in the presence (absence) of the gold nanoparticles. The N, measurement after
laser exposure is 0.15 x magnified for easy visual comparative purposes.

a much larger shift than the graphene in the absence of AuNDs. The Fermi level is
related to the work function as ¢ = E,,. — Ep, where E,,. is the vacuum potential.
Therefore, an increase (decrease) in the work function corresponds to p-doping (n-
doping) of the graphene sheet. As such, the air environment promotes p-doping and
the nitrogen rich environment promotes n-doping. It should be noted that the use of a
three significant figures from the literature value for the work function of gold leads to a
systematic error, since the measured changes in work function are just under a millivolt.
Fortunately, the change in surface potential is equivalent to the change in work function,
so improved work function determination is not necessary. Table 3.4 compares the
statistical mean of each distribution and the relative difference of the graphene surface
potential influenced by the AuNDs. In air the shift is ~ -0.87 £ 0.05 mV (m eV) and
in nitrogen ~ 4+0.75 £ 0.07 mV (m eV). However, in the nitrogen environment from
figure 3.13d the illuminated graphene region in the absence of AuNDs also shows slight
n-doping when compared the equivalent non-illuminted region. In other words, the

absolute effect could be larger. Finally, since the doping is permanent, and dependent
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Table 3.4: Statistics from the Gaussian fitted surface potential histograms consisting of
the mean =+ the standard error of the mean.

Distribution Mean + Standard Error (mV)

AuND High Power Air High Power N2
Before After Before After
Present -0.10993+0.02741 | -0.60401+£0.04291 | 0.43572+0.04440 1.4702+0.05878
Absent -0.1032340.02960 | 0.269534+0.02847 | 0.657244+0.01911 | 0.72476+0.03162
Apresent—spsent | -0-0067+0.04035 | -0.8735420.05150 | -0.2215240.04833 | +0.74544+0.06674

upon the environment the graphene surface is exposed to, it is likely that the irradiated

graphene changes the surface chemistry on the surface.

To summarise, graphene in the region of AuNDs is either p-doped or n-doped by
approximately £ 1 meV upon laser illumination; where the sign of the doping is
dependent upon the environmental conditions. Since the graphene is decoupled
from doping contributions arising from the substrate and gold nanoparticles, this
effect is most likely due to surface chemical effects occurring at the exposed graphene
surface. However, it is still unclear whether this effect is optically or thermally driven.
At resonance the graphene electrons can be excited [274], which could lead to the
observation of this effect being more prominent in the vicinity of the AuNDs. However,
the AuNDs also enhance the heat absorption of heat from the laser [275, 276], which
would also lead to the observed effect being prominent in the vicinity of the AuNDs
(See appendix A.7 for a brief discussion of this). Interestingly, due to the high thermal
conductivity of graphene and potentially the high lateral conductivity of h-BN, graphene
is also effective at dissipating heat from plasmonic hot spots [30, 298]. Regardless,
in both cases the interaction with the laser induces a surface chemical reaction with
molecular species at the interface. However, from these measurements alone it is
difficult to resolve a mechanism. Therefore, the following subsection discusses the

measured Raman response in terms of temperature and doping effects.
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3.4.3 Temperature Considerations

(a) — Heating
= Cooling

700

)
5600
2'500
z 400
2300
T 200
100
M)
Wavenumber (cm ")
4354 [T T 1503 AR RS LA LA RARA R
2696 |- E
®) | (d)
1352 - - — 2694 -
— < 1591 < = N\
£ £ Ezssz— * B
L 1350 -4 L1590 =
o { { o Q 2690 - -
@ @ 1589 o
& 1348 4 & S 2688 -
1588 M
2686 - - -
P
1346 - B 1587
R TN P DU T LS T T PO TR A Y in
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
Temperature (°C ) Temperature (°C ) Temperature (°C )
T ARSERES RS Ea SRS R T
- m - m 38 —
» (e) u ® (g){
- - 3T —
< 85| -4 ;
22— T £ {
MK i s 8l -
o T 1 o 2
I 20— — N 351 -
Z s % i - z % s
{_—%’_{’_ ¥ T T sl } -
s 2l -
- m .L |
I 33
65— I B 16 I - 32 { m
AP PRI P PR PR | AP L U P R P | =T P PR P TR N
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
Temperature (°C) Temperature (°C ) Temperature (°C )

Figure 3.18: (a) Evolution of the graphene Raman spectra upon heating (red) and
cooling (blue) acquired using 514 nm laser (at 4.55 mW using the 50x long working
distance objective inside the Linkam stage). The average (b-c) peak position and (e-g)
FWHM of graphene spectra taken at various temperatures.

Before comparing the Raman statistics acquired during laser illumination of the environ-
mental experiments, for context figure 3.18a shows the evolution of the characteristic
Raman spectrum properties of wet transferred CVD graphene on silicon upon heating.
The sample was measured after annealing at 300°C for at least 20 minutes. It should
be noted that although thermal annealing improves the graphene adhesion to the
substrate, it also promotes further doping and strain [163, 299], which is detrimental
to the high mobility properties of graphene [300]. Consistent with previously reported

literature [301], as the temperature increases, the frequency of the characteristic
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Figure 3.19: Representative Raman spectra during laser exposure at (a) high and
(b) low power in air and (c) high and (d) low power in nitrogen. The black lines
correspond to spectra measured off the AuNP array are 10 x magnified with respect to
the equivalent measurement of graphene in contact with AuNP (red spectra).

graphene peak positions decreases. This is due to thermal lattice expansion as shown in
figures 3.18b-d. Interestingly, the FWHM temperature dependencies of figures 3.18e-g,
show that the peak broadening of the 2D band is also a reliable metric. Although a
532 nm laser (opposed to a 633 nm) was used to excite this Raman response, only
the G peak position being a non-resonant process is invariant to the excitation laser
frequency. Although the peak position and FWHM of the resonant D and 2D processes
are pump frequency dependent, their relative trends are the same, providing a good

reference.

Figure 3.19 compares some representative graphene Raman spectra in the presence
(red) and absence (black) of the AuNDs from each environmental measurement. Inter-
estingly, upon visual inspection of the general peak shapes acquired during the four
measurement conditions, it became clear during the nitrogen ambient measurements
at low power, that many of the Raman spectra exhibited miscellaneous sharp peaks

around 1100 - 1800 cm™ - the prominent enhancement region of the AuNDs. Moreover,
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Figure 3.20: (a) The FTIR response of graphene/h-BN on the nanodisc array (radius
75 nm and periodicity 400 nm) and the silicon substrate. Although the pump at 633
nm is not strongly resonant the 2D peak is. (b) The temperature data from figure 3.18
in Pos 2D vs Pos G vector space (note that these measurements taken with a 514 nm
laser). The Raman statistics comparing the (b) the 2D peak FWHM vs its position of
the various experimental conditions and (c) peak position of the 2D and G peak.

there is a distinct dampening of the 2D mode. In contrast, both the high and low power
air ambient conditions show well defined peaks, with expected peak broadening and

shifts in the presence of the AuNDs.

For context figure 3.20a is the FTIR response of the G-SERS platform studied showing
the main resonance coincide with the 2D mode. Unsurprisingly, there is a broadening
of the 2D linewidth in the presence of the AuNDs as shown in figure 3.20c. A dashed
black line roughly separates the Raman signal from the graphene in the presence

and absence of the AuNDs; since it is more useful to compare the G-SERS response
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separately from the graphene response. Interestingly, as shown by the black arrows, the
2D peak distribution measured at high power in air (nitrogen) is broader (sharper) than
the low power measurement in the vicinity of the AuNDs. The peaks sharpening during
the high power nitrogen ambient measurements is particularly interesting, since figure
3.18g shows that typically the graphene peaks broaden as the temperature increases.
Therefore, thermal effects alone cannot produce this effect. Furthermore, the low
wavenumber enhancement of adsorbed aromatic molecules ha been reported by Xu et
al. [302], where they use a similar G-SERS substrate and attribute this enhancement to
7 — 1 interactions of the aromatic probe molecule and the graphene. With this in mind,
the observed appearance of the miscellaneous peaks at low wavenumber could be due
to resonant, 7T — 7t interactions between graphene and a transient N, adsorbate species.
Moreover, the reduction in the 2D peak typically caused by interaction between aromatic
planes or more gerenally charge doping [164, 166, 170, 175]. Although molecular
nitrogen isn’t aromatic, it does have a 7w — ©t* system, where the 7* orbitals are vacant
prior to optical excitation. Moreover, the transient nature of these additional peaks

could be alluded to physisorption interactions at the graphene surface.

By plotting the Raman data in the Pos2D vs PosG vector space [163] as shown in figure
3.20d, the strain and doping effects can be be separated. From this, the low power
measurements follow the grey doping vector, as is typical of CVD graphene samples.
However, the high power measurements follow the black strain vector lines suggestive
of thermally induced strain. Interestingly, in the vicinity of the AuNDs in the nitrogen
ambient, there is an approximate 10 cm™! blue shift of the G phonon mode between
the Raman response of graphene at low power and high power. Conversely, the air
measurements do not show a significant shift of the G peak between high and low
power in the vicinity of AuNDs, despite clearly measuring p-doping through the KFM. In

addition to this, where there is a clear distinction between the graphene in the presence
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and absence of AuNDs during the high power nitrogen ambient measurements, this
distinction is not as clear for the air ambient measurements. This could be due to the
logarithmic phonon anomaly [163, 173]. Since the h-BN pacified graphene is lightly
doped and following the ‘pristine’ graphene strain vector, hole doping can occur via a
red shift of the G band phonon before blue shifting as expected. If this is the case, air
ambient doping effects could be screened during high power Raman measurements.
Finally, for comparison, figure 3.20d correlates the temperature trend from figure
3.18 in the Pos2D vs PosG vector space where the red (blue) crosses correspond to
heating (cooling). From comparison of the relative distributions during the low and
high power measurements, the gradient trend does not fit well with the observed
measurements. Although thermal induced annealing is the likely mechanism behind
the observed strain, it is unclear what magnitude of temperature is required to do this.
From Lee et al. [163] an upper limit estimate of 100°C is consistent with the observed

measurements.

Although it is not possible to do a defect analysis before and after illumination, since
the Raman data is being obtained during laser illumination. However, figures 3.20c
and d indicate that graphene in the presence of AuNDs exposed to low power laser
illumination is hardly perturbed. With this in mind, figure 3.21 shows histograms of the
intensity ratios of the D and G peaks in the presence of AuNDs during all environmental
measurements. Each histogram is fitted with a Gaussian distribution where the mean
(I(D/G) pean ) and standard error of the mean (og,,) are tabulated in table 3.5. Of
the total number spectra measured (N,,, = 1681), only data points pertaining to the
Gaussian distributions fitted are used to calculate the standard error. Clearly, Raman
spectra corresponding to graphene in the absence of the AuNDs, which do not have a D
peak or where the enhanced signal was too strong which saturated the detector are not

included. As a result, the high power nitrogen measurements in particular are missing
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data points due to detector saturation. Regardless, these statistics are indicative of a
slight increase in defect peaks in both the nitrogen and air high power measurements

which is likely to be due to strain than any severe degradation of the crystal structure.

To conclude, from the combination of KFM and Raman analysis of the four experimental
procedures, it is clear that laser illumination of graphene at high power causes environ-
mentally induced doping. Interestingly, this effect is more pronounced in the vicinity of
the AuNDs. However, in addition to enhancing the electric field via the electromagnetic
enhancement mechanism of SERS, gold nanoparticles also heat up via the enhanced
absorption cross section. Therefore, both electronic and thermal excitation effects are
considered. From the Raman measurements at high power (figure 3.20c), there is a
distinct increase of strain in the graphene contoured to the nanoparticles suggestive of
thermal heating effects. Consequently, any thermally induced interactions of residues
such as PMMA or any other surface contaminants should be present irrespective of
ambient conditions. It should be noted, that the upper limit temperature estimate
of 100°C in the vicinity of the AuNDs suggests that ablation is unlikely. Therefore,
the increased p-doping of the graphene in the air ambient can be attributed to the

interaction with oxygen and water. Whereas, the presence of transient peaks during



118 Chapter 3. G-SERS Platforms for Enhanced Optical Sensing

the low power nitrogen measurements, implies molecular nitrogen plays an active role
in the doping of graphene. As a result, molecular nitrogen ambients are not necessarily
‘inert’. As a consequence, the environmental dependent optical doping of G-SERS
platforms presents a simple method to fabricate interesting doping domains. This could
potentially have applications in selectively enhancing particular molecular species,

making G-SERS devices attractive sensing platforms.

3.5 Chapter Conclusion

To conclude, the G-SERS gold nanodisc platforms facilitated spectral enhancement
via a variety of mechanisms. The nanodiscs provided the largest enhancement via
an electromagnetic mechanism, the graphene itself facilitated GERS enhancement
through chemical mechanisms, the substrate oxide layer provided enhancement through
interference effects and the doping of the graphene itself modified the enhancement.
Each of these enhancement mechanisms have unique and limited spectral range with
the potential of high tunable optically active substrates. By interfacing graphene with a
variety of differently treated substrates, the chemical induced doping was assessed and
compared via a statistical Raman analysis. Oxygen plasma treatment of the substrate
induced heavy p-doping in the graphene sheet, whereas hexagonal boron nitride
provided an effective substrate pacification layer resulting in high quality graphene.
Despite the h-BN inclusion increasing the distance between graphene and the AuNDs,
the graphene still coupled well to the E field hot spot. As a result, it is shown to fully
analyse the global properties of graphene, the highly sensitive Raman spectrum of
graphene is best characterised by combining the analysis of the overall spectral peak

characteristics and single spectra.

Interestingly, by incorporating Kelvin force microscopy with the surface characterisation
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of graphene, not only is the local surface potential properties of graphene assessed,
but it is clear that Raman spectroscopy is not a non-invasive tool in the presence of the
gold nanodiscs. More interestingly, laser irradiation of the different arrays in air and
nitrogen ambients doped the array by ~ —0.87 £ 0.05 meV and ~ +0.75 £ 0.07 meV
respectively corresponding to p and n-doping - as measured with respect to a platinum
iridium tip calibrate against a gold reference sample. The effect is most pronounced
in the vicinity of the gold nanodiscs. However, it is clear that there is a laser induced
annealing effect since the Raman analysis shows increased strain of the graphene in the
vicinity of the AuNDs. Moreover, even at low laser power, where there are no obvious
laser induced strain signatures in the graphene in the presence of the AuNDs, there
is an increased scattering in the presence of the nitrogen ambient in the prominent
enhancement region of the AuNDs. This is suggestive of optical excitation and some
transient chemical interaction of the nitrogen gas molecules and graphene. Interestingly,
from examination of the before and after laser irradiation KFM micrographs at high
power, there is no obvious laser ablation of surface contaminants nor distortion of the
AuNDs themselves. As such, large area surface composition restructuring is unlikely to
contribute to the doping change. Instead, the permanency of the optical induced doping
of graphene, such that the KFM measurements show doping weeks after the irradiation,
indicate a change in the surface chemistry of graphene. It is likely both optical and
thermal effects lead to excitation of the graphene electrons which perturbs the graphene
surface chemistry. Indeed future measurements could include an evaluation of G-SERS
heating, the optoelectronic properties of the environmentally doped arrays and more
interestingly, the fabrication of two dimensional doping domains of graphene for novel

optoelectronic devices and the investigation of topological systems.



Chapter 4

Graphene Gas Sensing using a

Microwave Method

4.1 Contactless Gas Sensing Motivation

Typical graphene based gas sensors depend upon the measurement of the change in
the electrical properties of graphene upon gas adsorption [26]. These sensors are
highly sensitive with fast response times arising from the unique intrinsic properties
of graphene - namely high charge carrier 104 mobilities [25] that are ambipolar and
particularly sensitive to perturbations of the graphene electronic structure [24, 188,
197]. Upon the adsorption of p-type (n-type) dopant gas molecules onto the graphene
surface, holes (electrons) are donated to the graphene surface changing the sheet

conductivity [51, 52, 53, 54, 55, 26, 56, 57].

Currently used graphene gas sensors require the deposition of metal contacts to probe
the conductivity, and it is not clear to date whether the DC electrical signals reported
are entirely due to gases perturbing the conductivity of graphene itself, or whether
there are large contributions from the metal contacts locally doping the graphene
[117, 118, 119] and/or from metal—gas adsorbate charge transfer interactions [120,
121]. To overcome this limitation a high Q microwave dielectric resonator perturbation

technique [88, 303, 215], where the sheet resistance and conductivity of graphene can

120
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be determined without the need for invasive contacts.

As a consequence, the absence of metal contacts indicates that the signal measured
from this contactless technique originates entirely from the graphene—gas adsorbate
interaction-providing a unique platform to probe the fundamental adsorption inter-
actions at the graphene surface. In this work CVD graphene transferred onto a high
resistance silicon substrate is exposed to different concentrations of NO, - a p-doping
gas. The time-dependent conductivity measurement is determinded by the rate of
adsorption and desorption dynamics of NO, on graphene. For low NO, concentrations
the underlying kinetics of such processes on graphene and carbon nanotubes have been
previously studied using Langmuir models [304, 305], where it was shown that for
low concentrations the NO, coverage is dominated by the binding energy at discrete
types of adsorption sites [306, 304, 307]. However, these models fail to describe the

adsorption dynamics at higher concentrations.

In this chapter the contactless microwave measurement technique of graphene is
explained and its extrapolation into a unique gas sensing platform is described. To
understand the characteristic shape of the conductivity signal upon NO, gas exposure
(the sensor response lineshape), statistical analysis of Raman spectroscopy and Kelvin
peak force microscopy (KPFM), which describes the surface properties of graphene,
informs a modified Langmuir model that describes the underlying adsorption physics
of the empirically fit data. This modified Langmuir model describes the adsorption
interaction of NO, concentrations spanning concentrations from 300 parts per billion
(ppb) to 100 parts per million (ppm). A key result of this work shows that in addition
to the binding energy of NO, on graphene, the time dependence of the signal is largely
determined by the energy barrier for adsorption, which we find to increase continuously

with increasing NO, coverage rather than having a discrete set of constant values.
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The work in this chapter was published in the IOP journals Nanotechnology [88] and 2D
Materials [89]. As such a large proportion of the figures (although slightly modified)

in this chapter are used thanks to the permission of IOP publishing.

4.2 The Microwave Method

Microwave dielectric resonators have historically provided a contactless method of
probing the surface electrical properties of a range of materials [308, 309] and more
recently graphene [310, 311, 312]. The “Microwave Method”, a term coined by Hao
et al. [303, 313], is a methodology that allows for large area measurements of the
sheet resistance of graphene by comparing three simple measurements. The method
relies on measuring the perturbation of the resonant frequency and linewidth of the
TE,;; mode of a dielectric resonator in a cavity due to the presence of graphene and its

supporting substrate.

When microwaves interact with a dielectric material, in this case a cylindrical sapphire
puck (see figure 4.1a), standing waves are formed. There are two types of mode,
Transverse Electric (TE) and Transverse Magnetic (TM), referring to the direction
orhogonal to the axis of the cylinder. For conductivity measurements on graphene
samples which are parallel to this direction it is important to choose TE modes for
measurement, so that the frequency and linewidth perturbations arise from the same
field profiles. Of interest for the microwave method is the TE mode of a cylindrical
dielectric resonator with radius R and height L. where the resonant frequency modes

depend upon the geometry and material properties of the dielectric as follows:

c X \® pm?
fmnp_znm\l( R ) +(T) B (41)
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Figure 4.1: (a) Schematic of the microwave dielectric resonator inside a copper cavity
housing. (b) Comsol electric field distribution indicating how the graphene sample is
positioned to interact with the evanescent electric field. (c) A schematic showing the
current and electric field distribution at the graphene sample surface.

where c is the speed of light, u, and €, are the permeability and the permittivity of the
dielectric material, p is an integer and X/ is the n'" zero of the derivative of the m""

Bessel function [210].

Using the TE,;; mode, when a sample of large area graphene on a low loss dielectric
substrate is brought into a fixed position above the dielectric puck resonator, the
graphene electrons will interact with the azimuthal electric field as shown in figure
4.1b, which will drive current loops in the graphene sheet, as shown in figure 4.1c,
creating ohmic losses that will broaden the resonance lineshape. Unlike metals and
semiconductors where only the surface conductivity can be probed non-invasively in
this manner [309], since the electromagnetic skin depth of graphene, &, is far greater
than the thickness of a few layers of graphene in the microwave frequencies (6 ~ 10
um [313]) the presence of graphene will not screen the electromagnetic fields. Now
if the same dielectric substrate (without graphene) is brought to the same position
above the resonator, the shift in resonance frequency and linewidth due to the substrate
can be measured as shown in figure 4.2. This shift in the resonant frequency in the
presence of a bare substrate, Af;, and the linewidth, Aw, can be described using first

order perturbation theory where the complex substrate and graphene permittivity
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Figure 4.2: The shift in resonances of the TE; in the three measurement configurations
of the “Microwave Method” necessary to calculate the sheet resistivity of graphene.
The resonances are measured with a VNA (Anritsu series 37XXXC) at ~ 10.6 GHz in
the presence of a 10 x 10 mm graphene on high resistivity silicon substrate.

is described as € +ie and e’g + ie;’ respectively; provided the quality factor of the
resonator is high enough compared to the losses introduced by the substrate. The
quality factor is the ratio between the energy stored in the resonator and the energy lost
to the cavity per cycle. In the presence of a bare substrate, the quality factor is related
to the ratio of resonant frequencies and linewidths where Q = f,/w, (see chapter 2

section 2.6.2). Therefore, the frequency shift can be described as:

(4.2)

(e/—1) [E*dV
v ,

Afs :fO(

where W is the total microwave energy stored by the cavity and fEd V is the electric
field within the volume of the substrate, V. Similarly, the frequency shift due to

graphene, Af,, can be described as follows:

g (4.3)

(e/—1) [ E*dV + (€ —1) | E*dv
Af, :fo( f W : f ),

where the second term of the numerator describes the energy graphene and v the
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graphene volume. Now, since the graphene volume will always be so much smaller

than the substrate volume, the second term can reasonably be ignored.

Similar expressions can be used to describe the shift in linewidth of the substrate and

the graphene (Aw,),

"y [ E2dV
and , ,
() | E*dV + (€7) | E*dv
Aw, =2f0( J = D) ) (4.5)

Unlike the frequency shift, the shift in linewidth due to graphene is not negligible
despite the v«V since graphene has high conductivity comparable to that of a metal
such that w;’ »w!. As a result, by combining equations (4.2) to (4.5) a simplified
relationship of the easily measurable quantities Af; and (Aw, — Aw;) is obtained
where

W =€, — (4.6)

12 2
eng dv _ 2Afit,
g(eé_l)ts’

Aw, —Aw; = 2f0(

using the assumption that the ratio of energy stored in each material is equivalent to
the thicknesses f E2dv/ f E2dV =~ t,/t; where t, and t; in the graphene and substrate

thicknesses respectively.

Since the 3D conductivity can be expressed simply in terms of the imaginary part of
the complex permittivity equation (4.6) can be expressed in terms of conductivity as

follows

7-['-fOEO(Aa)g - Aws)(eg - 1)ts
Afit, '

Finally since graphene is a 2D material, the 3D conductivity can be converted to a 2D

o =2nfyeo€, = (4.7)

sheet resisitance, R; using the following expression o = t, /R, such that

. Af,
’ nfOEO(Awg - Aws)(eg - 1)ts

(4.8)
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4.3 Graphene Gas Sensing using the Microwave Method

As discussed in section 4.1, there are a range of graphene based gas senors that function
by measuring the change in electrical properties of graphene upon adsorption of gas
molecules. Therefore, since resonance broadening is dependent upon the graphene
sheet resistivity, the doping of the graphene sheet due to gas adsorption can be measured
non-invasively using the Microwave Method. To facilitate gas sensing, a graphene
coupled - dielectric resonator microwave cavity is inserted into an isolated chamber
where different gases can be leaked and mixed with synthetic air (80% nitrogen and
20% oxygen) through an injection line as shown in figure 4.3a. A more extensive
description of the measurement apparatus is given in section 2. In this study, different
concentrations of NO, are diffused through small holes in the copper housing, that are
big enough to enable gas diffusion yet small enough such that there is no microwave

leakage.

From equation (4.8) the graphene sheet resistance is inversely proportional to the
perturbed resonators linewidth. Therefore, during a gas sensing measurement the
change of linewidth (or equally Q) of the perturbed graphene coupled dielectric
resonator system is followed, which is indicative of a resistivity change in the graphene
due to adsorption of gas molecules donating a charge carrier into the graphene sheet.
Figure 4.3b is an example of the change of linewidth of the dielectric resonator upon
exposure to 50 ppm of NO,. After 5 minutes, the PID of the temperature controller
is stabilized and then 50 ppm of NO, gas is diffused into the sensing chamber. The
graphene, which is already slightly p-doped due to the wet transfer procedure, donates
electrons to the NO, molecules as they adsorb onto the sheet. As a result, the hole
conductivity of the graphene sample increases as a function of time which results in a

broadening of the resonant lineshape. Using the Microwave Method described above,
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Figure 4.3: (a) Schematic of the measurement apparatus for gas sensing measurements
and (b) an example of a sensor response measurement acquisition of 50 ppm NO, in
synthetic air. The linewidth and temperature are continually measured and the sheet
resistance is calculated according to equation (4.1).

the corresponding sheet resistance can be calculated using equation (4.8) which is
convenient when comparing the sensor response to traditional electrical based graphene

gas Sensors.

Traditional graphene electrical based gas sensors utilize the concept of sensor response
which is defined as the change in sensor resistivity divided by the initial resistivity.
In an analogous way the sensor response can be defined in terms of the change in
linewidth such that

w(t)—w,

S(t)=——, (4.9)

Wo
where w, and w(t) corresponds to the initial linewidth and the linewidth at some
time t. This is a useful concept for comparative measurements, however, w, must
be consistent. This is due to the graphene resisitivity being directly dependent upon
the number NO, molecules adsorbed on the surface. These molecules are capable of
facilitating charge transfer and ultimately environmentally doping the graphene sheet.
Therefore, a consistent choice of w, ensures that the initial doping state of the surface

being investigated is consistent.

To illustrate the importance of this, figure 4.4 compares five adsorption measurements,
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Figure 4.4: (a) Change in linewidth during gas exposure when starting at different
initial linewidth values, and (b) the resulting sensor response curves. (c) Offsetting the
linewidth data along the x-axis clearly shows that the sensor responses are dependent
on occupancy of the graphene surface.

three exposed to 0.3 ppm of NO, and two exposed to 3 ppm where each measurement
has a different w, value as shown in figure 4.4a. The corresponding sensor response
curves are shown in figure 4.4b. The measurements at 3 ppm, that have a similar
w,, have similar sensor response curves. In contrast, the 0.3 ppm measurements,
that have largely different w, values, have decisively different sensor response slopes.
Interestingly, an overarching response trend becomes apparent when offsetting the
measurements of figure 4.4a as shown in figure 4.4c. By overlapping the shallower
part of the sensor response slopes, a general adsorption trend becomes apparent that
has a rate dependency upon the initial doping state of graphene. This is easily seen on
the low surface coverage 0.3 ppm measurements. The 3 ppm measurements show two
distinct responses that are indicative of two distinct kinetic regimes where the “slow"
regime has an overall doping dependent character whereas the “fast" regime becomes
limited by this doping dependent order in the system. A full discussion on the kinetic

regimes of gas adsorption will be discussed in section 4.4.

To recover the graphene sensor after an adsorption measurement, the NO, injection
line was isolated and the graphene sensor allowed the NO, molecules to desorb and

diffuse out of the system. Interestingly, while the NO, adsorption response is in the
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Figure 4.5: The full sensor response and recovery for 3 ppm NO,. In region 1 NO,
is flowed through the sensor. In region 2, the valves are closed and the samples is
left to desorb NO,. In region 3 air is then flowed into the system to promote further
desorption of NO,.

orders of hours, the desorption timescale is in the order of days. Figure 4.5 shows an
example of a full adsorption and desorption measurement acquisition at 3 ppm NO,.
In region 1 the sensor is exposed to 3 ppm NO, gas where the increase in linewidth is
due to the adsorption of NO, molecules. In region 2 the NO,/synthetic air mixture
inlet valve is closed, enabling the gas to desorb and diffuse through the system and exit
through the outlet valve. However, after a day the desorption rate slows even further.
This is due to the measurement apparatus functioning in “static” conditions, in other
words, there is no air flow promoting the desorption of NO,. Therefore, in region 3,

air is flowed through the system enhancing the removal of NO, through the outlet.

It has been shown that rate of desorption and therefore sensor recovery can be enhanced
by increasing the temperature [314, 315, 316, 317], exposure to ultra violet (UV) light
[57, 318] and pumping down the system to a rough vacuum [26, 64, 289]. However
these treatments can be harsh and degrade the graphene surface. For example, UV
exposure provides the adsorbate molecules enough energy to cleave bonds and desorb

from the surface. Unfortunately, this very same process promotes the cleavage of the
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Figure 4.6: (a) A full UV measurement run following the quality factor of the resonator
(Q o< 1/w)The blue dashed lines indicate regions exposed to a UV LED for at 6.5 V at
26 mA the region of blue background bordered by green dashed lines is where NO, gas
was injected into the system. Clearly between 1-40 minutes the signal is stable. After
gas adsorption the sample is clearly desorbing the gas molecules. The inset is a zoomed
in region depicted by the blue dashed box. (b) Compares the gas adsorption affinity
of the same graphene sample before and after UV stimulated desorption treatments
where the graphene surface is irreversibly altered after UV treatments.

sp? hybridised graphene bonds, forming free radical species which ultimately promote
sp® bond formation or, in other words, increase the concentration of defects present
[81]. Figure 4.6a shows such an experimental run. Initially the sensor is at some
equilibrium position, after UV illumination the Q increases («w decreases) indicative of
a decrease in conductivity. This new conductivity state of graphene is stable for around
40 minutes. After which the sample is exposed 100 ppm NO, for approximately 3 hours
whereupon the Q drops, indicating an increase in hole conductivity. During desorption
the sample is exposed to UV immediately after the NO, exposure and again after 2 hours
recovery. The inset graph shows a zoom in of the blue box clearly showing the before
and after response of UV exposure. Unfortunately the sample was removed from the
cavity to perform UV illumination as such continuous measurements were impossible
in this particular cavity design. Figure 4.6b then shows the degradation of the sample
before and after UV treatments, where it is clear that graphene becomes defected and

more “sticky” after a UV treatment which can be described to the formation of defects.
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Consequently, the graphene surface before and after UV illumination is altered and
the graphene molecles binding affinity is altered such that the graphene surface is no
longer comparable to its previous pre-illuminated state. As a study for future work, it is
possible to incorporate a UV light emitting diode (LED) into the copper housing without
perturbing the microwave resonator properties. This modification would allow for UV
exposure without changing the gas environment and so could lead to new information
about the energy involved in the ond breaking processes. Similarly, an extensive study
to see how the sensor recovers after repetitive thermal treatments is intended for
future work, since thermal annealing is a known occurrence at high temperatures.

Consequently, for this study ambient desorption was the preferred recovery method.

Figure 4.7a shows the sensor response spanning three orders of magnitude of NO,
concentrations: 0.3, 1, 3, 10 50 and 100 ppm. After each adsorption measurement the
sample is recovered such that the linewidth w, = 8.7 MHz was obtained. In figure 4.7b
the maximum change in linewidth was plotted against NO, concentration on a natural
log-log plot. As a matter of notation the square brackets indicate the concentration
of the gas species they contain. A linear line of best fit was extrapolated to the noise
floor/ minimum discernible signal (MDS) of the measurement system. From this, the
long term sensitivity limit of the system is approximately 90 ppb. However, it should
be noted that this value can be significantly improved upon by reducing the insertion
loss and optimising the graphene—resonator coupling which will minimise the noise in

the system.

To determine the fastest detection timescale capable of NO, concentration differentia-
tion, the sensor responses at times (t = 30s, 1, 5, 10 and 30 minutes as indicated by the
dashed blue lines of figure 4.7a) were extracted and plotted on a log-log plot similar to
figure 4.7b. Upon fitting with a straight line, figure 4.7c shows that it is impossible to

distinguish the different NO, concentrations before 5 minutes of gas exposure as there
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Figure 4.7: (a) Graphene sensor response for NO, adsorption and corresponding
resonant linewidth at various concentrations. NO, gas is injected into the system at
time t = 0. Blue dashed lines corresponds to the times t=30 seconds, 1, 5, 10 and 30
minutes after initial gas injection. Note that the t=30 seconds and the t =1 minute blue
dashed lines on the far left of the graph partly overlap, so that they appear as a single
thick dashed line. (b) The long time exposure sensor sensitivity limit is determined by
extrapolating the maximum measured change in linewidth, A linewidth, to lower NO,
concentrations, and comparing this with the noise floor of the measurement system
(horizontal blue dashed line). (c) Sensor responses at various times (corresponding
to the vertical blue dashed lines of (a)) indicate that the fastest response time occurs
around 5 minutes of exposure, since for shorter exposure times there is no systematic
increase in the sensor response for increasing NO, concentrations. Note that the value
of w, = 8.7 MHz was used.
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is no appreciable gradient to the fitted line. However, after 5 minutes of exposure,
the linear fits have an appreciable gradient whereupon the various concentrations can

clearly be distinguished.

4.4 Adsorption dynamics at the graphene surface

From the previous section, a graphene—coupled microwave dielectric resonator plat-
form provides an alternative gas sensing platform capable of gas sensing through 3
orders of magnitude of NO, gas concentrations. However, from literature graphene-gas
sensing studies [26, 63] and the results of figures 4.4 and 4.5 it is clear that the rate
of the sensor response and its lineshape is dependent upon a few crucial properties.
Namely the type of gases present and their molecular electron affinities, the gas con-
centration the sensor is exposed to, the relative doping of the graphene sheet and the
local surface properties of the graphene sheet. As a first approach to understand the
interaction between graphene and NO,, figure 4.7a, shows that every surface response

concentration can be fitted using a double exponential equation of the following form

S(t)zse(l—(l—a)exp {—Ti}—aexp {—i}), (4.10)

1 Ty

where S, is the sensor response at equilibrium (t — ©0), a determines the relative
weight of the two exponents, and T, , are the associated time constants where T; < T,,

so that t; (1,) corresponds to the fast (slow) component of the sensor response.

Figure 4.8 shows the values of the parameters in equation (4.10) fitted to the experi-
mentally measured NO, concentrations, ng. For increasing ng the value of S, increases,
and the time constants T,,, decrease. The value of a is about 1 for small ng, and

decreases for larger concentrations, which shows that while for small n; the data has
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Figure 4.8: Parameters in equation (4.10) fitted to the experimental data in figure 4.7a:
(a) equilibrium sensor response, S,, (b) relative weight of the two exponentials, a, and
(c) time constants T, (black squares) and T, (red circles). Solid points indicate the
parameters fitted to the experimental data directly, while the dashed lines correspond
to fits to the theoretical model.

predominantly single-exponential behavior, for larger ng the second exponent plays
an increasingly important role. Note that while equation (4.10) fits the data well, the
underlying relation between this equation and the corresponding parameters with the
microscopic kinetic processes of NO, adsorption and desorption on graphene is not

clear.

In figure 4.7a it can be seen that the difference in the slopes of the curves at various
concentrations decreases as time progresses. This slope corresponds to the rate of
adsorbate formation, which is approximately proportional to the time derivative of
the sensor response. The reaction scheme for the adsorption of NO, on graphene is as

follows:

NO,(g) + Gr — NO,—Gr(ads), (4.11)
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where Gr* represents a free graphene binding site and the (g) and (ads) denote whether
the NO, is in the gas phase or an adsorbate species on graphene. The rate of adsorption

is related to the sensor response such that

dS(t)

T k(t) [NO,J® [Gr**®, (4.12)

where denotes k(t) as the effective time-dependent rate constant, and y(t) and z(t) as
the partial time-dependent reaction orders. Knowledge of the partial reaction orders in
chemical kinetics is useful in determining how reactants interact and determining the
chemical adsorption mechanism. For NO, gas sensing the value of the time-dependent
effective reaction order with respect to [NO, ], y(t), indicates how responsive the sensor
is to changes in NO, concentrations, where larger values indicate better sensitivity.

The value of y(t) is obtained by taking the natural logarithms of the rate equation

ds(t)
dt

In =Ink(t)+2z(t) In[Gr*]+ y(t) [n[NO,], (4.13)

and extracting the time derivative of the sensor response at each time step. Note
that, to obtain a smooth result, the experimental data is empirically fitted with the
double exponential expression (equation (4.10) and figure 4.7a). For every time-step
t the logarithm of these results as a function of In[NO,] is plotted (figure 4.9a), so
that according to equation (4.13) the slope of the linearised curve is then equal to
y(t). As can be seen from figure 4.9a, for each time-step the resulting logarithm of the
rate increases approximately linearly as a function of In[NO, ], indicating the validity
of the above equation. The resulting time-dependent y(t) is shown in figure 4.9b,
where it can be seen that for the initial adsorption, the effective reaction order is
about 0.7. To put it in context, a reaction order of 1 defines a system where the rate

is proportional to the concentration of NO,, such that doubling the amount of NO,
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Figure 4.9: (a) Logarithm of the sensor response rate, In (dS/dt), as function of In[NO, ]
for different exposure times. At each exposure time the data points are interpolated
with a straight line. Following equation (4.13) the slope of these lines correspond to
the effective reaction order at a specific time, y(t). (b) The resulting y(t) indicates two
distinct adsorption regimes on either side of the “knee-bend" shape. The theoretical
model based on equation (4.17) is in good agreement with experiment.

molecules also doubles the rate. In contrast, a partial reaction order with respect to NO,
of 0 implies that the rate is independent of the NO, concentration. According to figure
4.9b, after approximately 35 minutes the reaction order is significantly reduced. Thus
indicating an initial rapid adsorption of NO, followed by a slower adsorption regime.
In other words, as the adsorption reaction proceeds, the probability to adsorb further
NO, molecules is decreased for increasing surface coverage. This result highlights a
fundamental kinetic limitation due to the nature of the NO, interaction at the graphene
surface - that there are two distinct regimes an initial fast adsorpiton regime followed
by a slower adsorption regime. In contrast, the sensitivity limitation of ~ 90 ppb
and a 5 minute minimum detection time as a result from analysis of figure 4.7 can
be improved upon by reducing the insertion loss of the cavity and better graphene
resonator coupling geometry. Whereas the chemistry limitation at the surface cannot be
overcome, instead it can be managed and improved by studying the thermodynamics
of the system. However, from the results of figure 4.7 and 4.9 the current graphene
sensor studied is capable of reliably distinguishing the NO, concentration within 5-35

minutes, which occurs during the initial rapid adsorption phase.
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Further to this, the observed double exponential behavior with two time constants
typically describes an adsorption process that requires an initial fast adsorption event,
followed by a slow adsorption event, which can be due to the presence of two distinct
types of adsorption sites on the surface [319] or due to a system limited by interpar-
ticle diffusion [320, 321]. Although it should not be too surprising that a double a
exponential fitting results in a reaction order with two distinct adsorption regimes.
The same result can be achieved using different fittings. Interestingly, aside from the
low concentration curve at 0.3 ppm where a single exponential expression is sufficient
to fit the data (figure 4.10a), all other response curves required a minimum of two
exponentials (figure 4.10b). With this in mind, a single exponential description at
low concentrations implies that either there is not enough NO, present to hinder the
adsorption of subsequent NO, molecules or that only the preferential adsorption sites
are being occupied. Further to this, large area wet transferred CVD graphene has
grain boundaries, regions of multilayer regions, wrinkles and polymer residues due to
the transfer process. As a result, it is unlikely that only two distinct adsorption sites
are present. Instead, a surface with many adsorption sites becomes a more realistic
model. Therefore a stretched exponential, S, = S, — K exp {—t/7,}?, also known as a
Kohlrausch function, which is an approximation of a sum of many exponentials, would
better describe the graphene surface [322, 323]. Here S, is the linewidth at time t,
S, is the value at equilibrium, K is an amplitude coefficient, T, is the time constant
associated with the exponential term and f is an exponent such that 0<f3 < 1. Figure
4.10c compares the fitting of a double exponential and a stretched exponential of
50 ppm NO, and both are equivalent descriptions. Figure 4.10d then compares the
reaction order with respect to NO, of the data fitted to both the Kohlrausch function
and the double exponential equation. Although the slope is a lot steeper, it also shows

two distinct regimes where the “knee-bend” arising after approximately 35 minutes.
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Figure 4.10: (a) Fitting the 0.3 ppm sensor to both a single and a double exponential
expression. (b) The 50 ppm sensor response cannot be fitted with both a single
exponential and a double exponential expression for comparison purposes. (c) The
stretched and the double exponential expressions fit the 50 ppm data equally well.

However, a drawback of the stretched exponential function is that for f < 1, which
is the regime required to the experimental data, it has an unphysical infinite slope
at t = 0, while the experimental data always starts with a finite slope. Furthermore,
figure 4.10d suggests that at around 200 minutes the rate of adsorption is independent
of NO, concentration, since the effective reaction order equals zero, which is not
what is observed experimentally. In addition to this, the fast time constant (t;) of
equation (4.10) is about an order of magnitude smaller than the slow time constant
(t,). Moreover, if three or four exponential expressions are used to fit the same data,
their contribution to the time constants are insignificant and amount only to overfitting.
For these reasons, the two exponential expression is used instead for the fitting, as they
avoid this unphysical behavior, and also allow for more flexibility in the functional

form. Regardless, both functions are ultimately empirical fits to the experimental data
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and although they both show two distinct adsorption regimes, they provide no physical

explanation as to what is happening at the surface.

4.4.1 Surface characterisation

To investigate the adsorption mechanism with graphene, and the possibility of two
discrete adsorption site model, the graphene sensor is characterised using KPFM and
Raman spectroscopy measurements. Figure 4.11a shows a typical CVD graphene
Raman spectrum of the graphene sensor studied. The inset is a map of the G/2D peak
intensity, where a value slightly less than 0.5 is indicative of monolayer graphene.[164]
This can be seen clearly in the histograms of figure 4.11c and d. Figure 4.11b utilizes
the vector analysis method described by Lee et al. [163]. Here the red line and orange
line are vectors in the Pos G-Pos 2D space associated with tensile strain and doping
effects respectively. Note that the term ‘Pos’ is used to indicate Raman peak position.
The sample studied is shown to be slightly strained compared to pristine graphene
(green marker [163]) but more interestingly the distribution aligns better with the
doping vector. This is attributed to residual NO, molecules on the surface and PMMA
residue from the wet transfer fabrication procedure p-doping the graphene. Fortunately,
PMMA is a low loss material present at an unchanging low surface coverage. As such, its
presence does not overtly influence the microwave measurement. However, its presence
does p-dope graphene in the local vicinity which will affect the graphene conductivity.
Fortuitously, any enhanced NO, adsorption on graphene in the vicinity of PMMA
residues is pacified by ensuring that the initial linewidth of the sensor is consistent for
every measurement, as it is assumed such a defected adsorption site is permanently
poisoned with NO, after the first NO, exposure. Figure 4.11c correlates the FWHM of
the 2D peak with its corresponding G/2D peak ratio. This co-localisation method shows

that the majority of the monolayer graphene pixels measured correspond to graphene
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with a FWHM less than 40, which can be indicative of good quality graphene.[300] It
should be noted that narrow Lorentzian shaped 2D peaks can also be confused with
few layer turbostratic graphene[166]. Therefore, it is important to analyze FWHM
of the 2D peak in the context of regions of monolayer graphene. [300]. The G/2D
peak intensity histogram (figure 4.11d), in conjunction with the 2D histogram of figure
4.11c, clearly shows a continuous distribution, where the average G/2D peak intensity
ratio is slightly less than 0.5. This is attributed to the sample being slightly p-doped,
as charge doping is known to enhance (decrease) the G (2D) peak intensity such that
the G/2D peak is still indicative of monolayer graphene[170, 324]. Similarly, the D/G
intensity histogram (figure 4.11e) also shows a continuous distribution around 0.35
indicative of low defect concentration [164]. In the same way, the G peak position
histogram (figure 4.11f) displays a continuous distribution, where the G peak position

is sensitive to doping [164, 166].

For completeness, figure 4.12 shows the full set of Raman maps of the sample better
illustrating the local variation of the Raman properties of graphene. Raman maps of
the D, G and 2D peak show the peak intensity (figure 4.12a-c), FWHM (figure 4.12e-g)
and peak position (figure 4.12h-j) variation over the 10 x 20 yum area. The large
quantity of black pixels present in the D maps correspond to unsuccessful fitting of the
D peak due to a lack of spectral intensity. Consequently, since the D peak is nominally
present at the edges, boundaries or defected regions of graphene, the inability for the
curve fit procedure to distinguish a Raman peak from the baseline noise is indicative
of a low defect concentration. Histograms comparing the intensity, position and full
width at half maximum of the D, G and 2D Raman peaks are shown in figures 4.12j-1
respectively. As part of the peak fit procedure, if the peak fit fails the value is set to
zero which is clearly shown in the histogram data. To conclude, there is no obvious

bimodal behaviour present in any of the Raman map distributions, instead there is
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Figure 4.11: Surface characterisation of CVD graphene wet transferred onto a silicon
substrate. (a) Representative graphene spectrum, inset 20 x 10 ym Raman intensity
map of the G/2D peaks. 2D histograms of (b) the 2D vs G peak position and (c) the
G/2D intensity ratio vs the 2D peak full width at half maximum. The green marker at
(1581.6, 2676.9 cm™) is the value reported for suspended exfoliated graphene [163]
showing only a slight increase in doping and strain of the graphene sheet which is
expected for large scale wet transferred CVD graphene. 1D histograms of the (d) G/2D
ratio (e) D/G ratio and (f) G peak position.

always a continuous distribution of properties.

Further to this, atomic force microscopy (AFM) maps of both monolayer graphene and a
bilayer graphene region of the sample (figure 4.13a and c) show, despite minor amounts
of PMMA residues (yellow blobs), that the transferred graphene is continuous. The tip
adhesion and surface potential maps of the monolayer graphene (figures 4.13b and c)
and the monolayer with multilayer graphene (figures 4.13f and g) clearly distinguishes
the multilayer from the single layer. This is due to the weaker graphene—graphene Van
der Waals bond compared to a graphene—substrate bond and to the charge screening
effect preventing the substrate from influencing the top graphene film in the multilayer
region as strongly as the monolayer region [194]. The surface potential map of

monolayer graphene and the corresponding histogram (figures 4.13c and d) show, that
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Figure 4.12: Raman maps of graphene the D, G and 2D Raman peaks with respect to
peak (a-c) intensity, (d-f) full width at half maximum and (g-i) position. Correspond-
ing histograms (j-1) compare the D, G and 2D Raman peak intensity, full width half
maximum and position data. The D peak histogram data of (1) was shaded black as a
visual guide. Raman peaks that were unsuccessfully fitted were set to zero. Note that
the D peak histogram data has 1213 counts in the zero value bin which is not shown
in the graph.

despite domains of graphene of different work function, the overall distribution of
states is continuous. Naturally, defects/discontinuities in monolayer graphene coverage
only broaden the distribution of energy states available on the graphene surface.
Interestingly, the equivalent measurements of the multilayer regions of graphene
(figures 4.13g and h) are less doped due to interactions with the substrate. Although
there are two distinct regions associated with monolayer and multilayer graphene,
it is clear that the overall distribution of energy states is still continuous, although

slightly skewed from the normal distribution. Moreover, regions of multilayers are not

prevalent on the surface.

To summarise, the surface characterisation results show no obvious bimodal behaviour
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Figure 4.13: AFM, KFM, tip adhesion, and histogram of total KFM maps of (a-d)
graphene and (e-h) monolayer graphene with a multilayer island.

indicating two distinct adsorption sites, but rather a continuous variation of properties
across the surfaces. Therefore, these findings do not support the interpretation that
the double exponential fit of the sensor responses (equation 4.10 and figure 4.7a) are

due to two discrete types of adsorption sites.

4.4.2 Modified Langmuir Adsorption Model

To elucidate the graphene—NO, interaction and understand the origins of the sensor
response, a modified Langmuir model is used to describe the adsorption at the surface.
Traditionally, the Langmuir adsorption model [325, 326, 327] describes the changes in
the adsorbate concentration as a dynamical process determined by the adsorption and
desorption of molecules. The sticking coefficient is a key parameter, which describes the
probability of an impinging molecule sticking to a surface. For an ideal Langmuir surface
the sticking coefficient, k,, is 1 for empty adsorption sites or O for filled adsorption sites.
Explicitly, the adsorption is dependent upon the surface coverage. Further to this, it is
assumed in such an ‘ideal’ system that: the surface is homogeneous i.e. containing only

one type of adsorption site, that adsorption stops once all the adsorption sites are filled
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- forming a monolayer on the surface, and the adsorbates are non interacting [327].
In reality very few adsorption systems are ‘ideal’, however, the Langmuir adsorption
isotherm provides a strong basis upon which more sophisticated adsorption models

can be developed.

With this in mind, to describe the adsorption of NO, on the graphene sensor, first it
is assumed that NO, molecules remain intact upon adsorption, and denote the total
number of available binding sites on the graphene surface as Ng, and the total number
of bound NO, molecules as N such that the adsorbate concentration n = N/Ns. Time
t = 0 is set to the instant where the NO, is added to the gas flow. In the same way that
w, does not correlate to an adsorbate free surface, but rather a reproducible surface,
t = 0 is not a surface completely free from NO, molecules. Instead it is expected that
there will be some NO, molecules bound to very strong binding sites corresponding to
surface defects. As such these adsorption sites are effectively inert, and it is assumed
that the NO, molecules do not desorb from these sites therefore are not a part of the
available Ny sites nor the total number of adsorbed molecules N. Now if the sensor is
exposed for a given time to air with a set concentration of NO, molecules, ng, then the

rate of adsorbate formation is

d
d—'z =ng k,(1—n)—kp n. (4.14)

The first term on the right-hand side describes the NO, adsorption rate on an available
Gr”* sites, and is proportional to ng; and to the probability of finding a free Gr* site,
given by 1 —n. The sticking coefficient, k,, includes the probability of a gas phase
molecule hitting the graphene surface in a given time-interval, and all the subsequent
physical processes that NO, undergoes upon adsorption, which can be described

with their effective adsorption barrier, E,, so that k, oc e E+/%T [328]. Here kj is
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the Boltzmann constant and T is the temperature. Similarly, the desorption rate
is proportional to the number of adsorbed NO, molecules, and the proportionality
factor is the desorption coefficient, kj, which includes all physical processes that NO,
undergoes upon desorption, and which are described by the energy barrier E},, so that
ky oc e Pp/ksT  For a pristine graphene surface E, is approximately zero, and E, is

equal to the binding energy, E;.

Finally, since all experiments were measured in ambient conditions, the effective
adsorption reaction scheme of equation (4.11) implicitly includes the displacement
reactions of any pre-adsorbed species such as oxygen (0O,) and nitrogen (N,) occupying

a Gr* with NO,:

NO,(g) + Gr—0,(ads) — 0,(g) + NO,—Gr(ads) (4.15)

NO,(g) + Gr—N,(ads) — N,(g) + NO,—Gr(ads). (4.16)

Since the binding affinity of NO, is larger than that of O, and N, [329], such a replace-
ment reaction is thermodynamically favored. As a consequence, unlike adsorption
at a Van der Waals interface which experiences either a small or non-existent adsorp-
tion barrier, to displace pre-adsorbed species it is necessary to overcome a non-trivial

activation barrier E, , as illustrated schematically in figure 4.14.

The sensor response signal, S, mainly depends on the number of NO, adsorbates
on the surface, and on the probability of these NO, molecules accepting a graphene
electron. For a given n, S in general, can be written in terms as S(n) = c(n) n, where
c(n) is the function that determines how much the linewidth changes for a given NO,
surface coverage. This is determined by the changes in graphene carrier density due
to the charge transfer from each NO, molecule, as well as by the related changes

in mobility. Since these quantities are not yet directly accessible in the microwave
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Figure 4.14: (a) Schematic representation of the possible NO, adsorption pathways,
emphasizing a graphene surface with a range of different adsorption activation energy
barriers to be overcome for successful molecular adsorption.

contactless experiments, the function c(n) is unknown. However, is the motivation
of chapter 5. Therefore, the theoretical model to describe the time-dependent sensor
response needs to be formulated directly in terms of S rather than n. In the general
case S(t) = c(n(t))n(t). Choosing c(n(t)) to be an arbitrary monatomic function c(n)

equation (4.14) becomes

ds

=7 =16 kas(1=8)—kps S, (4.17)

by replacing the molecular sticking and desorption coefficients with effective S-dependent

coefficients. Equation (4.19) can be solved analytically to give

n-k
— — _ o (ngkast+kps)t . _ G™A,S
S(t)=n(t)=Se (1 e ) ) with S, = et (4.18)

The experimental concentrations at n; = 0.3 ppm and 100 ppm are used as the
training data sets to obtain values for k, s and ky, s upon fitting to equation (4.18).
The quality of the these values is tested against the remaining sensor response curves.
The resulting values are shown in figure 4.15a and compared to the experiment 4.15f

showing a poor fit. To better describe the experiment, two models are explored, CASE I
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position dependent adsorption and desorption and CASE II surface coverage dependent

adsorption and desorption.

CASE I: Position Dependent Adsorption and Desorption Coefficients.

To investigate a system where the graphene surface was comprised with non-equivalent
adsorption sites, the total number of active adsorption sites were divided into i,,,,
smaller subsets, N ;, so that Z:":{‘ N;; = N;.The relative weight of each subset, w;, is

defined as w; = Ny ; /N, so that Z:f w; = 1. We can then generalize equation (4.17)

" dS imax imax
E = Zwi I:nGkA,S,i (1 - Sl) — kD,S,iSi] ) with S = Z WiSi’ (419)
=1 i=1

where k, s; (kps;) is the sticking (desorption) coefficient for the subset with index i.

In this way the graphene surface is described as having i distinct regions with different
properties, so that each has its own adsorption and desorption coefficient. The analytic
solution for each S;(t) = n;(t) has analogous form to the one given in equation (4.17).
When comparing the model to the experiment, subdividing kj, in smaller subsets does
not significantly improve the agreement with experiment, therefore a constant value for
kp is used. In general this shows that the adsorption process is dominated by variations

in the sticking rate rather than the desorption rate.

Without loss of generality, the subsets can be ordered in such a way that ky g ;1 < ka ;-
We now introduce the variable x € [0, 1], and write the sticking rate as function of this

variable as )

kas1 0<x<w,
kaso wy<x <w;+w,
kas(x) = { kass Witwy,<x<w;+w,+ws (4.20)

\ kA;S,imax



148 Chapter 4. Graphene Gas Sensing using a Microwave Method

T T T T T T

i
Ty

c

=
L

ky =0.087 /h

-1,-1
kyg (opm k)

vod ool vod ol o

vl ool cod ol vl

vl vl vvd ol

S
(=]
W

© (Y

(=}

wn

© [T
(=}

W

X X X
T T T T T T
i I I T ] K I I I ]
/”’ ’I”’
o e B F ”/
’
’/ = /, ___——:
’ P -7 "
t,’f: —”__—-——_————: o~ — /:—: —————————————
= L = = T L —J
0 1 2 3 0 1 2 3
t (h) t(h)

Figure 4.15: (a-e) The effective rate of adsorption k, s/, as a function of effective
surface position, x, and the resultant theoretical sensor responses (f-j). The theoretical
fittings (blue curves) are superimposed on top of the experimental data (brown curves).
The theoretical parameters are obtained by fitting the theoretical model to the 0.3 and
100 ppm NO, data (solid blue curves). The dashed blue curves are the theoretical
sensor response for the other NO, gas phase concentrations, not used for the fitting,
which therefore correspond to the test set for the validity of the model. The step-wise
curves in (a-d) are calculated with equation (4.21) (1 step for a, 2 for b, 3 for ¢, and 5
for d), the continuous red curve in e is calculated with equation (4.25), and the black
dash curve with equation (4.27). The dash-dotted brown curve in 3 is a copy of the
curve in d, and shows that the continuous functions smoothly average the step-wise
functions.

or in a more compact notation

Umax

i—1
Kas(x) =D asi [0(x—x) =0 —x;—w)], with x;=> w;,  (421)
j=1

i=1

where 6(x) is the Heaviside step function. This corresponds to a step-wise monotoni-
cally decreasing function, where the value at each step is equal to a given k, 5;, and
the width of the step is equal to w;. From this, x corresponds to an effective variable

describing different positions of the graphene surface, and write the position dependent
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occupation probability in analogous form as

lmax

i—1
Sx(x)znx(x)=ZSi[G(x—xi)—G(x—xi—wi)], with xiZij. (4.22)
i=1 j=1

This allows us to write equation (4.19) in an equivalent integral form as

1 1
d d
95 90 | [nokas(r) (1= 5.0 —knsSu(x)]dx,  with S= | 5,(x)dx,
de dt |, : : .
(4.23)
which has the analytic solution
1
— . ngkas(x)
S(t)=n(t) = f Seo(x)(1—e (nokasC)tkos)t) gy, with Seo(x) = - .
0 ( ) ngkas(x) +kp s
(4.24)

Instead of a sum over discrete values S(t) is expressed as an integral over the effective
position variable x. The advantage is that this integral form is valid for any arbitrary

ka s(x), not only for the stepwise decaying function discussed so far.

First consider the results for i,,,, = 2 in figure 4.15bg, which models a surface with two

max
distinct adsorption sites. Interestingly, k, s, is about two orders of magnitude larger
than k, s ,, and the weight of the first region is much smaller than the one of the second
region. While the agreement with experiment is improved compared to using only
one region (figures4.14a and f), it is still rather poor. This shows that while for each
individual value of ng; one can fit the experimental data well with two exponentials,
since the fitting parameters for a each n are independent of the ones at a different

ng, to have a physically consistent model across varying n; (equation (4.24)) two

exponentials are not enough.

In contrast, the agreement between theory and experiment becomes reasonable for

imax = 3 (4.15ch), and becomes eventually rather good for i,,,,, =5 (4.15di). Inter-
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estingly, in these cases the values of the k, 5; decrease on an exponential scale as x
increases, and the weights become progressively larger as k, 5; decrease. For small x
the function k, s(x) therefore exhibits exponentially decreasing behavior. For large
x the value of k, ¢(x) is very small, so that the model function does not significantly

change when replacing the value with zero.

Having determined that the general k, s(x) needs to be an exponentially decaying
function, we can replace the step functions with continuous exponential functions with

piecewise linear variation of the exponents as

max

kA,S(X) — kA,S,O e ;:1 [fi—a; (e—x;) ][0 (x—x;)—0 (x—x;—w;)] [Q(X) _ 9(x _ 1)] , (425)

with

._.
|
-

x;= ) w;, and aizm,

1 ]2
1 Wi

(4.26)

J
where f; =1, and k, 5, f;, and w; are arbitrary parameters. Note that this function
is zero outside the range x € [0,1]. We then obtain n(t) by numerically evaluating
equation (4.24). While this function is now continuous, it still has discontinuous deriva-
tives. An alternative exponentially decreasing function with continuous derivatives can
be obtained adding up exponential terms with different exponents, which gives the

simpler form

lmax

kas(8)= D kasi e, (4.27)
i=1
with I_cA’S’l- and @, the i_,, parameters to be fitted to the experimental training data set.

For kp 5(S) on the other hand we find that its exact functional form is not critical for

these experiments.

To illustrate this we present the results for a constant kp (S), as well as for a mono-

tonically increasing trial function kp, s(S) = kp 5o+ kp s (1 —e S ), with parameters
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kpso/1 and 1, and show that the resulting S(t) is largely identical.

When fitting equation (4.27) to experiment for i,,,, = 1 the agreement is not very good.
For i,,,, = 2 on the other hand the agreement is already excellent (figure 4.15¢j). The
required number of parameters for the exponentially decreasing continuous k, , (x),
5 for i, = 2, is therefore much smaller then the one required for a good agreement
with experiment for the stepwise function considered earlier, where i, > 5 is required
(figure 4.15). This further confirms that the exponentially decaying functional form is
a good representation of the underlying physical processes. For n; = {0.3,1.0,100.0}
ppm the agreement is essentially perfect. For n; = {3.0,10.0,50.0} the agreement is
still good, and can be brought into perfect overlap with experiment when rescaling
the function by a constant, or evaluating it at a slightly shifted n;. This is attributed
to slightly varying experimental conditions across the experimental runs for different
ng. For example, one can see that the experimental curves for 1 and 3 ppm are very
close to each other, while one would expect the spacing to be more similar to the one
between 0.3 and 1 ppm. Indeed the model predicts such a larger spacing. For larger
i,q the agreement with experiment does not improve significantly, which shows that

the true shape of k,(x) is well captured with two exponentials.

In general the adsorbed NO, molecules interact with each other, for example due to
electrostatic repulsion of these negatively charged molecules, so that the activation
barrier is expected to increase with increasing coverage, even for a perfectly homoge-
neous graphene surface. Moreover, the charge transfer per NO, molecule will generally
decrease for increasing coverage due to electrostatic interactions, and the change in
mobility for a given adsorbed molecule can also vary with coverage. The extracted
kas(x) in figure 4.15e therefore is a universal function, which includes the variation
of the activation barrier due to an inhomogeneous surface, and implicitly also due to

the inter-molecular interactions, as well as the changes of charge transfer and mobility
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Figure 4.16: (a) Sticking and (b) desorption coefficients obtained by fitting the exper-
imental sensor response at 0.3 and 100 ppm to equation (4.17). (c) Comparison of
the resulting theoretical S(t) (equation (4.17)) with the experimental results for all
measured NO, concentrations. Solid black curves are for non-constant kp, 5(S), while
dashed green lines are for a constant k, s(S). The light brown lines correspond to
the experimental data, and are in good agreement with the theoretical results for all
considered NO, concentrations.

with coverage.

CASE II: Surface Coverage Dependent Adsorption and Desorption

As an alternative/equivalent way, instead of expanding the sticking coefficient as
a function of position, x, it can be expanded as a function of surface coverage, n,
or equivalently of S, since we assume that S = n. This describes a system were the
sticking and desorption coefficents are dependent on the surface coverage of adsorbates.
Therefore, describing a system were the NO, adsorption affinity is dependent on the
number of adsorbates pre-adsorbed on the surface. The variations of the sticking
coefficient with S = n includes both the effects due to molecule-molecule interactions,

but also implicitly the graphene surface inhomogeneities. In analogy to equation (4.27)
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we can write this dependence as a sum of exponentially decaying functions

lmax

kas(S) = Z ]_<A,s,i e %, (4.28)
i=1

with parameters k, 5; and a;.

Then S(t) is obtained by numerically solving the differential equation

8
=6 kys($)(1=8) —kps(S) 8. (4.29)

As before I_<A)S’i and a; the i,,,, parameters is determined by fitting the experimental
training data set. For i ,, = 2, as shown in figure 4.16. The quality of the fit is
similar for both the constant kp 5(S) as well as well as for the monotonically increasing
function. The agreement is slightly improved in this second case, but the difference is
too small to determine the exact shape of kj, 5(S). We note that during the experimental
desorption process, where NO, admixing into the air flow is stopped, it is found that
the desorption of NO,, is initially fast, and then proceeds at a much lower rate (figure
4.5), which is indicative of kp ¢(S) going towards O as S goes to 0, as demonstrated for
the non-constant kj, 5(S) (black curve in figure 4.16). Overall, these results show that
the adsorption behavior is dominated by the exponentially decreasing k, (S), while

kp s(S) plays a secondary role.

Comparison of CASE I and CASE II.
To conclude, despite both models describing different physics, when the sticking

coefficient is described as continuously decaying exponential equations (4.27) and
(4.28) and plugged into equations (4.24) and (4.29) for the position dependent and
surface occupation dependent processes respectively, the theory is in good agreement

with the experiment. In essence the function k, s(S) (and equivalently k, s(x)), in the
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decaying exponential form, effectively take into account that the sticking coefficient
depends both on coverage, n, and of the position on the graphene surface, which
is described by the effective one dimensional variable, x. Indeed both approaches
(CASE I and CASE II) include the effects of surface inhomogeneities as well as effective
interactions between adsorbed molecules in the single effective variable. Both k, 5(x)
and k, ¢(S) are exponentially decaying functions of x and S respectively, showing that

both models reflect the same underlying physical phenomenon.

Upon closer inspection of the position dependent model of CASE I, figure 4.15 shows
that the initial curvature of the slopes do not quite match as nicely as the equivalent
results of CASE II, the surface occupation model, as in figure 4.16c. However, the
position dependent model clearly shows that the adsorption process is not dominated
by a small number of adsorption sites with distinct and constant properties, but rather
that the properties of the adsorption sites are continuously varying over the surface and
with increasing coverage. This agrees with the experimental surface characterization

results showing a continuous distribution of properties.

In the surface occupation model (CASE II) figure 4.16 shows for n;=3, 10 and 50
ppm there are minor deviations of up to about 25% between theory and experiment,
which we ascribe to the slightly varying experimental graphene sheet conditions across
the different measurement runs. This is attributed to slight deviations in molecular
coverage of the graphene surface at t = O for each initial NO, concentration. For each
measurement, the initially present NO, molecules are expected to be bound to different
random initial binding sites. Moreover, since O, is also a p-doping gas [329], the
relative initial ratio of adsorbed O, and NO, molecules can vary even for the constant
initial resistance that we use, and this variability in the ratio will slightly influence the
measured time-dependent sensor response. Figure 4.17 compares each concentration

measurement to the solution of equation (4.29) using the experimental n; mixture
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Figure 4.17: Time dependent sensor response for all the measured NO, concentrations:
(a) 0.3 ppm, (b) 1 ppm, (c) 3 ppm, (d) 10 ppm, (e) 50 ppm, and (f) 100 ppm. Brown
curves are the experimental data, black curves the theoretical results, obtained using
equation (4.29) for constant kps. The fitted k,/,s(S) are shown as green dashed
curves in figure 4.16. The agreement between theory and experiment is rather good
for all curves. For the fitting sets (0.3 ppm and 100ppm, also denoted as training
sets) the agreement is essentially perfect, and also for the test set in (b). For the test
sets in (c-e) there are some quantitative deviations between experiment and theory.
Theory and experiment can be brought to essentially perfect overlap also for these
cases if the calculations are performed for concentrations that slightly differ from
the nominal experimental values (dashed cyan curves). We therefore attribute the
quantitative deviations in the test sets to slightly different experimental conditions
for each measurement run. For example, the orange curves in (c) are for a second
experimental run at 3 ppm, and these are significantly closer to the theoretical model,
indicating the range of variability in the experimental measurements.

(black lines) to concentrations that are slightly deviated from the experimental con-
ditions for each run (dashed cyan lines). As shown in figure 4.4 the initial surface
conditions need to be consistent otherwise the sensor response can be greatly perturbed
despite the same concentration. Consequently, figure 4.17c shows two near equivalent
experimental responses for 3 ppm NO, exposure. The orange curve is significantly
closer to the theoretical model which suggests that the initial surface state (measured
as w,) is not consistent due to competing p-doping gases in atmosphere. Regardless,
based on this comparison with the ideal model data we can therefore estimate the

variations in the experimental sensor response for a specified amount of NO, to be
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below about 25%.

Finally, the proposed physical origin of the found exponential decrease of the effective
sticking coefficient with increasing NO, coverage is understood in the context of
transition state theory (TST). Within TST chemical reactants must have sufficient
energy to overcome an energy barrier to become a product. Therefore, for a NO,
molecule to bind to the graphene surface, the impinging molecule must have enough
thermal energy to overcome the activation energy of binding, E,, so that one has
kas o< exp{—E,/kgT} [328, 330, 331, 332], where kj is the Boltzmann constant and
T the temperature. In general E, can depend on n, and with respect to the lowest
order one can assume a piece-wise linear dependence such that E,(n) = E; + an, as

described by the Elovich equation [330]

dn —Ej+an
—=A p _ .30
7 f(n) exp( kT ) (4.30)

where A is a pre-exponential factor, f (n) describes the surface coverage term which for

the proposed model is (1 —n) and P is the collision probability.

Therefore, the observed exponentially large reduction in k, s is attributed with increas-
ing NO, concentrations to gradual increases in E,. This increase of the average E,
with increasing n, and equivalently S, has a number of origins. Since NO, molecules
are negatively charged upon adsorption on graphene, they repel each other, which is
expected to lead to an increase E, with increasing n. Furthermore, after the initial
exposure to NO, the binding sites with small activation barriers are statistically more
likely to be occupied first (black reaction co-ordinate in figure 4.14), while as time
progresses more binding sites with increasingly large E, need to be occupied. Therefore,
the activation barriers for the displacement of O, and N, shown in figure 4.14 will

become bigger as more NO, adsorbates ‘poison’ the graphene surface.
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By applying equation (4.10) to the result of the surface coverage model’s theoretical
results for S(t) with a double exponential, there is good agreement of the fitted S,, a,
and 7,,, with the ones obtained when the fit is done directly to the experimental data
(figure 4.8). Similarly, the effective reaction order (equation (4.13)) resulting from
the theoretical S(t) also agrees well with experiment (figure 4.9). This shows that the
surface coverage model leads to the experimentally observed time dependent sensor
response of seemingly double-exponential form, but that the underlying physical origin
is not due to the presence of two distinct adsorption sites with constant properties, but
that it is mainly due to the fact that the sticking coefficient decreases exponentially

with increasing coverage in a continuous way.

4.5 Chapter Summary and Conclusions

To conclude this chapter, it is shown that a graphene coupled dielectric resonator
platform provides a unique gas sensing platform. Using the Microwave Method the
graphene sheet resistivity can be measured and compared to other electrical based
graphene gas sensors. Moreover, since the use of microwaves is a measurement that
does not require electrical contacts, it is possible to directly probe the adsorption of

NO, molecules on graphene without ambiguity from metal—gas interactions.

From figure 4.9 the NO, adsorption occurs in two distinct regimes, a fast initial ad-
sorption followed by a slower process. This, combined with the extrapolation of the
sensitivity limit of this particular graphene gas sensor (figure 4.7), results in the most
effective operation window for gas sensing measurements is found for 5-35 minutes of
exposure. The upper exposure sensing limit is determined by the adsorption kinetics,
while the sensitivity and minimum sensing time are determined by the noise in the

system and by the graphene—resonator coupling; which can be improved by future
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optimisation.

A comparison of various fitting procedures and Langmuir based adsorption models
were compared, where the surface occupation model relates well the sensors response
to the adsorption and desorption kinetics of NO, on graphene. The key finding is
that the molecular sticking probability decreases exponentially upon increasing NO,
surface occupation, which is ascribed to an increase of the adsorption energy barrier
with increased NO, surface coverage. Consequently, the properties of the binding sites
vary continuously on the graphene surface, rather than being clustered around discrete

values, which is in good agreement with the surface characterisation results.

Of particular importance is the conclusion that the often found double exponential
behavior in the sensor response (equation 4.10 and figure 4.8) is usually ascribed to the
existence of two chemically different binding environments, which is in contrast to our
results for the graphene surface. Indeed most Langmuirian based studies of graphene
gas adsorption set k, equal to either a single discrete value (when the concentrations
are so low that the surface adsorbates are effectively non-interacting) or to a few

distinct values, which vary with gas concentration [304, 305, 306, 307].

To conclude, these findings describe a model which encompasses NO, concentrations
spanning three orders of magnitude. As such these findings are of benefit for the whole
sensor field, and represent an important step in the understanding of the microscopic

mechanism of graphene based gas sensing.



Chapter 5

The Open Microwave Cavity:

Preliminary Experiments

5.1 Chapter Motivation

In the previous chapter an alternative gas sensing platform that uses microwaves to
probe the change in conductivity upon gas adsorption is introduced. Since the mi-
crowave method is a large area measurement and does not require contacts, it provides
a unique platform for the measurement of fundamental graphene-gas interactions.
However, the previous work does not provide any insight upon molecular binding ener-
gies nor the form of the charge transfer affinity function C(n). Moreover, the previous
microwave gas sensing platform did not allow high temperature measurements nor
applying an electric field in a graphene field effect transistor (G-FET) configuration.
Therefore, this chapter shows the preliminary measurements associated with an alter-
native cavity design that allows for temperature and electric field manipulation of the

graphene charge carrier density.

First the open cavity gas sensing platform is introduced and shown to be capable of
measuring the conductive properties of graphene. Moreover, it demonstrates success as
a gas sensor where the adsorption and desorption characteristics of NO, are monitored.

Using standard rate laws, as shown in this chapter, the energy for an NO, molecule

159
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to overcome a sorption energy barrier at equilibrium conditions is found to be ~ 0.19
eV from preliminary temperature dependent gas sensing measurements. This result
is more remarkable since it is arrived at using separate first approximation models
for both the adsorption and desorption data. Unsurprisingly, these models do not
adequately reflect the rapid initial sorption processes, however a strategy to model the

initial sensor response is described and proposed as a future work activity.

Similarly, graphene samples with a functioning back gate that are designed to be
compatible with the microwave measurement described. Moreover, the initial IV curves
confirm Dirac behavior. It is shown that by tuning the graphene work function through
electrical gating, the adsorption and desorption can be enhanced. Although electric
field induced graphene doping and environmental doping of graphene are two distinctly
different mechanisms, this preliminary work provides evidence that the charge transfer
affinity is dependent upon the doping level of graphene. However, future work is
necessary to understand how the electric field interacts with adsorbing gas molecules
and distinguish the subtilities between environmental and gate induced doping of
graphene. Regardless, it is clear that the sorption can be enhanced and a discussion on

how to elucidate the mechanism is discussed.

5.2 Alternative Cavity Design

The gas sensing apparatus described in chapter 4 is designed such that the graphene
sample is brought close to the resonator using a low loss plastic holder. Having the
sapphire puck and graphene sample enclosed in the copper housing reduces microwave
leakage and losses. However, due to the plastic sample holder outgassing at relatively
low temperatures, gas sensing measurements at high temperatures were impossible

to conduct reliably. Moreover, from the previous section, the relationship between
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Figure 5.1: The open cavity resonator in the (a) empty and (b) graphene coupled
configuration. The white dashed lines highlight the location of 13 x 13 mm wet
transferred graphene sample. The sample has been secured to the copper lid using
carbon tape and a single silver paint contact connects the graphene surface to the
power supply. Electrical tape is used to ensure that there are no accidental shorting
between the graphene contact wire and the copper housing. (c) Is a detailed schematic
showing the open cavity resonator design, capable of gating simply by securing the
silicon substrate to the lid of the copper housing, which in turn is connected to the
power supply.

the sensor response and the charge transfer affinity is defined as S(n) = c(n)n, where
¢(n) is assumed to be a monotonic function (this is discussed further in section 5.4).
However, the true nature is likely to depend upon the degree of doping of the graphene
sheet, which for environmental sensing depends upon the surface coverage of adsor-
bate species. Previous studies have shown that charge transfer is improved when
the graphene work function is located close to the HOMO/LUMO molecular orbitals
[252] and indeed the work function of graphene itself impacts the sensor responsiv-
ity [74, 333]. To summarise, the work function of graphene can be altered through
substrate induced doping [194, 257, 258], environmental doping [26, 334], chemical

functionalisation [127, 335, 336] and via the electric field effect [188].
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Therefore, to investigate the relationship between the sensor response of graphene
and the charge transfer affinity, electrical gating is used in addition to environmental
doping to assess the graphene character. To achieve this, an open cavity resonator
design, where the graphene sample is strategically placed over a square hole in the
center of the copper cavity lid is adopted [215, 337]. As a result, the graphene still
interacts with the same resonant mode as the previous cavity resonator. An additional
benefit of this configuration is the removal of the plastic sample holder, which enables

measurements at higher temperatures.

The graphene sample is comprised of CVD graphene transferred onto high resistance
(>10 k) silicon with a thermally grown oxide of 100 nm purchased from Inseto (UK)
Limited. Figures 5.1a and b show the open resonator system with and without graphene
positioned over the square hole respectively. Figure 5.1c is a schematic illustrating the
key components of the new geometry. The high resistivity silicon substrate is brought
into contact with the copper housing, which is connected to a Rigol DP32A power
supply forming the back gate connection. Gating is achieved by dropping a voltage
across the SiO, dielectric. To prevent shorts, a ceramic piece is screwed to the lid
which electrically isolates the graphene contact from the copper housing. To ensure
the graphene is still coupled to the microwave mode, the sapphire resonator is raised
using a ceramic spacer. In this configuration the backside of the substrate, not the
graphene surface, interacts with the most intense portion of the evanescent field. This
is to minimise the electrical contact surface area with graphene, since electrically gating
such a large graphene area is more prone to dielectric breakdown. This is explained in

detail in appendix A.8.

To experimentally evaluate the quality of the graphene—resonator coupling, ceramic
spacers of lengths 10, 12 and 14 mm (with a resonator to lid gap of 6, 4 and 2 mm

respectively) were compared by evaluating the linewidth and frequency shifts of the
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Figure 5.2: Comparison of the microwave measurements in the open cavity configura-
tion using different spacer lengths at (a) 10 mm (b) 12 mm and (c) 14 mm. Although
insertion loss increases as the resonator is positioned closer to the copper lid, the
graphene—resonator coupling improves.

three Microwave Method configurations (see section 4.2 of chapter 4). Unsurprisingly,
figure 5.2a shows that the resonator is too far away from the graphene when the 10
mm resonator is used, since there is no frequency shift observed. In other words, the
dielectric substrate barely interacts with the resonant electric field. The 12 mm and 14
mm spacers (figures 5.2b and c) shows continued improvement such that the substrate
(graphene) perturbs the frequency (linewidth) by a significant amount. Although
decreasing the resonator—sample distance improves coupling, unfortunately the in-
creased proximity to the hole worsens the insertion loss due to increased microwave
leakage through the sample. Therefore the 14 mm ceramic spacer resulting in figure
5.2c is used in the following measurements because of the increased sensitivity to the

broadening peak shape in the presence of graphene.

Figure 5.3 measured the change of (a) frequency and (b) linewidth of the resonant
TE,;; mode of the open cavity and the open cavity loaded with a graphene sample.
To preserve the sample which was fixed to the lid of the resonator, a spare copper
lid of equal dimensions is used to measure the empty cavity response resulting in
a slight offset in the resonant mode as shown in figure 5.3c. Regardless, both the

resonant frequency of the empty and loaded cavity decreases as the temperature
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Figure 5.3: The resonant (a) frequency and (b) linewidth of the open dielectric res-
onator upon increasing temperature. (c) The trace of the copper lid used for each
measurement showing slight deviation without the graphene sample.

increases. Figure 5.3a shows both curves are fitted using a quadratic polynomial with
the confidence bands of the fit plotted alongside, although this fit is more a guide
for the eye. It should be noted that the ‘jump’ in data sets is due to the PID of the
Conductus LTC20 temperature controller, gently oscillating around the target value.
This is due to the temperature controller being designed for room temperature and
cryogenic measurements, such that high temperature measurements are at the limit
of this sensors capabilities. There are many contributions for the resonant frequency
response with temperature; including the relative movement of the sapphire puck to
the copper housing due to thermal expansion. In addition to this, the temperature
coefficient of the resonant cavity are dependent upon the thermal lattice, dielectric
and permeability constants [338] where the dominant contribution arises from the
change in permittivity with temperature [339, 340]. The additional frequency shift at
low temperatures of the graphene loaded cavity, may arise from the change in silicon
conductivity changing the microwave skin depth rather than the graphene itself which

due to its atomically flat nature shouldn’t perturb the frequency greatly [215, 313].

Interestingly, the temperature variation of the resonant linewidth of the graphene
sample is much more pronounced than the empty resonator. The broadening of the

graphene linewidth before sharpening can be attributed to the thermal excitation of the
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Figure 5.4: The adsorption (blue area) and desorption (green area) of 3 ppm NO,
measured using the open cavity configuration at 295 K. The blue dashed lines estimate
where the location of S, and S, upon converted to sensor response terms.

charge carriers increasing conductivity, followed by the increased probability of scatter-
ing with other carriers and excited phonon modes due to the high temperature and
graphene substrate interactions [341, 342]. This is similar to the typical conductivity

response of semi-conducting metal oxide devices [343].

Finally, figure 5.4 demonstrates the applicability of the open cavity design as a gas sensor
upon exposure to 3 ppm NO, gas kept at 295 K. The characteristic lineshape of both
the adsorption (blue region) and desorption (green region) is highlighted and clearly
distinguishable. As before in the previous enclosed cavity gas sensing measurements,
the cavity is isolated in a chamber that is kept at a consistent temperature and NO,
is introduced into the system as before. Explicitly, the gas diffuses into the chamber,
interacts with the graphene and diffuses through the outlet. Due to the long desorption
timescales, after the adsoprtion measurement is complete, the NO, gas valve is closed
and the system is flushed with synthetic air for 10-15 minutes (at the same flow rate)

before the system is exposed to lab air.
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Using this alternative methodology and cavity configuration, the sequential sections
investigate the combined adsorption and desorption behaviour at different temperatures
and chemical potentials of graphene through electrical gating. As a result, the following
work demonstrates the preliminary measurements elucidating the role of the desorption
coefficient and an estimation of the lower and upper limits of the binding and activation
energies involved with the sorption kinetics of NO, and graphene respectively. By
varying the work function/ chemical potential of graphene through gating, enhanced
desorption timescales is achieved and, more fundamentally, the importance of the
charge transfer probability function (assumed to be 1 in the previous section) is

discussed.

5.3 Adsorption and Desorption Temperature Variation

Utilizing the open cavity configuration, the adsorption and desorption of 3 ppm NO,
gas is measured at 295, 313 and 353 K. After each temperature is reached, it is kept
constant for at least five minutes to allow the system to reach thermal equilibrium. Once
the temperature and PID is stable, 3 ppm of NO, gas is flowed through the system for 2
hours. From chapter 4 (figure 4.9) it is clear that the rapid adsorption regime lasts for
approximately 30 minutes, therefore two hours is considered a sufficient length of time
for gas exposure to efficiently capture the sorption characteristics. Figures 5.5a and b
compare the change in linewidth with respect to the adsorption and desorption of NO,.
Interestingly, as the temperature increases both the rate of adsorption and desorption
increase. This is consistent with previously measured temperature dependent graphene
gas sensors 315, 344, 345, 346]. More broadly, thin film metal oxide gas sensors exhibit
similar behaviour, whereupon increasing temperature first increases then decreases the

sensor responsivity. This is partially due to increased absorption of the gases into the
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thin film material and the more dominant sorption processes and kinetic limitations
[343]. It is assumed that graphene sensors only rely on surface sorption interactions.
This is a reasonable assumption since graphene has been shown to be impermeable
to lithium ions [347]. Consequently, it is unlikely that NO, can permeate through the

graphene even if it dissociates into its constituent atomic species.
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Figure 5.5: The change in linewidth during (a) adsorption and (b) desorption of 3
ppm NO, gas at 295, 313 and 353 K. Measured using the Least Squares Method (LSF)
method. The dashed line corresponds to the time the inlet valve is opened to NO,.

During each measurement, the graphene sensor is exposed to gas immediately upon
reaching the target temperature. As a consequence, aside from the 295 K measurement,
the high temperature measurements do not start with the system in sorption equilibrium
with its initial surroundings. However, the benefit of exposing the system immediately
to gas once temperature is reached, ensures that the initial surface coverage of NO,
molecules is similar for each measurement. Therefore, a unique w, value is established
for each temperature using equation (4.9) to define the sensor response (S(t) =
(wo— w(t))/wy). This differs from chapter 4 where ), is an easily reproducible value
which is kept constant throughout all the concentration measurements. Therefore, for
the high temperature measurements, w, is determined such that the sensor response at
sorption equilibrium in the absence of NO, is zero - in other words S, = 0. To achieve

this, after the desorption sensor response is calculated, it is empirically fitted to a double
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Figure 5.6: The sensor response characteristics of (a-c) adsorption and (d-f) desorption
sensor response of graphene exposed to 3 ppm of NO, gas at 295, 313 and 353 K.
The red fits correspond to equations (5.1) and (5.2) for adsorption and desorption
respectively.

exponential and all the data is offset such that the maximum amplitude becomes 0.
Figure 5.4 schematically shows the location of S, and S, which corresponds to the
graphene sensor in sorption equilibrium with the environment in the absence and

presence of NO, molecules respectively.

Figure 5.6 shows the (a-c) adsorption and (e-f) desorption sensor responses of the three
temperatures studied. The sensor response for each temperature set is determined by
first calculating S, by empirically fitting the desorption data with a double exponential
curve and determining w, from the offset as t — 00. As a first approximation, the
adsorption measurements are fitted with the solution to the unmodified Langmuir

model (see equation (4.18) of chapter 4) as follows:

ngk
Saas(t) = % (1 — e(-(nckastose )(HO))) . (5.1)
As T Kpgs,,

The desorption measurements, which do not depend on vacant adsorption sites, are

fitted using the standard description of desorption [345, 348].

Ses(t) = Be ™sot, (5.2)
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The t, term compensates an offset for the high temperature adsorption measurements,
since the measurement does not start at sorption equilibrium. Interestingly, the des-
orption rate constants kp s and kp s, corresponding to the adsorption and desorption
fittings are an order of magnitude different. Therefore these parameters reflect two
different desorption time scales. The implications of which are discussed further in

this section.

The fittings of figure 5.6 clearly do not capture the rapid initial sensor responses. This
is unsurprising since the previous work established in chapter 4 suggests that the
sticking probability coefficient is non-constant during the adsorption process. Similarly,
the desorption data suggests that the desorption constant is non-constant throughout
the full desorption process. Regardless, these models provide a remarkably good
first approximation describing the sorption interactions between graphene and NO,.
Particularly as the sensor reaches sorption equilibrium in the presence and absence
of NO, for the adsorption and desorption measurements respectively. Figure 5.7
compares the pre-exponential factors of the adsorption and desorption measurements
showing that the sensor response increases with the temperature. As mentioned above,
from previous work it is expected that sensor response will decrease after reaching a

threshold temperature [315, 343, 344, 345, 346].

The temperature measurements at 353 K are least well described by the sorption
equations used to fit figures 5.6¢ and f. This is due to the initial rapid sorption slopes
and the desorption constants differing by an order of magnitude when modeling the
adsorption and desorption processes with equations (5.1) and (5.2) respectively. To
visualise the extent of this disparity, figure 5.8 compares solutions to the (a) adsorption
and (b) desorption response using a value of ki, s that best fits adsorption (desorption)
range given by the blue (red) fitted curves. Interestingly, using the value of the

desorption constant that best describes the adsorption of NO, using equation (5.1)
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Figure 5.7: Comparison of the sensor response at sorption equilibrium with (a) the
NO, environment and (b) the air environment corresponding to equations (5.1) and
(5.2) respectively where S, = (ngkys)/(ngkas+ kps_ ). In both cases for this small
temperature range, increasing the temperature increases the sensor responsivity.

(i.e. kps_) into equation (5.2), it can be seen to capture the rapid initial desorption as
shown in figure 5.8b. Similarly, the reverse also appears to give an equivalent result.
Explicitly, using the value of the desorption constant that best describes the desorption
of NO, using equation (5.2) (i.e. kD,SO) into equation (5.1), it can be seen to capture
the rapid initial adsorption characteristics as shown in figure 5.8a. In other words,
using the value of the desorption constant appropriate to describe the sensor response
as it approaches sorption equilibrium with the NO, environment where S_;,(t) — 00,
the initial rapid decline in sensor response describing the desorption characteristics is
approximated. Clearly the inverse can also be demonstrated, hence the assignment of
the notation ks and kp g, to describe the adsorption and desorption characteristics
as they approach sorption equilibrium with the NO, and ‘clean’ air environments
respectively. It is suspected, that this is evidence towards a desorption constant that
is dependent upon the surface coverage of NO, adsorbate species. This is akin to
the previously established concept where the sticking probability decreases as the
adsorption reaction proceeds. Moreover, the combined analysis of the adsorption
and desorption characteristics and their two distinct desorption constants could be

suggestive of why a double exponential provides a good empirical fit to the sorption
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Figure 5.8: The sensor response of the (a) adsorption and (b) desorption of 3 ppm
NO, gas at 353 K. The blue (red) curves correspond to solutions of equations (5.1) and
(5.2) using the value kg (kD,SO) as the value used for both desorption constants.

processes. However, more temperature measurements and a more robust theoretical

model are required to confirm this.

Further to this, using the Arrhenius relationship, the rate of sorption is proportional
to some activation energy barrier where k o< exp (—E,/(kzT)). Since the rate of
adsorption and desorption is proportional to k, s and kp g, respectively, an estimation
of the activation energy barrier of adsorption and desorption as the system approaches
equilibrium conditions provides a lower and upper limit respectively. Conceptually,
a hotter surface provides more kinetic energy to the molecules promoting enhanced
adsorption and desorption. However, if the surface becomes too hot, the molecules
will acquire too much thermal energy such that the potential well will no longer be
able to contain the molecule such that no adsorption is possible and only desorption
will occur. Plotting In(k,s) and In(kps ) against the reciprocal temperature allows
extraction of the adsorption and desorption barrier respectively. From figure 5.9b and ¢
the adsorption energy barrier at sorption equilibrium is 0.190+0.093 eV and the energy
required to desorb from the surface is 0.193 £ 0.076 eV. The significance of producing
similar barrier heights is due to both process describing equilibrium conditions i.e.
NO, (ads) == NO, (g) where the forwards reaction describes the desorption process

and backwards reaction corresponds to the adsorption process.
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Figure 5.9: (a) A schematic of the adsorption and desorption reaction coordinate
indicating the presence of an adsorption energy barrier. The heights of both are
dependent upon surface occupancy. Plo.ts of (b) kas and (c) kp s, against reciprocal
temperature are used to extract the barrier heights.

Figure 5.9a is a schematic of the sorption reaction co-ordinates describing the energy
landscape encountered by a NO, molecule in the vicinity of a graphene surface. An
approaching NO, molecule requires sufficient energy, E,, to overcome some energy
barrier in order to adsorb onto the graphene surface. A succesfully adsorbed species
will be trapped in the potential well where the depth of the potential well is indicative
of the surface binding energy. Therefore, for successful desorption a molecule must
have sufficient energy, E;, to escape the well. The dashed lines indicate the well and
barrier heights are non-constant and it is expected that they change depending on

surface coverage.

A final comment before the conclusion of this section is with respect to the sample
integrity throughout the temperature measurements. Figure 5.10 shows the overall
decline in conductivity (i.e. decreased linewidth) after the high temperature measure-
ments by comparing the microwave gating characteristics at 295 K. A full discussion
of electrical gating of the microwave set up is provided in the following section. The
decrease in linewidth is suspected to be due to typical thermal annealing effects, where-
upon the graphene better adheres to the substrate increasing graphene—substrate

interactions and ultimately increasing the number of scattering centers a graphene
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Figure 5.10: (a) The measured Dirac characteristics using the 3dB method before and
after thermal treatments. (b) Schematic data points that correspond to the linewidth
measured using the 3dB method (not the LSF Method) and are manually offset by 0.35
MHz, which is the offset required to match the 3dB and LSF measurements at 295 K.
Since the gas sensing measurements use the LSF method and the gating measurements
use the 3dB method, this figure is an approximate representation of how the change
of linewidth during gas sensing matches the electrically gated slope. This figure is
intended as a guide only, where the shaded areas correspond to the change in linewidth
of the different measurements. See chapter 2.6.3 for a comparison of the 3dB and LSF
methods.

electron encounters thus reducing the overall graphene conductivity [299]. However,
figure 5.10a is measured using the 3dB method not the more accurate LSF method
(see chapter 2 section 2.6.3 for details). Consequently, comparing the temperature gas
sensing measurements to the gating measurements is not possible. Ideally, it would
be interesting to evaluate how the temperature gas sensing measurements compare
to the microwave ‘Dirac’ characteristics. Figure 5.10b uses schematic not real data to
hypothetically suggest how the increased temperature excites the graphene electrons

and how this thermal excitation changes the conductivity.

To conclude this section, these preliminary measurements provide a first approach to
describe the sorption kinetics of NO, on graphene. Remarkably, equations (5.1) and
(5.2) used to fit the adsorption and desorption data at various temperatures results in

similar sorption barrier heights of ~ 0.19 ev per molecule. This is consistent with the
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assignment that the models describe the relevant sorption processes as they approach
equilibrium conditions. Therefore, providing a limit to the barrier heights. Following
this, future work will include the sorption measurements at higher temperatures and
the further development of an adsorption and desorption model which takes into
account the variation of k, s and kj s during the sorpiton processes. From this work,
the range of binding energies of NO, on graphene can be experimentally measured
and compared to the many theoretically obtained values. More importantly, through
the development of these sortpion models, a better description of the initial sensor
response kinetics can be achieved which is of relevance to sensor applications. Finally,
from a more robust temperature study, the optimum temperature of sensor operation

for NO, sensing can be ascertained.

5.4 Preliminary Gas Gating Measurements

The following section demonstrates the gating functionality of the open cavity configu-
ration. As stated previously it is suspected that the sensor response is dependent on the
charge transfer probability function such that S(t) = c(n.(t)) n.(t), where the subscript
“c” explicitly denotes that the dependence of the NO, surface coverage on the function
c(n). As a consequence, the sticking and desorption coefficients are also dependent
on c(n) such that k,(n) ~ f(c(n)) kys(c(n) n) and ky(n) ~ g(c(n)) kp s(c(n) n) (see

supplementary section of ref. [89]).

In all gas sensing measurements it is assumed that c¢(n) = 1. However, a non-constant
c(n) function can be caused by the fact that the charge transfer per NO, molecule to
graphene is reduced as more molecules adsorb and increase the electrostatic repulsion
interactions between transferred electrons. Despite this, for all previous experiments

considered in this thesis so far, the graphene is lightly p-doped prior to gas exposure
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Figure 5.11: (a) AFM micrograph of graphene transferred onto a SiO,/Si substrate.
(b) Histograms of the surface potential of graphene at different gate voltages. Each
histogram is fitted using a normal distribution where (c) plots the mean value + one
standard deviation, the dashed lines shows the linear relationship and the shift at zero
is consistent with hysteresis effects. Representative KFM images with a back gate at
(d) 40V, (e) 0 V and (f) +40 V dropped across the dielectric of the same graphene
area are compared.

such that this variation is small and continuous. The lowest possible range of c(n) is set
by the largest measured sensor response. From figure 4.7a in chapter 4, the maximum
sensor response for 100 ppm NO, is around 0.26 such that c(n) > 0.26. Moreover, S(t)
appears to still be rising therefore it is expected that the maximum c(n) is somewhat
larger. The maximum c(n) has to be of the order of one, which describes a system

where the change in surface coverage leads to an equal change in sensor response.

Interestingly, figure 5.11 shows the linear relationship of the surface potential of CVD
graphene on silicon with a 90 nm oxide with an applied gate voltage. Surface potential
histograms of the same graphene region are acquired using KFM (figure 5.11b) . The
mean of each distribution is plotted against the applied gate voltage in figure 5.11c,

which is fitted by a line with a gradient of 0.0025 (dashed line). A cropped region of the
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representative KFM measurements at -40, 0 and 40 V (figures 5.11d-f) corresponding
to the same region of the AFM micrograph (figure 5.11a). Since the measured surface
potential scales to the difference in work function between the tip and sample, for
this particular sample this gradient corresponds to 2.5 meV/V. As a result, the c(n)
function should have a mild linear dependence upon the degree of graphene doping,
since the work function is effectively a description of the energy required to ‘transfer’

an electron.

In addition to this, in the following work it is shown, by tuning the graphene work
function via the electric field effect, the charge transfer affinity of graphene can be
tuned to enhance either the adsorption or desorption response of the graphene sensor. The
following section briefly describes the graphene/substrate requirements for successful
microwave gating, parameters of the microwave measurements that are dependent on
the gate voltage and finally the gas sorption measurements dependence on the gate

voltage.

5.4.1 DC Gating Characterisation Measurements

To have a microwave compatible G-FET device, CVD graphene is transferred onto a
high resisivity (> 10 ke cm) silicon substrate with a 100 nm thermally grown oxide to
act as the dielectric gate. To prevent dielectric breakdown while gating a large area, it
is found that a 100 nm oxide thickness is needed. Appendix A.8 discusses in detail these
sample considerations. This G-FET configuration arose since Si/SiO, transistors are
a well established research field, CVD graphene on silicon is a well studied graphene

system and the fabrication procedure well established.

Using a two probe DC measurement, figure 5.12 shows the (a) the linear response of the

probes in contact with graphene and (b) the silicon substrate response. In both cases
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Figure 5.12: IV characteristics of (a) the graphene sheet (b) the silicon substrate via
silver paint contacts. The slight Schottky behaviour is due to the silver silicon interface.
FET characteristics of graphene showing (c) current and (d) calculated resistance. The
current was driven at 1 V. The inset is the sample measurement configuration where the
dashed white lines indicate the graphene area (approximately a 13 x13 mm square).

the ‘S’-shape, more prominent in the latter, is due to contact resistance through the
probes and silver paint respectively forming a Schottky barrier with pure silicon. Figure
5.12c and d show the FET characteristics in terms of the measured source drain current
and calculated resistance respectively. Since the dimensions of the graphene sheet are
approximately square (13 x 13 mm) the source drain resistance should approximate the
graphene sheet resistance. Explicitly, since this measurement was determined using a
two probe measurement, this poor geometry coupled with the probe contact resistances
infers this is not an absolute measurement. However, it does show a functioning back
gate and the location of the Dirac point at approximately 11.5-13.5 V. The measurement
hysteresis is typical of Si/SiO, substrates (See appendix A.8 for details). Using equation
(2.9) from chapter 2 (u = (015p)/(3V,) = L/(WC,Vsp)) the hole and electron mobility

is calculated to be 46.73 and 10.94 cm?V~! s! respectively. The large asymmetry
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between the hole and electron mobilities can be attributed to charge trap states and/or

drift from charged impurities of the SiO, substrate [255, 205, 349].

5.4.2 Microwave Gating

After establishing the location of the charge neutrality point using DC measurements,
the same sample is inserted into the open cavity set up as shown in figure 5.1. A gate
voltage is swept back and forth between —25 and +30 V while continuously measuring
the properties of the resonant peak. Figure 5.13 shows the resonant (a-c) frequency
and (d-f) linewidth of the empty open cavity, bare substrate and graphene on substrate
respectively. Unsurprisingly, after an initial drift of frequency, the resonant frequency
and linewidth of the empty cavity are constant at approximately 9.2637 GHz and 3.17
MHz respectively. Interestingly, despite the silicon being lightly doped, the frequency
(linewidth) increases (decreases) upon increasing the charge carrier concentration
via electrical gating. The magnitude of the change in linewidth is ~ 150 kHz. This is
due to the increased concentration of charge carriers being driven by the electric field
which broadens the lineshape due to losses. The symmetrical linear slopes of best fit
around 0 V confirms that the sample is ever so slightly n-doped, since the symmetry is
not quite at 0 V. The slight change in resonant frequency of ~ 30 kHz is suspected to

be the result of static charge build up at the dielectric interface.

Similar to Adabi et al. [337], the linewidth change of the graphene sample shows
Dirac-like behaviour. Reporting a charge neutrality point around 20 V in contrast
to the ~ 12 V Dirac point measured in figure 5.12. This shows an increase in p-
doping which is suspected to be due to environmental doping during transportation
of the sample between measurements. However, to confirm this the sample will need
to be remeasured using the probe station. Strikingly, the microwave measurement

reproducibly captures the steep slope at negative gate voltages and the hysteresis
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Figure 5.13: The gate induced microwave response of the (a-c) frequency and (d-f)
linewidth of the resonant cavity mode. The initial decrease in the resonant frequency
of the empty cavity (a) is an initial drift that settles at around 9.263745 GHz. The red
line shows the averaged responses of the bare substrate (b, ). It should be noted that
the graphene response is significantly larger than the bare substrate response.

at positive voltages. It is important to note that the shift in resonant frequency and
linewidth of the graphene sample has a much larger gating response than that of the
bare substrate. Unfortunately, the increase in resonant frequency is an artifact from
the automatic 3dB measurement method inbuilt in the Anrtisu VNA not being able
to correctly measure the peak of the resonant mode. Therefore, a least squares fit
procedure is necessary not only to improve sensitivity for the gas sensing measurements,
but to also accurately measure the resonant peak properties (see chapter 2 section

2.6.3 for more details).

Qualitatively, upon increasing gate voltage, the relative permittivity of SiO, is expected
to decrease [350, 351] since, the relative permittivity depends upon the capacitance
across the substrate i.e. ¢’ = (Ct,,)/(e,A) = (Qt,,)/(€,AV) where C is the capacitance

of Si0,, t,, the oxide thickness, A the area of the dielectric layer, V the voltage and Q
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Figure 5.14: Comparison of the AC and DC measured sheet resistances of the same
graphene sample. The Dirac point shifts between the DC and AC measurements primar-
ily due to environmentally induced p-doping associated with sample transportation.
The discrepancy between resistivity values is suspected to be due the AC impedance of
the graphene sheet having a frequency dependence.

the charge accumulation at the dielectric interface. As a result, from equation (4.1)
the resonant frequency should increase upon increasing voltage. This is seen with
the more accurate LSF fit as shown in figure 2.17 in chapter 2. Therefore, all future

measurements are more accurately measured using this methodology.

Using the interpolated frequency and linewidth data of the bare substrate measured
from figure 5.13b and c, the graphene sheet resistance is calculated using equation
(4.8). Figure 5.14 compares the AC and DC measured sheet restances from figure 5.12f
and figure 5.12d. Although the absolute sheet resistivities measured differ by at least
an order of magnitude, the comparison of the overall shape is useful for evaluating
the position of the Dirac point, the gradient of the hole mobility slope and perhaps
sensitivity issues of the microwave method at low carrier conductivities. The reason for
the differences in sheet resistivity magnitudes for the AC and DC measurements can

include the following: firstly, using a two contact approach to measure the DC sheet
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resistance means that contact resistances are not negligible. Secondly, this DC contact
geometry results in a non-uniform electric field across the graphene sample, which
could be resolved four terminal measurement (such as a Van der Pauw measurement)
which would produce a more reliable result. Thirdly, AC measurements do not need
the sample to be continuous, whereas in DC measurements the current is required to

flow through high resistance paths such as wrinkles and grain boundaries.

Despite the discrepancies in resistivities, the Dirac behaviour has been adequately
captured using the microwave method, where the DC measurement confirms the
integrity of the dielectric oxide layer. Interestingly, figure 5.14 clearly shows that as
the charge neutrality point is approached during the microwave measurements, at
high positive gate voltages the signal becomes noisy. This is due to the sensitivity of
microwave method decreasing as the conductivity decreases. Since the microwave
method is the measurement of the change in linewidth, when the conductivity of
graphene decreases (increases) the broadening of the linewidth is smaller (larger) and
the measurement less (more) sensitive. One way to improve the sensitivity is to reduce
insertion loss by improving resonator-microwave coupling by repositioning the coupling
loops, reducing the length of the microwave cables and turning the sample upside
down to improve graphene-resonator coupling. This was not tried in this study to
prevent dielectric breakdown due to large contact area [352, 353]. However, appendix
A.8 shows the preliminary control measurements that suggest a 100 nm dielectric

thickness is robust enough for the microwave measurement configuration.

5.4.3 Initial Gate Modulated Gas Sensing Results

To conclude this section chapter, figure 5.15 shows the initial gate modulated graphene
gas sensor measurements. Figure 5.15a compares the Dirac characteristics of the

graphene sample before (blue crosses), during and after two hours of 3 ppm NO,
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exposure (green star) and after the sample recovered post NO, exposure (red trian-
gles). Upon comparison of the linewidth before and during NO, exposure, there is an
approximate 6 V shift at 5.85 MHz, AVp_g,,., due to the NO, p-doping the graphene.
In addition to this, the minimum linewidth at the Dirac point decreases during gas
exposure, indicative of a slight decrease in sheet conductivity. This is relatively mi-
nor and possibly due to the NO, adsorbates introducing additional scattering centers
thus depressing the minimum conductivity value. However, this shift is minor and
the sensitivity of the microwave measurement at the Dirac point is at its minimum.
Consequently, no conclusive remarks can be made about the change in conductivity
between the graphene before and during NO, exposure. More striking, is the hole
slope shift between the sweep measurements post NO, exposure (red triangles), where
the gate voltage is swept from 0 to -30 to plus 30 and back to 0 V. During this sweep,
the ‘post NO, exposure’ curve (red triangles) is initially aligned well with the ‘during
NO, exposure’ slope (green star) gas. However at a large negative bias, the curve shifts
by ~ AVp_g,p and aligns well with the initial response. This could correspond to gate
stimulated desorption of residual NO, species. This implies that after recovery the
graphene surface has not fully desorbed NO, species and perhaps the sweeping of the

gate voltage to a high negative bias enhances desorption.

Figure 5.15b is a schematic representation of figure 5.15a exaggerating the measured
AVp_giope shift, conductivity shift (Ac) and the asymmetric hole/electron slopes for
clarity before (blue) and during (green) 3 ppm NO, exposure. The reduction of the
graphene conductivity combined with asymmetry of the hole/electron slopes results
in a larger shift in the charge neutrality point (AV,yp) compared to the hole slope
shift. The interplay between the environmental and electrically stimulated doping of
graphene, suggests three distinct doping regions of graphene. Where the hole (electron)

slope of both the air ambient and NO, exposed graphene overlap, the graphene is
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Figure 5.15: (a) Microwave measured linewidth (using the 3dB method) of the
graphene gas sensor before (blue cross), during (green star) and after (red trian-
gle) 3 ppm NO, gas exposure. (b) Exaggerated schematic of the Dirac point before
(blue) and during (green) gas exposure showing the change in minimum conductivity
(Ao) where broader linewidths correspond to larger conductivities. The black horizon-
tal arrows illustrates the difference in magnitude between the hole slope (AVp_g,,.)
and the Dirac point (AV.yp). The blue arrows describe the electron charge transfer
affinity from graphene in air to graphene with NO, adsorbates. The more positive the
arrows correspond to conditions where the electron charge transfer affinity is higher.
The pink (blue) region corresponds to graphene with and without the NO, adsorbates
that is p- (n-) doped. The grey region corresponds to conditions where NO, adsorbate
free graphene is n-type but when NO, adsorbates are present it is still p-type. The
adsorption (red) and desorption (blue) curves of 3 ppm NO, at (c) 0 V gate voltage (d)
-20 gate Voltage (e) 30 V gate voltage - where desorption only appears to be stimulated
after the gate bias is reduced to 0 V.
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clearly p-doped (n-doped) as shown by the pink (blue) region in figure 5.15b. The
grey region, corresponds to graphene exposed to a high enough gate potential to shift

the air doped graphene, but not the NO, doped graphene, from p-type to n-type.

Figures 5.15c-e shows the response of the sensor during (red) and after (blue) 3 ppm
NO, exposure at 0, -20 and +30 applied gate voltage respectively. The response at 0 V
bias unsurprisingly responds similar to all previous measurements as expected - the
hole conductivity of graphene increases upon exposure to hole dopant molecules. At
-20 V the sample is highly p-doped and the sensor response curve shows zero affinity
for NO, adsorption. Instead, this gate voltage promotes the desorption of p-doping
adsorbates from the graphene sheet which is evidenced by the seamless merging of the

adsorption and desorption lineshape in figure 5.15c.

Interestingly, figure 5.15e shows the sample at 30 V, such that it is lightly n-doped during
air ambient measurements and exhibits enhanced NO, adsorption (this enhancement is
more clearly shown in figure 5.16 which is discussed further in this section). Remarkably,
after NO, exposure, the sample shows zero affinity for desorption until the gate is
returned to zero bias and the characteristic desorption curve is observed. Despite this
sample being lightly n-doped via electrical gating, there is no evidence of the linewidth
sharpening prior to broadening, which is normally suggestive of the graphene reducing
electron conductivity prior to increasing hole conductivity. Two explanations are as
follows: first the graphene is only lightly doped and the adsorption of NO, so rapid
that there is no observable decline in the linewidth. Secondly, the graphene being
lightly n-doped in air ambient is still p-doped in the NO, ambient, corresponding to

the grey region in figure 5.15b.

This behaviour is further rationalized by considering the charge distribution and affinity

of carriers at the graphene surface. By applying a large negative (positive) gate voltage,
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the graphene electrons redistribute to minimise the interaction induced by the charge
accumulation at the dielectric interface; effectively p-doping (n-doping) the graphene
material. As a result, the graphene is effectively psuedo positively (negatively) charged
by increasing the density of holes (electrons). Therefore, an approaching NO, molecule,
which is an electron acceptor/hole donor, is less able to successfully donate its positive
charge when the graphene is p-doped for purely electrostatic reasons. Similarly the
converse also holds true, it is easier for n-type graphene to donate an electron to an
adsorbing NO, species that approaches the surface. Moreover, as evident in figure 5.15c,
that charge is retained post NO, exposure indicating the n-type graphene adsorbate

system is more energetically favourable.

This gate dependent adsorption behaviour is likely to depend upon the charge transfer
affinity of graphene. Previous DC transport measurements have shown similar enhanced
or diminished gas sensing properties using an electrical gate [354, 355, 356]. Moreover,
Chen et al. [357] suggest that graphene heavily doped via an applied gate voltage
causes ammonia adsorbates to bind to graphene either via the electronegative lone pair
of the nitrogen atom or via the electropositive hydrogen plane. With this in mind, the
blue vertical arrows in figure 5.15b describe the observed sensor responses in terms of
electron transfer from the air ambient graphene to the NO, doped graphene; where
the more positive arrows correspond to a higher electron transfer probability. In this
representation the zero bias sensor response of figure 5.15c corresponds to arrow 2
and the sensor response of figure 5.15d corresponds to arrow 1. Arrow 1 suggests the
heavily p-doped graphene has a high electron transfer affinity such that it is resistant
to NO, adsorption. Whereas, arrow 2 corresponds to lightly p-doped graphene such
that NO, adsorption still occurs and the hole conductivity increases. This implies that
the graphene tends to a NO, adsorbate concentration equilibrium with a favourable

energy which is consistent with previous work suggested by Singh et al. [358].
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Figure 5.16: The sensor responses of the (a) adsorption and (b) desorption of the
gas sensing measurements shown in figure 5.15c-e where SR = (w — w,)/w, and w,
is the initial linewidth for each measurement. The desorption at OV and 30 V from
figure 5.15e are displayed separately. Although the electrical gating facilitates charge
doping of the graphene sheet, the initial NO, adsorbate concentration prior to each
adsorption measurement should be similar despite the widely different w, values for
the adsorption and desorption measurements. Therefore the comparison of these
responses curves provide insight into the sorption rates.

Finally, arrows 3 and 4 in the grey region where graphene with and without adsorbates
is p- or n- doped respectively. It is this region between the Dirac points where the sensor
response of figure 5.15e is likely to be located. Unfortunately, since the sensitivity
of microwave method is reduced close to the Dirac point is difficult to elucidate the
mechanism. Furthermore, heavily n-type graphene wasn’t reached such that arrow 5
of the n-doped graphene region was never reached. To verify this mechanism future
measurements using NO, with highly n-type graphene and repeating the measurements
with ammonia would be highly beneficial. As a final remark about the representation
of figure 5.15b, during accumulation of NO, adsorbate species on the surface prior to
saturation, there will be an interplay between regions of graphene that arewith and
without adsorbates. Therefore, this representation, particularly in the grey region,

better reflects this dynamic behaviour.

For completion, by comparing the sensor response curves of the data from figures

5.15c-e, figure 5.16 compares the sensor responses of the (a) adsorption and (b)
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desorption of graphene exposed to 3 ppm NO, at different gate potentials. Although
the initial linewidth values are widely different, due to electrically modulating the
carrier distribution in graphene; prior to each measurement, the graphene sample is
recovered to equilibrium conditions at the 0 V bias. Consequently, the initial adsorbate
coverage for each adsorption measurements is expected to be similar. Therefore, these
sensor response curves provide a good visual comparison of the sensor response curve
shapes and the rate of sorption. Figure 5.16a shows the rate of adsorption improves
at high gate voltages where the air ambient graphene is n-doped. More strikingly, as
before there appears to zero affinity for NO, adsorption when the sample is highly
p-doped (at -20 gate voltage). Moreover, it appears that residual p-dopants on the
surface are expelled. Figure 5.16b shows that the converse is true for the desorption,
i.e. the desorption of the p-doping adsorbate is improved upon electrically p-doping the
graphene sheet with the gate. Interestingly, the desorption at 30 V and 0 V from figure
5.15e (the blue and green curves respectively) are treated separately. As a consequence,

it is clear that the desorption response is stunted at 30 V bias.

More interestingly, upon comparison of the 0 V desorption responses of both the 0 V
bias adsorption and the 30 V biased adsorption measurements, the rate of desorption
of the material that was previously lightly n-doped is significantly more rapid and
3.7 x larger than the 0 V adsorption-desorption measurement, implying more NO,,
molecules are liberated from the surface. Now, since the microwave method relies
upon the measurement change in linewidth of loaded graphene gavity compared to
the empty cavity; upon doping, as graphene approaches the Dirac point, the change in
linewidth is smaller and the measurement is less sensitive. Moreover, due to graphene
symmetry it is difficult to distinguish between hole and electron carriers. Therefore, it
is possible that the n-doped graphene, close to the Dirac point, is adsorbing a large

quantity of NO, but the microwave measurement lacks the sensitivity to distinguish



188 Chapter 5. The Open Microwave Cavity: Preliminary Experiments

this. For this reason it appears that the graphene desorbs more NO, species than was

adsorbed (compare the green curves of figure 5.16).

Clearly it follows that the sensitivity is potentially a limiting factor for these measure-
ments. Typical quality factors of the open resonator cavity achieved in this work ranged
between 600-800. By comparison, Adabi et al. [337] showed much more sensitive
AC transport measurements with Q values as high as 8000-8600. Therefore, in future
work it is desirable to improve the resonator performance by improving the design by:
using a dielectric material with a higher permitivity, improving the positioning of the
microwave coupling loops to better interact with the resonator, reducing the amount
ceramic spacer material and changing the geometry of the dielectric resonator or aper-
ture/hole of the hosing. For example, using circular aperture with a puck resonator,
instead of the square aperture which was used in this work, reduces the losses due
to the otherwise sharp aperture edge [215]. Alternatively, a cubic resonator would
improve the coupling of the TE;; mode with graphene. This arises from the electric
field distribution of the cylindrical puck being "doughnut" shaped and interacting with
the edges of the square graphene sample. Whereas, a square resonator would couple

predominantly to the central graphene of the sample [359].

To summarise this section, as interesting consequence is that the charge transfer affinity
of an adsorbing species appears to be dependent upon the degree of graphene doping.
This is analogous to the electron affinity and ionization potential of the elements.
Moreover, the adsorbate coverage dependence of the charge transfer affinity function
C(n) is perhaps more successfully described in terms of the chemical potential of
graphene which will naturally have an adsorbate concentration dependence. To fully
investigate this relationship, gas sensing measurements at different gate voltages at
different temperatures could elucidate the binding energy variation at different voltages.

However, it is important to assess where the equilibrium linewidth position is at each
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gate doped configuration. Although this changes the initial surface concentration of the
graphene surface, measurements at equilibrium provide a more accurate determination
of the overall sorption interactions. In addition to this, a sweep of gate voltages before,
during and after each measurement is important to determine how the charge neutrality
points shifts upon environmentally stimulated doping. Unfortunately, as mentioned
before, the Dirac measurement of the linewidth for the voltage sweeps was achieved
using the ‘3 dB method’ opposed to the ‘LSF method’ that was used during the gas
sensing measurements (See chapter 2 section 2.6.3). However, this limitation has been
resolved and now consistent measurements of the resonant response can be attained

for all microwave measurements.

With consistent measurements, the change of linewidth of the graphene sensor can be
related to a change in resisitivity and compared to position of the charge neutrality
point. The dashed lines of figure 5.15 relate the change of linewidth of each gas
sensing measurement to the charge neutrality point. Note that the equivalent 3dB
values of figures 5.15c and d and the LSF values of figure 5.15e is used here. Therefore,
this analysis is by no means rigorous and instead intended to provide a ‘ball park’
evaluation of the observed response. Upon comparison of the measured linewidths,
it initially appears that the n-type graphene (in air ambient) is producing a p-type
sensor response. It is suspected, this is due to the additional shift in the Dirac point
achieved via environmental doping such that gate induced doping at 30 V produces a
n-type response for the adsorbate free graphene but a p-type response for the adsorbate
functionalised graphene. This is illustrated by the blue transition arrows in figure 5.15b
in the grey region. To verify this, a larger voltage sweep range should be applied to
access a heavily n-doped graphene state, such that it is far away from the CNP Under
such conditions it is expected that the sensor response will take the form of an initial

rapid decrease in linewidth.
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To conclude, tuning the doping of graphene via electronic gating, changes the charge
transfer affinity of adsorbate species. Through this, the adsorption and more impor-
tantly the desorption, a current bottleneck to the commercialization of graphene sensors,
can selectively be enhanced. This could lead to better sensitivity, improved desorption
time scales and selective monitoring of gas species by tuning the graphene doping to
best promote a charge transfer interaction. Clearly, there are still experimental hurdles
to be overcome to fully understand the gate induced microwave response in addition to
the gas sensing response. However, through this work these preliminary measurements
show a promising start towards understanding the intrinsic chemical limitations of
the graphene—NO, sensor response, while simultaneously providing alternate ways
to enhance the response via tuning the chemical potential and thermodynamics via

gating and temperature measurements.

5.5 Chapter Conclusion

To summarise, this chapter presents an alternative cavity design for gas sensing. This
design enables a large variation of temperature control and electrical gating. The
response of the cavity for the three sample configurations of the microwave method
(empty, bare substrate and graphene on substrate) are measured at various temperatures
and gate voltages. The initial adsorption and desorption measurements remarkably
show similar sorption barrier values, indicating that the initial rudimentary models
capture the equilibrium conditions of the graphene sensor. Clearly, the initial rapid
response regime of the sensor is not fitted well, which is unsurprising since the previous
chapter establishes that graphene sensor response can only be modeled by a non-
constant sticking coefficient function. The next steps involve the design of an improved

model to describe the adsorption and the desorption sensor response curves and
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repeating the measurements at more temperature values.

Similarly, the initial gating measurements show a comparison of the graphene sheet
resistivity acquired using microwaves and a traditional DC circuit using the alternative
cavity design. However, the initial gas-gating measurements show promise towards gas
selective sensor response enhancement and stimulated desorption of the sensor. More
remarkably, the adsorption of NO, can be prevented completely opening alternative
applications in fields such as the ultra high vacuum, where non-evaporable getters and
amorphous carbon thin films are materials designed to maintain ultra high vacuum
in particle accelerators [360]. The major challenges of this work involved the imple-
mentation of a new cavity design, fabrication of a large ‘gateable’ graphene area and
reducing the system noise. However, in addition to overcoming these practical difficul-
ties, these preliminary measurements have allowed a more intuitive understanding of
the NO,—graphene sorption interactions. To elucidate the graphene—adsorbate charge
transfer affinity, gas sensing measurements at different gate biases and temperatures
would show the relationship between the binding energies of the gas species and the
chemical potential of graphene. Ultimately, leading to a more informed evaluation of
the best initial graphene conditions which result in the highest sensor sensitivity. Of
course, the fundamental graphene—adsorbate interactions have relevance outside this

single gas sensing platform.

Throughout all measurements the NO, sensor response can be modelled using a double
exponential approximation. However, the response of other gases produce distinctly
different sensor response curves [63]. Therefore, further work to investigate whether
the NO, sensor response is truly ‘characterisitc’ since it appears to be consistent during
non-steady state environmental conditions. To achieve this an extensive study into the
response of other trace gases is needed. Gas sensing of ammonia would be an ideal

candidate since, unlike NO,, NHj; is an electron donating gas and so produces a polar



192 Chapter 5. The Open Microwave Cavity: Preliminary Experiments

opposite sensor response curve. Therefore drastically different sticking and desorption
coefficients should describe the sorption interactions and provide more insights into

the tunable charge transfer affinity of graphene with trace gases.



Chapter 6

Conclusion

In this work two distinct graphene based molecular sensing platforms are explored: a G-
SERS platform, comprised of graphene on a gold nanodisc array and a graphene coupled
microwave dielectric resonator platform. The former measures the spectroscopic signal
of graphene and the probe molecule and is limited to the spot size of the laser. Whereas,

the latter measures the change in sheet resistivity upon the adsorption of gas molecules.

To summarise, it is shown that G-SERS platforms facilitate spectral enhancements
through a variety of mechanisms which are explored through FTIR and Raman tech-
niques. In addition to discussing the electromagnetic mechanism of enhancement,
which is typical of traditional SERS platforms; the chemical enhancement mechanism,
which manifests itself particularly strongly in graphene platforms, is instead the focus.
To investigate the chemical enhancement mechanism of graphene; lightly, moderately
and heavily p-doped graphene is fabricated through interfacing graphene with h-BN
pacified, untreated (but wet transfered) and oxygen plasma treated AuND/SiO,/Si
substrates. Since the properties of CVD graphene vary spatially, Raman maps of the
graphene surface are statistically analysed, which not only provides a robust charac-
terisation technique for the comparison of the fabricated samples; but more gener-
ally demonstrates a more rigorous and complete approach to the Raman analysis of
graphene. Consequently, chemically modifying graphene is shown to provide a small,
yet non-negligible contribution to the overall enhancement of the graphene Raman

peaks.

193
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More interestingly, using Kelvin force microscopy to probe the surface potential variation
of the graphene surface, it is shown that graphene can be optically doped via high
power laser irradiation ((2.95+0.19)x10°> Wem™2) over the AuNDs by ~ —0.87 =+
0.05 meV and ~ +0.75%+ 0.07 meV in air or nitrogen ambients respectively. Since
the graphene sample used is transferred onto h-BN such that graphene is decoupled
from charge interactions from the substrate, the laser induced doping is a surface
chemical reaction. Through statistical Raman analysis, it is shown that at low power
laser irradiation ((3.43+1.22)x10* Wem™2), where no doping is observed, there is no
significant strain in the graphene lattice in the presence nor absence of the AuNDs.
However, not only is there appreciable strain in the graphene lattice in the presence of
the AuNDs after high power laser irradiation, but during measurements in the nitrogen
ambient, a large number of sharp transient peaks are observed in the spectral region
of largest electromagnetic enhancement, suggestive of near field optically induced
excitation of molecular nitrogen. As a result, it is shown that Raman spectroscopy is
not necessarily a non-invasive technique, nor is nitrogen an inert ambient, particularly

in the characterisation of G-SERS platforms at certain laser irradiance.

In addition to this, it is shown that graphene coupled to a microwave dielectric resonator
can be used as gas sensor. Upon adsorption, a gas molecule can donate an electron
or hole into graphene which changes the graphene conductivity. This change in
conductivity is non-invasively monitored by measuring the broadening or sharpening of
the resonant linewidth of the TEj;; mode. Using nitrogen dioxide as a p-dopant gas, a
series of concentration measurements, spanning three orders of magnitude, confirm this
platform as an alternative gas sensing platform. Moreover, through examination of the
rate of adsorption at each concentration, the adsorption of NO, occurs in two distinct
regimes. Consequently, the regime of rapid adsorption lasts ~ 35 minutes which is a

chemical limitation of the system. By contrast, the sensitivity limit reported suggests a
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minimum of 5 minutes is necessary to distinguish between the concentration. However,
this is not a chemical limitation and can be improved via better graphene—resonator

coupling and reduction of loss and noise.

More interestingly, the chemical adsorption kinetics of this system is explored using
modified Langmuir models. The sensor response is described using a surface occu-
pation model and an adsorption site model. Surprisingly, both models describe the
sticking probability decreasing exponentially as it is exposed to more NO, adsorbates.
However, the occupation model better captures the initial lineshape of the sensor
response. Regardless, this behaviour is ascribed to an increase in the adsorption energy
barrier with increased NO, surface coverage. Therefore, the binding sites of graphene
vary continuously on the graphene opposed to discrete results which is in agreement
with Raman and Kelvin probe surface measurements. Moreover, it is shown that the
Langmuir modeled concentration slopes can be fitted to a double exponential equation,
as is traditional in graphene based NO, sensors, which instead is an empirical fitting

and does not reflect a surface with two distinct adsorption sites.

Further to this, an open cavity design with additional temperature and electrical
gating properties is developed as an alternative gas sensing platform. The preliminary
temperature measurements show that the adsorption and desorption responses, despite
being fitted to two different models, have similar adsorption energy barrier values at
equilibrium conditions. More strikingly, the initial gate modulated graphene gas sensing
measurements show that the charge transfer affinity can enhance or hinder the sorption
of gases on graphene. When the graphene is highly p-doped via electrical gating, it is
shown that NO, has a negligible affinity for adsorption. Conversely, when graphene is
lightly electrically n-doped using the gate, the desorption of NO, is prevented. These
preliminary results suggest electrically gating graphene can improve the sticking factor

of select gases which could have benefits in ultra high vacuum applications.
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To summarise, two distinct gas sensing platforms have been explored in the work of this
thesis. Using KFM and Raman spectroscopy, the graphene interactions with the SERS
active substrate and its environment has been explored providing a baseline for future
G-SERS applications. Of particular scientific benefit is the observation of optically
stimulated doping, suggesting experimental conditions need to be carefully controlled
when probing the graphene surface. On the other hand, the graphene microwave gas
sensing platform enabled an investigation into the graphene—gas sorption interactions.
The fundamental kinetic limits established here have relevance to all gas sensing
platforms and are not limited to the microwave method. Consequently, a more informed
approach towards graphene sensor optimisation can be achieved through understanding
the system limitations and how they arise. Moreover, the systematic approach is general
to all graphene—gas interactions and provide a platform to expand from. As such,
extending this adsorption model to the optically induced non-equilibrium conditions,
could provide new perspective to G-SERS platforms. Finally, in pursuing an alternative
cavity design to explore sorption energies and the nature of the charge transfer affinity
function, the preliminary measurements show promising selective sorption behaviors.
Although this work is in its infancy, and further measurements are still needed, the
ability to prevent molecular desorption and improve the ‘stickiness’ of a surface has
interesting applications outside the field of gas sensing such as ultra high vacuum
systems. In conclusion, these two drastically different molecular sensing platforms, have
delivered unique insights both integral towards understanding the physical chemistry

of graphene at both the solid and gas interfaces.



Chapter 7

Future Outlook

Both molecular sensing platforms studied have plenty of room to grow and develop
beyond the work in this thesis. Naturally, the detection of further chemical species
is of practical interest in the development of both sensing platforms. Assessments of
the sensitivity, response time, recovery time, detection limit and selectivity in different
environments is the most intuitive research direction to develop these sensors further.
In this final chapter, different research directions including and beyond gas sensing is

discussed based on these sensing platforms.

7.1 Future Outlook of G-SERS Platforms

7.1.1 Selective Molecular Enhancement

In chapter 3 a detailed study of the Raman characteristics of the nanodisc G-SERS
platforms provides a baseline with respect to their properties. It has been shown
that the Raman response of graphene and adsorbate species can be enhanced using
an electrical gate [228, 229]. Moreover, chemical adsorbates have been shown to
environmentally dope graphene in a similar manner [253]. More interesting is the
reported GERS enhancement of particular vibrational modes upon electrical gating
[252]. However, it is unclear whether this enhancement is due to favorable charge

transfer modes, from graphene to the probe which can be enhanced by perturbing the
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graphene Fermi energy; or stray electric field effects permeating through graphene

which has a negligible skin depth [313].

Therefore, it is of interest to understand the influence of the electric field-itself imposed
by the gate voltage, in addition to the work function of graphene, as two distinct
components influencing the chemical enhancement mechanism at the graphene-gas
interface. To do this, a comparative study of the Raman peaks of well studied probe
molecules (such as rhodamine 6G or porphyrins) where the Fermi energy of graphene is
modulated either through electrical gating or chemical interactions with the substrate
i.e. tailoring the graphene-solid interface. The latter can be achieved by interfac-
ing graphene with different substrates treated with self assembled monolayers [257].
Through understanding the nature of the charge transfer mechanism, the selective stim-
ulation of certain modes via chemical modulation can potentially lead to stereoselective

surface reactions.

Similarly, where the chemical mechanism can induce vibrational mode specific en-
hancement, a G-SERS platform comprised of a fano-resonant nanostructure [361, 362]
can be used to enhance both the incident and scattered light of certain Raman pro-
cesses; where the scattered frequency is far from the pump frequency. In this way,
a specific vibrational mode can be enhanced beyond others. As a result, using the
statistical analysis techniques established in chapter 3 where the graphene response
to G-SERS substrate is understood, the next step is to introduce molecular species.
Through modulating the work function electrically or chemically the enhancement or
diminishment of selective vibrational modes through electromagnetic and chemical
enhancements from the G-SERS substrate can be tailored to allow spectral peak specific
monitoring and potentially experimentally deconvolving the combination of broad

similar frequency modes.
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7.1.2 Optically Doping Graphene Domains

Moreover, from chapter 3 it is shown that doped domains could be optically induced
through surface chemical reactions of G-SERS substrates. However, the exact nature of
the chemical doping such as bond type and chemisorbed species is unknown. Tech-
niques such as transmission electron microscopy, X-ray photoelectron spectroscopy and
electron dispersive X-ray spectroscopy. Moreover, repeating the experiment at different
laser wavelengths at a variety of laser powers and temperatures could provide infor-
mation on activation energy barriers needing to be overcome for the surface chemistry
to take place. In addition to this, repeating the experiment in different environments
such as ammonia, nitrogen dioxide and a noble gas; which provides a highly electron
donating, hole donating and inert atmospheres respectively could be interesting to see

how big this chemical induced doping effect can be.

Moreover, laser writing doped domains in graphene can potentially provide a simple
and versatile technique for future device fabrication. For example, a current hurdle to
overcome in graphene functionalisation is controlling what percentage of the surface
and location the material is functionalised [127, 335, 363]. This could facilitate
preferential adsorption sites for gas sensors and the creation of p- and n-type domains for
electronic device fabrication [364]. Finally, this near field enhanced doping mechanism
can be used on non G-SERS platforms using a tip enhanced writing technique in different
ambients; where instead of the nanoparticles facilitating near field enhancement, a

scanning probe tip is used [365].

7.1.3 Hot Carrier Extraction

The optically induced surface chemical reactions on graphene is potentially a ‘hot-

electron’ mediated reaction. Plasmons can decay into electron-hole pairs, where
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currently there is great interest in extracting them for various application including
photochemical reactions [366]. Gold nanostructures thiolated with 4-nitrophenol
(NTP), has been shown to facilitate the reduction reaction of NTP to 4-aminothiol
(ATP) which requires an electron rich environment to proceed [295]. A drawback of
these hot carrier mediated reactions is that they are limited to the region of the near
field [4]. However, the charge carriers of graphene exhibit ballistic transport, with the
potential to travel long distances [24, 25]. Moreover, hot carriers have already been
observed in graphene [264, 274, 294]. As a result, G-SERS substrates can be used as a

unique potential hot electron platform.

Unfortunately, since the most well studied hot carrier interactions take place at the
SERS hot spot, it is impossible to detect the same NTP to ATP reduction reaction
without the aid of SERS enhancement. However, Lee et al. [367] have shown the
plasmon induced reduction of silver ions to silver atoms on a colloidal gold nanoparticle
substrate. From this the silver precipitates can be measured using scanning electron
microscopy. Incorporating graphene into this substrate, the distance the hot carriers
travel could be assessed and potentially enhanced by passing a current through the
graphene sheet. Moreover, through gating the graphene device, hot holes could be
excited which could facilitate the oxidation process effectively returning the silver
precipitates back to silver ions. In short, G-SERS platforms have potential applications

beyond sensitive spectroscopic sensors.
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7.2 Future Outlook of the Microwave Cavity Platform

7.2.1 Tuning the Charge Transfer Affinity of Graphene

The preliminary work detailed in chapter 5 is sill in the early stages. Similar to the
adapted Langmuir model used in chapter 4, it is expected that modeling the graphene
surface with a non-constant sticking probability which is dependent upon the adsorbate
concentration, will better fit the adsorption data at different temperatures. From this,

a picture of how the adsorption energy barrier evolves over time can be discerned.

In addition to this, the gate dependency of graphene clearly shows that charge transfer
affinity can be perturbed. However, from the preliminary measurements, it is of
interest to improve the graphene—resonator coupling in order to optimise the signal,
which is partiularly poor at gating potentials close to the charge neutrality point.
Although gate enhanced gas sensing has been reported before [354, 357], changing
the sticking probability of a surface preventing either the adsorption or desorption
process entirely hasn’t been reported yet. However, since the skin depth of graphene is
negligible, discerning whether this is simply a doping effect relating to the graphene
work function, or an electrostatic effect is an area of future work. Finally, combining
the temperature and gating measurements with NO, and other gases such as NH; will

enable a quantitative description of sorption barriers and the charge transfer affinity.

7.2.2 Microwave Measurements Beyond CVD Graphene

The microwave method allows for the measurement of the graphene resistivity since it
is an single atomically thin film, with highly conductive charge carriers which perturbs
the cavity resonance depending on its conductivity. However, as is shown in this work,

an absolute measurement of the graphene resistivity is not necessary for its use as
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a sensor. Instead the sensor response is a measurement in the change of graphene
properties. As a result, alternative 2D materials can easily be integrated into this

platform provided they are conductive and their properties can be tuned.

The microwave resonator platform is ideal for integration with liquid exfoliated con-
ductive 2D materials [368]. For example, unlike CVD graphene, drop casted liquid
exfoliated graphene forms a substrate comprised of graphene flakes that are not neces-
sarily continuous. As a result, DC electrical measurements require thick films to ensure
good electrical contact between the flakes [369]. With the microwave method, this
restriction is not necessary since the electrons are driven electromagnetically. There-
fore, liquid exfoliated graphene could lead to a cheap alternative material for this gas

sensing platform.

In addition to this, the open cavity configuration lends itself well to optical integration,
since the sample is not enclosed in the cavity - particularly since the graphene doesn’t
need to be facing into the resonator to interact with the microwaves. However, since
the microwave technique is a large area measurement, narrow-band LEDs are ideal
candidates to provide cheap and uniform large area irradience. Therefore, alternative
2D materials such as transition metal dichalcogenides, where molybdenum disulfide
(MoS,) which is an already proven gas sensor similar to graphene [370, 371], and
quasi 2D thin film perovskites which have conductivity properties that can be enhanced
through optical excitation [372, 373] and are sensitive to their environments, can

easily be integrated into the microwave dielectric resonator sensing platform.

Finally, by adding large area optical capabilities to the microwave platform, it becomes
compatible with large area colloidal nanoparticle based G-SERS platforms. Providing
an unique platform to probe the large area doping of graphene upon large area op-

tically induced environmental doping. Comparing nanoscale Raman and KFM based
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measurements the macroscale of the microwave measurements of the same process

enables a unique non-invasive method to describe a nanoscale G-SERS platform.
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Appendices

A.1 Semi-Classical Raman Scattering in a Lattice

The incident electromagnetic field E(r, t) at position r at time t can be described as
follows E(r, t) = E(k, w)e {*™=“9 where k is its wave vector and w the frequency.
As the incident radiation approaches and interacts with the material’s surface a local
polarization is induced, P(r,t) = P(k, w)e ®™=“0  The relationship between the

polarizability of the material and the incident light is
P(k, w) = x(k, w, Q)E(k, w), (A.1)

where y is the electric susceptibility of the material which has a dependence on the
lattice displacement Q. Lattice vibrations through atomic crystals behave like standing
waves with boundaries at the Brillouin zones. Therefore, the atomic displacements are
described analogous to electromagnetic waves such that Q(r, t) = Q(q, w, )e*!(aT=»t),
Since the response of the material to electromagnetic radiation is dependent upon
the displacement of atomic positions, which can be considered as small perturbations

around a point, the susceptibility can be Taylor expanded as follows

2

0
1k, ,Q) = xo(k, w)+( )Q( t)+ = (8Q)2)Q2(r’ t)+... (A.2)
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Each partial derivative terms of the expansion in equation (A.2) define the first- and
second-order Raman tensor. Considering only the first-order effect, substituting equa-

tion (A.2) in to equation (A.1) the polarization becomes:

P(r, t) =10 (k, w)E(k, w)e et 4
(A.3)

(Z_é) Q(k, w)E(k, r)e (T eermen),

Finally using the cosine product to sum trigonometry identity equation A.3 can be

expanded to

P(r, t) =y, (k, w)E(k, w)e *r0 4

dy (A.4)
(%) Q(k, w)E(K, r)exp{—i((q +k) r—(w=x cov)t)}.

Equation (A.4) shows that the polarizabilty varies according to three distinct frequen-
cies, w, w £ w, the Rayleigh and Stokes shifts respectively. The Stokes (Anti-Stokes)
scattered light corresponds to the system were energy is gained (lost) by amount w,,.
The first term, the Rayleigh term, corresponds to the ‘static’ part of the expanded
susceptibility where the polarization is in phase with the incident radiation. The second
term, relevant to first order Raman scattering, requires that there is a change in lattice

displacement. Specifically that the material is polarizable such that d y /dQ # O.

The intensity of the scattered light is proportional to the first order Raman tensor along

the displacement unit vector @ = Q/|Q| such that

NI AYEN
o (Gg)ore

where €; and €, are the unit vectors of the polarized incoming and scattered light.

Iy o< , (A.5)

Therefore, for a scattering event to be "Raman active", the scattered phonon must have
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the same symmetry as the first-order Raman tensor. The Raman active vibrational
modes are determined by referencing the character table associated with the point or

space group.

A.1.1 Raman Scattering Kinematics

For wavelengths appreciable to visible light, the excitation source usually used in
Raman measurements, the wave vector k = 27t/A is much smaller than the wave
vector associated with the phonon, which is on the order of 27t/a where a is the lattice
spacing. To conserve energy and momentum in the scattering process, the phonon’s
wave vector must equal the difference between the incident and scattered photon
q =k; —k,. From equation A.5 there must be overlap between the phonon direction
with the incident and scattered light. Therefore for a single phonon process q can only
equal 0. A corollary of this is that for two phonon scattering processes the scattered
phonons must be the same but in opposite directions. As a result two phonon processes

are not confined to the first Brillouin zone.

Therefore for a single first order phonon process q = 0 and Raman scattering is confined
to the center of the Brillouin zone. The only phonons that carry momentum are optical
phonons (figure 2.6). Therefore an electronic excitation to a virtual state, comparable
to the energy of the optical phonons, is necessary to allow a scattering event to occur.
The Stokes Raman process is as follows: first the absorption of an incident photon with
energy w; excites an electron from its initial state |i) to a virtual excited state |m). The
electron loses energy and falls to an energy state |n) due to interacting with a phonon
of energy, fiw,h. Finally the electron returns to its initial state by emitting a photon
ficw,. The Anti-Stokes Raman process requires that the initial electronic state is already
an excited. Finally if the absorption of the initial photon results in a transition to a

real energy state, this process is considered Resonant and the intensity of the Raman
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scattering process is enhanced by several orders of magnitude.

A.1.2 Rigorous Description of the Graphene Raman peak positions

Interestingly the G peak is the only Raman peak of graphene that is due to a first order
single phonon scattering event- where q = 0 at the T point located at the centre of the
Brillouin zone. The D, space group describes the symmetry at the T' point [164]. The
irreducible representation at the Brillouin zone center is given by Ay, + B,, + Ey,, + Ey,
[166, 374]. Upon consultation of the character table in reference [375], only the E,,
symmetry operation is Raman active. The E,, mode arises from out of phase vibrations
of the two inequivalent atoms that make up the unit cell. This mode corresponds to the
doubly degenerate iTO and iLO phonons [164] (see figure 2.6b of chapter 2). The 2D
and D peak arise from a breathing mode associated with the six member carbon ring
with symmetry a A, at the K point [172, 376, 166]. The 2D peak requires two iTO
phonons of opposite wave vectors (q and —q) to conserve momentum where q ~ 2Kk.
The 2D peak arises due to an inter-valley scattering process between the K and K’

Dirac cones is K-space.

Unlike the G peak which requires a virtual transition state, both electronic transitions
involved in the 2D peak mechanism are between the 7 and 7* bands are to real energy
states. As a result there are two resonant process enhancing the intensity of the Raman
peak. This process is referred to as the double resonance mechanism and is the main
reason why the D peak overtone process leads to a Raman peak roughly twice the
height of the first order G peak scattering. To finish discussing the origins of the
observed Raman peaks, defect activated peaks need to be considered. The D and D’
peak both require defects to be Raman active. The D peak requires a single iTO phonon
scattering event such that q ~ k whereas the 2D peak, being an overtone, requires two

iTO phonons of opposite wave vectors (q and —q) where q ~ 2k. Clearly a D band
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scattering event does not conserve momentum, therefore it requires a defect in the
crystal structure to be Raman active [164, 166, 376]. As a result only the 2D peak is
observed in pristine graphene. Similarly the D’ Peak also requires defect to become
active however where the D peak is a double resonant intervally scattering process,

the D’ peak arises due to intravalley scattering with an iLO phonon [164, 172, 177].

A.1.3 Origin in the Raman peak intensities

The Raman intensity is proportional to the probability of an electronic transition taking

place which is encompassed by Fermi’s Golden Rule [157, 377, 167].
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The numerators from equations (A.6) and (A.7) describe probability of wave functions
overlapping between the various energy states involved in the scattering process. The
Hamiltonian H,; describes the interaction of an electron with electromagnetic radiation
whereas H,, describes the energy interaction between the electron and phonon. The
denominator describes the density of the final energy states where E; is the energy of
the laser. It is clear at resonance, when E; = E,, — E; the denominator becomes small

and the intensity is at its largest. Additionally since the all transitions are real the 2D
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peak denominator terms approach zero [158]. The y corresponds to the inverse lifetime
of the photoexcited carrier and corresponds to the full width at half maximum of the
Raman peak. Clearly I; o< 1/y; and I,;, o< 1/y,p. It turns out that v,, = 2y [158]
which leads to the intensity ratio of the G and 2D peak = 0.5 for pristine graphene.
Conceptually, due to the equivalent dispersion around the K and K’ points, an exciton
has twice the probability to stay in the excited state as it spends half its time in each

cone.

A.2 Examples of Graphene Raman Spectra
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Figure A.1: Representative graphene Raman spectra of (a) differently prepared and
therefore doped CVD graphene spectra. The three spectra correspond to the ‘SERS’
samples discussed in detail in chapter 3 where the least to most doped sample is the h-
BN pacified sample, wet transferred graphene and oxygen plasma treated sample. The
Raman spectra of CVD graphene in the presence and absence of (b) 4-aminothiophenol
(ATP) and (c) 4-nitrothiophenol (NTP), where the amino and nitro groups on the
aromatic ring are electron donating and withdrawing respectively. Despite the aromatic
molecules not being strong Raman scatterers, their presence clearly perturbs the
graphene spectrum.

For context, figure A.1 compares some very differently treated CVD graphene samples

either with substrate treatments, or external graphene doping. Clearly the differently
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treated substrates of figure A.1a shows some very different representative graphene
peaks. Where the bottom (red) h-BN spectrum demonstrates lightly doped and good
quality graphene. The middle (blue) wet transferred graphene spectrum shows defects
as indicated by the emergence of a D peak and broadening of the 2D peak. The top
spectrum (black) shows the highly doped and defected oxygen plasma treated substrate
graphene spectrum, as indicated by the very intense D peak, shallow 2D peak and the
most blue shifted G and 2D bands. These spectra are discussed in detail in section 3.3.1
of chapter 3. For contrast, figures A.1b and c compare the Raman spectrum of graphene
doped with 4-aminothiophenol and 4-nitrothiophenol. In both cases, the Raman cross
section of both molecules are too weak to be observed without SERS enhancement.
However, the graphene spectrum itself is altered predominantly by © — 7 interactions

between the graphene and the molecules reducing the intensity of the 2D peak.
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A.3 Raman Background Removal

All spectral peak fitting procedures are made on spectra after background removal.

The background is removed by either fitting a gaussian distribution as shown in figure

A.2 or by taking a line fit of the peak and fitting either a peak shape after. Most fittings

of the map data were taken using the latter method.
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Figure A.2: Spectra of graphene in the presence and absence of the gold nanodiscs
(a) before and (b) after background removal. The large slope is primarily due to
fluorescence from the gold nanoparticles.
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Figure A.3: Fitted curves corresponding to (a,b) wet transferred graphene, (c,d) oxygen
plasma treated substrate and (e,f) h-BN pacified substrate in the absence and presence

of AuND of G-SERS platforms.

Figure A.3 details the spectral curve fittings of figure 3.3 and table 3.1 using Gaussian

and Lorentzian peak shape described as follows.

_ 2
fGauss(x):y0+A{exp_(x xo) } (A8)

fror(X) =y +

width

(x—x,)2+B (A.9)

where A is the peak amplitude, and y, the offset. The FWHM from the Gaussian

peak from is 2+4/1n(2)width and from the Lorentzian is 24/B. The curve fittings were

performed using IgorPro version 6.37 where the fitted coefficients chi-squared error is
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minimised using an Levenberg-Marquardt algorithm which is a non-linear least-squares

fitting procedure.

A.5 Transport measurements for equivalently fabricated

samples
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Figure A.4: Dirac characteristics of graphene transferred onto differently prepared
substrates. All samples are p-doped. These measurements were taken by Dr Shautsova.

Figure A.4 compare the transport properties of differently treated substrates. Unsur-
prisingly, the oxygen plasma treated substrate agressively dopes the graphene such
that the charge neutrality point cannot be reached without dielectric break down.
Interestingly, the h-BN layer is shown to be more p-doped than the wet transferred
graphene. Shautosova et al. [255] showed that this is due to surface doping of the
graphene not substrate interactions. The Raman peaks of pristine graphene shift in the
same direction from electron and hole doing effects. Therefore, figure A.4 confirms

that all samples fabricated using our method will be p-doped.
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A.6 KFM images of graphene/AuNDs/SiO,/Si
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Figure A.5: (a) AFM and (b) KFM micrographs of graphene wet transferred onto a
AuND substrate. The dashed lines mark the edge of the AuND array and the black box
marks the region of AuNDs that were illuminated. (c) Surface potential histograms
showing variations between graphene not interfaced with the AuNDs and the regions of
graphene interfaced with AuNDs that have and have not been laser irradiated.(d) The
surface profiles corresponding to the dashed black lines of (b) showing the variation at
the interface of AuND irradiated (Profile 1) and untampered (Profile 2).

Figure A.5 is the AFM and KFM micrographs of graphene wet transferred on to a AuND
array (radius 50 nm periodicity 300 nm). Compared to the h-BN pacified sample of
studied in chapter 3, the graphene in contact with the AuND array is clearly distin-
guishable from the graphene only in contact with bare substrate with approximately
3 mV difference. Since the laser induced doping of graphene in the presence of the
h-BN layer is in the order of 0.1 mV, the h-BN is effectively screening the graphene

from substrate interactions and the results in chapter 3 is primarily due to surface
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interactions.

A.7 Plasmonic Nanoparticle Enhanced Heating

The heat deposited into graphene, Q,, in the absence of nanostructures upon illumi-

nation is described as follows [275, 276]:

QGr = 0abs,GrT|E0|2: (A]-O)

where 0 ¢, is the absorption cross section of graphene, n; = ,/€; where ¢, is the real

part of the surrounding permitivity and |E,| the incident electric field. In the vicinity

of nanostructures, the electric field amplitude at each particle position is considered.

Therefore, as an approximation the heat deposited into graphene coupled to AuNDs is:
Ns5Co€0 o1 12

QuunD = O abs aunD 5 g |Eol%, (A.11)

where absorption cross section of the gold nanodiscs o 4y, 4,np and the enhancement

factor g2 describe the heating augmentation.

Despite this, the high thermal conductivity of graphene is effective at dissipating
thermal heat from plasmonic hot spots [30]. In addition to this, despite being a
2D insulator, h-BN has high lateral thermal conductivity [298]. As a consequence,
despite the SERS active nanostructured platform augmenting the heat generated at
the resonant frequency (figure 3.20a), it is uncertain how big the magnitude of this
thermal enhancement is. Moreover, since the 2D material integrated system is expected
to be good at dissipating heat away from the hot spots, it is unclear how much thermal

effects are expected to play a role in the overall laser induced doping of graphene,
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since the measurement of such a temperature is the focus of future work.

A.8 Graphene Sample Optimisation for Microwave

Gating

The microwave method in short is a measurement of the losses induced by the graphene
electrons. Therefore, the best substrate materials are insulators with low losses such as
sapphire and quartz. However, dropping a voltage across a thick dielectric substrate
requires large voltages in order to achieve an appreciable response in graphene. There-
fore, high resistivity silicon with a thin thermally grown oxide layer is an ideal substrate
material for microwave compatible field effect measurements. The high resistance
silicon substrate is low loss enough to not overtly dampen the graphene response but

conductive enough to drop a voltage across the thin film oxide layer.

In the main text, a 100 nm oxide layer is used, however, initially graphene is transferred
onto a 50 nm thick oxide layer. The thinner dielectric results in a more sensitive
graphene response to the applied back gate as shown in Figure A.6a. Here, the DC
IV curve characteristics of graphene show the typical hysteresis associated with using
a silicon dioxide dielectric due to charge traps and substrate effects [353, 378, 379],
where the Dirac point drifts from 10-3 V. Note that the sample is being gated via a
probe in contact with the freshly cleaved silicon side. Unfortunately, probes alone
made it difficult to consistently achieve good contact with graphene, therefore silver
paint is the preferred method to ensure good contact. Although a thin dielectric layer
allows the charge neutrality point to be reached at relatively low gate voltages, A.6b
shows that dielectric breakdown can occur at low voltages too. In this sub-figure, the

horizontal signal close to zero is the initial voltage sweep measuring the noise due
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Figure A.6: (a) IV characteristics of graphene on high resistivity silicon with a 50 nm
thermally grown oxide. Inset is the probe station configuration where the gate is a
side contact. The leakage current through the dielectric of (b) a graphene sample in a
similar configuration which breaks down at -35 V, (¢) of an equivalent 50 nm substrate
using large contacts similar to microwave rig where break down occurs between 5 and
10V (d) a 90 nm oxide sample which doesn’t break down as indicated by the noise
signal at 0 V.

to zero current leakage. After -35 V the dielectric breaks down and there is a linear
response. The horizontal line around 0.5 mA between 0-15 gate voltage is due to the
Keithley power supply unit reaching a pre-determined ‘compliance’ value and diverting

current though the ground.

Figure A.6c demonstrates a representative silicon sample where the probes are con-
nected to large area contacts mimicking the gap of the microwave cavity. Interestingly,
regardless of sample dielectrics showing no leakage using the silver paint and probe
contacts only. The moment a voltage is dropped across the same sample using large

area contacts, the dielectric break down voltage is reduced to as little as 5 V. By compar-
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ison, figure A.6d demonstrates a low resistivity silicon sample with a 90 nm thermally
grown oxide, whereupon there is no leakage current detected (only noise). From this
mini/control experiment it is clear that the contact size does impact the probability of
a dielectric break down through the oxide. This is suggested to be due to large area
contacts being more likely to be positioned over a defect in the silicon crystal which are
known to promote low gate voltage breakdown events [352, 353]. Therefore, although
thin oxide layers of 50 nm is compatible for micro- and nano- electronic devices that
typically have small area contacts, for large area gating measurements thicker oxides

are necessary.
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