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Abstract

Laser-induced graphene-like carbon (LIG) is a potential resource-efficient fabrication
route to support the abundance of sensors required by Industry 4.0 for IoT edge sensing
applications, including wearables and worker safety LIG is formed in situ by laser irradiation
of suitable precursors, e.g. polyimide, to yield conductive, porous, 3D foams comprised
of graphene sheetlets. This direct conversion allows for good spatial resolution (~ 50
pm) and arbitrary pattern design, thus enabling the prototyping of diverse devices ranging
from supercapacitors and interdigitated electrodes to electrochemical and Volatile Organic
Compound (VOC) sensors.

This thesis develops resource efficient, iterative system-agnostic optimisation procedures
for LIG fabrication and novel back-contacting routes. Iterative use of design of experiments
optimisation provides robust investigative route to determine ideal conditions with minimal
investment of time and resources. An all-laser process of achieving back contacts from
LIG to underlying metal was also demonstrated. Unlike current mechanical or silver
paint contacts, back-contacts decouple the mechanical and electrical interface to external
electronics, thus improving system reproducibility and, preventing surface contamination of
the active material. Further, this scalable approach is a promising device integration route
for both wafer-scale and printable electronics.

Low-resource, low-power chemiresistive VOC sensors are also reported, comprised
of low mass loadings of SnO nanoflowers (synthesised below 100°C and at ambient room
pressure) on LIG electrodes. These offer a low-energy alternative to standard VOC sensors,
which typically require high operational and fabrication temperatures (>300°C). These
chemiresistive sensors can detect methanol vapor at laboratory temperature, with a limit of
detection (170£40 ppm), below 8-hour exposure levels for worker safety (200 ppm). The
sensors also demonstrated stable DC resistance responses AR/R = 9 + 2% to 710 ppm of

methanol for over 21 days in ambient conditions.
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INTRODUCTION

1.1 Thesis Overview

This thesis investigates LIG for its applicability in VOC sensing. This will be discussed in
terms of the fundamental properties of LIG, its fabrication and integration into practical systems.
Subsequently, the functionalisation of LIG with separately prepared nanoparticles yielding a
VOC sensor is demonstrated for the first time. The challenges addressed are tabulated in Section
5.2.

Chapter 1 gives an overview of the applicability of low-resource cost VOC sensors in human
health monitoring, food packing and worker safety applications. It further summarises the
prevailing literature about LIG, its properties and formation processes and the challenges for its
development as a mature material platform. Brief synopses of chemiresisitive gas sensing theory,
contact resistance optimisation routes and Raman spectroscopy there were also included as a
primer for the interpretation of the experimental chapters. These topics are further discussed in
the thesis appendices.

Chapter 2 and the associated supplementary information focuses on the resource-efficient
material optimisation of the LIG platform material using iterative design of experiments methods
demonstrating its application to two CO, laser systems. This shows a generalisable method to
produce application-specific optimised LIG in a system-agnostic manner, focusing on a low-
sheet resistance demonstrator.This work: challenges the necessity of high cost laser systems
for preparing LIG, seeks to reduce the high resistance of produced LIG material, seeks to
systematise the ad hoc One-Factor-at-a-Time (OFAT) optimisation methods currently applied
to the complex optimisation space and expand the limited knowledge surrounding the impact
of different laser parameters on LIG quality This work appears as published in ACS OMEGA
10.1021/acsomega.1c00309 along with its associated supplementary information.

Chapter 3 and the associated supplementary information follows the back-contacting of
LIG material, via an all-laser fabrication process to produce robust and reproducible electrical
contacts, with minimal contact resistance. Here we demonstrate novel, scalable contact methods

which would allow for the facile integration of resulting devices. This work challenges the high-
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resource cost and unscalable contemporary silver paint-based contact method for LIG. However,
there is still no conclusive optimal contact metal, even pristine graphene, and polyimide on
arbitrary metal films is not commercially available. Finally, this work investigates the known
complex system dependence for LIG formation, with the additional complication of metal sub-
layers. This work appears as published in IOP Nanotechnology 10.1088/1361-6528/ac7c7b
along with its associated supplementary information.

Chapter 4 and the associated supplementary information builds on the material optimisations
of Chapters 2 and 3 to produce a resource-efficient ambient temperature VOC sensor. These
sensors are produced by the dropcasting of separately prepared SnO nanoflowers, to produce a
chemiresistive sensor composed of a p-type granular network on a graphitic supporting electrode.
This work addresses the challenges of contemporary VOC sensors: the critical raw materials
required and associated high temperature fabrication route, the high resource cost electrodes, the
high operational temperature (>350°C) and prohibitively expensive VOC gas sensing systems
required. This paper appears as it was submitted to Sensors and Actuators B, along with its
associated supplementary information, but it has not yet undergone peer review.

Chapter 5 reflects on the findings of the experimental chapters, their context and impact, and
discusses avenues for fruitful future work, e.g. transfer of developed techniques onto biopolymer
biomaterial feedstocks, adaptation of back contacting methods to biodegradable metals and the

extension of low-resource VOC sensors towards smart-sensor arrays.


https://iopscience.iop.org/article/10.1088/1361-6528/ac7c7b

1.2 Project Motivation

VOC:s are a silent, unseen risk in everyday life. They can originate from industrial processes
ranging from pharmaceutical manufacturing to automotive applications; as by-products of
combustion, fuel storage and cooking; and even outgassing from household furnishings [1-7].
They can also accumulate in enclosed spaces, or areas with poor air exchange, resulting in
increased local concentration and associated cumulative exposure risks [8,9].

Typical industrial monitoring still relies on periodic spot checking of atmospheric conditions
within work spaces, often times by collecting gas samples for laboratory based assessment, e.g.,
gas chromatography. These analyses focus on benzene, toluene, ethylbenzene and xylenes, due
to their proliferation in industrial applications, emission in vehicle exhaust and carcinogenic
nature, even at ppb levels [10].

In addition to the those already mentioned, there are other commonly used VOCs, both
industrially and domestically. These include alcohols (e.g. methanol, ethanol, isopropyl alcohol),
ketones (e.g. acetone), cyclohexane and ammonia. These also pose a significant risk to human
health at concentrations below human perception, e.g., 8-hour worker safety threshold for
methanol (200 ppm) vs. human odor detection (>10,000 ppm) [11-14].

Viable, low-cost, point of use VOC sensors are of great interest beyond industrial safety
monitoring. VOCs can also be observed as a by-product of food spoilage or as a symptom of
disease [15-23]. This provides clear additional use-cases in smart food packing and for medical
diagnosis. Of the top ten annual causes of death, seven have been demonstrated to produce
characteristic VOCs. These include ischaemic heart disease (NO,), lung cancer (mixed alcohol
fingerprint), and diabetes (acetone). Through the detection of these VOCs, it is possible to detect
these conditions before the manifestation of adverse physical symptoms as has been shown in
the case of lung cancer (fingerprinted alcohol mixture), where early stage detection was achieved
beyond what is possible through invasive, painful and time consuming traditional methodologies.

However, despite significant developments, conventional VOC sensors still often require
elevated operating temperatures (>300°C), which pose significant challenges for low-power,
wearable sensors suited to worker safety and human health monitoring. Further, chemiresistive

VOC sensors are typically produced using resource-intensive semiconductor fabrication pro-



cesses, often involving critical raw materials, thus increasing their environmental footprint [24].
Additionally, high-temperature processing steps are often required to produce the correct phase
of the MOX materials and/or to calcinate previously synthesized MOX nanoparticles [25,26].
This combination of high operational energy and resource costs have limited the uptake of
chemiresisitive VOC sensors. Therefore, there is a great demand for low-resource, and low-
energy of operation, VOC sensors, not only for worker safety but also for disease detection and
food spoilage monitoring.

This thesis demonstrates resource-efficient optimisation of a LIG-based sensing platform,
via the development of novel back contacting methods to produce reliable electrical contacts.
Subsequently, a hybrid LIG-nanoparticle VOC sensor was developed, capable of detecting
methanol under ambient conditions, without heating or pre-treatment and without using critical
raw materials at concentrations below worker safety levels (170 ppm vs. 200 ppm). This
was achieved by the drop cast decoration of LIG electrode structures using SnO nanoflowers,
synthesised via a low energy reflux process.

Beyond the development of a VOC sensor, this work provides a robust design and optimisation
methodology for LIG and has matured the polyimide LIG platform substantially, providing
material suitable for other electronic systems including, but not limited to, electrochemical
sensors, strain/pressure sensors, light sensors and integrated heaters. These optimisation methods
can be directly applied for adjacent, biopolymer/biomaterial feed stock materials, currently under

investigation, i.e., cork and chitosan, although this was beyond the scope of this work [27,28].



1.3 Laser Induced Graphene-like Carbon

The understanding and discussion of LIG, borrows substantially from that of graphene, due to
their similarities. A brief overview on graphene, its properties, its manufacturing routes and its
limitations are therefore included here to provide a basis for the discussion and understanding of

LIG in section 1.3.2.

1.3.1 Graphene

Since their discovery, graphene and graphene-like materials, have been an exciting area for
investigation for material science. Their popularity stems from their high carrier mobility,
thermal conductivity, tensile strength, zero bandgap, high specific surface area and ballistic
transport [29-35]. These idealised properties are present mainly in the mechanically exfoliated
form. This limits their utilisation to enhancing material properties as dispersions in other
materials and sensing applications [36—38], due to the micron-scale size of transferable sheets of

mechanically exfoliated mono-layer graphene. A schematic representation of graphene is shown

¥ e lr

in Fig. 1.1.

Figure 1.1: a) Graphene is a single layer honeycomb lattice of carbon atoms. b) Graphite viewed
as a stack of graphene layers. Reproduced from Lee et al. 2013 [39].

Subsequently Chemical Vapour Deposition (CVD) growth of graphene has been achieved.
However, the materials properties of the material are diminished relative to the mechanically
exfoliated form. This is due to the incorporation of structural defects and variability in the CVD
growth method. Further, the standard synthesis method includes the deposition of a poly(methyl
methacrylate) (PMMA) handling layer to assist in the removal of the supporting growth metal.

The residue associated with the handling layer cannot be fully removed, as standard techniques



such as plasma etches or ashing would result in damage to the graphene sheet. These influences

are shown schematically in fig. 1.2.
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Figure 1.2: Schematic illustration of the as-transferred graphene film on target substrates with
the assistance of transfer medium, highlighting the issues of cracks, unintentional doping from
water molecules, contamination, wrinkles, and strains. Reproduced with permission from Song
et al. 2021 [40].

This residue has been observed to result in uncontrolled doping of the underlying graphene
sheet and prevents direct contact of the sheet. This further increases the modification of
CVD-graphene from the idealised mechanically exfoliated-graphene. Mechanically-exfoliated
graphene is used as a common baseline comparison material for other methods. Many graphene-
based devices utilise CVD-graphene due to its ease of fabrication in semiconductor manufacturing
compatible methods. As such, it has attracted significant interest for Graphene Field Effect
Transistor (GFET) applications [41,42].

The implementation of CVD growth of graphene displaying similar, although attenuated,
material properties to pristine, mechanically exfoliated graphene suggests that other graphene-
like materials could be used in its place. One group of methods that have gained popularity is the
reduction of graphene oxide. These methods involve oxidising graphite to allow for large scale
sheet separation, followed by reduction of the sheets to restore the pristine-graphene behaviour.

This method would, in theory, allow for large scale production of mono-layer graphene material,

6



without the need for expensive deposition techniques. However, the reduction of the graphene
oxide is never complete. As such, the resulting graphene-like product will contain increased levels
of defects, in addition to the presence of functional groups, e.g. OH, C=0, that would modify
the material’s band structure, diminishing its material properties from the pristine-graphene ideal.
This modification is seen to be more extreme than that of the CVD growth.

Expanding on the mechanical exfoliation approach, liquid-phase exfoliation methods, using
appropriate solvents and ultrasonic waves achieves large scale separation of graphene platelets,
in a solvent medium [43]. As seen with other alternative synthesis methods, the liquid-phase
exfoliation results in a modulation of material properties associated with the reduced particulate
size and solvent interaction and contaminant effects. This is similar to the reduced graphene
oxide material, acting as a method to produce large volumes of graphene-like materials, although
with diminished material properties. Its main advantage is that it produces material that is
readily converted into patternable conductive inks, as a method to produce low metal sensors.
Unfortunately, these inks require curing processes. Further, the conduction method requires the
transfer of charge carriers from platelet to platelet of patterned graphene resulting in poor sheet
resistance despite the high quality of each individual flake.

Each alternative to pristine graphene, has a trade-off in terms of ease of fabrication and
material properties. Pristine mechanically exfoliated graphene monolayers demonstrate a sheet
resistance of ~ 6 k€)/sq., when measured in vacuum. However, it is observed that for that
this becomes ~ 500 2/sq. for air-stable CVD-graphene devices, due to adsorbate doping from
ambient water vapour and process residue [44—46]. Similarly, due to small crystallite size
(35 — 600 nm), and process-induced basal plane and edge defects, liquid phase and reduced
Graphene Oxide (rGO), demonstrate sheet resistances of (~2 k£2/sq.) [47,48]. In these instances
the presence of defects and surface dopants result in the deviation from the zero band gap,

semiconductor nature of pristine monolayer graphene.

1.3.2 Laser-Induced Graphene-like Carbon

The families of graphene and graphene-like materials described above show a range of material

properties. Each material occupies a distinct niche appropriate to different applications and



presents its own challenges for optimisation. This work focuses on an in situ synthesis technique
whereby no additional process steps or curing processes are needed, with the graphene-like
material formed directly on the target substrate. This method is known as Laser-Induction/Laser-

Scribing, shown schematically in Fig 1.3.
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Figure 1.3: Schematic showing the conversion of polyimide into 3D porous, foam of graphene
sheetlets. Including, with permission, components from Dong et al. [49].

Although the production of graphitic material through laser conversion has been awarded
patents as far back as 1972 [50-52], little insight was achieved into the resulting material.
Consequently, the accepted initial discovery of LIG, and best understood process, is that of the
production of LIG from polyimide. Tour et al. used a commercial formulation of polyimide
(Kapton), which was converted into graphitic material through a one-step graphitization process
of CO; laser writing [53]. Polyimide is used in back-end-of-line semiconductor manufacturing
due to its high temperature and chemical stability. It can be coated directly onto silicon devices
inspiring interest as possible method of integrating graphene-like materials with traditional
semiconductor devices. This challenges the more scalable technologies such as rGO and liquid-
phase exfoliation, which can produce large volumes of material quickly, but which require
numerous process steps to utilise post-synthesis, while LIG is formed in situ.

This thesis uses polyimide-based LIG throughout, but alternative feedstock materials have

been demonstrated including: treated-wood [54] and -food-products [55]; as-harvested renew-



ables such as cork [28]; chitosan [27], a biopolymer derived from the chitinous shells of prawns,
or by using visible laser sources [56]. These alternative material platforms provide a route
towards reduced environmental impact and future device biodegradability.

The general formation of LIG can be be considered in terms of its formation from polyimide
using a CO; laser source, as this is the best understood conversion process in literature. The
incident laser photons of give rise to a photothermal effect, whereby localised heating increases
the temperature above that required to break C—O, C=0 and C—N bonds [57]. These groups
evolve into gaseous species producing high-pressure pockets of gas driving the formation of
micro/nano-pores and other structural defects [58].

The remaining carbon groups agglomerate and produce a graphene-like structure facilitated
by the high localised temperatures and the presence of the previously formed aromatic rings.
The rapidly evolving gaseous components generate a highly porous structure as the gas escapes
at high pressure, preventing the formation of homogenous sheets, instead producing a foam-like
structure, containing pores and wrinkles visible under SEM imaging [58].

During lasing, the energy transfer is tightly focused due to the narrow beam diameters, the
power density ensures that large energy transfers occur more rapidly than relaxation processes.
Unlike heating of a sample in a furnace, this results in simultaneous high temperature and high
pressure local environments as insufficient time is allowed for volume expansion of the heated
material. The vastly different formation conditions have resulted in LIG being extensively char-
acterised in the literature, using techniques typically used for pristine-graphene characterisation,
facilitating their direct comparison. These include Transmission Electron Microscopy (TEM),
X-ray Photoelectron Spectroscopy (XPS), and Raman spectroscopy. Subsequent Molecular
Dynamics (MD) simulations have been conducted to investigate the formation processes. These

studies are summarised below.

Transmission Electron Microscopy

Structural analysis of LIG via TEM of the resulting graphitic material indicated the presence of
pentagon-heptagon pair defects in the graphene layers, i.e. Stone-Wales defects. The presence

of the Stone-Wales defects had been shown to result in the bending of the sheets, causing the



formation of wrinkle and cone structures [59]. This allows for the highly three-dimensional

structured foams produced to contain hybrid graphene sheetlets [55], see Fig 1.4.

X-ray Photoelectron and Raman Spectroscopy

XPS of the LIG compared to the polyimide indicate increased numbers of sp? hybridised C—C
bonds and decreased C—N, C—O and C=0 bonds, verifying that the outgassing corresponded
to the loss of O and N during the laser conversion.

Raman spectroscopy (see section 1.6) revealed the characteristic D, G and sharp 2D peaks
indicating the generation of graphitic material, their symmetric shape and large I5p /I ratios
and distinctly observable defect peaks i.e. D’ are characteristic of graphene-like material. The
symmetry of the peaks, marks a distinction of the band splitting that would occur in the phonon
band structure, corresponding to many layer graphene/graphite. The ratio of the intensities of the
D and G peaks showed that graphene had been produced with high crystallinity, and the ratio
of the 2D and G peaks suggested that a few-layer graphene had been produced. Similarly, Full-
Width-at-Half-Maximum (FWHM) of the 2D peak suggests rotational and/or stacking disorder.
Hence, its description as laser-induced graphene (also referred to as laser-scribed carbon, laser-

induced graphene-like carbon or laser-indued graphitic carbon in the literature) [59].

Molecular Dynamics Simulation

MD simulations have been used to elucidate the photothermal process arising from the localised
heating. Dong et al. have simulated the laser conversion of polyimide to LIG through both
Cannonical Ensemble (NVT) and Isothermal-Isobaric Ensemble (NPT) ensembles [49]. The
NVT ensemble allows for pressure change as expected from localised heating of the sample,
while the NPT ensemble does not. The canonical ensemble model predicts the formation of LIG-
like material suggesting that both the high localised temperature and pressure both contribute
in the formation of LIG [49]. It was determined that the process is a combination of heating
and pressure effects, as only the NVT ensemble predicts the formation of the expected layered
graphene clusters. The determination that pressure is a key factor extends what was assumed as

a photothermal process experimentally investigated by Tour et al.
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Further to the determination that process is pressure dependant, Dong et al.’s simulations
provide additional insight to the LIG formation process. The MD simulation indicated a process
of 6-membered rings opening, S-member ring and carbon dimer formation with associated
small molecule generation (HCN, CO, CO,, H,, H,O, N,, NH3). High pressure supresses
the conversion of carbon-membered rings into gaseous molecules and promotes dimers and
small carbon clusters to bond to opened rings upon catalysis of by N and O containing groups.
The model indicates that the 5S-membered rings present in the Stone-Wales defects are caused
from the breaking of the aromatic rings and not from spontaneous generation; suggesting their
unavoidable, intrinsic nature, see fig. 1.4. The MD prediction of Stone-Wales defects and sheet

curvature corresponds with the observations of Tour et al. [S3].

Figure 1.4: Molecular dynamics model of LIG graphene sheetlet, demonstrating Stone-Wales
and edge defects. Adapted with permission from Dong et al. [49].

The MD simulation also predicted incomplete elimination of nitrogen and oxygen atoms,
originating from the polyimide structure, with some remaining at the boundaries. These groups
were seen to act as a catalyst during C—C bond formation. This corresponds to the initial testing
for materials that could be converted into LIG, whereby, materials required both aromatic rings
and imide groups. It is likely that their mediation of bond reformation is what accounts for their
requirement in initial substrate. However, their retention in the LIG material allows for their use
as adsorption sites like equivalent defects in rGO and CVD-graphene.

Considering together the XPS, Raman, TEM, and MD we have significant insight into the

11



laser conversion of polyimide into LIG. This process yields a highly-porous, Three Dimensional
(3D) foam, comprised of numerous graphene sheetlets, which contain structural and chemical
defects. The resulting hybrid structures correspond to a kinetic and not a thermodynamic product;
suggesting that the laser-fabricated graphene undergoes rapid cooling after its formation [55].

Further works by Tour et al. have focused on several approaches to further modify the
resulting LIG material, however, there has been no simulation work to indicate their mechanisms.
These include the production of LIG in different gas environments to control wettability [60]
and the variation of laser power, while maintaining constant scan speed. The variation of the
formation parameters modifies the mechanism and thus controls the quality of the material. In
the case of the lasing parameter variation it was observed by XPS that increasing laser power
results in increased oxidative defects and increased sheet resistance, which could be mitigated by
gaseous environment control [53]. However, the optimisation parameter space is highly complex
with numerous inter-related factors preventing meaningful linear optimisations.

The properties of graphene are critically dependent on its structure and any variation results in
a pronounced change in its behaviour. Although LIG is graphene-like, it notably contains defects
and consequently displays different behaviours including reduced conductivity and enhanced
surface area. The nature, extent and distribution of the defects present are associated with the
precursor choice and formation conditions, providing a promising platform for optimisation for
specific applications.

LIG is unlikely to achieve the ideal material properties of pristine graphene due to unavoidable
defects in its formation, e.g. Stone-Wales defects. However, its rapid, in situ, formation is an
attractive feature for many applications. Similarly, its ease of integration at back-end-of-line
would allow for integration of graphene-like materials at low temperature, from precursors
compatible with semiconductor manufacturing.

One potential application is for the formation of LIG-based electrodes on flexible substrates,
providing a metal-free conductive material for disposable, wearable electronics. To achieve
such devices, it would be necessary to have a well-defined set of parameters that can be used
to control the properties of the resulting material. For example, a LIG heater device wouldn’t

need the enhanced surface area, unlike the sensing element of a VOC sensor, but both would
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require minimised contact and sheet resistance values. However, the factors that influence these

variables are non-intuitive and are often interdependent.

1.4 Gas Sensing Literature Review

In VOC sensing, as in all sensing applications, there are four main factors to consider: Sensitivity,
Selectivity, Stability and Noise. The ideal sensor should have a high sensitivity to its target
analyte, no response to any other species, no influence from ambient conditions or aging effects,
with large responses above any fluctuations due to noise. These are the key performance
indicators typical for sensors of all types in literature. A strong, well defined, relationship
between responses and the analyte is also necessary. For low power applications, it is also
necessary for the sensors to operate under standard ambient conditions i.e. room temperature
and be impervious to the effects of water vapour and common gases.

Chemiresistive sensors operate through charge transfer processes between a semiconducting
material (or material with a low charge carrier density) and an analyte species. The charge
transfer produces a change in conductivity at the surface. This assumes a direct interaction.
However the interaction process can also be indirectly mediated by another surface species or
decorating material. This is especially common for oxygen mediated processes on semiconductor
MOX sensing layers, at elevated temperature, as will be discussed in section 1.4.3. As this can
also occur for particle decorations on any sensing material, the underlying concepts will be
discussed briefly in terms of the oxygen adsorption onto an arbitrary surface.

Due to its atmospheric abundance, the role of oxygen adsorption onto the sensing layer
should be considered. Oxygen molecules adsorb onto the sensing layer and, typically, withdraw
electron density from the surface to yield activated charged oxygen species (O,~, O, O?"),
depending on the temperature. This electron withdrawal results in the initial modification of
the charge carrier concentration, and thus, the resistance. Activated oxygen species can then
react/interact with analyte gases, either experiencing charge donation/withdrawal or acting as
reducing agents. If they reduce another species, the resulting charge exchange and desorption
results in the return of the withdrawn electron from the supporting surface, reversing the oxygen

species initial electron withdrawal, and the associated conductivity and resistance changes.
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LIG could be employed in two distinct ways for VOC sensing, either as the active sensing
element (see section 1.4.2) or as a resource efficient, high surface area supporting electrode (see
section 1.4.3). The relevant discussion for both morphologies will be considered separately.
However, in both instances similar sensitisation enhancements are demonstrated by decoration

of the active material with additional nanomaterials. This underlying process is discussed first.

1.4.1 Sensitisation

Nanoparticle sensitisation of sensors follow two typical methods, spill-over and Fermi-level
control. These general processes hold regardless of the nature of the underlying material (e.g.,
graphene or semiconductor MOX). In most cases pristine, unmodified, sensing materials typically
have poor selectivity, poor stability and are easily influenced by water vapour. But catalytic
materials and/or mixtures of semiconducting MOXs can be used to enhance their sensing
performance.

Chemiresistive sensing can be discussed in terms of two coexisting, although not independent,
processes: reception and transduction. Reception refers to the uptake of analytes and reactants
(both adsorption and preparation of surface reactants e.g. catalysis of water into surface hydroxyl
groups), while transduction refers to the how this interaction becomes a measurable electrical
response. While not fully separable, these processes allow for clear optimisation routes and
discussion of different functionalisation routes together. Typically, the reception is ascribed to
surface properties such as defects, functional groups and adsorption sites whilst the transduction
is described in terms of carrier depletion layers, charge barriers and reaction profiles. The
effects on the reception and transduction are commonly referred to in the form of spill-over and

Fermi-level control mechanisms [61].

Spill-over

The spill-over mechanism, also known as chemical sensitisation, occurs when a decorating
material allows for facile adsorption of a target analyte onto the surface, after which it migrates
to the sensing material. For chemical defects, or functional groups, this can be a high energy

adsorption site, or a specific interaction, while for metal catalysts it is typically the adsorption
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onto the metal adsorption sites. This ensures an efficient supply of reactants to support the
reaction mechanism of the undoped/undecorated support material, without modification of the
reaction [62]. This is a catalysation of the reception process. For instance, the presence of a
noble metal could allow for greater adsorption and spill-over of oxygen species, thus increasing
the depletion/accumulation layer, and so the transduction process is enhanced indirectly, but
through the same underlying mechanism.

Beyond enhancing sensor specificity or response magnitude, this can also allow for reduction
of the sensor operating temperature. This is typically facilitated by better adhesion or dissociation
kinetics on the decorating metal surface/functional group. Typical examples of this include the
enhanced adsorption of oxygen species on Au NP cluster decorating SnO, followed by their
transfer to the SnO, surface, where they become ionised, thus withdrawing electrons from the
SnO,. The adsorbed oxygen species can then react with CO, returning the withdrawn electrons.
This increases the response signal, by amplifying the initially withdrawn electrons and increasing
the surface oxygen concentration for reaction with the CO analyte [63, 64]. Spill-over effects can
be extended beyond the typical oxygen adsorption enhancement and migration, to take advantage

of known material-analyte adsorption pairs to enhance the reception of analytes.

Fermi-Level Control

In contrast to the spill-over mechanism, which enhances the underlying mechanism, the Fermi-
level control mechanism instead modifies the surface and can alter the mechanism or even
open alternative reaction routes. Decorated metal oxides can interact electrically with the
supporting material, acting as electron donor/acceptors, inducing Fermi-level pinning, and
resulting conductivity change. The coupling of the decorating material and the support results
in any charge carrier redistribution in the decoration layer, propagating into the semiconductor
MOX system, affecting its conductivity.

Ag decoration on SnO, is a good example. Ag is known to easily oxidise. When deposited
onto metal oxides it typically exists as a redox couple (Ag*/Ag”) when oxidised in air. Conse-
quently, the SnO, Fermi-level is pinned to the Ag*/Ag® electrode potential, which produces an

electron depletion region. However, reducing gases can easily reduce AgO back to metallic Ag.
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This results in the release of the trapped electrons and the reversal of the Fermi-level pinning to
the work function of the metallic silver, which instead increases the surface conductivity [61, 65].
This provides a different reaction scheme than would be possible on the undoped/unmodified

MOX and is considered a change to the transduction.

1.4.2 Laser-Induced Graphene-like Carbon as a Sensing Element

Significant work has been dedicated towards the development of graphene-based chemiresistive
sensors, with the first demonstration being achieved this year for the detection of NOx [66].
Given that LIG is composed of numerous graphene-sheetlets, it could in future be used as a facile
production route for a graphene-like chemiresistive sensing element at a lower resource cost than
current chemiresistive sensors.

As has already been stated, graphene has long been lauded by its proponents as having an
incredibly high surface/volume ratio, low electrical noise and high electrical conductivity [29].
However, this is not exactly correct, rather than having a high conductivity, pristine graphene
monolayers have a high carrier mobility, but a low carrier concentration, therefore it is often
described as a semimetal or a zero bandgap semiconductor. Its conductivity depends critically
on the number of carriers present and their modification results in an observable change in
the macroscopic variable resistance. Similarly, the high surface-area/volume ratio of graphene
results in a large surface area/unit mass of ~ 2600 m?/g presenting a large number of available
sites for adsorption and detection [67].

In ground breaking work, Schedin et al. devised a pristine graphene sensor capable of
detecting individual gas molecules adsorbing onto the surface modifying the conductivity through
electron donation/withdrawal [38,68]. This set out the potential for very sensitive graphene-based
gas sensors. However, the challenge is the poor selectivity of these sensors. They would only be
able to determine the presence of gas molecules and their electron donation/withdrawing nature.
This allows for the use of graphene in sensing in a number of different ways including: optical
fibres coatings [69]; interferometric suspensions [70]; oscillator cell coatings [71, 72]; sensing
elements below microporous selective membranes [73]; impedance based graphene sensors [74]

and chemiresistive methods which is the most common method in the literature.
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The sensitivity to electron donation/withdrawal, combined with the significant surface area
of graphene is highly suggestive of viable chemiresistive VOC sensors. The proliferation of
adsorption sites allows for numerous donation/withdrawal interactions to occur simultaneously,
increasing the magnitude of charge carrier modification and consequently the response. It shows
there are two main controlling factors: the electron transfer mechanism and the adsorption site
availability.

The poor selectivity of pristine graphene and the manufacturing bottleneck of mechanical
exfoliation led to the use of two main branches of the material; chemical vapour deposition grown
graphene and rGO. CVD-graphene and rGO both contain higher defect concentrations than
pristine graphene. These defects manifest as vacancies, deviations from the ideal crystal structure,
and most notably the inclusion of non-carbon functional groups (e.g. hydroxyl, carboxyl and
epoxide). These groups are normally electron withdrawing and result in net p-doping of the main
body of the sheet [75]. They are also energetically favourable sites for adsorption of molecules
and sites of higher reactivity relative to the stable hexagonal carbon lattice.

Work by Choi et al. [76], who fabricated NO, sensors on multi-layer graphene indicated
good responses but highlighted a further concern for the use of graphene sensing. There was a
poor desorption of the NO, without increasing the temperature of the device, which should be
considered for all typically high temperature sensors. This, combined with the lack of sensitivity,
indicates the need for modifications away from pristine graphene material if room temperature gas
sensors are to be achieved. Approaches towards achieving these room temperature devices fall
into two distinct categories; defect modification and the introduction of external functionalisation
groups (used here to mean functional group modification and introduction of external materials).

The sensing mechanism of pristine graphene is relatively intuitive, as shown in Figure 1.5.
The electron donating (e.g. NH3) or withdrawing (e.g. NO,) group adsorbs onto the graphene
surface at an energetically favourable site. Donation of electrons results in the recombination
with holes in the p-doped graphene, increasing resistance. Withdrawal of electrons results in
creation of additional holes, decreasing resistance. The extent of the electron exchange depends

on adsorption site, distance from the surface and nature of the adsorbate gas.
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Figure 1.5: (Left) Electron donating group (NHj3) physisorbed on pristine graphene, (Right)
Electron withdrawing group (NO,) physisorbed on pristine graphene. Nitrogen marked in blue,
hydrogen marked in white, oxygen marked in red, electrons marked in green, and holes marked
in yellow.

The chemical stability of the graphene sheet results in poor selectivity to different adsorbate
gases. The introduction of defect sites, as seen in CVD-G or rGO, results in more energetically
favourable sites for specific molecules to adhere, as the functional groups can interact directly
with adsorbed molecules increasing the extent of the electron exchange. Figure 1.6. shows
an example of Density Functional Theory (DFT) investigations by Mattson et al. [77] of tGO
adsorption sites for NH; and the resulting reactivity. The inclusion of defects in the graphene
structure facilitates their modification into other functional groups more easily than direct

chemical functionalisation of pristine graphene.
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Figure 1.6: a) Physisorption of ammonia on pristine graphene, b) Epoxide defect site results in
sensitisation to ammonia promoting chemisorption, c) Vacancy defect site promoting chemisorp-
tion of ammonia. Adapted with permission from Mattson et al. [77].

Functional group modifications can be achieved in several different ways, including post-
synthesis modification, altering synthesis conditions and modifying the production pathway.

Shekriev et al. grew arrays of graphene nanoribbons by CVD while maintaining a temperature
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gradient across the growth metallic surface [78]. Due to the difference in the growth conditions,
each element of the array contained different distributions of defects. The array was then used to
fingerprint different gas responses through the response vector. The response vectors of various
gases were used to train a machine learning model to recognise these gas environments. These
sensors achieved accurate discrimination of different alcohols indicating that functional group
modification allows for enhancement of selectivity.

The selection of graphene as a sensing material is heavily influenced by its high surface
area/volume ratio and associated high number of adsorption sites. However, the potential of
non-analyte gases to be adsorbed must be controlled, such as water vapour from humidity. These
molecules, at best, can occupy sites preventing their use by analyte gases or at worst result
in an electron exchange resulting in poor selectivity. Functional group modification of rGO,
converting hydroxyl groups into amines has resulted in the control of the wettability of the
surface, preventing water vapour adsorption [71].

More extensive functional group modifications have also been attempted, e.g. sulfonated
rGO hydrogels [79]. This used NaHSOj; to reduce Graphene Oxide (GO) and instead of leaving
oxygen groups at the edge of the resulting flakes, instead networks of interconnected sulfanted
graphene-like flakes were produced. These sulfur groups (HSO, ™) are electron-rich and are
selective towards electron withdrawing groups, relative to standard rGO defects. An additional
benefit of the reducing agent used is the 3D porous structure, enhancing the number of surface
sites available in a given areal footprint. This increases the number of active sites for adsorption
events to occur and would consequently increase the observable response and sensitivity of the
Sensor.

Other methodologies have been explored to enhance the available surface area without
targeting a modification of the functional groups. These include using other carbon allotropes
such as carbon nanotubes in conjunction with rGO to produce porous distributions [80], sacrificial
holey Ni used as growth scaffolds for CVD-G [81] and the use of hybrid graphene-Metal-Organic
Frameworks (MOFs) [82]. G-MOF hybrid structures demonstrated enhanced surface areas
~ 10X due to the resulting mesoporous foam structure, resulting in enhanced responses to the

analyte gas (chloroform) [82]. The introduction of the metal groups and ligands also provide
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Functionalisation
Group, e.g. Au NP

Figure 1.7: Electron exchange interactions between graphene, external functionalisation additions
and analyte gases (ammonia). Nitrogen marked in blue, hydrogen marked in white, electrons
marked in green, and holes marked in yellow.

attract adsorption and coordination sites for the analyte promoting further selectivity beyond
what could be explained by the surface area enhancement.

The use of external functionalising materials is distinct from modifying already present
functional groups. The chemical nature of the underlying graphitic material remains unchanged.
However, the introduction of metal or metal oxide groups, due to their differing electronic
structure, results in a redistribution of electrons to align Fermi levels and consequently the
doping of the graphene. In most cases, such as metal NPs, their distribution along a graphene
surface results in the transfer of electrons from the graphene into the NPs, due to its larger work
function. Similar interactions occur with commonly used metal oxide semiconductors such as
SnO, and ZnO. Due to the redistribution of charges, the functionalisation materials become
energetically favourable sites for adsorption and interaction.

One possible interaction type with an electron donating group is shown in Figure 1.7. The
distributed NPs result in electron withdrawal from the p-doped graphene sheet, decreasing
resistance. When electron donation occurs due to adsorption of the electron donating group,
the electrons redistribute into the graphene sheet to ensure the Fermi-levels align, increasing
resistance. This process is similar to that of pristine and functional group modified graphene.

As already outlined in section 1.4, alternative reaction pathways are also possible with
NP decoration on graphene. The catalytically enhanced oxidation process facilitated by metal
NP decoration is shown in Figure 1.8. In this case, oxygen groups are attracted to the high
electron concentration of the functionalisation groups and acts as an electron withdrawing

group, decreasing resistance of the underlying graphene (net p-type from adsorbates, e.g. H,O).
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Figure 1.8: Catalytically enhanced oxidation reaction occurring at external functionalisation
addition. Nitrogen marked in blue, hydrogen marked in white, oxygen marked in red, electrons
marked in green, holes marked in yellow.

Depending on the temperature of the process and the surface to which the oxygen group is
adsorbed, different anions can be formed (0,~, O, 0*").

When the analyte gases adsorb onto the surface, they are oxidised by the oxygen ions. The
withdrawn electrons are then returned to the graphene sheet, increasing resistance. The choice
of the material added to the graphene sheet determines the selectivity towards different gases,
their adsorption and facilitates the production of oxygen ions. This can increase the selectivity
of the sensor beyond that of unfunctionalized graphene. As will be discussed in section 1.4.3,
early VOC sensors were produced using this mechanism for varying the resistance of thin films
of semiconductor materials, for example ZnO [83] and Pt-WO thin films [84]. However, these
devices required high temperature to function (> 400°C); unsuitable for room temperature
applications.

These early investigations have inspired numerous works that have employed this sensing on
a graphene support using different NPs to enhance selectivity towards their respective analyte
gases, e.g. Pd-H,, Ag-CH,, SnO,/T10,-NH; and ZnO-formaldehyde [85-87]. The specific
reactions that occur depend on the behaviour of the exact metal/metal oxide NPs and their
respective interactions with graphene. The sensing mechanism of most of these functionalisation
NPs is a combination of electron density transfer to/from the surface, either directly or else
indirectly mediated by adsorbed oxygen species. Beyond facilitating the reduction of operating
temperature for the oxidation process, NP decoration also increases the number of reaction sites

for a given mass loading.
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Figure 1.9: a) Adsorption behaviour of formaldehyde on graphene, b) Adsorption behaviour of
formaldehyde on ZnO NPs, ¢). Electron transfer process between formaldehyde and graphene,
d). Electron transfer process between formaldehyde, ZnO NPs and graphene. Adapted with
permission from Huang et al. 2012 [87].

Expanding on the example of ZnO for formaldehyde detection, shown in Fig. 1.9, that
prior to the functionalisation, the donation of electrons by the formaldehyde was energetically
favourable, however the introduction of the NPs create an alternative transfer pathway. Further,
the introduction of the NPs also results in the formation of oxygen anions, which as previously
mentioned, can oxidise the analyte gases resulting in an electron exchange occurring.

Of the methods used to enhance graphene as a VOC, sensor the most promising of those
discussed are the production of 3D mesoporous networks of graphitic material, the intentional
production of defects in the graphene structure to produce high energy sites for interactions and
the use of externally fabricated NPs to further enhance selectivity.

LIG is a particularly interesting candidate for VOC sensing, due to its highly 3D porous
structure, comprised of sheetlets of few-layer graphene, as has already been discussed in section
1.3.1. These small-scale graphene-like structures combine with its known defects, e.g., Stone-

Wales, and functional groups arising from incomplete evolution of small chemical groups to
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yield a highly porous, conductive 3D foam material. As was discussed for both rGO and CVD-G,
the functional groups can act as adsorption sites, allowing some native specificity and reactivity
for gas sensing. This would allow for the direct-write production of material similar to that
discussed for graphene-MOF hybrids and carbon-allotrope mixtures to enhance the available

surface area as can be seen in Figure 1.10.

Figure 1.10: Scanning electron micrograph of porous foam-like LIG micro/nanostructure.

The LIG discussed here, primarily focuses on polyimide-based LIG, due to its prevalence
in the literature as the primary precursor for LIG production. Further, polyimide is commonly
used in semiconductor manufacturing due to its high temperature and chemical stability, which
provides a valuable route for integration of LIG functionalisation at the back end-of-line. How-
ever, as has been noted in section 1.3.1, LIG has been demonstrated on many different substrates
and using various laser source to yield graphitic material, providing future, lower resource cost

fabrication routes.

1.4.3 Laser-Induced Graphene-like Carbon as a Supporting Electrode for
Metal Oxide NPs

LIG can also be employed as a supporting electrode for separately fabricated sensitising materials.
The underlying mechanism of this variety of chemiresistive sensors are similar to those already

discussed, with graphene as the active material see section 1.4.2. However, as the sensing in this
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case is mediated by the semiconductor particle network, which introduces additional complexity
it is also necessary to consider that literature.

Chemiresistive semiconductor MOX VOC sensors have been demonstrated using various
Semiconducting Metal Oxides (SMOXs), both n-type (SnO,, ZnO, TiO,, In,O3 and WO3) and p-
type (Co304, CuO, Cr,05 and NiO) [84,88-96], as pristine materials; in combination with other
semiconductor MOX; and with doping/surface decoration with metals/metal oxides. However,
the underlying mechanisms, modes of operation and chemical reactions are not conclusively
established in the literature. The process depends on the specific metal oxide used (p-/n-type,
surface chemistry), sensing layer morphology (particle size, surface/volume ratio) and decorating
material (surface chemistry, electrical interaction). These contributions, and their combinations,
have allowed for a great number of sensors to be developed for various VOC analytes.

As outlined in section 1.4.1 for a general chemiresitive sensor, the operational mechanism
of any semiconductor MOX VOC chemiresistive sensor comprises two parts: reception and
transduction. The former refers to the reaction of analyte gases with the surface and the latter
refers to the transformation of this interaction into a measurable electrical signal. In bulk sensors,
the reception is typically caused by the surface of the particles and the transduction is through the
microstructure of coagulating particles, as the resistance of the polycrystalline structure. To build
an understanding of the underlying mechanism it is necessary to introduce their contributions
incrementally.

For undoped/undecorated semiconductor MOX sensing layers, the presence of atmospheric
oxygen allows for the adsorption or ionosorption, depending on the device temperature, of
oxygen species onto the surface of the semiconductor MOX. The adsorbed oxygen species act as
electron-withdrawing groups and result in the formation of a surface-depleted space charge layer.
This results in the formation of an electron depletion layer (or hole accumulation layer in the case
of p-type). The extent of the layer is controlled by the concentration of oxygen at the surface,
and the Debye length (L) of the semiconductor MOX, to screen the electron withdrawal.

Correspondingly, the surface resistance differs from that of the bulk core, increasing/decreasing
the resistance n-/p-type respectively. This is the key underlying mechanism for most semicon-

ductor MOX chemiresistive VOC sensors. Subsequently, analyte gases, typically reducing
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gases (electron donating), can interact with the adsorbed oxygen species, relaxing the surface
charge effects and reducing the depletion/accumulation layer depth. The nature of the interaction

between the adsorbed oxygen and the target analyte defines the reception of the sensor [97].

p-/n-type Semiconducting Metal Oxide

Considering a model system of a single grain of semiconducting material electrically contacted
at each end. For either p-/n-type, the conduction can be considered in terms of its components
as shown in fig. 1.11, whereby the contact resistance, skin conduction and bulk conduction
components can be disaggregated into individual conduction elements. As with any parallel
resistance paths the lower resistance pathway determines the system resistance.

In n-type systems, the lowest resistance path is through the central core region, which requires
the charge path to traverse through the high-resistance skin, through the low-resistance core
and again through the skin. For the p-type system, the resistance favours the lower resistance
skin pathway, with minimal transfer through the higher resistance core. The conductivity
changes used for chemiresistive sensing arise from the variation of the thickness of these

accumulation/depletion layers, as they open/restrict conduction channels.

(@) (b) (c)

0

Figure 1.11: Simplified model of a metal oxide grain used for calculation of the grain resistance.
(a) the cubic grain model; (b) sketch of the electrical connection between the different grain
parts; (c) the corresponding DC equivalent circuit of the grain. Reproduced with permission
from Barsan et al. 2010 [98].

This single-grain model can be extended to a multi-grain model, more like what would be

seen for nanoparticle network systems, see figure 1.12. In this view, neglecting grain boundary
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effects and assuming a high degree of depletion/accumulation, n-type conduction comprises
sequential conductive cores joined by resistive regions, arising from the depletion layer. For
p-type conduction, two parallel paths contribute to the conduction: the more resistive core and

the more conductive accumulation skin layer.

in air in reducing gas
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Figure 1.12: Schematic of (top) n-type granular semiconductor MOX particle array conduction
mode in air and reducing gas and (bottom) p-type granular semiconductor MOX particle array
conduction mode in air and reducing gas.

p-air p-gas

The effects of reducing gases interacting with electron-withdrawing species and returning
electron density can also be considered under this framework. For n-type, there is a reduction in
the depletion layer thickness. This reduces the resistance in two key ways: the widening of the
conductive core (traditional resistivity cross-section argument) and the reduced distance to be
travelled through the depletion layer. For p-type networks the increase in resistance is due to the

relaxing of the accumulation layer, returning towards the conductivity of the core.

Particle Miniaturisation

In n-type semiconductor MOX, there is a well-established sensitivity response on the particle

size, especially for well-connected, sintered devices, as shown in figure 1.13. The figure shows
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a continuum of particle diameters, joined together into a linear array. The depletion layer that
would be experienced due to oxygen adsorption is shown relative to the particle size in each
instance. This gives rise to four regimes, corresponding to neck diameter relative to the Debye
length: wide necks (D> 2Lp), necks (D> 2Lp), depletion layer boundaries (D< 2Lp) and
complete depletion (either D<K 2L, or D< 2L, with high modulation) [97].

The wide neck regime experiences minimal modification by gas exposure, as the effective
width of the necks remains unchanged. The neck regime corresponds to the initial improvement
of sensing of particle networks over thin film structures. This enhancement arises from the
series nature of the conduction network and “weak link” necks that can be effectively thinned to

produce only a narrow channel of the remaining conductive core.
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Figure 1.13: n-type granular semiconductor MOX particle array conduction mechanism depen-
dence on particle diameter.

Even smaller particles show a further enhancement and correspond to the breakdown of the
interconnection between the core regions. This replaces the traditional resistivity and cross-

section argument with serially connected high-resistance electron-depleted regions increasing
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the resistivity. Decreasing the particle diameter, not only allows for this behaviour to dominate
when the neck diameter decreases below the Debye length, but also requires more particles to
bridge the same distance; both the effect of individual and number of boundaries are increased.
Finally, decreasing the particle dimension further allows for the complete depletion of charge
carriers, increasing the resistance of the device [99].

For particles that experience complete, or effectively complete depletion layers, they no
longer have two parallel conduction paths; one through the resistive skin and one through the
conductive core. Instead, there are islands of low-resistance cores with high-resistance regions
between them that must be traversed for conduction to occur. This amplifies the effect of
miniaturisation greatly, as all charge carriers are influenced by any perturbation (such as the
return of electron density upon the interaction of adsorbed oxygen with reducing gases) that
subsequently modifies the depletion layer, as there is no alternative conduction route.

Further information about the influence of particle size in p-type systems, decorating materials
and particle morphology on sensing performance for semiconductor MOX systems is described
in Appendix A. The additional discussion focuses on p-/n-type specific optimisation routes,
discussion of known particle decoration enhancement mechanisms and a summary of benefits

and limitations of different particle morphology for VOC sensing applications.

1.5 Contact Resistance

Since its discovery by Novoselov et al [100], graphene has shown great promise as a current
carrier or for high frequency field effect transistors due to its high-mobility. Similarly there
has been significant interest in graphene for use as a sensing element due to the low charge
carrier density. However, if graphene-based technologies are to fulfil this potential and fulfil their
potential as a candidate for continuing Moore’s law in the miniaturisation of transistors, they
first need to become comparable with state-of-the-art devices. This would require that their main
limitation, parasitic resistance contributions, are mitigated. Chief amongst these is the contact
resistance, described as a fundamental limiting factor in GFET devices [101].

Due to the critical importance of mitigating contact resistance effects on LIG VOC sensors

this work has developed facile, direct-write routes to form low-resistance contacts to LIG through
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laser-graphitization of thin polyimide layers deposited on ultra-thin metal films. Additional
information about the challenges associated with fabricating reliable electrical contacts to

graphene are discussed in detail in Appendix B.
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1.6 Raman Spectroscopy Theory

Raman spectroscopy is possibly the most valuable method for rapid, quantitative assessment
of the quality of graphene and related materials (including LIG) [102]. Appendix C provides a
concise overview of Raman Spectroscopy Theory for graphene in terms of point group theory
informed by real space and band structure considerations. Table 1.1 shows allowed Raman active
processes and their sources, based on group theory considerations of phonon vibrations in terms

of in-plane Longitudinal Optical (1ILO) and in-plane Transverse Optical (iTO) modes.

Table 1.1: Raman peaks and associated phonons in monolayer graphene.

Peak name Energy (cm~') Phonons Process

D 1350 iTO near K Defect Assisted

G 1580 iLO and iTO near I First Order

2D 2700 iTO near K Double Resonance
D’ 1600 iLO near K Defect Assisted
D+D’ 2950 iTO near K and iLO near K Defect Assisted

A Time-Dependent Perturbation Theory (TDPT) model predicts Lorentzian peaks with
FWHM of 24 cm~! [103]. It further predicts peak behaviours such as the G peak FWHM only
depending on the phonon band structure and the intensity following only a small dependency
on the excitation frequency and phonon lifetime. The modelling also predicts the behaviour of
various peaks due to increasing defect concentration. Defect concentration can be considered
through the mean distance between defects L. At low defect concentrations, defect-assisted
Raman modes are seen to increase in intensity, corresponding to an increase in their probability
of occurrence [104, 105]. The most obvious of these peaks is the D peak. For consistency
between apparatus, the intensity of the D peak is normalised by the intensity of the G peak,
the resulting value at low defect concentration scales as: Ip/Ig = 1/L%. As the number of
defects increase so does the intensity of the D peak. However, at high concentrations these
effects are seen to reverse with a steep decrease in intensity. This change in behaviour is due
to the increase of electronic decay widths due to the presence of the defects. The presence of
the defects also results in a relaxation of symmetry requirements in the Double Resonance (DR)
process allowing more frequencies to take part, increasing the FWHM of all DR associated

processes. This occurs regardless of the necessity of defects for the DR process. In non-defect
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assisted processes, they do not experience the increasing intensity effect with concentration,
instead they are only dependent on the decay widths of the electronic states. Further, rotational
and stacking disorder result in th broadening of the FWHM broadening of the 2D peak [102].

Notably the differing evolution of double resonant and defect assisted peaks with increasing
defect concentration can thus be used to estimate the defect concentration. The intensity of
peaks that don’t depend on the presence of defects to be present, i.e. G and 2D peaks, remain
essentially constant at low defect concentration, while D and D’ peaks increase in intensity. At
higher defect concentration the D peak intensity begins to reduce while the D’ peak remains
constant. This allows for the use of I, /I peak ratios to determine the extent of defects. When
defect concentration is high and the D peak intensity begins to reduce, the intensity of the 2D peak
should be considered. As high defect concentrations, the 2D peak intensity begins to decrease
due to the high levels of damage to the graphene structure. This has been well established
and discussed in the literature [106]. This is important in the determination of samples such
as reduced graphene oxide which is graphene that has been produced from a highly defective
precursor.

The coupling of TDPT, real space and group theory have allowed for a good theoretical
understanding of the Raman spectra of graphene-based samples showing that peaks that are
present can indicate the presence of the defects, and their intensities define their concentration.
The peak shapes can indicate the presence of additional layers of graphene and the altering of
the electronic and phonon dispersion bands. Additional factors such as dopants and strain can
then be considered based on these effects on these band structures and electron decay widths.
For example, strain results in a breakdown in the degeneracy of the iTO and iLO phonons at the
I point resulting in a peak splitting of the G Peak.

Based on this understanding, a few characteristic measurements have been carried out on
known graphene-based samples to produce experimental standards to which unknown graphitic
spectra can be held. The most significant of these correspond to the behaviour of the 2D peak
in response to layer number. As described through group theory, the 2D peak for Bilayer
Graphene (BG) and Trilayer Graphene (TG) are made of numerous peaks and as such can be

challenging to fit. By studying known layered films the ratio of G and 2D peaks (I/I2p) and
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FWHM of the 2D peaks fit with a single Lorentzian have been catalogued for few-layer graphene
samples as presented in Table 1.2. Similarly the position of the 2D peak has been seen to vary
depending on layer number, ranging from 2685 cm ! for a monolayer to 2717 cm ™! at ten layers,
as recorded with a 514.5 nm laser, due to the dispersion in the phonon band structure [107].
These observations correspond with the previously outlined theory, however additional features
have been observed such as an unpredicted broadening of the G peak with increasing defect
concentration despite being a first order process. This occurs, not due to the variation in the
electronic decay width, but instead is caused by an increase in quantum mechanical confinement

brought about by the high defect concentration [108].

Table 1.2: Empirical parameters to determine graphene layer numbers in few layer graphene
using single Lorentzian lineshapes [107,109-111].

Parameter Monolayer Bilayer Trilayer Tetralyaer
Lp/lg > 2 09-14 0.8 0.7
2D FWHM (cm™Y) 27.5 62 71 72

So, if the structure of polyimide based LIG is considered it is seen to be a hexagon/pentagon-
heptagon polycrystalline material, that will contain additional defects due to the incomplete
evolution of functional group of polyimide. Both features can separately be considered to increase
the concentration of impurities resulting in prominent defect assisted peaks and a noticeable
broadening of DR peaks. The hybrid crystallinity produces an additional effect over that of being
a point defect. Due to their deviation from the ordered 6-membered ring structure they result in
a bending of the sheet as previously described. Sheet bending in graphene has been observed,
in the transition between stage one and two graphene intercalated compounds, to produce an
increase in the D peak intensity [112]. Additionally, due to the mechanical damage caused by the
high-pressure evolving gases the presence of non-chemical defects is also expected to increase
the defect peak concentration. As such these features indicate that LIG should have a high
intensity D peak beyond that expected due to just the concentration of defects. The highly porous
foam structure also makes the investigation of the number of layers of graphene challenging for
techniques such as atomic force microscopy, instead this can be investigated from the 2D peak
as outlined. As defects concentration and layer thickness are the critical defining features, and

due to the well understood formation process and atomic structure of LIG, it is seen that Raman

32



spectroscopy is a sufficient technique to encapsulate the critical chemical features of LIG.

As has been shown in the discussion above, Raman analysis of graphene and graphene-
like materials is rapidly becoming a mature field with increasing levels of detail about the
structure becoming extractable from the Raman spectra. The first level of additional extractable
information is in terms of the extent of defects present in the graphene material. Further
information can be extracted in terms of peak shifting due to doping or band splitting due to
multiple layers. However, further analysis of the graphene peaks has allowed for additional
information to be extracted. Notably this occurs from the differing dependences of the D and
D’ peak on defect concentration. Both D and D’peaks require activation by defects and can
be modelled as Ip ~ Agng, I}, ~ Baqng so Ip/1;, ~ Ap/Bp in the low defect concentration
stage. By controlled modification of graphene it is observed, that depending on the nature of the
damage/defects present in the graphene that lines of different slope can be formed. Plots of Ip/1¢
against [ /I, form a straight line and depending on the slope ~ 13, 7, 3.5 the nature of defects in
the graphene sheet can be determined to be sp, vacancy or boundary defects respectively [105].

This suggests further potential for additional extractable insights from Raman spectroscopy.

1.7 Other Experimental Techniques

Brief synopses of other experimental techniques used in this work are included in Appendix
C, these include: Mode of operation of laser engraver, Scanning Electron Microscopy and
Fluorescence microscopy. Additionally, data analysis methods such as Design of Experiment are

explained, and LabView and 3D printing programs and designs are supplied.
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2.1 Contributions to Knowledge

This paper focuses on the development of robust and generalisable optimisation routines for LIG
material. Contemporaneous investigations of LIG used high cost equipment and one-factor at
a time investigations methods and often yield high resistance, defective LIG material. Typical
optimisation routes at this time followed one-factor at a time optimisation routes, limiting the
number of factors included and increasing experimental cost.

This work demonstrated the formation of LIG using a low cost hobbyist laser system ~ $500,
and its subsequent optimisation through an iterative design of experiment process to achieve
the lowest sheet resistance reported at the time of publication ~15 Ohm/sq.. A visual grading
method was developed to screen potentially viable laser conditions. Similarly, a resource efficient
sheet resistance estimation route was demonstrated to facilitate high experimental throughput.

Together these rapid screening techniques facilitated the implementation of a system-agnostic
multifactor, iterative design of experiment optimisation route for LIG. The general applicability
of the optimisation route is demonstrated by implementation on a novel, and more complex, laser
system. The benefit of the method was demonstrated by the discovery of high throughput-low
sheet resistance formation conditions at non-intuitive laser parameters. Further, this work contains
the first reported demonstration of Eckmann et al. Raman analysis method for determining defect
types in graphene-type material examined on the potential optima parameters determined [41].

Finally, I report the first demonstration of an all-polymer and LIG-based humidity sensors.
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Abstract

Realization of graphene-based sensors and electronic devices remains challenging; in
part due to integration challenges with current fabrication and manufacturing processes.
Thus, scalable methods for in situ fabrication of high-quality graphene-like materials are
essential. Low-cost CO; laser engravers can be used for site-selective conversion of poly-
imide under ambient conditions to create 3D, rotationally disordered few-layer, porous,
graphene-like electrodes. However, the exact parameter dependencies of laser power and
scan speed on the graphitization process are not well understood, presenting challenges for
rapid, resource-efficient optimization.

An iterative optimization strategy was developed to identify promising regions in the
power-speed parameter space, with the goal of optimizing electrode performance while
maximizing scan speed and hence fabrication throughput. The strategy employed iterations
of DoE-RS methods combined with choices of readily measurable parameters to minimize
measurement resources and time. The Initial DoE-RS experiment set employed visual
response parameters while subsequent iterations used sheet resistance as the optimization
parameter. The final model clearly demonstrates that laser graphitization is a highly non-
linear process requiring polynomial terms in scan speed and laser power up to fifth order.

Two regions of interest were identified using this strategy. A global minimum (~ 16
ohm/sq.) was found for sheet resistance at low scan speed (70 mm/s, 2.1 W, Region 1) and
a local minimum sheet resistance at higher scan speed of 36 ohms/sq. (340 mm/s, 3.4 W,
Region 2), allowing ~5-fold reduction in write time. Importantly, these minima do not
correspond to constant ratios of laser power to scan speed. This highlights the benefits of
DoE-RS methods in rapid identification of optimum parameter combinations that would be
difficult to discover using traditional one-factor-at-a-time optimization.

Verification data from Raman spectroscopy showed sharp 2D peaks with mean full-width-
at-half-maximum intensity values < 80 cm™! for both regions, indicative of high-quality
graphene-like carbon. Graphene-based electrodes fabricated using the parameters from
the respective regions yielded similar performance when employed as capacitive humidity
sensors with hygroscopic dielectric layers. Devices fabricated using Region 1 parameters

(16 Ohm/sq.) yielded capacitance responses of 0.78 + 0.04 pF' at 0% Relative Humidity
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(RH), increasing to 31 £ 7 pF’ at 85.1% RH. Region 2 devices showed comparable responses
(0.88 £ 0.04 pF at 0% RH, 28 & 5 pF' at 85.1% RH).
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2.2 Introduction and Theory

Graphene and graphene-like materials, since their discovery, have been an exciting area of
investigation for material science. High carrier mobility, thermal conductivity, tensile strength,
zero bandgap and ballistic transport have been demonstrated, for the most part in micron-scale
pristine monolayer graphene, usually created by mechanical exfoliation. [1-7] This slow, non-
scalable method hinders application development, such as graphene-based sensors. [8—10]

Several routes have been proposed to develop graphene-like materials with methods suited to
scalable fabrication. Examples include CVD graphene, reduced graphene oxide, and liquid phase
exfoliated graphene. Each approach can be assessed in terms of graphene quality and throughput.
Transfer of CVD-grown mono- or few-layer graphene from metal catalyst foil substrates (~1-
100 cm lateral dimensions) typically requires long processing times and the use of protective
polymer handling layers. Residue from these layers presents challenges including unintentional
heterogeneous doping and also tunnel barriers which can cause large contact resistance. Typical
sheet resistance values usually exceed 500 §2/sq. for air-stable devices, consistent with the
expected reduction in sheet resistance from pristine monolayer graphene (~ 6 k{2/sq. measured
in vacuum for mechanically exfoliated monolayers) due to adsorbate doping from ambient water
vapor or process residue. [11-13]

Liquid-based dispersions of graphene-derived nanomaterials such as reduced graphene oxide
or liquid-phase exfoliated graphene offer ease of processing and compatibility with printing
methods. However, the small crystallite size (35 — 600 nm) and the presence of process-induced
basal plane and edge defects result in increased sheet resistance (2 k€2/sq.) and variability. [14]
Further, post-deposition curing (250 — 500 °C) is usually required which can also present
challenges for some applications. [15]

Laser graphitization of polymers (often termed LIG) is a promising alternative for direct-write
fabrication of porous 3D graphene-like electrodes. Although the production of graphitic material
through laser graphitization has been awarded patents as far back as 1972, they achieved little
insight into the resulting material. [16, 17] The most popular process is laser graphitization of
polyimide using CO; lasers, reported by Tour et al. in 2014. [18] The local high-temperature

and high-pressure environment created by the laser photons breaks C—0O, C=0 and C—N bonds
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of the polyimide, producing high-pressure gas pockets that drive formation of micropores,
nanopores and other structural defects, resulting in a porous 3D structure that could not be
achieved through annealing alone. [19-21]

Raman spectroscopy revealed well-resolved, narrow D, G and 2D lineshapes, consistent
with formation of graphitic carbon with low disorder. Significant I, /I ratios and a distinct
shoulder in the G lineshape (corresponding to a D’ defect peak) are characteristic of high-quality
graphene-like carbon. The symmetric 2D lineshape contrasts with the asymmetric 2D peak
reported for Bernal-stacked (ABAB) multilayer graphene or graphite, [22,23] and suggests that
laser-fabricated graphene is more likely to comprise few-layer graphene structures with rotational
and/or vertical stacking disorder. This distinguishes LIG from pristine mono-layer graphene,
which comprises of individual, defect free, hexagonal lattices of carbon atoms.

Laser graphitization thus represents an exciting technology for direct integration of graphene-
like carbon electrodes on polymer substrates. While the most promising feedstock material
is polyimide, Tour and co-workers as well as other groups have demonstrated formation of
graphene-like carbon using a range of synthetic polymers and natural materials, including wood,
food, textiles, charcoal and anthracite coal. [24-26] To achieve these conversions, multiple-laser
passes at reduced fluences, including use of defocused lasers to enhance laser-path overlap,
are used to produce suitable quality LIG. [27] For each feedstock material, optimization of
the laser graphitization process involves identification of a suitable set (or range) of process
parameters, including laser power and scan speed that will yield direct-write formation of 3D
porous, graphene-like carbon. Non-optimal laser parameters can lead to unwanted side effects
from over- or under-exposure. Over-exposure effects include material ablation, re-deposition,
oxidation (ashing) or combinations of these. Under-exposure effects include melting and/or
incomplete graphitization. This complex materials challenge mandates optimization strategies
that are both rigorous and efficient.

This optimization challenge can be addressed using Machine Learning (ML) methods [28-31],
which require large datasets, or statistically driven methods, such as DoE [32]. ML methods
have gained increased popularity as computational resources have increased, removing their

previous analysis bottleneck. They come in many different varieties each depending on different
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algorithms for modelling supplied data. Datasets containing numerous potential factors that
require both reduced dimensionality and modelling may benefit from Principal Component
Regression, while highly intricate systems may be more easily modelled by an ensemble method
like Random Forests. More generic approaches could be used to facilitated more rapid model
preparation, such as Neural Networks. For resource-constrained applications, the major drawback
for ML is the requirement for large datasets of training data to produce a model. [28-31]

Resource-efficient optimization mandates minimization of resources (including time) used
to generate and analyze data. ML methods reduce the analysis load, but increase the required
dataset size, and hence the resources required to produce those samples. DoE methods extract
maximum information from a lean, statistically significant dataset. DoE ensures that minimal
samples are produced — reducing experimental cost — while ensuring that sufficient samples are
tested to account for variability. The decreased number of samples required to be produced and
tested comes at the cost of increased analysis.

The distinction between ML and DoE methods is clear; when large datasets are readily
available then ML should be preferred, if samples are resource intensive then DoE methods are
preferable. Highly complex systems can be simplified through iterative implementation of DoE
methods. Each simplification step screens out insignificant factors and target parameter ranges
of interest. This stepwise process allows for dynamic decision making and scaled resource
commitment not possible through less agile investigative tools. Similarly, DoE produces a
documented search path with explicitly defined assumptions, not always generated with ML.
Therefore, initial screening experiments followed by informed, iterative optimization requires
less resources than an equivalent ML study.

Here we report on an iterative DoE-RS strategy for identification of promising regions in the
laser power vs. scan speed parameter space, with the goal of optimizing electrode performance
while maximizing scan speed and hence fabrication throughput. DoE-RS optimization methods
are well recognized as significantly more efficient than traditional one-factor-at-a-time methods.
Further, DoE-RS approaches enable rigorous optimization even when there are non-linear
interdependencies between input parameters. [33-35] DoE-RS approaches enable additional

statistical efficiency by utilizing non-rectangular regions in parameter space to avoid non-viable
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regions with the added benefit of reduced experimental cost (resources and time).

Each iteration of the strategy focused on a readily measurable parameter to further minimize
measurement resources and time. The initial DoE-RS iteration employed visual response
parameters while subsequent DoE-RS iterations optimized sheet resistance. We note that
optimization strategies for graphene-based electronic or electrochemical sensing elements often
include minimizing access resistance as a target, in order to reduce iR potential drops that can
diminish sensor performance, and also energy efficiency. [36] Finally, we report on an iterative
DoE screening approach to identify key laser parameters and parameter interactions for a more
sophisticated laser system, where the user has additional control over beam overlap within the
raster pattern.

Since LIG electrodes and structures are produced by a dynamic patterning process which
involves both temporal modulation of the laser output (through the duty cycle) and spatial
patterning (through displacement of the laser head), optimization requires consideration of
potential non-linear contributions of user-controlled parameters, including average laser power

and scan speed, as well as potential interaction effects between these parameters.

2.3 Methodology

2.3.1 Sample Preparation and Visual Inspection

A low cost (~ $500) CO, laser engraver [10.6 pm wavelength, 0-30 W power, (oscillating mirror
modulation), HQ-3020B, GuangZhou Amonstar Trade Co. Ltd] was rastered under ambient
conditions to convert adhesive backed polyimide film (Radionics, HB830-19, thickness: 70
pm), supported by an acrylic substrate, into graphitic material. A parameter space of 6 laser
power values in the range 2.4-8.4 W and 11 scan speed values in the range 40-440 mm/s was
investigated by producing a series of samples on polyimide for a subset of 60 combinations of
laser power and scan speed as shown in Figure SI-2.1. Each sample (16 discs, each 4 mm
diameter) was visually inspected to determine the bounds of the uniform, black, non-damaged

material - a useful visual indicator for LIG.
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2.3.2 [Iterative Design of Experiments Methods

The region of interest derived from the visual inspection was used to define a screening DoE
response surface (DoE-RS, Design Expert 11) based on visually graded responses (fibrosity,
redeposited residue, damage) as assessed on a scale 1-10 (Figure SI-2.2 ). Informed by this visual
screening DoE-RS, a further 18-point screening DoE-RS using a sheet resistance response factor
was constructed, as shown in Figure SI-2.3. Transfer line measurement tracks of length 1.5-6
mm at widths of 0.5-1.8 mm were produced. The resistances were recorded using a multimeter
(Fluke 179) and the corresponding sheet resistances extracted. The average sheet resistance
from five transfer line measurement structures was used for the DoE-RS. Predicted optima at
low-moderate laser power and scan speed was investigated by a subsequent 30-point DoE-RS,
using a sheet resistance response. Each sample for this final DoE-RS comprised five replicates
of 20 mm x 2 mm bar structures (10:1 aspect ratio). The use of long, high aspect ratio bar
structures minimizes the influence of contact resistance, by ensuring it is a small proportion of
the total recorded resistance, while retaining high throughput of measurements. The inclusion
of replicates was to account for any variability in the contact resistance. A DoE-RS model was
constructed using an inverse transformation and fifth-order polynomial terms, as described in
Section SI-2.2.

Three regions of interest were identified from the final response surface experiments (Region
1, Region 2, Region 3). Five replicates of the 20 mm x 2 mm structures were produced using
the DoE-RS model parameters for that region. Current-voltage sweeps (-3 V to +3 V) were
acquired (Desert cryogenic probe station with Agilent E4980A parameter analyzer) to verify the

multimeter measurements. The associated sheet resistance values were calculated.

2.3.3 Raman Spectroscopy Measurements and Analysis

Samples produced under the Region 1, Region 2 and Region 3 conditions, were characterized
by Raman spectroscopy mapping (Reinshaw inVia, 514.5nm Ar laser, 20x, 50x objectives).
To account for the 3D structure and sample inhomogeneity numerous scans were taken as part
of a Raman map of each region. Mapping was conducted at 20x and 50x magnifications at

three spatially distinct areas across two separate samples. 228 scans were conducted for Region
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1 samples, 230 for Region 2 samples and 219 for region 3 samples. All scans for Region 1
and Region 2 samples displayed graphitic behavior. For Region 3 samples, 70% of the spectra
showed graphitic peaks (158 of 219); the remaining 61 displayed only the background associated
with scattering from a highly 3D sample.

Of the scans that displayed graphitic behavior, 14 spectra were randomly selected for detailed
peak fitting. Spectra from Region 1 and Region 2 samples were fit with six Lorentzian peaks —
three first order Raman peaks (D, G, D’) and three second order (D + D”, 2D, D+ D’). Spectra
from Region 3 samples were fit with 4 peaks, since the D’ and D + D” peaks could not be
resolved. The mm-scale and microscale morphology of the samples was characterized by

Scanning Electron Microscopy (SEM, JSM-6700F JEOL UK Ltd.).

2.3.4 Humidity Sensing

Interdigitated electrodes were fabricated using the predicted DoE-RS parameters for two minima:
the global minimum sheet resistance (Region 1) and minimum sheet resistance at high scan
speed (Region 2). Polyvinyl alcohol (PVA) was doctor-bladed onto the electrodes to create
a hygroscopic dielectric layer for proof-of-concept capacitance-based humidity sensors. The
capacitance sensors (six individual devices for each region) were equilibrated for 6 h above
saturated salt solutions, producing standard humidity environments according to the E104-02
standard, i.e. Vacuum: 0% relative humidity (RH); MgCl: 33.1% RH; K,COs3: 43.2% RH; NaCl:
75.5% RH; KCI 85.1% RH. [37] The capacitance response was measured using an AC potential
sweep (Agilent ES3708B LCR Meter, 2 kHz).
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2.4 Results and Discussion

In the first report of LIG, Tour et al. observed a dependence of sheet resistance on laser power with
a threshold of 2.4 W at ~90 mm/s using a Universal Laser System X-660 laser cutter platform
and achieved minimum sheet resistances at 5.4 W, 90 mm/s through OFAT optimization. These
authors also noted that a linear dependence of the threshold power for graphitization on the scan
speed. [18] This observed interaction of factors suggests that both laser power and scan speed
should be considered simultaneously, as underlying mechanisms may not be observable through
OFAT methods.

DoE methods are implemented in this work to illustrate their ability to determine relationships
between factors in a material synthesis, and be used to rapidly, and incrementally optimize the
material. Initially, samples were visually inspected to identify laser power and scan speed
parameters which yielded unviable samples, e.g. cracked inhomogeneous graphitic material
(Figure 2.1a) and parameters which yielded homogeneous, deep black material (Figure 2.1b).
The visual inspection was further refined through a DoE-RS process, based on qualitatively
measured visual responses (fibrosity, residue and damage), as seen in Figure SI-2.2. The model
indicated that lower laser power (2.4-3.9 W for our hobbyist laser system) and higher scan speed
(280-440 mm/s) yielded fewer defects. A subsequent sheet resistance-based DoE-RS (Figure
SI-2.3) showed a region of low sheet resistance at low laser power (2.4-5.4 W) and moderate scan
speed (200-440 mm/s) that tapers as laser power and scan speed increase. This model suggested
that the global sheet resistance minimum for this laser system could be found at even lower scan
speed and laser power, which informed the parameter ranges used in the final iteration DoE-RS
(Figure 2.1d).

The response surface model is based on a polynomial fit built from statistically significant
terms (Table SI-2.4). Up to fifth order terms in scan speed and fourth order terms of laser power
were seen to be significant. Lower-order terms and cross terms were also included. Table SI-2.5
shows the significance of each term. The p-value (<0.0001) for the final model confirms the
statistical significance of the terms. Further, the residual lack of fit was insignificant (p-value of
0.44), suggesting confidence in the model chosen and its predictions. Response surface zones

colored in white could not be fit with the model, likely indicating non-viable conditions for
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graphitization or low-quality material. Three specific “regions of interest” are labelled on the
response surface: The predicted global minimum sheet resistance (Region 1), a local minimum

at high scan speed (Region 2) and an interim point (Region 3).
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Figure 2.1: a) Photo of visual inspection test structures (4 mm diameter discs) which show
laser-induced defects such as cracks and delamination. Laser parameters: 80 mm/s raster scan
speed, 3.6 W power b). Set of discs showing uniform, black material (200 mm/s scan speed,
2.4 W). ¢). Subset of the overall grid layout of test structure photos organized by scan speed
and laser power (full layout in Figure SI-2.1). The shaded region shows the final Response
Surface parameter domain. d) DoE-RS model output for sheet resistance vs laser power and
raster scan speed factors. Arrows indicate the Regions of Interest for further characterization:
global minimum for sheet resistance (Reg. 1); minimum sheet resistance at high scan speed (Reg.
2) and a local minimum resistance at intermediate scan speed (Reg. 3). Inset: Photo of array of
20 mm x 2 mm test structures used for sheet resistance measurements.
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Table 2.1: Predicted and actual sheet resistance values from linear I-V plots from -3 V to 3 V of
region of interest test points.

Region Laser Power Scan Speed Predicted Sheet Res. Mean Sheet Res.

W) (mm/s) (€2/sq.) (€/sq.)

1 2.1 70 10 15.740.7
3.4 340 26 3641

3 2.6 240 37 4104180

Table 2.1 shows the predicted sheet resistances for three regions of interest and the corre-
sponding experimental sheet resistance values. Region 1 and Region 2 samples yield predicted
and measured sheet resistance values that agree within a factor 2. Importantly, the model allows
identification of Region 2, where low sheet resistance can still be achieved while increasing scan
speed by a factor 5. The measured sheet resistance for Region 3 is over an order of magnitude
higher than the predicted model value. This discrepancy could be due to the high curvature of
the model in this zone of the parameter space, where a small fluctuation of the laser parameters
could result in a large change in sheet resistance.

Figure 2.2 shows the morphology associated with the three regions of interest. A hierarchical
pore structure with micron-scale and sub-micron pore diameters can be observed in samples
fabricated using parameters for Region 1 (Fig. 2.2a,b) and for Region 2 (Fig.2.2c,d). In addition,
the Region 2 sample also shows a higher density of 3D extrusions. The morphology of the
Region 3 sample differs markedly from the samples for Regions 1 and 2. There is no longer
a clear porosity, instead the surface comprises sub-mm 3D extrusions (Fig. 2.2e) comprising
networks of micron-scale fibers (Figure 2.2f).

Cross-sectional SEM Micrographs show approximate LIG thickness of 50 pm (Figure SI-2.6).
This agrees with thickness values observed by Duy et al., who noted LIG thickness self-limits to
<50 pm. The maximum conversion depth is caused by the conversion beginning at the surface,
attenuating the conversion of the sub-surface material. [27] As such, it is assumed that both
Region 1 and Region 2 materials are of approximately the same thickness. However, as is seen
in Figure 2.2¢ the region 2 material contains vertical extrusions. These structures could reduce
the available lateral charge-transfer pathways and are likely partly responsible for the reduced
conductivity of Region 2 materials. Assuming an LIG thickness of 50 ym , the corresponding

resistivity for Region 1 material is 7.8 x 10~* Qm, reflecting the expected disorder on the device
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Reg.1

Reg.2

Reg.3

Figure 2.2: SEM data at low and higher magnifications, respectively, for samples fabricated
using parameters from region 1 (a,b); region 2 (c,d) and region 3 (e, f).
length scale (2cm).

Stamatin et al. have reported on the morphology of laser-graphitized polyimide in terms of a

similar metric: [38]

Laser Power
5 o F] _ 2.1
ynamic Fluence = = Speed x Beam Diameter @

They calculated dynamic fluence values from 0.3 to 4.8 J/mm?. For this work, initial rough
estimates of dynamic fluence can be made using the raster pitch as the beam diameter (~ 90um
for the region 1 material, see Figure 2.2a). In this way, the initial estimates of dynamic fluence
are 0.33 J/mm? (region 1), 0.11 J/mm? (region 2), 0.12 J/mm? (region 3).

However, dynamic fluence values consider only single laser passes without accounting
for overlap of subsequent raster lines. The line-line overlap is estimated in the as ~85 pym
from Figure SI-2.8. Tour et al., as previously noted, demonstrated that multi-pass lasing can
produce LIG even at reduced laser intensities upon subsequent re-exposure. [27] Consequently, a
reduction of dynamic fluence values, relative to those seen by Stamatin et al. is expected due to
the beam overlap from rastering.

Moreover, the fact that Regions 1 and 2 do not lie on a line of constant Laser Power/Scan
Speed (solid line in Figure 2.1d) highlights the non-linearity of the parameter dependencies for
laser graphitization, which would not be uncovered by traditional OFAT optimization. This is

especially significant as the beam profile can vary with laser power, further convolving any laser
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power dependence and any overlap dependence. This increases the complexity of investigating
the parameter space and highlihgts the potential of DoE-RS methods to facilitate optimisation,
especially for resource-constrained processes. It allowed us to achieve similar sheet resistance

value but with a five-fold increase in scan speed, and hence, throughput.
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Figure 2.3: Representative Raman spectra of a) Region 1, b) Region 2 and c) Region 3 Laser-
induced Graphene material.

Figure 2.3 shows representative Raman spectra from maps taken over samples fabricated
with Region 1, 2 and 3 paramaters. Table SI-2.6 shows the corresponding Lorentzian fit results.
Table SI-2.6 shows the corresponding Lorentzian fit results. For Region 3 material the D" and

D+D” peaks could not be resolved, the D and G peaks are distinctly broader and the I /I and
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I,p /1 areal peak ratios are smaller than those for Region 1 and Region 2 samples. This suggests
increased disorder and defect density in Region 3 material, consistent with the morphology
(Figure 2.2f). In early Raman studies of graphite, D’ peak signatures were observed in high-
quality polycrystalline graphite and also by creating defects in natural graphite single crystals.
D’ shoulders similar to the data shown in Figure 2.3a,b were observed in polycrystalline graphite
with domain sizes (or scattering coherence lengths) ~ 7-12 nm. [39,40] The highly intense G
peak of Region 1 and Region 2 material, their resolvable D’ peak, and sharp D and 2D peaks are
suggestive of high-quality graphene-like material with defects present.

Figure 2.4a,b shows fit data (Raman FWHM, peak area as a ratio of the area under the G
peak) from 14 random locations for samples from each Region, plotted vs peak position. Spectra
from samples fabricated with Region 1 or Region 2 paramters show similar clustering of fit
results for the first-order peaks (D, G, D) while Region 3 parameters present a larger distribution
of values. This clustering treatment demonstrates that Regions 1 and 2 are similar despite the
region 2 material being produced at ~ 5 times the scan speed of the Region 1 material. The
larger FWHM(D) values of region 3 indicate significant disorder, in agreement with the observed
sample morphology (Figure 2.2e,f).

Detailed Raman spectroscopy studies by Eckmann et al. on exfoliated monolayer graphene
with deliberately introduced defects and natural graphite established empirical relationships
between the ratios of the D to D’ peaks and the nature of the defects: I(D)/I(D’) ~ 13 for sp?
defects; I(D)/I(D’) ~ 7 for vacancy defects and I(D)/I(D’) ~ 3.5 for boundary defects in natural
graphite. [41] Data measured for Region 1 and Region 2 samples showed I(D)/I(D’) values
between 3.5 and 7 (Figure 2.4c), again consistent with low disorder. The presence of such defects
corresponds to the formation process of LIG described in the introduction. The presence of
such defects is expected given the LIG formation process: Stone-Wales defects enable the 3D
curvature and every pore acts as a series of edge defects. As such, the presence of boundary
and vacancy defects is expected and intrinsic to the material. However, it may provide scope for
further tuning of laser parameters towards boundary/vacancy dominated defects if it proves to be
a desirable parameter.

As LIG is formed in situ with the mechanical support of its substrate, it has attracted great
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Figure 2.4: a) Full width at half maximum of Raman peaks against their peak position, b) Peak
area ratios relative to the G peak against peak position. ¢) Ip /I against I, D/l indicative of
boundary and vacancy defects.

interest as a gas sensing platform. Sensing devices based on electrical conductivity or thermal
conductivity changes in the presence of volatile organic compounds have been reported. [42,43]
The presence of humidity is major challenge for volatile organic compound sensing as water
molecules can block sites or lead to spurious responses. Therefore, due to their similarity in

observed properties (sheet resistance, morphology, Raman data), both Region 1 and Region 2
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laser parameters were used to produce proof of concept LIG humidity sensors. Interdigitated
electrode patterns were laser fabricated (Figure 2.5, inset) and functionalized with PVA as a
hygroscopic dielectric material to produce capacitive humidity sensors (six devices for each
region). Similar exponential capacitive responses were observed for both Region 1 and Region 2
materials with over an order of magnitude increase with increasing relative humidity. Region
1 parameter devices yielded capacitance responses of 0.78 + 0.04 pF at 0% Relative Humidity
(RH), increasing to 31 + 7 pF at 85.1% RH. Region 2 devices showed comparable responses
(0.88 £ 0.04 pF at 0% RH, 28 + 5 pF at 85.1% RH).
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Figure 2.5: Exponential dependence of capacitance at zero potential (2 kHz) on relative humidity
for PVA functionalized LIG capacitance humidity sensors produced with Region 1 and 2 condi-
tions. Inset, interdigitated PVA-LIG capacitive humidity sensor.

Measurement of device capacitance vs. exposure time upon switching between different
humidity conditions (from 33.3 % to 85.5% RH) yielded Figure SI-2.7. The time taken to reach
90% of the maximum response (f 445 =37.5 mins) was significantly longer than the time taken to
return to 90% of the final capacitance (¢ p.s =2.0 mins), suggesting an adsorption barrier energy.
This could be addressed in future work through use of thinner films of hygroscopic dielectrics
or integration of an external heater to reduce response and recovery times, respectively. [44]
The similarity of the resulting humidity sensors highlights the ability of DoE-RS methods to
determine potentially useful regions of interest in complex material systems.

Finally, the demonstrated ability of DoE-RS methods to rapidly investigate interactions
between factors provides a broad scope for future work in specific device geometry optimizations.

Additional factors can be considered, especially the interaction of laser-overlap and multiple
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lasing with laser power and scan speed. Many factor interactions are demonstrated in Section
SI-2.8 with proof of concept iterative DoE-RS methods using a higher fidelity laser system
(Universal Laser Systems PLS 4.75 30W CO, 10.6 um). This laser system allows user control
of the laser scan speed and the average laser power (achieved by varying the duty cycle of the
electrical modulation waveform). The system also allows user control of the line-line overlap
during rastering, the focus height above the sample, the gas flow through the nose cone above
the focal plane (nitrogen or air), and the electrically gated modulation rate of the laser along
the main raster direction (pixels per inch (PPI)). Screening experiments indicated that the laser
modulation rate in the range studied (500-1000 PPI) and gas flow were not significant factors
for controlling sheet resistance A subsequent optimization round highlighted the significance of
line-line overlap, both as a main factor and in interactions. As discussed earlier, the multi-pass
lasing methods developed by Tour et al. [25] revealed the importance of device history effects,
including raster beam overlap and laser defocusing. Significant beam overlap between raster lines
during patterning and/or multiple-pass lasing can result in LIG formation at reduced dynamic
fluence values relative to structures produced by single laser passes, as reported by Stamatin
et al. The complex, non-linear contributions from key parameters (laser power, scan speed,
and beam overlap) highlight the benefits and importance of DoE-RS optimization methods.
Where application-specific device geometries are known, further optimization may be possible
by considering the raster/vector direction, the beam profile, and time- or history-dependent

effects such as thermal relaxation of the substrate between laser passes.
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2.5 Conclusion

This work reported the successful use of design of experiment methods in the determination
of optima and factor interactions in complex, novel material systems. Iterative DoE processes
were demonstrated, realizing both low-sheet resistance and high-scan speed, low-sheet resistance
laser-induced graphene. Despite uncertainty in the laser-induced graphene formation mechanism,
it was possible to determine these two non-intuitively connected regions possessing similar
material properties despite distinct formation conditions. Consequently, all polymer humidity
sensors were successfully produced with the LIG materials functionalized with polyvinyl alcohol,
displaying equivalent sensitivities. This demonstration of 5x higher throughput speeds highlights
the potential of design of experiment methods as an investigative tool.

The employment of design of experiment methods in this work demonstrate not only its
efficiency as an optimization strategy but also its use as a rigorous, resource efficient investigation
tool. The use of DoE methods allows for appropriate investment of resources at different phases
of the process, retaining higher expense experiments, both in analysis time and operational cost
for smaller sampling regions and verification processes. This helps to maximize throughput
and ensure efficient experimental design. Consequently, regions of interest can be determined
rapidly, and time can be spent focusing on high quality, cutting edge work instead of screening
steps. For instance, the implementation of in-depth Raman surveys would be impractical on
large parameter spaces, while for verification processes their added rigor can be appropriately
utilized. This work highlights the importance of such optimization strategies for “all-carbon”
sensor elements, where use of metals or other critical raw materials is not favored in order to

minimize the environmental footprint and economic costs.
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SUPPLEMENTARY INFORMATION

SI-2.1  Design of Experiments Overview

In this work, DoE methods are used as both a rapid optimization method and as an investigative
tool; determining the influence of laser parameters on the resulting graphitic material. Unlike
traditional OFAT experimental processes, DoE allows for the consideration of all factors influ-
encing a process and its measurable outputs systematically and simultaneously. Combinations of
high and low levels of the factors under study are utilized; reducing the total number of samples
needed and allowing the investigation of interactions between factors. Statistical analysis meth-
ods such as ANOVA are used to determine statistically significant factors through consideration
of F-scores.

The selection of factors is critical as each unnecessary factor increases the number of samples
required; although less than an equivalent OFAT investigation. If many factors are of interest,
the dominant factors and significant interactions can be determined in an initial screening
fractional-factorial experiment. Which provides insight into multiple factors with reduced
experimental cost; although with reduced accuracy, by sampling a subset of a standard DoE of
all the initial factors. Reduction in spurious factors, minimizes the number of samples needed in
later stages through low experimental cost investigations. This benefit is compounded if initial
investigations utilize lower precision-high throughput methods and retains higher precision
methods for subsequent rounds of optimization or verification. The enhanced precision of higher
experimental cost methods can thus be decoupled from every stage of the optimization procedure,
while still retaining statistical significance.

The ANOVA methodology of DoE monitors the influence of factors above the background
of variance in the responses. Allowing for the determination of which factors, or combination
of factors, contributes to the change in response variables, above the innate variability in those
measurements. Reducing the underlying variability is therefore key in observing significant
effects. DoE methods require several steps to avoid instrumental drift or user influence impacting
the results. The most fundamental of these is randomization of run order of different factor level

combinations in both fabrication and measurement, to avoid equipment drift over the course of
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experimentation confounding intrinsic effects. Thereby any influence that sample run order has
on the model can be observed and eliminated.

However, pure randomization of run order isn’t always viable as some “hard to change”
factors, may be difficult to change from one run to the next. Instead a method called blocking is
employed whereby runs at the same level of that hard to change factor are formed into a subset
of the overall experiment. Additional verification points are necessary in each block to account
for the reduced randomness in the run order. The influence of the hard to change factor on the
variability can therefore be minimized. Hard to change factors can also be financially limiting
factors such as expensive substrates. DoE methods can therefore be used to tailor a statistically
robust methodology around resource and time constrained situations.

Beyond looking at only the direct linear influence of each factor on each of the responses
as one would with OFAT methods; DoE also considers the interaction of each factor with
every other factor on each response. This allows for non-intuitive response combinations to
be considered that would not be easily determinable through OFAT methods; at no additional
experimental cost. This is of interest in novel or complex systems. The set of significant main-
and interaction-factors defines a model predictive of the behavior of the responses. This would
provide greater insight into the factor-response relationship and allow for the most significant
factors and facilitate their rapid optimization.

Although any arbitrary order of factor or factor-interactions can be considered under DoE
methods by finding the products of the measured responses to produce a novel response factor, it
is necessary to avoid over-fitting the data set. It is also critical to avoid introducing factors whose
influence cannot be discerned from other factors. In other words, the smallest set of discretely
understandable factors should be considered. Two factors are considered confounded when their
combination of high and low levels for each run are the same.

Table SI-2.1 displays a sample of full 3 factor (A,B,C) two level-factorial design, where “+”
denotes the High level for the factor and “-” the low level. As the encoded levels for each factor
and interaction of factors considered are discrete, each can be considered without being confused

for another factor. Table SI-2.2, a half fractional subset of Table SI-2.1, displays a confounded

relationship between main factor B and interaction factor AC. As such, it is uncertain if the
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influence on a response is due to either factor B or the interaction of factors A and C, when
using the half fractional design. This is a limitation of fractional designs as even low order
interaction effects can become confounded with main effects. Hence why fractional designs are
normally used as a screening process to reduce the total number of factors. As when used as a
principle tool with few factors they can be unable to fully encapsulate interactions or high order
dependences. Similarly, high order factors and interactions become confounded for even full
factorial designs.

When considering which factors to include in a model of the DoE responses, the following
must be considered: Do not include higher order factors/interactions that confound with a lower
order factor. Select factors based on their significance as verified by ANOVA. If any higher orders
of a given factor are included then the interaction factors below that order should also be included
in the model, to account for model hierarchy, even if they are not statistically significant i.e. a
factor of A% would then require A%B to be included in the model even if it was not significant in

its own right.

Table SI-2.1: Example full two factorial DoE design. “+” indicates a “high” level and “-* a “low”
level.

Run |12 (3]|4|5|/6|7]8
A + - -+ +]-|+]-
B SR B B R B S o
C o B I B I o
AB | - |- |+ |+ |-]-|-|+

Table SI-2.2: Example Half-fraction two factorial DoE design, demonstrating confounding. “+”
indicates a “high” level and “-* a “low” level.

Run |1 |2 |3 |7
A + |- -]+
B -+ -+
C -l -+ 4+
AB | - |+ ]| - | +

These standard DoE methods are often sufficient for initial studies. A more generalized
method is also possible; response surfaces. Instead of combinations of just high and low levels of
factors additional central and edge points are considered. Although the underlying methodology

is the same; significant factors and interactions are found through ANOVA and a model is formed
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as would be the case for a traditional two level-factorial DoE. The model for the responses is
normally viewed as a response surface and can be used to predict optima and provide insight
into complex factor interactions. When numerous responses are involved, or if the optimization
relative to an underlying factor is desired conditional optimization can also be carried out. The
response surface method also allows for more complex factor orders and interactions to be
included without confounding.

As outlined here, DoE methods have many benefits. These include resource efficient opti-
mization, statically verifiable decision making and increased insight into process behavior. As
such its implementation as a path finding tool using low experimental cost response factors fol-
lowed by increasingly refined measurement methodologies reflective of the increased robustness
of the optimization process, allows for low resource wastage while ensuring comprehensive

analysis.
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SI-2.2 Design of Experiments lterations
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Figure SI-2.1: Initial visual inspection DoE investigation vs scan speed and laser power.

Three Regimes were observed:
1. Fibrous material with high aspect ratio fibres (Red-bordered photos in Figure SI-2.1)

2. Visibly defective samples/incompletely converted samples which either had ablated mate-

rial away or had insufficiently patterned the LIG (Red-bordered photos in Figure SI-2.1)

3. Homogeneous black materials with no visible defects (Green-bordered photos in Figure

SI-2.1).

The resulting map of visually inspected samples was produced as shown in Figure SI-2.1.
The region of viable samples was used to define an initial DoE-RS experiment. Qualitative
measurements on a scale of [1-10] were made for each visual response (Fibrosity, Redeposited
Residue and Damage). The resulting response surfaces indicated that more desirable samples
(low fibrosity, low residue, low damage) samples could be achieved at lower laser power, and
higher scan speed. The interplay of these factors can be seen in their respective response
plots whereby bands of equivalency are predicted (Figure SI-2.2). These predictions call for

non-intuitive combinations of laser power and scan speed and vary from response to response.
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Following from the prediction of the initial DoE-RS, to focus on lower laser powers and
higher scan speeds as shown to be more desirable, a further DoE-RS was constructed taking
the higher scan speeds and lower laser powers of the initial DoE-RS as its region of interest.
The higher desirability region (200-440 mm/s, 2.4-5.4 W) determined from the initial DoE-RS
was selected for a subsequent sheet resistance DoE-RS (Figure SI1-2.3). The resulting response
surface predicts a region of interest at low-laser power and moderate scan speed that tapers as
with increasing laser power and scan speed. With this tapering there is a predicted increase
in sheet resistance. To either side of this region are parameters of high sheet resistance that
quickly fall off into non-continuous or damaged sampling conditions. As such a subsequent
DoE-RS process investigating both the higher scan speed, moderate sheet resistance and the
global minima regions were not possible without requiring the production of non-viable samples.
The low sheet resistance region was selected for further investigation, expanding the parameter
space to lower scan speeds and laser powers to find the global minimum. This was necessary as
the predicted behavior was for sheet resistance to decrease as both laser power and scan speed
decreased in the initial sheet resistance DoE-RS.

The resulting response surface is that presented in Figure 2.1d using sampling points shown
in Table SI-2.3. The resulting response surface is complex. The regions to either side are
known to be non-viable regions with damaged/under-converted material and as such it would
be expected that they would have larger sheet resistance values. Similarly, based off the first
electrical DoE-RS saddle point, it was expected that the sheet resistance should decrease with
decreasing laser power and scan speed. This was observed globally in this design, although a
region of significantly higher than anticipated sheet resistance was predicted.

Based on the design it is seen that the two-factor interactions and fifth order interactions
are seen to hold significance. The sixth order interactions could not be considered as they are
confounded with other interactions. Consequently, interactions up to the fifth order have been
considered for the model Table SI-2.4. It was seen that the B® term was not significant and as
such was neglected from the model. Although, several of the interaction terms considered in
the model on their own are not supported by statistical significance such as A2B, these terms

are required to maintain the hierarchy of the model, Table SI-2.5. The model was shown to be
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Figure SI-2.2: Initial qualitative DoE response surfaces produced from visual inspection scores.
a) Conditionally optimized DoE desirability for minimized fibrosity, minimized redeposited
and damage; b) Response surface for visually inspection graded fibrosity; c) Response surface

for visually inspection graded redeposited residue; d) Response surface for visually inspection
graded sample damage.
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Figure SI-2.3: Initial 18-point electrical DoE response surface indicating, in blue, two regions of
predicted lower sheet resistance for further investigation.
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statistically significant with a p-value < 0.0001, the residual lack of fit was insignificant with a

p-value of 0.44. This suggests good confidence in the selected model.

Table SI-2.3: Randomized experimental run order and sheet resistance response.

Run Scan Speed Laser Power Sheet Res. | Run Scan Speed Laser Power Sheet Res.
(mm/s) (W) Q/Squ. (mm/s) (W) Q/Squ.

1 340 3.45 27.8 16 340 3.39 29.1

2 278 2.96 29.6 17 189 2.58 373.5

3 340 3.00 33.1 18 270 3.45 27.2

4 150 2.25 33.1 19 189 2.58 383.6

5 227 3.18 26.1 20 60 1.95 274

6 254 2.58 130.7 21 340 3.27 30.7

7 340 3.45 34.7 22 340 3.06 229.7

8 80 1.98 82.8 23 155 2.16 64.9

9 220 2.85 440.5 24 191 294 104.5
10 340 3.00 40.1 25 170 222 62.8
1155 2.10 15.5 26 55 2.10 18.0

12 180 2.76 81.5 27 264 3.33 37.2

13 121 2.52 662 28 157 2.19 288.1
14 119 2.19 23.4 29 165 2.19 123.5
15 55 2.10 15.5 30 297 3.27 39.7

Table SI-2.4: Fit summary for different response orders. Suggesting that a fifth order model is
statistically significant.

Source Sequential p-values Lack of Fit p-value Adjusted R?

Linear 0.2301 0.0015 0.0367

2F1 <0.0001 0.0057 0.4531

Quadratic  0.2266 0.0061 0.4765

Cubic 0.1659 0.0076 0.5390

Quartic 0.0083 0.0305 0.7627

Fifth 0.0036 0.3637 0.9366 Suggested
Sixth 0.3637 0.9455 Aliased

Traditional OFAT methods would not easily be able to predict the behaviors seen, whereby

non-intuitive interactions of laser power and sheet resistance result in complex response surfaces.

Additional factors could be considered in this way, such as; laser defocusing, gas environment,

support substrate variation, polyimide thickness and polyimide formulations. These, and other

potential features could be examined in through a similar DoE process, or through half-factorial

methods to further define key factors in LIG formation and, like with what was shown for laser

power and scan speed determine, non-intuitive interactions.
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Figure SI-2.4 presents diagnostic plots for the DoE response surface presented in Fig. 2.1d.
No anomalous results are present except for a high leverage point as noted by the large Cook’s
distance. This corresponds to 270 mm/s, 3.45 W, a corner point of the design, suggesting that
this point has a larger than normal impact on the design. In future works, additional points would
be incorporated near that point. Despite this point of high leverage, the diagnostics suggest

confidence in the design used.

Table SI-2.5: Analysis of Variation outputs for model constituents at 95% confidence level.

Source Sum of Squares df Mean Square F-value p-value

Model 0.0097 19 0.0005 2546  <0.0001 Significant
A-Scan Speed  0.0001 1 0.0001 3.02 0.1129  Insignificant
B-Laser Power 0.0001 1 0.0003 3.00 0.1137  Insignificant
AB 0.0003 1 0.0004 13.47 0.0043  Significant
A2 0.0004 1 0.0003 19.91 0.0012  Significant
B2 0.0003 1 0.0000 16.95 0.0021  Significant
A2B 0.000 1 0.0000 16.95 0.0021  Significant
AB2 0.0000 1 0.0000 1.00 0.3405  Insignificant
A3 0.0000 1 0.0000 1.97 0.1903  Insignificant
B3 6.633E-6 1 66.63E-6 0.33 0.5778  Insignificant
A2B2 0.0003 1 0.0003 1534  0.0029  Significant
A3B 0.0004 1 0.0004 19.06  0.0014  Significant
AB3 0.0002 1 0.0003 11.86  0.0063  Significant
A4 0.0004 1 0.0004 22.37 0.0008  Significant
B4 0.0002 1 0.0002 10.89  0.0080  Significant
A3B2 0.0005 1 0.0005 26.94  0.0004  Significant
A2B3 0.0005 1 0.0005 22.63 0.0008  Significant
A4B 0.0006 1 0.0006 29.95 0.0003  Significant
AB4 0.0004 1 0.0004 18.13 0.0017  Significant
AS 0.0006 1 0.0006 30.02  0.0003  Significant
Residual 0.0002 10  0.00002

Lack of Fit 0.0001 5 0.00002 1.15 0.4393  Insignificant
Pure Error 0.0001 5 0.00002

Corr Total 0.0099 29
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Figure SI-2.4: Diagnostic tests to ensure the validity of application of ANOVA and DoE
optimization. a). Normal % Probability against Externally studentized residuals indicating
normality of transformed dataset, b). Plot of externally studentized residuals against predicted
values indicating that there is no propagating trend in the prediction, c). Externally studentized
residuals against sample run order indicating no experimental bias due to run order, d). Plot of
predicted sheet resistance values against actual values with a superimposed line of slope one,
indicative of experimental results corresponding to a low bias regime €). Plot of Cook’s distance
against sample run order indicating a point of high leverage: (270 mm/s, 3.45 W).
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SI-2.3 Raman Results

Table SI-2.6: Representative Raman characterization of Region 1, 2 and 3 samples.

Region Pos. DFWHM GPos GFWHM 2DPos. 2DFWHM Ip/l; I,p/lg aR?

(cm™) (ecm™) (cm™Y (cm™) (cm™Y  (cm™)
1 1345 50 1580 45 2690 86 1.3 2.1 0.99
2 1352 46 1583 37 2702 65 1.1 1.6 0.99
3 1349 80 1587 65 2694 87 1.0 0.9 0.91

SI-2.4 Electrical Characterisation Modified Method
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Figure SI-2.5: Sheet resistance plot recorded using standard TLM methods on Region 1 material
parameters found using the mm-scale dumbbell test structures. The intercept was found to be
—5.44+12.1Q).

Early experiments used "dumbbell" structures, it was observed that the sheet resistance was
the dominant factor. This can be seen Fig SI-2.5, whereby the intercept is approximately zero.
Consequently to reduce the sampling time later optimization used cm-scale rectangular bars
(2 x 20 mm) structures where the large aspect ratio minimised the influence of contact resistance,

requiring fewer measurements.
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SI-2.5 Additional SEM Imagery

Figure SI-2.6: Cross-sectional SEM image of Region 1 parameter LIG of thickness 50 pm.

SI-2.6 Proof of Concept Humidity Sensing: Time
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Figure SI-2.7: Humidity switching behavior of Region 1 PVA functionalized LIG being switched
between a 33.3% to 85.1% relative humidity environment. The red demarcations indicate the
time taken to reach 90% of the maximum value of capacitance recorded. The blue demarcations
indicate the time taken to reach 90% of the minimum recovered capacitance value.
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SI-2.7 Beam Overlap Estimates (HQ-3020B Laser)
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Figure SI-2.8: a) Optical microscope image of LIG on LIG with single and multi-line regions. b)
Estimated laser beam profile from microscope image and Equations SI-2.1, SI-2.2.

For the low-cost laser system used in this work, the laser beam profile was not well defined,
nor could the overlap between raster lines be selected. To estimate these values a tapered pattern
was produced using Region 1 parameters to achieve a single line region connected to a multi-line
rastered region. Optical images (Zeiss Auxioscope, 10x objective) were recorded and are

presented in Figure SI-2.8 In the single pass region the graphitised material is of diameter ~ 100
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pm, while the total width of the region modified by the laser is ~175 pym. The multiple-line
region contains three lines of graphitic material within 315 pm but has had an observable
effect on 360 um of polyimide substrate. The altered, but un-graphitized material, is ascribed to
polyimide that has been partially modified by laser irradiation of insufficient fluence to achieve
conversion. Consequently, if the beam profile is assumed to be Gaussian and the FWHM of
that profile taken as 100 pm, the width of the converted region of a single pass, then the beam
diameter at 20 is 170 pm. This is quite close to the observed outer estimates for influenced but
unconverted polyimide.

Given the beam diameter of 170 ym then from the optical image outer dimension for the

three channel region the overlap can be estimated from:

Wrotar = nwy; — (n — 1)a (SI-2.1)

a = Wrotas — nwy)/(1 —n) (S1-2.2)

Where n is the number of raster lines, W, is the width of the n channels together, w; is the
width of a single channel and « is the overlap of channels.

Therefore, the overlap is ~ 85 pum. This is largely the lower intensity portion of the beam
profile. It has been previously noted by Chyan et al. that overlaps of multiple lasing processes

can produce LIG at fluences below that required in a single pass [25].
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SI-2.8 Multi-Parameter DoE Optimisation (PLS Laser)

Initial works demonstrated here using a hobbyist CO; laser system highlight the great potential
of DoE methodologies for complex material investigation processes. Subsequently, a Universal
Laser Systems PLS 4.75 CW CO, laser system (30 W, 10.6 um, with a Gaussian beam profile
(close to TEMy) with quoted M? value of 1.340.2) has been used to convert polyimide into LIG

while varying:

Average Laser Power (14-20% duty cycle of 30 W max power)

Scan Speed (10-18%, for mm/s values, see estimated calibration curve, Figure SI-2.9)

Laser Focus (in focus -0.26mm to below focal plane 0.00 mm, see Figure SI-2.10)

Modulation of RF energy to laser plama “Pulses” per inch (500-1000 PPI), estimated

temporal frequency ~ kHz for this work

Image Density (line density and raster beam overlap 1-7, see Figures SI-2.11-SI1-2.12)

Gas flow (nitrogen or air)

This laser allows control over more parameters than the HQ-3020B laser. The Pulses per inch
is the repetition rate of the laser along the direction of the raster line. Image Density determines
the number of raster lines used to produce the pattern — a measure of beam overlap. Focus can
be altered by raising/lowering the platen of the laser bed above/below the focused point of -0.26
mm for polyimide covered glass slides. Moving below -0.26 mm towards 0 mm would defocus
the beam, causing it to broaden. This laser allows for controlled gas flow during laser operation

to prevent damage to the laser optics — the composition of the gas can be varied.
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Figure SI-2.9: Scan speed calibration curve for ULS PLS 4.75 10.6 um CO, laser engraver.

Figures SI-2.11 & SI-2.12 show optical micrographs of samples fabricated using Image
Density settings ranging from ID 1 to ID 7. This demonstrates the monotonically increasing
line density used. At the lowest Image Density setting (ID1), parallel lines of separate LIG
are produced, while for Image Density settings of ID 3 and higher, there is clear overlap of
individual line paths. The degree of overlap increases until at ID 7, where it becomes difficult to

deconvolute the lines.

Figure SI-2.10: Schematic displaying laser overlap caused by moving sample plane below focal
plane of laser head, a) in focus, b) nominally below focal plane, c) far beyond focal plane. Note:
zf = 2+ 0.26 mm.
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Figure SI-2.11: Optical micrographs of laser-induced graphene samples produced at identical
laser parameter but varying Image Density 1-4.
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Figure SI-2.12: Optical micrographs of laser-induced graphene samples produced at identical
laser parameter but varying Image Density 5-7.
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SI-2.8.1 Multi-parameter DoE Screening Experiments

The initial Split-Plot Central Composite Design (Table SI-2.7) was analysed. The model showed
that Gas Flow type and Pulses per Inch (in the 500-1000 PPI range) were not statistically
significant factors and were therefore rejected from the model. Figure SI-2.13 shows screening
experiment model for the significant factors: Laser Power, Scan Speed, Image Density and
Focus.

This initial screening experiment demonstrates, not only the insignificance of the Pulses per
inch and Gas flow type factors, but also demonstrates that sheet resistance, the response factor,
decreases with increasing laser power and image density, it also increases with increasing scan
speed and as the laser is defocused. Interactions between factors are not captured in this
level of experiment as excessive number of experiments would be required to capture their
influence without first screening for significant factors. This central composite design informs
another round of investigation focusing not only on the four significant factors but allowing for
the consideration of interaction effects and quadratic dependences on factors, SI-2.8.

The subsequent round of DoE also further restricted the limits of scan speed and image
density to ensure viable sampling conditions. Higher scan speeds and lower image densities
prevented the formation of under-written LIG samples that would not be contactable or would
produce widely spaced LIG pathways that act as independent parallel paths for conduction. This
modification reduced the observed sheet resistance values compared to the first round, as extreme
values such as low laser power-high scan speed - low image density would no longer confound
and produce highly resistive material. Consequently, due to the restricted domain, selecting for
usable sampling conditions a revised model of factors was generated.

The revised model was analysed and the expected reduction in extreme values achieved,
as demonstrated in Figure SI-2.14. The model also observed that the Laser Power — Image
Density and Scan speed — Image Density interactions were present and statistically significant.
Further, (Image Density)? proved to be a statistically significant factor. The U-shaped quadratic
dependence on Image Density, indicates the fundamental importance of the line-line overlap
in LIG formation. If they are too widely spaced, the sheet resistance increase; if they overlap

too much, damage occurs to the initial material. High-quality LIG needs a balance between
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multi-lasing and ablation of previously formed material.

High-quality LIG has many controlling factors, the complexity of which is shown in Figure

SI-2.15 whereby multiple complex interactions between factors are demonstrated. One-factor-

at-a-time experimental methods would struggle to account for these relationships in resource

efficient optimisation processes. However, DoE methods have allowed for the screening of

spurious factors and initial insight into a highly interdependent parameter space requiring only

52 samples to be produced and tested. This demonstrates the valuable transferable nature of DoE

optimisation, both between laser systems for LIG formation, and lays out a clear framework for

using DoE as part of a resource efficient investigation strategy.
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Figure SI-2.13: Initial screening experiment predicted sheet resistance responses for a) Laser
Power, b) Scan Speed, ¢) Focus (inset: schematics depicting focal planes), d) Image density
(inset: patterns at image densities 1, 4 and 7, scale bar: 500 pm).
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Figure SI-2.14: Initial screening experiment predicted sheet resistance responses for a) Laser
Power, b) Scan Speed, c) Focus (inset: schematics depicting focal planes), d) Image density
(inset: patterns at image densities 1, 4 and 7, scale bar: 500 pm).
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Figure SI-2.15: Contour Plots displaying interaction effects between factors and Image Density,

a) Laser Power, b) Focus and c¢) Scan Speed.
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Table SI-2.7: 6-factor Split-plot Central Composite Design Response Surface with Focus as a
Hard-to-change factor

Block | Run | Laser Power | Scan Speed | PPI | Image Density | Focus | Gas Flow | Sheet Res.
1 1 17 14 750 | 4 -0.13 | N, 23
1 2 17 14 750 | 4 -0.13 | N, 28
1 3 17 14 750 | 4 -0.13 | N, 21

1 4 17 14 750 |4 -0.13 | N, 21

1 5 17 14 750 |4 -0.13 | Air 22
1 6 17 14 750 | 4 -0.13 | Air 21

1 7 17 14 750 | 4 -0.13 | Air 22
1 8 17 14 750 | 4 -0.13 | Air 24
1 9 17 14 750 | 4 -0.13 | Air 24
2 10 | 17 14 750 | 4 -0.13 | N, 24
2 11 17 14 750 | 4 -0.13 | N, 24
2 12 | 17 14 750 | 4 -0.13 | N, 24
2 13 17 14 750 | 4 -0.13 | N, 21
2 14 120 10 1000 | 1 0 N, 16
2 15 14 10 1000 | 7 0 Air 186
2 16 | 14 10 500 |1 -0.26 | Air 186
2 17 14 18 1000 | 7 -0.26 | N, 746
2 18 17 14 750 | 4 -0.13 | Air 24
2 19 |17 14 750 | 4 -0.13 | Air 23
2 20 | 17 14 750 | 4 -0.13 | Air 23
2 21 14 10 500 |7 0 Air 177
2 22 120 18 1000 | 1 0 Air 5000
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Table SI-2.8: 4-factor Central Composite Design Response Surface with Focus as a Hard-to-
change factor.

Run | Laser Power | Scan Speed | Focus | Image Density | Sheet Res.
(%) (%) (mm) | (AU) (Ohm/Sq.)
1 17 10 -0.12 |5 61
2 16.9 13 -0.14 |5 21
3 17 14 -0.26 | 3 52
4 14 10 0.00 |5 18
5 20 12 -0.26 |5 20
6 18.9 14 -0.08 |3 25
7 18.4 16 -0.26 | 7 767
8 20 16 0.00 |5 25
9 14 12 -0.12 | 3 88
10 20 11 0.00 |3 19
11 20 12 -0.26 |5 19
12 16.4 12 0.00 |7 313
13 20 16 -0.19 |3 29
14 16.9 13 -0.13 |5 21
15 17.5 12 -0.23 | 7 620
16 17 13 -0.13 |5 21
17 17 10 -0.12 |5 53
18 20 14 0.00 |7 430
19 16.7 10 -0.26 | 3 18
20 14 16 -0.07 |7 82
21 14 12 -0.11 | 3 83
22 14 16 -0.07 |7 72
23 14 14 -0.26 | 4 58
24 14 11 -0.26 |7 140
25 16.9 13 -0.13 |5 22
26 15.6 63 0.00 |3 1000
27 20 10 -0.14 | 7 337
28 20 10 -0.17 | 3 16
29 17 13 -0.13 |5 21
30 16.8 12 0.00 |4 23
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DIRECT-WRITE FORMATION OF INTEGRATED BOTTOM
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3.1 Contributions to Knowledge

This paper focuses on the development robust and reliable electric back-contact methods to
LIG. Contemporaneous investigations of LIG used silver paint or mechanical contacts which are
costly, non-scalable and risk damage/contamination of the active region. No contact methods to
LIG had been reported prior to this work. Despite significant investigations into graphene and
graphene-like materials, there have been no conclusive determination as to whether physisorbing
or chemisorbing metals form better contacts to graphene-like systems. To investigate back-
contacting routes to metals of interest it is therefore necessary to use polyimide films of controlled
thicknesses on arbitrary metal films, which are not currently commercially available. Further, it
is well established that LIG is very sensitive to system conditions requiring processing condition
adaptation to account for polyimide thickness, substrate type and laser wavelength, etc..

In this work, I demonstrated the first example of a LIG-metal contact, achieved through a
novel all-laser back-contacting method. Following this method I demonstrated the first example
of a back contacted LIG based device in application as an electrochemical electrode. This work
identified a metal-type dependency on both the magnitude of the contact resistance but also
impacted the function of the electrochemical sensor. I also report further routes to decrease the
contact resistance through increased scaling of contact number, limiting the application of this
method towards sensors over energy storage applications.

This work necessitated the development of a double spin coating fabrication route to prepare
sufficiently thick polyimide layers on arbitrary metal films. To reduce experimental resource
costs, a non-lithographic route to estimate contact resistance was developed, which allowed for
planar metal layers to be used directly.

The control of polyimide thickness afforded by the double spin coating facilitated the
demonstration of minimum polyimide thickness required for quality LIG formation ~ 17 pym. I
further report the bounds of laser conditions attempted that yielded useable contacts, setting the
bounds for future optimisation works. The optimal values for contact resistance yield a carbon
residue self-encapsulation of the metal layer, preventing it being exposed. Finally, I identified
that this contact method, scales with the perimeter of the contact plug, not arealy as is typical

with via contacts, which may limit it to sensing applications rather than for energy storage.
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Abstract

We report a simple, scalable two-step method for direct-write laser fabrication of 3D,
porous graphene-like carbon electrodes from polyimide films with integrated contact plugs
to underlying metal layers (Au or Ni). Irradiation at high average CO; laser power (30 W)

and low scan speed (~18 mm/s) leads to formation of “keyhole” contact plugs through local

ablation of polyimide (initial thickness 17 pm) and graphitization of the plug perimeter wall.

Top-surface LIG electrodes are then formed and connected to the plug by raster patterning at
lower laser power (3.7 W) and higher scan speed (200 mm/s). Sheet resistance data (7115
Q/sq.) indicates formation of high-quality surface LIG, consistent with Raman data which
yield sharp first- and second-order peaks. We have also demonstrated that high-quality
LIG requires a minimum initial polyimide thickness. Capacitance data measured between
surface LIG electrodes and the buried metal film indicate a polyimide layer of thickness ~7
pm remaining following laser processing. By contrast, laser graphitization of polyimide of
initial thickness ~8 pum yielded devices with large sheet resistance (> 1 kf)/sq.). Raman
data also indicated significant disorder.

Plug contact resistance values were calculated from analysis of transfer line measurement
data for single- and multi-plug test structures. Contacts to buried nickel layers yielded lower
plug resistances (1-plug: 158 7 2, 4-plug: 31+ 14 ) compared to contacts to buried gold
(1-plug: 346 4+ 37 Q0 , 4-plug: 52 £ 3 2). Further reductions are expected for multi-plug
structures with increased areal density.

Proof-of-concept mm-scale LIG electrochemical devices with local contact plugs yielded
rapid electron transfer kinetics (rate constant kg ~ 0.017 cm/s), comparable to values
measured for exposed Au films (kg ~ 0.023 cm/s). Our results highlight the potential for

integration of LIG-based sensor electrodes with semiconductor or roll-to-roll manufacturing.
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3.2 Introduction

Laser-induced Graphitic Carbon nanomaterials, often referred to as laser-induced graphene (LIG)
materials, have received great interest since the discovery in 2014 of 3D, porous, graphene-like
carbon from laser graphitization of polyimide [1]. LIG is attractive due to its high specific
surface area, non-lithographic high-precision direct-write patterns and its potential for integration
at back-end-of-line in semiconductor processing. These key features have led to applications
including gas and electrochemical sensing [2, 3]; energy storage [4,5]; and integrated heaters [6].
LIG, both as a material and a platform, is rapidly maturing with important progress in theoretical
work [7]; optimization of electrical conductivity [8—10]; introduction of alternative synthetic-
and bio-based feedstock substrates [4, 11-13]; doping [14—-16] and new morphologies [17, 18].

However, one key barrier to successful implementation of LIG-based devices is high contact
resistance, a challenge also faced in contacting few-layer graphene devices [19]. Many groups
have reported use of silver paint, conductive adhesive or mechanical clips as electrical contacts to
LIG devices [17-20]. However, these methods can cause potential contamination due to diffusion
of contact materials and/or mechanical damage to the LIG device, thus posing integration
challenges for high-volume device fabrication. More recently, cured silver nanoparticle inks,
using polyimide-self masking, have been demonstrated to reduce the sheet resistance [21,22].
Similarly, electroless plating of the LIG top surface has also been demonstrated to produce metal
coated LIG electrochemical working electrodes [23]. While these methods show promise, their
use of costly inks/plating agents and modification of the pristine LIG material platform could be
avoided through previously unconsidered bottom contact geometries, simplifying process steps
without additional post processing.

The optimizations presented in this work are essential as device resistance is more com-
plex than traditional resistivity (R= pL/A), containing multiple contributions. It is useful to
instead consider length-dependent and length-independent factors. The standard test structure
to characterize these is a TLM device, where resistance between a series of locations at known
separations and fixed width are measured. The dataset is plotted as Rr(L) = Rep X L+ Re,
where Ry is the total resistance, Ry, is the length dependent channel resistance, and R is the

contact resistance. The channel contribution is analogous to the traditional resistivity view, while
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the contact resistance accounts for additional parasitic components such as barriers to charge
injection or iR drop-off. This contribution is detrimental to practical devices and should be
minimized.

Graphene and graphene-like materials are not sufficiently mechanically or chemically robust
enough to employ traditional processes (doping, annealing etc.) used in conventional semi-
conductor fabrication to mitigate charge injection barriers and achieve band-alignment [24].
Optimizing contacts to planar graphene devices remains the subject of intense, ongoing research
and a brief summary is provided in the supplementary information, SI-3.1. LIG can be considered
graphene-like on small length scales, with high relatively densities of edge defects [1]. The key
issues are the choice of contact metal, impact of interfacial residue and contact geometry.

Metal-graphene contacts can be broadly divided into two classes: Chemisorbing (bonding)
metals such as nickel, and physisorbing (charge transfer) metals such as gold. Chemisorbing
metals normally form bonds to graphene at defect- or edge-sites due to their higher energy
density. These bonds can reduce injection barriers, thereby reducing the contact resistance,
but can also lead to charge redistribution and deviation from electronic properties of pristine
graphene. Physisorbed metals not only experience injection barriers but also are impacted by
unintentional doping which can lead to local p/n junction formation and increases in contact
resistance.

Interfacial residues in pristine graphene often originate from polymer handling layers or
photoresist and can act as adsorbate dopants (or tunnel barriers), compromising efficient charge
injection. Unfortunately, traditional cleaning methods can often lead to unwanted graphene
damage. Methods like shadow deposition, edge or bottom contacts have been demonstrated
for monolayer graphene systems to mitigate their influence [25-27]. While LIG processes
don’t involve handling layers, interfacial residue can arise from unconverted or laser-displaced
polyimide or other polymer residue (e.g., from adhesion promoters). Edge-contacts, have
been developed to address these challenges for graphene systems. Edge-contacting involves
accessing each graphene sheet through dangling bonds at the perimeter. The number of edge
sites can be increased through controlled etches, lithography and laser treatments. Chemisorbed

metals experience a greater reduction in contact resistance when edge contacting, largely due to
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carbide formation. LIG is a graphene-like material with numerous edge sites, already primed for
edge-contacting approaches.

Here we report a simple, scalable method for direct-write laser fabrication of low-resistance
contacts to LIG structures. Starting from spun-cast polyimide films on top of buried metal
layers - Au or Ni - we have developed a simple, self-aligning two-step laser process to define
contact plugs at ~ 200 pm length scales. The first step employs ~30 W average laser power to
locally ablate polyimide, creating a via with a partially graphitized contact plug perimeter. The
second step uses a lower average power (~3.7 W) to raster-pattern a conventional LIG electrode
around the contact plug. This approach minimizes resistive (iR) potential drops and enables
full use of the LIG surface area, while minimizing contamination. The addition of the first
laser step to selectively pre-thin the film negligibly increases processing time, due to the small
feature dimensions (single laser pulses). The second write can then be carried out immediately
ensuring good alignment, requiring equivalent processing time to non-back contacted devices
while removing the need to separately contact the structure, as is currently the case for Ag
paint/mechanical methods.

We demonstrate that the contact resistance scales with the perimeter of the contacting structure
and can be reduced by increasing the areal density of the contact plugs. We have also investigated
proof-of-concept electrochemical devices. The influence of channel resistance on sensing is
highlighted as well as proof-of-concept demonstrations of electrochemical functionality for
contact plugs exposed to electrolytes containing redox molecules. Our results highlight the
potential for efficient integration of LIG-based, high-surface area electrodes with buried metal

layers.
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3.3 Experimental Methods

3.3.1 Polyimide-metal Stack Preparation
Metal Layers

100 mm diameter Si wafers were cleaned (Semitool SAT tool, hot deionized water, ozone,
NH,4OH, dilute HF) prior to oxidization. ~300 nm of SiO,was formed by wet thermal oxidation
(1100°C, 16 min, atmospheric pressure, Thermoco 9000 series). For Ni-terminated wafers, 100
nm of Ni was thermally evaporated directly onto the SiO, layer. For Au-terminated wafers, 10

nm of Ti was first deposited to promote adhesion, followed by 100 nm of Au.

Polyimide Layer

A double layer of polyimide precursor (PIS878G) was spin-coated on the metallized wafers.
This was achieved by first depositing an adhesion promoter (VM652) and spinning to ensure
a conformal layer (5 s @ 500 rpm, 10 s @ 1000 rpm, 30 s @ 2000 rpm). Subsequently the
polyimide precursor was deposited and spun (5s @ 500 rpm, 10 s @ 1000 rpm, 30 s @ 2000
rpm) and soft baked (1 min, 120°C), allowed to cool (1 min) and further soft baked (4 min,
140°C). A second spin coating of the polyimide precursor was then carried out, following the
same methodology, but without the adhesion promoter. The polyimide precursor stack was then
hard-baked (ramp-up to 200°C @ 4°C/min, hold at 200°C for 30 min, ramp up from 200°C to
300°C @4°C/min, hold at 300°C for 60 minutes, ramp-down at 5°C/min and cooled overnight).

Laser Graphitisation

Polyimide-coated wafers were scribed and cleaved by hand. Contact plugs were produced using
a 10.6 ym CO, laser (Universal Laser System 4.75, 30 W max. average power). A double-pixel
contact plug pattern was written at 30 W average power and ~18 mm/s scan speed. The top-
surface LIG structure was then superimposed on the contact plug by raster patterning at 3.7 W

average laser power, ~200 mm/s scan speed (500 PPI) and ~20 lines/mm raster line density.
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3.3.2 Microscopy
Sample Cross Sectioning

To avoid mechanical damage to the brittle laser-induced graphene surfaces of interest careful
mechanical cleavage steps were used. The supporting wafer was cleaved using a diamond scribe,
so that the crystalline plane aligned with the previously patterned contact plug. The polyimide
and metal layers were then cut using a sharp scalpel adjacent to the region of interest, taking care
not to damage the LIG. The remaining connecting material comprised a thin layer of polyimide,
metal layer and LIG, were separated by pulling the two wafer sections apart perpendicular
to the cleavage direction, ensuring that the wall material doesn’t become damaged through

compression.

Microscopy Methods

White light and epifluorescence micrographs were acquired using a Zeiss Axioscope 2 (546 + 12
nm bandpass excitation filter, >590 nm longpass emission filter). Scanning electron microscopy
(SEM) images were recorded using a Carl Zeiss Supra Scanning electron microscope (10 keV)
with connected Oxford Instruments X-Max 50 for EDX. EDX was recorded under the same

conditions as the SEM (10 keV).

3.3.3 Raman Spectroscopy

Multiple locations within the contact plug and at the top surface LIG were analyzed using
Raman spectroscopy. Due to the interest in the wall of the contact plug, two different sampling
geometries were necessary. Top surface and plug base measurements were achieved by measuring
as-fabricated samples. Cross-sectioning and sample tilting was necessary to probe the plug
sidewall. Raman sampling was performed (Renishaw inVia, 514.5 nm Ar laser, 50x objectives)
with five accumulations. Multiple locations were sampled in each configuration to ensure

representative spectra for each region of interest.
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3.3.4 Electrical Characterisation

Electrical characterization was achieved by landing probes onto either exposed base metal or on
top of LIG test structures with channel widths of 3 mm and lengths up to 25 mm. Devices with
one probe contacting the surface LIG and one probe contacting an exposed region of the buried
metal layer are referred to as bottom contacts. Devices where both probes contacting surface LIG
structure are referred to as top contacts. These contacts were made at known channel lengths,
designated by guide structures, produced during laser conversion. Potential-current (I-V) sweeps
were acquired (Wentworth PML 8000 probe station, Agilent E4980A parameter analyzer, 100
mV sweeps, 10 mV step) at each location. Device resistance values for each value of channel
length were extracted from linear fits to corresponding I-V data. Transfer line measurement
(TLM) plots of resistance vs channel length were used to calculate the sheet resistance for each

device (from the slope of a linear fit) and contact resistances (from the intercept).

3.4 Results and Discussion

Figure 3.1a-c shows a schematic of the laser-defined contact plug process. The polyimide film
(~ 17 pm thick) was formed by two sequential spin-coating/curing steps onto a metallized wafer
substrate (schematic in Fig. 3.1a). Gold or nickel layers were deposited on thermally oxidized
silicon substrates, i.e. Si/SiO,/Ti (10 nm)/Au (100 nm) or Si/SiO,/Ni (100 nm). The first
laser processing step (Lase#1) at maximum average power (100% = 30 W) and minimum scan
speed (~18 mm/s) of a double-pixel linear pattern led to formation of a contact plug structure
(Fig. 3.1b). Fig. 3.1d shows a white-light micrograph of an array of single-lased double-pixel
“keyhole” structures and Fig. 3.1e shows a higher magnification micrograph of a single keyhole.
The data are consistent with ablation of polyimide at the center of each pixel (laser focus),
together with laser-induced graphitization around the perimeter due to lower local laser fluence,
as expected for a Gaussian beam profile. Initial single step plug structures were attempted at
various average laser powers (30, 17.5, 15 W). Continuity between the base metal and annulus
of top surface material was achieved. The lowest resistance was observed for the 30 W write

(200 €2 vs. 500 Q2 for the 15 W write). To produce higher surface area material with a known
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contacting geometry, the second laser step (Lase#2) comprising raster-patterning at low average
power (~3.7 W) and higher scan speed (~200 mm/s) was employed, forming surface LIG in a
rectangular region around the keyhole plug (Fig. 3.1c, optical micrographs in Fig. 3.1f,g).

As will be demonstrated in this work, this combination of parameters (Lase#1 30 W, 18
mm/s, Lase#2 3.7 W, 200 mm/s) results in good quality top surface LIG electrically connected to
the buried metal layer. This is a rich opportunity for multifactor optimization due to the complex
inter-relationship of different laser-conditions. Considering also the polymer thickness and
formulation, Design of Experiment methods would be a future resource efficient optimization for
this system [8]. With this pathway in mind, this simple method offers significant opportunities
for direct-write formation of LIG structures with an integrated electrical contact to a buried metal
layer. The supporting wafer acts as a mechanical support and allowed for the tuning of polyimide
thickness and physi-/chemi-sorbing contacting metal. However, the wafer support is not essential
and this process could also be extended to commercially available, flexible, polyimide-on-metal
films to produce bottom contacts to LIG.

Epifluorescence data (546 £ 12 nm bandpass excitation, >590 nm longpass emission filter) of
double-written patterns reveal uniform strong fluorescence from the un-lased polyimide regions
(Fig. 3.1h), strong fluorescence at some perimeter regions of the keyhole structure (Fig. 3.11)
and weak fluorescence from the regions of the keyhole structure that show iridescence under
white light illumination (Fig. 3.1g). Taken together, these data suggest the presence of a residue
layer on top of the buried metal film.

SEM data support this hypothesis. Fig. 3.2a shows SEM images of keyhole contact plugs,
the lower feature surrounded by polyimide, formed by lase#1, shows removal of significant
quantities of polyimide by the high-power ablation step (Lase#1), together with evidence of
laser-graphitized carbon in the semi-porous perimeter around the ablated keyhole. This semi-
porous morphology has been previously observed in partially-graphitized polyimide using a 500
mW 405 nm laser [3]. Different morphologies of LIG are seen in region of the contact plugs,
regardless of the underlying metal: Highly porous LIG structures in top surface regions only
exposed to the Lase#2 step, seen in the top region of Fig. 3.2a; layered structures at the sidewall

perimeter of the keyhole structure; and a more continuous layer at the base of each keyhole as
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Figure 3.1: Schematic cross sections of (a) polyimide layer deposited on metal film on oxidized
silicon substrate; (b) Contact plug formed by first laser step - high power, low scan speed
two-pixel linear pattern leading to material ablation and partial graphitization forming a quasi-
tubular contact plug structure; (c) Surface LIG pattern formed by second laser step (lower-power
rastering). Low-magnification (d) and high magnification (e) white-light micrographs acquired
after the first laser step. (f, g) Corresponding micrographs acquired after the second laser step
(h, 1) Epifluorescence micrographs from the same regions acquired (546 + 12 nm bandpass
excitation, >590 nm longpass emission).

shown in Fig. 3.2b,c. (equivalent micrographs for Au-terminated devices are presented in Fig.
SI-3.1). Further investigation of the transition region between the wall and the base, Fig. SI-3.2,
highlight the layered, flake-like structure connecting the base and the wall. Interestingly, the

contrast in the top-view SEMs, Fig 3.2c, suggest significant damage to the buried Ni layer at both

97



laser foci for the double-pixel keyhole structure, which is not observed for the Au-terminated
devices.

EDX maps for Ni-terminated devices show a reduction in the Ni signal and an enhancement
of the Si signal at both foci (Fig. 3.2e,f), consistent with local ablation of Ni. By contrast, a
uniform Au signal is evident in the EDX map within the keyhole region for the buried Au layer
(Fig. SI-3.1e) suggesting less damage to the underlying metal layer for Au-terminated wafers.
Unlike Au, Ni forms metal carbides and oxides easily. It is for this reason that Ni has been
of great interest in the graphene literature as a chemisorbing metal. During the lasing process
a high-energy-plasma forms in situ which allows for restructuring of graphene-like material.
This excitation would facilitate the formation of Ni—C and Ni—O bonds, damaging the, initially
planar, Ni surface; exposing the Si, as seen in the EDX map, Fig. 3.2f. These new groups and
bonds could also limit the ability of the metal to survive further irradiation.

Raman spectroscopy was employed to gain further insight into the carbon phases of the
different regions: contact plug base, plug side wall and the top surface LIG, distant from the
plug. Fig. 3.3a shows a false-color representation of the SEM data to highlight the different
regions. Fig. 3.3b-d show representative Raman spectra from the top surface, base, and sidewall
regions, respectively. Table 3.1 summarizes the results extracted from Lorentzian fits to the first
order peaks (D, D’, G) and the second-order 2D peak [8,28,29]. The top-surface LIG Raman
spectrum shows sharp first- and second-order peaks, with FWHM values (D: < 50 cm ™!, G: <40
em™ 1, 2D: < 70 cm ™) comparable to those measured for LIG fabricated from thicker polyimide
tape samples using the same laser system [8]. Fits to Raman data from the sidewall region yield
slightly broader peaks with a more intense D peak, indicating increased disorder in the sidewall
region (both laser steps) vs. the top surface region (Lase#2 only). The Raman data measured
in the base region reveal significantly broader D, G, 2D peaks, consistent with nanocrystalline
graphitic regions in an amorphous carbon matrix [3,30].

Raman data acquired in the base region following the first laser step show evidence of
high-quality LIG formation for Au-terminated samples (Fig SI-3.4c), with more defective LIG
formed at the base of Ni-terminated samples (Fig. SI-3.4a). This corresponds with our previous

suggestion of Ni-Carbide and Ni-Oxide groups forming due to its higher reactivity, limiting the
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Figure 3.2: Scanning electron microscopy (SEM) data: a) Planar SEM of keyhole contact plugs
formed by local laser ablation of polyimide deposited on a Ni—terminated Si/SiO,wafer. The
upper section shows a double-written region with surface LIG surrounding the contact plugs. b)
Cross-sectional SEM of mechanically cleaved LIG contact plug on Ni-terminated wafer after the
second laser write. ¢) Higher magnification view of a contact plug following the second laser
step on a Ni-terminated wafer. d-f) EDX maps of a contact plug following the second laser step
on a Ni-terminated wafer demonstrating spatially defined abundance of d): Carbon, e): Nickel
and f): Silcon.

graphene-like quality of the base material. Following the second write step the Raman quality
of both the Ni and Au terminated samples become equivalent (Fig SI-3.4b,d), demonstrating
damage from the second laser write. Taken together, the optical, SEM and Raman data highlight
the utility of this simple two-step laser contacting method. Although some variability was
observed in terms of keyhole dimensions and laser-induced changes to the underlying metal layer
for Ni samples, these issues could be mitigated in future by employing single pixel structures
or vector mode patterning for the first laser step, together with multiple laser pulses at lower
average power per pixel [9, 12]. The site- and process-dependent morphology may also present
opportunities for future device development.

Simple two-terminal test structures were devised to facilitate rapid optimization of the metal-

LIG contact plug with minimal processing. Figure 3.4 shows a cross-sectional schematic of a
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Figure 3.3: a) False color SEM micrograph: purple - silicon oxide, blue - exposed Ni, green
- contact plug base, red - contact plug sidewall, yellow - top surface LIG. b-d) Representative
Raman spectra from top surface, base of contact plug and plug sidewall, respectively.

Table 3.1: Compiled Raman fit characteristics for top surface, plug base and plug sidewall
graphitic material formed on Ni-terminated wafer fit using Lorentzian peaks. No D’ peak could
be extracted for the spectra from the plug base. A/A refers to the peak area as a fraction of the
area under the G peak.

Top Surface Plug Base Plug Sidewall
Peak Pos FWHM A/Ag | Peak Pos FWHM A/A; | Peak Pos FWHM A/Aq
(em™")  (em™h) (em™")  (em™h) (em™")  (em™)
D | 1354 50 0.65 | 1352 110 1.11 | 1353 50 0.94
G | 1584 37 n/a 1589 86 n/a 1585 42 n/a
D’ | 1621 21 0.06 Absent 1621 21 0.09
2D | 2704 69 1.30 | 2692 150 0.55 | 2703 75 1.23

“top-contacted” test structure, where the current flows through the surface LIG region between
two rounded probe needles, each with ~0.25 mm? contact area. Figure 3.4b shows a schematic
of a “bottom-contacted” test structure with one probe contacting the top LIG surface and the
second probe contacting an exposed region of the metal layer, such that the current flows through
the laser-defined contact plug. Two test structure geometries were developed for each contact
type: simple bar structures with a single contact plug to the underlying metal (Fig. 3.4c, inset)

and “lollipop” structures with four parallel contact plugs (Fig. 3.4d inset). For each geometry,
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the current-voltage (I-V) characteristics were measured as a function of the channel length, L.
For each top-contacted bar structure, one probe was maintained at a fixed location (L = 0) and
I-V characteristics were acquired with the second probe located at L=25, 20, 15, 10, 5 mm,
respectively (Fig. 3.4c). For each top-contacted lollipop structure, the fixed probe contacted
the center of the lollipop head (Fig. SI-3.5) and the second probe was moved from L = 25 mm
to L =0 mm in 5 mm steps (Fig. 3.4d). For bottom-contacted bar and lollipop structures, the
fixed location probe contacted an exposed region of the buried metal layer (Fig. 3.4b). This
resource-efficient method allows us to gain insight into the contributions of the contact plug to

the total device resistance.
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Figure 3.4: Schematic cross-sections showing current paths for: (a) top-contacted structures with
both probe needles (pink circles) landing on surface LIG; (b) bottom-contacted structures with
one probe on an exposed section of buried metal (Au or Ni). (¢) Transfer Line Measurement
(TLM) data of resistance vs channel length (L) and linear fits for “bar” test structures with single
contact plugs (green square in inset schematic) in bottom- and top-contacting geometries for
both Au- and Ni-terminated devices (channel widths: 3 mm). (d) TLM data and fits for “lollipop”
test structures (4 parallel contact plugs).

Figure 3.4c,d show representative resistance vs channel length measurements for individ-
ual top- and bottom-contacted bar and lollipop structures, respectively, for both Au- and Ni-

terminated devices. The sheet resistance for each device is calculated as, R, = slope x W,
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where all devices had the same channel width (W =3 mm). We note that individual pairs of

devices had similar sheet resistances, as expected.

Table 3.2: Averaged sheet resistance and intercept resistance (with standard error on mean) from

multiple transfer line measurements across different geometries. The labels follow the following

. Lollipop(L)/Bar—Metal(Au/N+i)
convention RContact Geometry

Bar

Sheet Res. | Intercept | Lollipopp
Ry 58+1 44+6 | Ry ™

n Sheet Res. | Intercept
4

RBar=Auw 4| 6041 | 368440 | RE Av
4
2

78+3 180£10
96+6 210+9
58+2 1254£3
60£6 101£11
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Top Top

Ry 8247 21546 | RENM
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Table 3.2 shows extracted values of the sheet resistance and intercept resistance, averaged
over multiple devices (n) for each geometry and metal, mitigating device-to-device variability of
contact geometry and process conditions. The LIG sheet resistance values are quite consistent
across the 24 devices (Rsp mean = 71 §¥/sq., standard deviation 15 2/sq.), even for such a small
thickness of polyimide (~ 17 pm). Iterative optimization methods could be used to lower the
sheet resistance further. Values of ~16 )/sq. have been reported for thicker (~70 pum), drawn
polyimide films [8], although thicker films may lead to lower sheet resistance due to enhanced
thermal decoupling from the substrate [7].

Raman spectra from LIG fabricated from thinner polyimide films (~8.5 pm) deposited on
Si/Si0, substrates indicated significant disorder (Fig. SI-3.9a). Measured sheet resistances
exceeded 1 k€/sq., vs. ~75 (2/sq. values measured for LIG fabricated from 17 pm polyimide
films on the same Si/SiO, substrates. This suggests that a minimum thickness of polyimide
may be necessary in order to generate high-quality LIG, possibly due to the need to create a
thermal barrier in order to maintain the local high temperature required for graphitization [7].
Capacitance measurements on LIG test structures fabricated from 17 gm polyimide on Au-
terminated Si/SiO,substrates showed the expected areal scaling (Figure SI-3.10b), allowing the
thickness of unconverted polyimide to be estimated (~ 7 pum). This residual polyimide layer
showed no evidence of breakdown up to 20 V, thus functioning as a high-quality dielectric.
While this residual polyimide may offer opportunities for some applications, it highlights the
necessity to form low-resistance contact plugs to the underlying metal. This implies that during

its formation, the top-surface LIG material is independent of the base metal. Therefore, the sheet
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resistances of the top-surface material quality should be equivalent within experimental variation,
if the polyimide thickness provides sufficient insulation.

The resistance of the contact plugs for the different geometries and contact metals can be
estimated from the intercepts to the TLM plots for bottom-contacted devices. It is immediately
evident from Fig. 3.4c&d that moving from a single plug to four plugs results in a significant
reduction in contact resistance for both Ni- and Au-based devices. Data from top-contacted
structures can be used to estimate the probe-LIG interface resistance (see Section SI-3.4) and
thus calculate the resistance of the contact plug structure(s); see Table 3.3. The results suggest
lower contact resistance for Ni-based plugs, as expected for a chemisorbing metal. The four-plug
structures show resistances ~52 {2 for Au and ~31 €2 for Ni. Given the footprint area of the
plugs (~450 pmx 225 pm) and the plug pitch for the 4-plug array (~ 3 mm), it should be
possible to achieve a further ~5-fold reduction in resistance for the contact structure, simply by
increasing the areal density of contact plugs to a 6 x4 array, even with a conservative inter-plug
spacing of 250 pm.

Table 3.3: Estimated plug resistance values for single- and four-plug devices extracted from
TLM data for bar and lollipop test structures (see supplementary information, SI-3.4). Errors
provided are based on the extrema of standard errors of the underlying dataset used in their
estimation.

Au:1-Plug Au: 4-Plug Ni: 1-Plug Ni:4-Plug
34637 5243 Q2 1587  31+14Q

The contacting structure between the base metal and the top-surface material comprises of
three parts: the metal interface, transfer along the base and transfer up the plug wall. Scaling the
contact plug size results in a perimeter scaling of the contact resistance instead of the typical
areal scaling of the contact (see section SI-3.5), with estimated resistivity of 0.3 {2m, significantly
larger than the c-axis resistivity for bulk graphite ( 3x 1073 Qm) [31]. Without significant
optimization work to decrease this resistivity, lateral transfer across the base would be a minimal
contribution, resulting in the conduction through the perimeter of the contact near the wall region.
Therefore, the plug resistance can be considered as two components in series: the metal-LIG
interface and the “wall” to the top surface LIG. These components cannot be easily separated

for consideration as, the base metal controls both the allowed process (physi-/chemi-sorption)
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but also the extent of damage/conversion done to the wall region in the first laser write process.
The quality of the wall material above a given metal surface at any particular laser condition is
an intrinsic property of that system for the purposes of application and optimization. The base
contact contribution could be improved through increasing the areal density of the keyhole plugs
and optimizing the perimeter-footprint ratios.

Similarly, lithographic processing could also be used to locally thin the polyimide film
(minimizing the current path contact plug, while allowing for gentler, more optimal laser
formation conditions), however scalable methods compatible with roll-to-roll processing would
be preferable, e.g., shadow masking, imprint approaches and/or plasma treatment to thin the
precursor polyimide locally. Developing these approaches to maximize the available LIG surface
area while minimizing the overall contact resistance will be a key future challenge.

Electrochemistry illustrates the importance of reducing parasitic components (e.g. contact
and sheet resistance). We present results from a number of LIG working electrode geometries
for cyclic voltammetry of a well established model redox probe, SmM [Fe(CN)¢]>~*~ in 1M
KCI supporting electrolyte to demonstrate critical necessity of reducing the access resistance for
any LIG-based electrochemical system. Electrochemical sensors often suffer from fouling, thus
inexpensive, disposable replacement would be of great interest [3,32,33].

Fig. 3.5a compares the electrochemical response (0.1 - 0.45 V, 100 mV/s) for 3 mm wide
LIG working electrodes using three different contacting methods: a spring-loaded metal clip
which mechanically contacts the top-surface LIG outside the electrochemical working electrode
region defined by the o-ring; and bottom-contacted LIG structures with the contact plug arrays
to the buried Au layer inside the sensing region (internal) or outside (external), respectively. An
equivalent area of the exposed Au layer was also characterized for comparison. Peak separation
(AE,) values of 136 mV, 96 mV, 165 mV, 69 mV were found for the external clip, internal plug,
external plug and exposed Au electrochemical devices respectively. As expected, the external
mechanical clip and external plugs show the largest AE,, values due to access resistance. The
value for the internal contact plug array (96 mV), is much closer to the value for exposed planar
Au (69 mV), which approaches an ideal Nernstian response (AE, = 57 mV at 25°C) [33].

A lollipop test structure with 4 external contact plugs (Fig. 3.5b, upper inset) was used to
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Figure 3.5: (a) CV scans (100 mV/s) for 5 mM ferrocyanide for LIG working electrodes
with different access contact geometries: External metal clip to surface LIG; 6x 1 internal
contact plugs to buried Au layer; 3 x3 internal contact plugs; Exposed. Inset are images of the
electrochemically active region marked circle demonstrating the 8mm diameter o-ring used. (b)
CV scans for different access channel lengths, L= 5, 10, 15 mm. Upper inset: Device schematic.
Lower inset: Peak separation (AE,)) vs channel length, L. (¢) CV scans for different internal plug
structures (1, 4, 5 plugs) each overlaid with a 4 x4 mm? LIG electrode. Inset: Device schematics.
(d) Comparison of electrochemical kinetics for different contacting structures.

investigate the influence of access resistance by measuring cyclic voltammograms (0 - 0.6 V,
100 mV/s) as a function of the channel length (L) for L = 25, 15, 5 mm. The voltammograms
for longer-channel devices show significant distortion and increased AE, values. A linear fit
to the AE, vs. L data (Fig. 3.5b, lower inset) yields a projected AE, = 73 mV at zero channel
length, illustrating that external contact plugs fabricated close to the working electrode region
can significantly improve device performance. The influence of internal contact plugs was
also studied (Fig. 3.5c). For these experiments, test structures were fabricated with different
numbers of contact plugs (1, 4, 5) using the first laser step. A 4x4 mm? top-surface LIG pattern

was overlaid using the second step in order to avoid mechanical contact with the O-ring of the
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electrochemical cell. It is evident from the large peak separation (AE, = 223 mV) and reduced
peak current that a single plug is not sufficient to approach Nernstian behavior. However the
4- and 5-plug structures to the buried Au layer both show AE, = 84 mV, indicating an efficient
contact, in line with previous work on LIG electrodes externally contacted with silver paint [32].
By contrast, test structures with contact plugs to buried Ni layers (Figure SI-3.14) showed
increased peak separations, AE,=340 mV, 183 mV and 167 mV for 1-, 4- and 5- plug structures.

Fig. 3.5d shows the Nicholson kinetic parameter, ¥ (Equ. 3.1), plotted for each test structure
vs. Cv~%5 where v is the scan rate (see Equ. 3.2 for definition of C) [33,34]. The AE,, values
in this work can exceed the limits of the Nicholson kinetic parameter equation, in these cases
it is necessary to use the Klingler and Kochi estimation for ¥ (Equ. 3.3) at large AE, (>150
mV) [35-37]. The heterogeneous electron transfer rate, ky, was calculated for each structure from
the slope. The LIG structure with a 4-plug internal contact to buried Au showed the best electron
transfer rate, kg ~ 0.017 cm/s, comparable with reported values for LIG devices optimized for
electrochemistry, 0.013 - 0.126 cm/s [3,32]. The lower values for single-plug contacts, external
plug contacts and plugs to buried Ni layers highlight the importance of access channel resistance
and contact resistance for electrochemical sensor devices, particularly where high scan rates
are needed. Our simple, scalable laser process could be further optimized to produce arrays
of diffusionally-independent LIG electrodes, each with a low-resistance plug to a buried metal

current collector, without the need for expensive and resource-intensive lithography.

(—0.6288 + 0.0021nAE,)

V= T T 001mAE, ©1)
. 1

C = (Dy/D,)% 3.2

(Do/ D) /TDonF/RT G2

U = 2.18\/§exp (—(B*F/RT)nAE,) (3.3)

n: number of electrons transferred; AE,: separation between the anodic and cathodic peaks;
D,,: diffusion coefficient of the oxidized/reduced species; o Charge transfer coefficient; 3

transfer coefficient for the electrode process. Other symbols have their usual meaning.
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3.5 Conclusions

Our simple direct-write laser method enables rapid fabrication of LIG structures with integrated
low-resistance contact plugs to buried metal layers. The contact resistance can be reduced to ~30
(2 for Ni layers (~ 50 €2 for Au) using 4-plugs in parallel. We expect a further 5-fold reduction
in contact resistance by increasing the areal density of the plugs. We have also demonstrated
that a minimum layer thickness of polyimide is needed for production of high-quality LIG:
Raman data for laser graphitized polyimide films with starting thickness ~8 pm show significant
disorder, whereas lasing ~17 pum films produces high-quality surface LIG which consumes ~10
pm of the starting material. Our proof-of-concept electrochemical devices show the value of
internal contact plugs as a mean to achieve rapid kinetics. These results highlight the potential
for efficient integration of LIG-based, high-surface area sensor electrodes with buried metal
layers. Although Ni layers produced lower contact resistances, Au layers produced devices with
lower variability in electrochemical applications, suggesting application specific optimization of
contact structures should be considered. Finally, we note that the silicon wafer substrates used in
this work are not an essential component for the process and that flexible polyimide-on-metal
films are commercially available. Therefore, this simple, scalable, non-lithographic, direct-write
laser processes should be compatible with roll-to-roll electronics manufacturing as well as

back-end-of-line semiconductor manufacturing for future production of LIG-based sensors.
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SUPPLEMENTARY INFORMATION

SI-3.1 Graphene Contact Resistance Literature Review

Contact resistance challenges are a key barrier to development of graphene-based electronic
devices [38]. LIG similarly requires low contact resistance to ensure sensor sensitivity, low limit
of detection and high operating frequency. Although contact resistance is well understood in
traditional semiconductor devices, its origins in graphene and graphene-like materials is more
complex. Up until now, substantial work has not been completed towards contacting laser-
induced graphene. As such, insight from the graphene literature is used as a basis for LIG-metal
contacts. The optimal metal for contacting graphene is still hotly disputed, with large variability
between classes of metal (physisorbing/chemisorbing) and the relative behavior of metals within
those classes. This variability is caused by the large number of potential contributions to the
contact resistance, including the metal deposition process, environmental interactions, metal
work function, graphene layer number and resist residue.

While the direct application of these contributions to graphene-like systems may not be
possible they can still provide valuable opportunities for contact resistance reduction. They are of
particular concern in pristine graphene due to its low carrier concentration, lack of bulk material
to pin the Fermi level and highly available surface making it highly sensitive to its environment.
Therefore, external perturbations are screened more slowly than a traditional metal [39-41]. The
small Density of States (DOS) and zero bandgap allow for a large change in the Fermi energy of
the graphene due to external modulation [42]. This sets graphene apart from higher DOS metals,
which can attenuate small charge transfers without modifying their Fermi-level.

Key in defining these interactions is the contacting metal. Two categories of metal can be
used: physisorbed (e.g. Au, Al, Ag, Cu, Pt, Cd, In) and chemisorbed (e.g. Ni, Co, Ru, Pd,
Ti) [43,44]. Physisorbed metals transfer charge without rehybridizing the molecular orbitals
of the underlying graphene; the electronic band structure is unmodified. Chemisorbed metals
rehybridise the orbitals (sp? — sp®), which alters the electronic structure, opening a band gap
in the previously semi-metal graphene. Au and Ni are normally used as typical physisorbing

and chemisorbing metals in the literature and will be used as key demonstrators in this work.
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Both types of contacting metal follow different conduction mechanisms. Physisorbed metals
experience an injection barrier, while chemisorbed metals, due to bond formation, can directly
inject charge into the graphene sheet.

Physisorbed metals typically have higher contact resistance than chemisorbed metals, but
the chemisorbed metals cause an undesirable modulation of the contacted graphene. This can
result in in-plane charge redistribution which can extend beyond the contacted region [44,45].
However, the physisorbed systems instead experience a down shifting of graphene energy levels,
due to Pauli exclusion, which results in the doping of the contacted graphene [43]. The impact
can be considered in terms of p/n doping and junctions. This is especially challenging due to
graphene’s susceptibility to be doped by surface interactions e.g. p-doping by oxygen moieties,
volatile organic compounds or substrate interactions [46—48]. Depending on the metal contact
and the doping interactions p-p, n-n or p-n junctions can form resulting in device asymmetry and
increased contact resistance [42,47].

Chemisorbed metals have stronger (0.09-0.4 vs. 0.03-0.05 eV/carbon) and shorter range (<2.5
A vs. >3 A) interactions than physiosorbed metals. Contaminants, which would increase the
contact separation, have a larger impact on chemisorbed metal contacts [49]. Similarly, wrinkled
systems see more pronounced increases in contact resistance for chemisorbed metals [S0].
However, contact resistance seems to be unaffected by intrinsic structural defects (e.g. Stone-
Wales defects) [46]. Additionally, physisorbed and chemisorbed metals have differing preferential
sites on graphene. Chemisorbed metals prefer bridge or top sites while physisorbed metals prefer
the hollow sites. This is due to the greater access to the molecular orbitals of the former and
low electron density but high coordination number of the later [50]. The presence but also type
of the contaminant determines its effect on the contacting metal if it has a preferred adsorption
site. Graphene surface contaminants don’t just act as classical resistive elements, but can also
cause doping to the graphene material or interact with the contact metal unpredictably. This
should be avoided as variable systems are of limited utility, while higher contact resistance but
reproducible contacts can be used to produce functional devices [51].

Removing contaminant or residue is essential for good contacts to graphene, but it is not

robust enough to survive traditional CMOS cleaning processes. Steps can be taken to reduce
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the amount of contaminants present, such as low concentration polymer formulations [52], but
cleaning steps are still essential. Low mass plasma cleaning [53], UV-Ozone cleaning [54,55]
CO, gas flow dehydrogenation [56], Raman monitored real time laser cleaning [57] and CO,
cluster cleaning [58] are a few of the methods trialed to balance contaminant removal and
graphene damage. However, the risk of damaging the graphene isn’t limited to just cleaning
steps. Metallization can also alter the graphene, although this is more noticeable for chemisorbed
metals [59]. This suggests the formation of metal carbides. The use of metal stacks of physisorb-
ing/chemisorbing metals or metal alloys can allow for physisorbing metals to chemisorb avoiding
the injection barrier normally seen or optimize charge injection [60—63].

These influences can be summarized into a quantum mechanical model comprised of two
main parts: injection from the metal into the graphene system and transfer from the doped
graphene into the channel region [64]. This is presented in terms of transmission coefficients in
the Landauer-Buttiker model Equ. SI-3.1, SI-3.2. T compiles influences restricting charge
injection into the system (residue/contamination effects and equilibrium distance effects) and
T any influences affecting the injection from the contact region into the bulk of the graphene
sheet (potential barriers, work functions, doping and p-junction contributions). Assuming ideal
transmission coefficients the theoretical limits for top contacts is 88 2m, below what is required

to match current state-of-the-art [65].
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Where T is the transmission coefficient, n is the carrier density, 7 is the transmission coefficient

(S1-3.2)

between the contacted graphene and the channel region, 7, is the transmission coefficient
between the metal and contacted graphene.

This model allows treats the contaminants as a tunnelling barrier and allows them to be
treated together with equilibrium distance considerations and sheet edge terminations. It also
clarifies the optimization pathway, increase T, or T by reducing contamination, decreasing
the charge injection barrier, preventing pn-junction formation, or increasing mobility. The latter

two options are challenging for graphene, requiring very clean processes with low damage to
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the underlying graphene and careful doping. This is challenging in graphene, and infeasible for
laser-induced graphene. The first two options are more attractive.

Lower contact resistances are predicted for shorter equilibrium distances (shorter distance to
tunnel). The equilibrium distance and thus contact resistance is affected by the edge termination
of graphene sheets, with C terminated sheets having lower equilibrium distances than O or F
terminated edges [66]. This termination can be influenced by etchants and processing conditions.
Similarly the processing conditions at various steps, as has been observed in the wet/dry pro-
cessing of Al contacted graphene, where 1), was reduced by the formation of an interfacial
oxide [67]. This suggests that careful process design can be used to reduce the contact resistance.
However, this isn’t the only pathway possible.

Counter-intuitively, low contaminant, high defect density graphene allows for lower contact
resistance than pristine graphene. The surface defects act as edge sites or dangling bonds and
allow for carbide formation, this increases T, [68]. Artificial damage to edge sites can also
be used but can overly damage the surface and instead increase the contact resistance instead
of decreasing it. Therefore, delicate cleaning mechanism are still needed [47]. Comparisons
of models of Ni contacted graphene in top and edge contacted geometries indicate that the
side contact has a reduced contact resistance. In terms of the Landauer-Buttiecker model, the
top contact had T<O0.1, but for the edge contact T>0.5. This encapsulates the negation of the
tunnelling barrier due to bond formation. It also highlights that 7', tends to zero for top contacts
as graphene is an insulator out of plane, but it tends to 1 for carbide bonds [65]. Edge contacted
structures can transfer charge directly into the sheet [69].

True edge contacts are difficult to achieve, but have been demonstrated with hBN/G/hBN
stacks, demonstrating reduced contact resistance [26,27]. This reduction in contact resistance is
facilitated by dangling bonds acting as high energy sites, facilitating lower equilibrium distance
and sites for chemisorption. This avoids top-surface contamination effects while allowing direct
access to the graphene sheet. Artificially defined edge sites produced through targeted damage
can also reduce the contact resistance. As such, partially damaging cleaning methods such as
annealing can actually reduce contact resistance by facilitating numerous edge-like contacts

on a planar surface [70]. More targeted methods have also been demonstrated, such as site-
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specific contact region laser treatments [71], lateral cuts [72] and comb-like high perimeter
structures [73]. Similarly, self-assembling metal catalyzed etch processes [59, 74], e-beam
and lithographic methods have also reduced the contact resistance scaling with more densely
patterned holes [75-77].

This targeted damage to the graphene to produce additional edge sites and surface defects
allows for the formation of low contact resistance metal contacts. Laser-induced graphene is
similar to the material formed by this targeted damage comprising of numerous interconnected
sheetlets of graphene-like material, which would facilitate good chemisorption. Due to the
known defective nature of graphene, its band structure is already modified from that of pristine
graphene and as such shouldn’t be largely modified by the metal contact. This reduces the prime

limitation of chemisorbed metal contacts.

SI-3.2 Energy Dispersive X-ray (EDX) Spectroscopy
and Additional Scanning Electron Microscopy

Fig. SI-3.1 is equivalent to Fig. 3.2 but presents SEM and EDX data for Au-terminated wafers
in the place of the Ni shown in Fig. 3.2. We see a distinct central thinning of the polyimide,
which corresponds with the first, high-powered, laser write which thinned the polyimide through
ablation. Surrounding this contact plug, the high surface area LIG material is clearly observed.
Of particular interest, when compared to the equivalent Ni-samples, there is minimal damage
at the beam centre (Fig. SI-3.1.c). The EDX data, Fig. SI-3.1d-f, supports this view, showing
a uniform distribution of Au and Si at the base of the pore. The Au layer hasn’t been thinned
locally, which would have resulted in the increased Si signal in that region, as seen for Ni, Fig.
3.2f. This is likely caused by several factors including the differing reflectivities and adhesion
properties of the base metals but more critically their chemically stabilities.

As will be discussed in more depth in the Appendix SI-3.3, in regards to the Raman spec-
troscopy. As Ni tends to form carbides and oxides more easily than gold is likely the cause
of the damage observed. This would locally disrupt the Ni metal layer exposing the SiO,, as

observed in the EDX map. It is worth noting that the carbon signal is not zero from the base of
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the “keyhole” sites, instead just lower intensity than the surrounding regions. This agrees with
the Raman spectroscopy data (Figure 3.3) and suggests a thin film of with significant carbon

content is present.

Figure SI-3.1: SEM data: a) Planar SEM of keyhole contact plug formed by 2-step local laser
ablation of polyimide deposited on an Au-terminated Si/SiO,wafer. b) Cross-sectional SEM of
mechanically cleaved LIG contact plug on Au-terminated wafer after the second laser write. c)
Higher magnification view of a contact plug following the second laser step on a Au-terminated
wafer. d-f) Energy Dispersive X-Ray spectroscopy maps of a contact plug following Lase#2 on a
Au-terminated wafer demonstrating spatially defined abundance of d): Carbon, e): Gold and f):
Silcon.

Figure SI-3.2 presents additional SEM micrographs for both Lase#1 and Lase#2 cross
sectioned material. Flake-like stacks of layers of LIG-like material is observed in the wall region
in both cases, with increased cross-linkage after Lase#2. The damage caused by Lase#2 to the
base material is clear when comparing SI-3.2¢ and SI-3.2f; where regions of small, flake-like

material are replaced with poorly connected clusters with reduced porosity. The edge region,
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Ni - Lase#2

Figure SI-3.2: Cross-sectional SEM data of a cleaved Ni-terminated device showing the mor-
phology of the base and wall of the contact plug after: a-c) Lase#1 (30 W, 18mm/s) and d-f)
Lase#2 (3.7 W, 200mm/s).

where the wall meets the base, is of particular interest. It shows good connectivity to both
the base and wall regions, although mediated through flake-like strands. This continuum of
morphologies corresponds well with the distinct Raman behaviors shown in Fig. 3.3.
Considering this alongside the previous discussion about the damaged Ni-surface (Figure
3.2), originating from carbide formation, clarifies the distinction seen in Figure SI-3.4, whereby
the quality of graphene on Au after a single write of Lase#1, is closer to that of high quality LIG
than that of Ni. The carbide formation damages/limits the quality of LIG produced at the base
of the pore. The convergence of their Raman properties after Lase#2 indicates the increased

damage caused by further lasing a thin layer of delicate material.

SI-3.3 Additional Raman Spectra

The Raman reported in the body of this work focuses on LIG fabricated from polyimide deposited

on Ni-terminated wafers, but equivalent analysis was completed on Au-terminated samples. As
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has been previously noted, Raman spectroscopy of laser-induced graphene is highly variable, as
it is very dependent on local defects and LIG has numerous edge defects throughout. As such
it is necessary to consider the full dataset and present a representative sample. Included here,
Fig SI-3.3, are representative spectra of the LIG top surface for both Ni and Au. Both samples
represent high quality LIG, with extractable D’ peaks and sharp, deconvolved D and G peaks.
a) b)
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Figure SI-3.3: Representative Raman spectra of LIG material formed from polyimide deposited
on a) Ni-terminated and b) Au-terminated wafer stacks.

Also, worth discussion is the variation of the base of the plug after the first high-power laser
step (Lase#1), compared to its double written equivalent. These spectra shown in Fig. SI-3.4
were produced on adjacent plugs from the same first writing step, with only one experiencing
a secondary write. The difference between Ni and Au is clear. Ni doesn’t vary significantly
between the first and the second write. The Au based sample transforms for a nearly ideal
graphene-like Raman spectrum to a more graphitic spectrum. This is suggestive of a substrate
dependent process. This is already hinted at in the SEM and EDX analysis, as the Ni samples
experience more damage to the base metal than the Au, which was ascribed to the formation
of Ni oxides and carbides during the Lasing process. The difference in the quality of material
produced at the base of the plug after a single write between the Ni and Au samples further
supports this view. The high defect concentration shown on Ni-based devices could correspond
to graphitic material that have had their sp? structure partially hybridized to sp* due to bonding
with Ni. Fig. SI-3.4c¢ does not show this behavior, as Au is chemically stable. This corresponds
to chemi-/physi-sorption nature of Ni/Au respectively.

On both metal-based devices the second laser write damages the base metal graphitic material,
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to an equivalent degree, Fig. SI-3.4b,d, with Au-based samples losing the sharp, well defined
peak shapes of graphene-like material. In both cases this corresponds with material that has been

damaged by laser ablation.
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Figure SI-3.4: Representative Raman spectra for plug material LIG material on top of Ni (a, b)

and Au (c, d) after a single write, i.e. Lase#1 step (a, c); and double-write step (b, d) i.e. Lase#1
& Lase#2.
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Table SI-3.1: Extracted Lorentzian fit parameters from data shown in Fig. SI-3.3, Raman spectra
of Ni and Au terminated wafer stacks and Fig. SI-3.4, Raman spectra of base of plugs following
Lase#1 and Lase#2 steps.

Top Surface LIG (Ni wafer, Lase#2) Top Surface LIG (Au Wafer, Lase#2)
Peak Pos (cm™!') FWHM (cm™!) A/Ag | Peak Pos (cm™!) FWHM (cm™') A/Ag
D 1354 60 0.65 1352 49 1.03
G 1584 370 n/a 1584 44 n/a
D’ 1621 21 0.06 1620 22 0.1
2D 2704 69 1.30 2699 81 1.38
Plug Base (Ni, Lase#1) Plug Base (Au, Lase#1)
Peak Pos (cm™!) FWHM (cm™!) A/Ag | Peak Pos (cm™!) FWHM (cm™') A/Ag
D 1354 130 1.23 1355 79 0.89
G 1588 96 n/a 1585 45 n/a
D’ Absent 1620 26 0.09
2D 2691 200 0.51 2705 76 0.92
Plug Base (Ni, Lase#1 & Lase#2) Plug Base (Au, Lase#1 & Lase#2))
Peak Pos (cm™') FWHM (cm™') A/Ag | Peak Pos (cm™') FWHM (cm™') A/Aq
D 1352 110 1.11 1.352 115 1.18
G 1589 86 n/a 1589 87 n/a
D’ Absent Absent
2D 2692 150 0.55 2690 180 0.49

SI-3.4 Calculation of Contact Resistance

In the lollipop structures there is an unaccounted-for resistance component due to the contact
point being outside the channel. This is due to the zero point of the channel being outside of the
contacting pad. This is a non-negligible component, so must be compensated for, to investigate
the influence of multiple contacting plugs.

Recall the general length dependence of resistance:

_rL
R = 1 + R¢

Rsh
w

L+ R¢

This deviates from the traditional ohmic dependence by allowing for a constant term stemming

from contact resistance or other deviations from the ideal ohmic material.

RC = Rprobe+leads + aRprobe—LIG + b(Rp’robe—metal + Rmetal—LIG + Rplug) + RA + Rspread + Roth

RC ~ 0+ CL}%probe—LIG + b(O + Rmetal—LlG + Rplug) + RA + Rspread + Roth
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3 Lollipop

Top Contact Bottom Contact
® Top Probe Site

s Contact Pore Site

Figure SI-3.5: Patterns and contact points for “lollipop” and traditional TLM test structures. Top
contact refers to a probe station probe contacting the material from above, while the bottom
contact uses an etched plug to contact to the buried which is contacted with a probe externally to
the laser-induced graphene structure.

where R(probes+icads) 18 the resistance contribution from the probes and leads of the probe station,
Rprobe—1 1¢) s the contact resistance between the probe and top surface LIG, R(probe—metat) 18
the contact resistance between the probe and the exposed metal, R (,,ca1—r1c) 18 the contact resis-
tance between the base metal and the LIG plug, R, is the resistance associated with travelling
up through the contact plug, R is the unaccounted for resistance contribution associated with
changing device geometry in the contact pad, R, cqq 1S the spreading resistance associated with
travelling from the channel region into the contact region and R,;, accounts for any unknown
contribution not considered explicitly. In general, a=1 or 2 depending on whether it is bottom or
top contacted to account for the number of probe-LIG contacts present. Similarly, when bottom
contacted, b=1 or 0 when top contacted scaling the contribution of the probe-metal, metal-LIG
and LIG plug contributions accordingly. The contributions of the probe and lead resistance
and probe-metal resistance are assumed to be essentially zero relative to the magnitude of the
LIG-based contributions, simplifying the expression. As such they will be neglected going
forward. Together Ra + Rgpread + Rotn, are used to describe the unaccounted-for resistance in

the lollipop structure. In a traditional TLM structure these terms take a value of 0. In further
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steps these terms will be abbreviated to R as it should be the largest contributor.

This leaves us with the simplified approximation of c:
Rc = CL}%probe—LIG’ + b(Rmetal—LIG + Rplug) + RA

These correspond to sheet resistances of ~60-100 Ohm/sq. which correspond to that seen on
oxide (=75 Ohm/sq.) These sheet resistances, although high relative to what can be achieved
on commercially available ~100 pm thick polyimide, which can now be reduced as low as ~6
ohm/sq. [9] it is produced on only 17.5 um of spin coated material. Further optimization of the

precursor and process could further reduce this.

Taking the intercept terms in each case we see:

L

CFop = 2Rprobe—r1c + Ra
L /

CBot = Rprove—r1c + Ba + Rpiug + Rureta—r1c
T

Crop = 2Rprobe—r1G

T
CBot = Rprove—r1c + Rpiug + Ryetai—r16

Firstly, considering the bar system for Au-contacted LIG:

Estimating the probe-LIG contact resistance:

C’Tjjop - 211:2PV'0be—LIG =43.6 Q2

Rprope—r1c = 22 ()

Estimating the base plug contact resistance:

Chot = Rprobe—r16 + Rpug + Rteta—r16 = 367.7Q

The Contributions of Rpjyg+ Raretai— 1 can be treated as a single element as they occur together

and cannot be separated in this calculation, as such they will be renamed RI-Metal=LIG —
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Rpiug + Riretal—rL1G-
RpT‘Obe—L[G + R?*MetalleG — 3677 Q

If we assume that the Rp,qp.— 11 1n the top contacted geometry is similar to its contribution in

bottom geometry, then:

RI-Metal=LIG — 367 70) — Rprope_r1G

RI-Metal=LIG _ 367 7() — 22Q) = 345.7 Q)

Bottom Contiact
|

® Top Probe Site

= Contact Pore Site

Figure SI-3.6: Lollipop electrode structure demonstrating unaccounted for channel length, A.

Considering the lollipop electrode system:

L
Crop = 2Rprobe—r1c + Ra

L
CBot = Rprove—r1a + Butetal-r16 + Rpug + Ra

L—Metal—LIG
= Rprove—r1c + R, + Ra

Assuming that RS ., ;o ~ R% . ;. then an estimate for the unaccounted-for resistance can

be found:
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RA == CTopL — 2R£
~ 17950 —-44Q

~ 135.5 Q

L—Metal-LIG __ L — L
Rc - CBot - RARPore—LIG

Then again assuming that R, ;o ~ RL__ ;.. and using the estimate found for Ra:

RCL_Metal—LIG ~ Céot — R;RgorefLIG
=210.1 — 135.5 — 22

~ 53 ()
This gives us an estimate for the contact resistance of one metal-plug ( 345.7 2) and an estimate

for four plugs (53 €2)

Recalling that for a parallel path:
/Ry => 1/Ri+1/Ry+...1/R,
Then assuming that all four plugs contribute equally:
Ry = 345.7/4 = 86.45)

This is in good agreement with what we saw for our four-plug system (53€2 ~ 86.4(2)

This above calculation was carried out in the case of Au, following the same method an
estimate for Ni can be reported. Single plug - 158.7€2, 4 plug - 32.6 2 , estimate for 4 plug -
39.7 Q. The value of the measured and estimated 4-plug contact resistances are also in good

agreement for Ni (32.6 €2 =~ 39.6 (2).
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SI-3.5 Contact Resistance Area Dependence

Contact resistance (R¢) is the additional resistance introduced to a system from the electrical
contact and is independent of the channel. In the standard transfer line measurements (TLM)
conducted in this work, it is half the intercept value (R = pL/A+2R.). However, the asymmetric
structures (schematically shown in Fig.SI-3.7) demonstrated in this work have two different
contacts; a probe-LIG contact and a probe-metal-LIG contact, each of which would have its own
R.. Conducting a TLM using both probe-LIG contacts we can find its R.. Subtracting R, from
the asymmetric contact intercept estimates R, the contact resistance of the probe-metal-LIG

contact (= metal-LIG contact).

A

A

A

]vvv

Figure SI-3.7: Transfer line measurement spacing schematic for asymmetric contact geometry.

Unlike standard resistance expressions the contact resistance does depend on the length
of the material as it describes an interface. As such the contact resistance scales areally:
R. = p./A = %5 where A is the area of a contact, W (perpendicular to the current travel
direction) is the width, L is its length of the contact (parallel to the current travel direction) and
pc 1s the contact resistivity. In semiconductor systems, due to the orders of magnitude difference
in resistivities the current path favours the metal, travelling through the metal as far as possible
before entering the semiconductor. Only a small region of the sample area participates in the
conduction due to current crowding (this is referred to as the transfer length L, = \/RI;). In this
situation, regardless of how long the contact region is, only the last L, meaningfully contributes

to the conduction path. Therefore, for an areally contacted metal-semiconductor interface, the
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contact resistance only depends on the width of the contact (R, o ﬁ), if L > Ly (or Rg ﬁ

if the resistivities of the materials are similar).

120 : : :
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Figure SI-3.8: Contact width dependence of contact resistance determined from a series of
transfer line measurements on Au terminated Si/SiO,wafer.

However, as demonstrated in Fig. SI-3.8, the dependence of contact resistance for the keyhole
contacted LIG structures is directly proportional to the width of the contact (estimated from
SEM, Fig SI-3.9), under these formation conditions. This does not correspond to areal scaling,
as outlined, rather suggesting a dependence on the contact perimeter. The SEM micrographs
(Fig. 3.2) coupled with the Raman spectra (Fig. 3.3) correspond to a thin layer of graphene-like
material. While this layer would limit the direct exposure of the metallic layer it would prevent
significant current flow. Instead, the current path would access the graphene-like walls near the
perimeter of the base, the least resistive path.

Although the exact current path cannot be directly determined, we can estimate the resistivity
of the contacting region between the metal and the top surface to an order of magnitude based on
the perimeter scaling and SEM micrographs (Fig. SI-3.9). Assuming the current path extends
through a ~25 pm region on either side that defines the region between the base and the actual
wall (shown in red). If this is consistent and the contact length is 250 pm, width is 1400 ym and
height is 17 ym. Then from R = pL/A, where A = (250 x 1400) — (200 x 1350) = 80, 000 pm?,
L=17 pm, and R~60 €2: p ~0.3 Om.
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Figure SI-3.9: Scanning electron micrographs of contact keyholes of differing lengths: a)
~250x550 pm, b) ~250%x650 pm, ¢) ~250%x900 pm, d) 250x 1450 pm.

Figure SI-3.10: a) False coloured SEM micrograph demonstrating estimates for the central
contact region (green), the base-wall interface region (red), and the surrounding top surface
material (uncoloured), b) schematic of the corresponding contact dimensions.
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SI-3.6 Thickness Dependence

A - s
Hm dﬁ = i
1 2 4 5

Figure SI-3.11: Attempted mechanical (1-3) and laser (4-5) bottom contacting treatments

Initial contacting approaches involved the mechanical scoring of the polyimide film to provide
a pathway towards the base metal to convert in subsequent laser conversion. Differing line
densities and applied force demonstrated that more numerous deeper scores resulted in lower
contact resistances. However, as they were formed by mechanical scratching with a scalpel,
they had poor reproducibility. Instead, self-alignable, laser methods were used to imitate the
mechanical thinning step followed by the material top cap. This highlights that thicker polyimide
layers can be processed to allow for contact to be achieved, while electrically isolating the top
cap outside the contact region.

However, the contacting method isn’t the only significant factor, there is a clear substrate
thickness dependence in the formation of high quality LIG on wafer. Although not the focus
of this work there is likely an additional dependence on the specific polymer formulation and
processing conditions, requiring individual optimizations. This thickness dependence was
demonstrated using a single spin cast and a double spin cast of the same polyimide precursor
(PI-5878G) and cure on raw Si wafers. After curing these produced films of ~ 8.5um and
~17.5pum respectively.

The formation conditions required to produce LIG on each of these substrates were vastly
different, requiring higher laser powers for the thinner film. The mechanism behind this is
suspected to be a combination of parasitic cooling of the irradiated polymer with the wafer acting
as a heat sink, and the polymer layer being too thin to absorb sufficient energy from the laser
source. The lowest resistance demonstration on the thin film (formed using 6 W laser Power, 175
mm/s scan speed, 20 lines/mm y-line density) exceeded 1 kOhm/Sq. Raman analysis showed it

was a highly defective graphitic material. In contrast, the thicker film produced from the double
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Figure SI-3.12: a Single thickness polyimide on wafer LIG Raman response. b) Double thickness
Polyimide on Wafer LIG Raman response.

spin coating, produced high quality LIG, as can be seen from its Raman spectrum, at more
moderate laser powers (3.75 W laser power 205 mm/s scan speed, 20 lines/mm y-line density,
0.4 mm z height) producing sheet resistances of ~75 Ohm/Sq.

Further insight can be gained from the formation of parallel plate capacitor structures on
double-thickness polyimide-metal-oxide-Si stacks. Taking the slope of figure SI-3.13 is ~3.8
pF/m? and ¢, is approximately 3 for polyimide, then d is approximately 7.m, using equations
Equ. SI-3.3 and SI-3.4. This suggests that there is approximately 7um of unconverted polyimide
remaining of the original 17.5pum. The other 10 pm of which has either been ablated away or
converted into LIG. This insulates the surface LIG from the base metal without any pinholes or
leakage paths, present in the -20, 20 V potential sweep.

This adds an additional dimension to the discussion, the polyimide must also be sufficiently
thick to allow for full conversion, given that ~10 pum of polyimide is converted in the double-
coated, on metal system, it is likely that the 8.5 pm is not thick enough to take full advantage of
the conversion. Further, if the polyimide is too thin then the highly localized heating required for
the polyimide conversion to LIG isn’t possible as it is no longer thermally isolated as would be
the case in standard thicker polyimide systems. This is likely the reason that higher laser powers

are needed, to balance the substrate assisted cooling.

cogr A
= SI-3.3
7 ( )
A
d= = SI-3.4
f0er ( )
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Figure SI-3.13: a) -20, 20 V potential sweep of 4 x4mm LIG square on Au base metal without

contacting plugs at different frequencies. b) Parallel plate capacitance of LIG-Base metal squares
varying with LIG square area.

SI-3.7 Electrochemistry Data

127



)
N
RS)

800 T T T T
1 Pore 50mV/s Ni- 4 pore
—— Pore 100mV/s
—— Pore 200mV/s
i 400pq —— Pore 500mV/s; 4
<
€
g 0+ ]
5
o
1 -400u R
T T T T T T — -800 +— T T T T T T
00 01 02 03 04 05 06 00 01 02 03 04 05 06
Potential vs Ag/AgCI (V) Potential vs Ag/AgCI (V)
c) d
200p 700u T T T T
—— Pore 50mV/s Au-4
—— Pore 100mV/s, U= pore
—— Pore 200mV/is|  //
100p 4 g 350 [ Pore 500mV/s / B
< < ~—
£ 5 =
g 0 R g 0 R
5 5
o o
-100p R -350u R
-200y +— T T T T T T -700p +— T T T T T T
00 01 02 03 04 05 06 00 01 02 03 04 05 06
Potential vs Ag/AgCI (V) Potential vs Ag/AgCI (V)

Figure SI-3.14: Compiled Cyclic Voltammograms of (a, b) Ni terminated-, (¢, d) Au terminated-
wafer stacks for both scaling number of plugs and channel lengths.
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CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

This work sought to develop a LIG-based VOC sensor as a route to produce resource-efficient
sensors for use under ambient conditions. However, LIG has a complex formation process, which
had limited its development as a material platform. Therefore it was necessary to develop a
system-agnostic, design-of-experiment optimisation route for LIG production; which could be
rapidly redeployed for alternative material substrates, dopants, laser system or wavelength.

Further, LIG devices lacked a reproducible, reliable contacting method, instead relying on
direct mechanical or expensive, cross-contaminating silver paint contacts. This hampered the
practical implementation of LIG-based device into real systems. This required the development
of novel, all-laser, electrical back-contact methods to allow for the practical implementation of
future devices. With sufficient stability of the LIG material-platform, and a viable integration
route, a low-resource, room temperature VOC sensor was developed.

Insight and inspiration were drawn from adjacent studies on graphene and metal oxide
materials. Given the diversity of these applications and the breadth of investigations, a series
of synopses are included in the Introduction (Chapter 1) and in the appendices of this work.
The combination of these foundational works in the context of the investigation of LIG should
provide a firm starting point for future investigations.

Chapter 2 demonstrated the successful, resource-efficient, use of iterative design of experi-
ment methods in the determination of optima and factor interactions in complex, novel material
systems, such as LIG. This approach facilitated the development of both low-sheet resistance
and high-throughput LIG material on a hobbyist laser-system. The method-focused optimisation,
allowed for the transfer to the higher specification laser system used in the remainder of this
work, and can be generalised to any other LIG production route. The employment of design of
experiment methods in this work demonstrate not only its efficiency as an optimization strategy
but also its use as a rigorous, resource-efficient investigation tool.

Chapter 3 focused on the development of aq direct-write laser method to enable rapid

fabrication of LIG structures with integrated low-resistance contact plugs to buried metal layers.
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We demonstrated contact resistances as low as ~30 €2 for Ni layers (~ 50 €2 for Au) using
4-plugs in parallel, comparable with LIG sheet resistance. Further resistance reduction (~ 5-fold)
is envisaged through increased contact areal density and material optimisation. The back-contact
method demonstrated provides a stable, reproducible contact sufficient for sensing applications,
as demonstrated with proof of concept electrochemical sensors. Further optimisation would
be required for energy storage applications. These results highlight the potential for efficient
integration of LIG-based, high-surface area sensor electrodes with buried metal layers.

Chapter 4 reports a resource-efficient LIG-based VOC sensor, functionalised with SnO
nanoflowers for head-space detection, under mimicked ambient conditions. These sensors
integrate the optimised LIG platform with a low mass-loading of separately prepared function-
alisation material. This yielded a VOC sensor with sensitivity to methanol headspace vapor
(~5% at 150 ppm, ~35% at 4100 ppm), rapid response times (tgp=35s @150 ppm methanol, 5s
recovery) and stability > 21 days, competitive with existing resource-intensive chemiresistive
MOX sensors in a versatile, low-cost custom chamber.

Resource efficiency was the central theme underpinning this thesis. It influenced not only the
experimental design, as is evident through the use of, iterative, design of experiment methods,
but also the conscious material choices. This manifests in the use of non-critical materials for NP
functionalisation of the final sensors and also in the back-contact design, minimising additional

process steps and resources.
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5.2 Contributions to Knowledge

Table 5.1, summarises the challenges in the development VOC sensors from LIG identified in
Sections 2.1, 3.1 and 4.1. The advancements are reiterated in Table 5.2. The challenges and
their advances can be identified by their labels (e.g. Ch.2.1 and Ad.2.1.1). 31 contributions to
the knowledge addressing the 12 challenges are identified. These gave rise to the two published
papers and prepared manuscript included in this thesis. The addressed challenges had limited the
greater uptake of LIG-based devices, as high-quality, low resistance LIG could only be produced
on high-cost equipment, available in few labs. The generalisation of the method onto lower cost
laser systems with an simple optimisation framework broke down these barriers to entry, and
opened the field to more investigations.

I addressed the lack of robust contacting methods to LIG. This advancement allows for new
and exciting device geometries to be investigated while ensuring good electrical access. This
work focused on both Ni and Au, which are typical chemisorbing and physisorbing metals for
carbon systems respectively. In the graphene literature, there is no conclusive evidence as to
whether chemisorbing or phsysisorbing metals are preferable, therefore this work also acts as a
foundation for further investigations in LIG. With the integration challenges addressed, the final
experimental chapter addressed the development of a VOC sensor. This chapter proposed a novel
metal oxide sensitising agent SnO, fabricated under mild conditions, and a simple dropcast-self
assembly construction on previously fabricated LIG electrodes. The resulting sensor operated

well at room temperature and humidity with good selectivity to alcohols vs. humidity.
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Label | Challenge

Ch.1.1 | High cost laser systems required

Ch.1.2 | High Resistance LIG material is produced

Ch.1.3 | Ad-hoc optimisation of complex multifactor experimental space
Ch.1.4 | Limited knowledge of impact of laser parameters on LIG quality

Ch.2.1 | Current contact methods for LIG are high cost, non-scalable

and risk damage/contamination

Ch.2.2 | Uncertain literature on best contacting metals for graphene

Ch.2.3 | Commercially unavailability of polyimide on arbitrary metal films
Ch.2.4 | Complex system dependence for successful LIG formation

Ch.3.1 | State of the art sensors use critical raw materials and high temperature fabrication
routes (400°C synthesis, 1000°C calcination)

Ch.3.2 | Standard methods use high resource cost interdigitated Au electrodes

Ch.3.3 | Standard sensors operate at high temperature (>350°C)

Ch.3.4 | VOC gas sensing systems are typically prohibitively expensive

Table 5.1: List of challenges addressed in the Thesis.
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Label

Advances

Ad.1.1

Ad.1.2.1
Ad.1.2.2
Ad.1.2.3
Ad.1.3.1
Ad.1.3.2
Ad.1.3.3
Ad.1.4.1

Ad.1.4.2

Ad.2.1.1
Ad.2.1.2

Ad.2.2.1
Ad.2.2.2
Ad.2.2.3
Ad.224
Ad.2.3.1
Ad.2.3.2
Ad.24.1
Ad.2.4.2
Ad.2.4.3
Ad.2.4.4

Ad.3.1.1
Ad.3.1.2

Ad.3.2.1
Ad.3.2.2

Ad.3.3.1

Ad.3.3.2
Ad.3.3.3

Ad.34.1

Ad.3.4.2
Ad.3.4.3

Demonstration of LIG formation on hobbyist CO, laser system

Demonstration of contemporaneous lowest observed sheet resistance (~15 Ohm/sq.)
Development of high-throughput visual assessment criteria for LIG quality assessment
Demonstration of resource efficient sheet resistance estimation method

Development of Laser-system agnostic iterative, multifactor design

of experiments optimization route for LIG

Demonstration of Iterative DoE optimisation for a novel CO, laser system
Discovered high throughput-low sheet resistance formation conditions at
non-intuitive laser parameters

First reported implementation fo Eckmann et al.’s Raman analysis on LIG
to interpret defect types
Demonstration of proof of concept, all-polymer, capacitive humidity sensors based on LIG

First Demonstration of a LIG-metal contact
Development of a robust, all-laser, back contacting method

First demonstration of a successful back-contacted device

Identification of metal-type dependency of on contact formation
Demonstration of contact method dependence on electrochemical properties
Outline of potential future scaling routes

Development of a double spin-coating method for the generation
of controlled polyimide thickness
Development of lithography-free contact resistance estimation method

Demonstration of minimum polyimide thickness requirement for quality LIG formation
Establishment of viable laser conditions parameters for back-contacting

Observation of carbon self-encapsulation of contact region

Identification of contact perimeter, not areal, scaling

First demonstration of SnO as a VOC sensing element
First demonstration of room temperature VOC sensing using LIG

Development of LIG mediated self-assembly of SnO pseudo-wires
Demonstration of device stability of over 21 days

Successful detection of methanol (LOD: 170 ppm) below the 8hr worker safety
limit (200 ppm) at room temperature

Demonstration of low cross-selectivity to humidity

Proposal of low-temperature appropriate VOC sensing mechanism

Development of low-cost VOC sensing system using labware, 3D printing
and hobbyist electronics

Public distribution of 3D models via github

Confirmed concentrations of gas phase analytes with photoionisation detector

Table 5.2: List of advancements beyond the state of the art. 175



5.3 Future Work

This thesis has demonstrated advancements of the LIG fabrication platform, providing a novel
route to contact LIG and successfully produce a low-resource, low-energy VOC sensor. However,

there are numerous fruitful avenues for further work.

Design of Experiments and Optimization of Laser-Induced Graphene-like

Carbon

The DoE work was completed with a focus on polyimide-based feedstock materials and a CO,
laser system. However, there is increasing interest in the literature towards using biopolymers
and organic feedstocks. Understandably these novel feedstocks introduce additional complexity
into the fabrication of LIG. Some of these materials may require significant chemical preparation
steps, different laser sources and/or multiple laser treatments, e.g. chitosan, while others may
be directly usable, e.g. cork. In either case, optimisation of these feedstock materials presents
a significant increase in complexity over the more mature polyimide feedstock. As such, DoE

methods would facilitate rapid advancements of lower-resource cost LIG.

Direct-write Formation of Integrated Bottom Contacts to Laser-Induced

Graphene-like Carbon

The direct-write formation of integrated bottom contacts was demonstrated in this work using a
Si support wafer and spun-cast polyimide produced in-fab. However, as was stated in that work,
the resource-intensive fabrication route and supporting wafer are not essential to its success.
Rather, they were used to allow the investigation of different support methods, vary polyimide
thickness and ensure reproducibility. Further investigations will focus on the development of
back contacts using commercially available Al-backed polyimide in order to reduce the resource
cost of this contacting method further. Al-backed films are chosen due to its low-cost, abundance
and biodegradability, this would allow for the future integration of these contacting methods

with biopolymer feedstocks.
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Room Temperature Sensing of Volatile Organic Compounds using hybrid

SnO Nanoflowers and Laser-Induced Graphene-like Carbon devices

The most exciting avenue for future work builds on the developments shown in Chapter 4. This
work focused on the development of a methanol sensor using SnO nanoflowers synthesised in IPA,
to achieve room temperature sensors suitable for worker safety monitoring. These devices, like
all pristine semiconducting MOX, have limited sensitivity. However, it is expected that changing
the particle morphology, by varying the synthesis solvent and reflux temperature, would yield a
different cross-selectivity fingerprint, due to change in abundances, and interfaces, of different
crystalline planes. Orthogonal sensor arrays of hybrid SnO-LIG could thus be fabricated via
dropcasting, avoiding the high-temperature or high-energy functionalisation processes typically
required.

The resulting orthogonal sensing array would allow for the development of a principal
component regression machine learning layer. This approach takes multiple sensors with similar,
but distinct, cross-selectivities and trains a model on known gas mixtures. The end goal is a
collaborative sensor system that is more than the sum of its parts, that can both identify the
analyte, by the response fingerprint across the array, and subsequently correctly determine its
concentration.

Mechanistic insight to the specific analyte interactions of different morphologies, due to their
crystalline plane combinations, should be sought in parallel via molecular dynamics simulations.
The resulting work would thus present an in-depth view of the sensor response behaviour,
allow greater interpretation of the sensor array output and assist in the design of future particle
morphologies.

The final sensor array, should then be interfaced with a wireless communication enabled
portable electronics measurement circuit, as a proof of concept demonstrator. This would
emphasise the benefits of such a low power system to demonstrated. In particular, it would
not require heating for operation, unlike typical chemiresistive VOC sensors. The end result
would be a robust, interdisciplinary investigation of a low-power sensor array primed for the
internet of things with clear applicability for worker safety monitoring at industry relevant VOC

concentrations.
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5.4 Impact

This work has garnered great interest in the research community, with two first author papers in
high impact factor journals, three presentations in international conferences, Table 5.3. These
works have had a significant impact on the field resulting in the adoption of their methods and
optimisation routes, as well as interest from industry groups manifesting in the form of an invited
poster to an Industry conference, Table 5.4.

My first paper has received 15 citations, since publication in June of 2021. The citing papers
referencing not only the low resistance values achieved, but also its demonstration of the highly
complex optimisation space and the iterative optimisation route proposed. My second paper,
although more recent, only being published in July of 2022, has already recognised by both
the Tyndall Postgraduate Publication of the Year and the University College Cork, College of
Science, Engineering and Food Science Post graduate Publication of the Year Award in 2022.

The developments have also facilitated and supported other works directly, leading to several
co-authored works ranging from energy storage and biopolymer LIG feedstocks to Surface
Enhanced Raman Spectroscopy and Electrochemistry, Table 5.3.

Beyond these research outcomes, I have supervised three summer students and have been
involved in the supervision of new PhD students in designing their scheme of work, data analysis
and upskilling to our current methods. The developed work has been a key pillar of our education
and public engagement, with age appropriate introductions to electricity, sensors and additive

manufacture being developed for group ranging from primary school to undergraduate audiences.

178



Publication

Citations

First Author

Year

Link

Design of Experiments and Optimization of
Laser-Induced Graphene-like Carbon

15

Yes

2021

Link

Direct-write Formation of Integrated Bottom
Contacts to Laser-Induced Graphene-like Carbon

Yes

2022

Link

Room Temperature Sensing of Volatile Organic
Compounds using hybrid SnO Nanoflowers and
Laser-Induced Graphene-like Carbon devices

Yes

Pending | n/a

Laser-Induced Graphene Supercapacitors by
Direct Laser Writing of Cork Natural Substrates

15

No

2022

Link

Highly Sensitive and Ultra-Responsive Humidity
Sensors Based on Graphene Oxide Active layers and High
Surface Area Laser-Induced Graphene Electrodes

No

2022

Link

Silver Nanoparticles-Laser Induced Graphene (Ag NPs-LIG)
Hybrid electrodes for electrochemical-surface enhanced
Raman Spectroscopy (EC-SERS) Detection

No

2023

Link

Laser Induced Graphene (LIG) Biosensors Derived
from Chitosan: Towards Sustainable and
Green Electronics

Preprint | Link

Table 5.3: List of Publications.

Conference Format Title

EMRS Spring 2022 Presentation | Optimising rapid laser fabrication of 3D porous

graphene sensors using Design of Experiments methods

EMRS Fall 2022 Presentation | Direct-write Formation of Integrated Bottom

Contacts to Laser-Induced Graphene-like Carbon

EMRS Spring 2023 Presentation | Room Temperature Sensing of VOC compounds
using hybrid SnO Nanoflower and LIG devices

Confirm Conference 2022 | Presentation | Laser Induced Graphene for Volatile Organic Compound

Sensing

Nanoseries 2023 Invited Poster | Room Temperature Sensing of Volatile Organic Compounds

Devices

using Hybrid SnO Nanoflowers and Laser-Induced Graphene

Analog Industry Day 2022 | Poster

Laser-fabricated Graphene from Polyimide: Integration
with Buried Metal Contacts and Impedance Sensing of
Volatile Organic Compounds

Table 5.4: List of Conferences.
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https://iopscience.iop.org/article/10.1088/1361-6528/ac7c7b/meta
https://pubs.acs.org/doi/full/10.1021/acsaelm.1c01202
https://pubs.acs.org/doi/full/10.1021/acsaelm.1c01202
https://pubs.rsc.org/en/content/articlehtml/2023/an/d3an00731f
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4425608
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A- SENSING

A.1 Particle Miniaturisation in p-type MOX

The main discussion focused on the dominant semiconductor type demonstrated in literature for
VOC sensing, n-type. However, p-type semiconductor MOX sensors have been shown to be less
sensitive to particle size than n-type [1]. The p-type conduction is already primarily mediated
through the hole accumulation layer at the skin surface. Therefore, there is no equivalent of the
sensitivity enhancement seen for n-type when the inter-core connectivity is eliminated as this
was already the minority conduction path. In p-type conduction, the high-resistance region (bulk
core) is not part of the essential conduction path, unlike n-types high-resistance skin which must
be traversed to pass between grains. As this inner core is not well modulated by gas exposure,
nor is it part of the critical conduction path, the magnitudes of response changes are limited in
p-type sensors and their further optimisation by particle size scaling [2].

In addition to p-type sensing not gaining the same miniaturisation benefits as n-type, an in-
depth analysis by Hiibner et al. found that, with everything else being held equal, the proportional
sensitivity of a p-type sensor would be the square root of that of the n-type equivalent [3]. This
is exacerbated by the series contribution of contact resistance to the nanoparticle array. While
this contribution is typically unmodified by the chemical environment it adds a non-trivial series
resistance to the measurement circuit [4]. This is in series to the sensor load, so it can dominate
the total resistance in low-resistance systems. n-type sensors don’t experience this limitation, as
the numerous highly resistive neck/junctions, arranged in series, dominate the total resistance,
overshadowing the contact resistance contribution.

However, as p-type particles decrease their resistance during transduction, they don’t demon-
strate the same proportional response as their n-type counterparts. While increasing electrode
gap-width can be used to mitigate the contact resistance contribution, other strategies are required
for enhancing p-type sensors, such as n-doping to increase their baseline resistance through
pair-recombination, while retaining p-type nature, to ensure they dominate the resistance con-
tributions. However, this is a non-selective optimisation route [5], increasing the proportional

response of any influence.

181



A.2 Particle Decoration

Generic models of noble particle decorations on semiconductor MOX have not yet been es-
tablished, but considerable numbers of works have been demonstrated with combinations of
decorating particles and supporting semiconductor MOX. The majority of mechanistic investiga-
tions have been empirical in nature, and largely focus on the dominant, SnO,; consequentially,
the discussion here will similarly focus on SnO,. Investigation of the oxidation state of typical
decorating metals, on SnO,, show that Au tends to exist as a metallic particle in surface clusters,
while Pt and Pd exist as oxides, even in strongly reducing environments [6-9]. The Pt and Pd
decorating particles are therefore not expected to act as a spill-over catalyst for reception, but
instead, contribute to transduction, through Fermi-level control.

A comparative study of Pt and Pd decorated SnO; in low oxygen environments show differing
reaction schemes, whereby Pd-SnO, sensors respond to CO, with recovery in low oxygen
environments like undecorated SnO, sensors, while Pt-decorated SnO, cannot recover until
oxygen is reintroduced. This is explained by the Pt-decorated SnO; reaction yielding CO,, from
the oxidation of CO via depletion of lattice oxygen. In the absence of oxygen the reduced
SnO,, cannot be re-oxidised, resulting in the Pt-decorated SnO, not recovering the absence of
atmospheric oxygen. This points towards different interaction schemes being opened up by the
introduction of Pt on SnO, [7].

Further investigations of the effect of humidity on Pt and Pd decorated SnO, detection of
CO, which is typically deleterious for CO detection on SnO,. Pt decoration reduced the negative
impact that humidity had on CO detection, relative to undecorated SnO, [10]. Mechanistic
studies, using deuterated water, clarify the enhancement. Without Pt decoration CO and H,O
compete for the same adsorbed oxygen species, while Pt decorations introduce a Pt-O interaction
site that favours the CO interaction over that of the H,O [11]. This mitigates the humidity-
associated deactivation of the sensing mechanism and is a key demonstration of how metal
decoration can open alternative, chemically specific reaction routes.

Pd-decoration of SnO», in contrast, shows a different mechanism than Pt-decoration for CO
detection. Humidity exposure enhances the detection of CO, on Pd-decorated SnO,, instead

the typical attenuation seen for undecorated SnO,. The homolytic dissociation of water on Pd
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particles which yields additional hydroxyl groups, centred at Sn sites, is responsible for this
enhancement. The enhanced surface hydroxyl concentration facilitates the oxidation of CO to
CO, [12]. Pd-decoration enhances sensor response by inhibiting the undesired water interaction,
enhancing the concentration of reactants for the desired pathway, while Pt-decoration provided
an alternative reaction route, without mitigating the water reaction.

Already, the broad scope of surface decoration resulting from different particle decorations
on the same MOX 1s evident. Candidate sensors are often fabricated without mechanistic insight
and investigated for sensing enhancement, however, less commonly MOX and decorations are
chosen on the basis of known reactivities, i.e. Pt catalysis of hydrocarbon breakdown [13]. The
previously outlined enhancement routes combine enhancement with a degree of specificity, due
to the underlying chemical interactions at the surface. However, doping can also enhance sensor
response, without altering the specificity. This is ascribed to the pre-depletion of charge carriers
prior to surface interactions, which enhances the proportional influence of surface adsorbates [14].
The unspecific enhancement produced is due to its impact on the transduction and not the sensing
mechanism. This can be combined with subsequent decoration, where the doping alters the
baseline resistance, enhancing the proportional response of the decorating materials [15].

An overview of the complexity of the effects of noble metals on a single MOX, SnO, has
been demonstrated here, however, it is increasingly popular in the literature to dope one MOX
with another. While this opens additional sensitisation routes, it adds significant complexity
to the mechanism. Considering an example case of the co-decoration of CuO and La,O3 on
TiO, [16]. CuO facilitates the spill-over of adsorbed CO onto the TiO, surface, but produced
poor thermal stability of TiO,. The La,O5 slowed the structural change and enhanced the oxygen
depletion, allowing for more strongly bound carbonate species. Their co-deposition enhanced
both the oxygen site adsorption and the spill-over of CO enhancing the reaction rate, and thus
the response.

In addition to the spill-over and Fermi-level pinning arguments discussed so far, the combina-
tion of MOXs can also introduce p-n junctions. However, the underlying mechanism is often not
discussed [17]. Therefore this brief summary will focus on systems that have been investigated

mechanistically, e.g., Fe, O3 (n-type) decoration of NiO (p-type), whereby the sensing enhance-
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ment is ascribed to the heterojunction. The higher Fermi level of Fe,O; results in electrons
transferring into the NiO and the transfer of holes back into the Fe,O3; producing a depletion
layer. This effectively pre-depletes the carrier concentration, increasing the proportional effect
that adsorbed oxygen species [18], similar to doping effects discussed earlier, but with the added

consideration of decoration materials carrying out secondary processes as already outlined.

A.3 Particle Morphology

Chemiresistive VOC sensors were initially demonstrated as thin films [19,20], but at present
the focus of the literature is on functionalised-nanoparticle MOX VOC sensors. They are
typically comprised of calcinated or sintered thick films of interconnected NPs (e.g., unmodified
NP, decorated/doped NP, core-shell structures, Core-Shell/Hollow Shell) or high aspect ratio
structures (e.g., ribbons, nanowires, nanorods, etc.). Each have their own advantages in terms of
sensitivity, selectivity, stability, reproducibility and ease of fabrication and will be discussed in
turn.

The general morphological arguments and scaling laws have already been discussed during
the p-/n-type discussion, section 1.4.3. This discussion has largely assumed spherical nanoparti-
cles or thin film systems, and other morphologies will be considered relative to this understanding.
For MOX sensors NPs behave the same as the bulk, but with the notable change that their small
dimensionality enhances sensing response by ensuring the depletion layer width is competitive
with particle size for a considerable enhancement in sensor response. In addition to this, they
have a high surface-area/volume ratio, enhancing the number of possible interaction sites/unit
volume. This optimisation route is typical of other catalytic optimisations seen for nanoparticles.

Nanowires, and adjacent morphologies (nanoribbons, nanotubes, nanorods), have been
demonstrated using various MOX materials (ZnO, TiO,, In,03, CdO, GaO) [21], and processing
conditions ranging from evaporation and crystal growth to electrospinning [22—24]. They can be
considered as an intermediate between the behaviours of thin films and spherical nanoparticle
morphologies. Unlike bulk thin films, they have a dimensionally controlled current path for
free charge carriers, and unlike spherical nanoparticles, they lack the periodic grain/neck effects

previously seen. In contrast, the nanowires high aspect ratio continuous material allows for good
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baseline conductivities [25,26].

The high surface area/volume ratio results in the effective modulation of depletion/accumulation
layers, this combined with the controlled conduction path further amplifies the influence of any
perturbation along the nanowire length. At small nanowire cross-sections, typically smaller
than the depletion layer thickness effective modulation can be caused even by a single adsorp-
tion event. Given the confined condition path, the resulting perturbation would then impact
all charge carriers that must traverse that region [26] and allow for large gain due to multiple
interactions along the same wire. However, this amplification can also give rise to noise and
stability challenges [22,27-29].

Electrospun nanowires, beyond providing a facile fabrication route, compared to lithographi-
cally defined ribbons, can also form numerous parallel pathways simultaneously as fibril bundles.
The presence of multiple parallel pathways, mitigates the influence of noise, originating from
single wire paths [30]. As with other semiconductor MOX-based sensing systems, nanowires can
also be decorated with other materials to enhance their sensing performance, e.g., Pd decorated
SnO, ribbons for O, and H, detection [31].

Core-shell decoration morphologies for nanoparticles allow for enhancements distinct from
those of surface decorations and can be applied in addition to either spherical or high aspect
ratio morphologies. For instance, the Ag@SnO, core-shell structures have enhanced sensing
performance relative to SnO, or Ag decorations on SnO,. This is ascribed to the conductive
silver core reducing the system resistance, by providing a low resistance central core, ensuring
efficient charge exchange and interconnectivity of the SnO, shell, and the surface SnO, being
more easily reduced relative to the bulk SnO, [32].

MOX@MOX core-shell structures have also been demonstrated, e.g., ZnO @ SnO, core-shell
nanowires. Both materials are n-type semiconductors but there was still a charge transfer and
association depletion layer formation at their interface, reinforcing the typical electron depletion
layer that arises from oxygen adsorption, resulting in complete deletion. Conduction through
n-type particle networks has already been shown to be dominated by surface interface conduction
and interfaces between particles. Therefore, for n-type MOX shells, regardless of the core, the

dominant conduction contribution is governed by the shell [33]. However, the core can still
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enhance adsorption and other catalytic processes.

The particle miniaturisation arguments discussed earlier, in terms of p-/n-type semiconductors
(section 1.4.3) can be taken to a further extreme in the form of hollow shell nanoparticles. These
particles are typically spherical and comprised of a thin shell of MOX material encapsulating
a central void. This produces a structure that is essentially all surface, however, unlike solid
particles of equivalent size, hollow particles also allow for the diffusion of reactants inside their
structure, where they can interact, effectively doubling their surface area [25,34]. Further, the
absence of a bulk core, restricts conduction through only the shell, which is easily modulated
by surface interactions. These hollow shell nanoparticles have been demonstrated in numerous
materials, e.g., SnO,, In,03, TiO, and C [35-37], using sacrificial scaffolds [38, 39], self-
assembly [40] and emulsion templated growth [41,42] methods.

Hollow nanoparticles can also take advantage of the catalysing effects of decorating particles.
This allows for their response behaviour to be enhanced, not only by the increased surface area
effects granted by the permeable thin surface of their hollow structure but also by the spill-over
effects or Fermi-level pinning influences already outlined [43]. However, these influences are
enhanced by the small thickness of the shell, meaning the depletion layer thickness is large
relative to the particle size (thickness) ensuring a large response. Further, the permeability of the
thin shell ensures good diffusion of reactants, which could otherwise be limited by solid particle
interfaces.

More exotic morphologies are possible, such as hollow-shell-core nanoparticle systems.
These comprise of a hollow nanoparticle shell encapsulating another solid nanoparticle. These
systems have been employed in multiple applications including site-specific drug transport,
energy storage and gas sensing applications [44—46]. It is possible to use catalytic cores within
MOX encapsulating shells to further enhance their sensing properties, e.g., an Au core in a
SnO, shell which enhance reception and spill over of oxygen species [44]. The Au cores, in
this morphology have good separation from each other, preventing aggregation and ensuring
maximum surface are for oxygen adsorption, as with typical nanoparticle decorating particles
[47].

Despite the many alternative morphologies demonstrated since thin-films, there is a renewed
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interest in using doped thin films for lower-power operations, due to their low thermal mass.
Which requires less energy to be expended to achieve the necessary working temperature, and
opens up alternative perturbative heating schemes for periodic measurements, reducing the time

spent at elevated temperature, instead of continuous heating of large mass thick films [48,49].
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B- CONTACT RESISTANCE

Contact resistance is a key barrier preventing the reliable and reproducible implementation of
graphene and graphene-like material based devices. This has limited graphene-based technologies
from laboratory investigations to industrial environments. The focus of the majority of the
literature has been towards GFET applications, using pristine graphene. However, the same
contact resistance mitigations are essential in applications monitoring the change of a resistance
element, e.g., chemiresistive sensing, where a high or variable contact resistance diminishes the
proportional response observed and limits device-to-device reproducibility.

Therefore this discussion will utilise the well established literature for pristine graphene and
GFET applications as a foundation towards the discussion of LIG contacting strategies, given

that it is known to consist of numerous interconnected few-layer graphene sheetlets.

B.1 Pristine Graphene

In traditional semiconductor device fabrication, contact resistance is well understood, with
origins including differences in band structures, p-n junction formation and injection barriers.
However, due to its one-dimensional structure and zero-volume, graphene deviates from the
behaviour of both metals and semi-conductors. Graphene has a linear electronic dispersion,
consequentially it has a low DOS at its Dirac point. Due to its low carrier concentration, lack of
bulk material to pin the Fermi level and highly available surface area graphene is highly sensitive
to its environment. Unlike normal metals, which would attenuate external perturbations as 1/x,
graphene instead only modulates them as 1/+/x, due to its low carrier density. This results in
longer range effects. Multi-layer graphene systems instead display the 1/x, dependence, due to
its larger carrier concentration. Although, the initial contact resistance values can be larger due
to the modified band structure. This enhanced screening is present from even 2-3 layers [S0-52].
Exacerbating the influence of its small DOS, the high surface area of graphene ensures pronounce
extrinsic dependences. Further the small DOS and zero band gap results in even a small charge
transfer producing a dramatic change in the Fermi energy of the graphene [53]. This is distinct

from higher DOS metals, attenuating small charge transfers without modifying their Fermi-level.
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Accounting for these influences, for graphene-based devices to challenge current Si-based CMOS
devices they should have contact resistances below 100 Qum [54].

One key component in minimising the contact resistance is the choice of metal used. Two
broad classes of metals have been determined relative to the graphene sheets; physisorbed and
chemisorbed. The physisorbed metal transfers charge carriers into the graphene but does not
result in a rehybridisation of the molecular orbitals, preserving the electronic band structure
of the graphene sheet. While, chemisorbed metals do result in a change in the hybridisation,
sp? — sp?, altering the electronic structure and opening a band gap in the (formerly) semi-metal
graphene. Further distinctions between the physisorbed and chemisorbed metals are observed
in their conduction mechanisms. Chemisorbed contacts directly inject charge into the sheet,
while physisorbed metals experience a barrier that must be overcome. Physisorbed metals are
predicted to have higher contact resistances. However, the chemical bonding required by the
chemisorption does modify the underlying graphene, potentially resulting in a deviation from
the ideal properties of the graphene being pursued. Therefore, the in-plane modifications, on top
of the absolute contact resistance, need to be considered to determine the better contact.

Physisorbing metals have weaker adsorption energies (0.03-0.05eV/carbon) and larger bond
distances (> 31&) than chemisorbed metals (0.09-0.4eV/carbon and < 2.5&). The down shifting
of graphene energy levels relative to the metal due to Pauli exclusion results in the doping of the
contacted graphene [55]. The influence of the barrier on contact resistance in physisorbing metals
is significant. Investigations using initial Ti adhesion layers (forming a monolayer of chemisorbed
material) with further physisorbed metals layers produced a reduced contact resistance for all
sampled physisorbing metals. The chemisorbed Ti modified the graphene, decreasing the Fermi
velocity but to a lesser degree than would be seen for multilayers/full contacts. The choice
of metal(s) is therefore clearly a significant parameter in order to minimise both the contact
resistance but also to preserve other desirable characteristics of the graphene being contacted [56].
Collated in Table B.1. are the metals that have been determined to be physisorbed/chemisorbed
and, where known, the doping it causes in the graphene sheet.

As has be previously described the choice of metal, to a large degree, determines the contact

resistance. These metals also have preferential sites, that influence how they interact with the

189



Table B.1: Collated Metal types indicating, where known, graphene adsorption type and doping
interaction.

Metal | Sorption | Doping | source
Al Physi N [57]
Ag Physi N [57]
Cu Physi N [57]
Au Physi P [57]
Pt Physi P [57]
Cd Physi [55]
In Physi [55]
Ni Chemi [55]
Co Chemi [55]
Ru Chemi [55]
Pd Chemi [55]
Ti Chemi [55]

sheet. As shown in Fig. B.1, there are three distinct sites the top site, hollow and bridge. These
sites offer differing access to the hybridised and un-hybridised orbitals of the graphene sheet.
The hollow site is a region of low electron density but has a high coordination to the carbon
atoms, allowing energetically favourable donation of electrons by the metal. The top and bridge
sites instead provide more direct access to the molecularly orbitals of the graphene. Therefore,
physisorbing metals prefer the hollow site, while chemisorbing metals the bridge/top sites [58].
The introduction of contaminants/gases that have preferential sites would disproportionately
affect the contact of metals that would also utilise that site. Similarly, the presence of structural
defects in the graphene sheet could influence interactions with contact metals. Most simulations
do not make provisions for grain boundaries, Stone-Wales defects or account for the effects
of adsorbed-non-reactive gases (e.g. CO,, O, and N, ). Garcia-Mota et al. investigated this,
in terms of Pd contacted graphene. It was noted that the gases resulted in charge doping
of the graphene but without significant Fermi-level change. Further, the extent of molecular
physisorption was not seen to be affected by the presence of the intrinsic structural defects [59].
It is promising to see that these neglected components do not have a significant effect, however,
that they have any influence does suggest that known doping gases such as water vapour should
be considered more closely in simulated works. Especially as asymmetry has been observed
with applied potential, suggesting the formation of pn-junctions.

Other environmental influences should also be considered, for example the supporting
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Figure B.1: Adsorption sites on graphene, B (bridge), T (top) and H (hollow) sites are noted,
reproduced from Chan et al. 2008 [58].

substrate. Silicon dioxide, an insulator, is often used as a non-interacting surface that can be
easily and quickly formed on Si wafers, as such it is a favoured substrate for transferring CVD
grown graphene for further process steps. Normally the surface termination of the oxide surface
is an insignificant influence on further layers, however the environmental sensitivity of graphene
results in a dependence. The -OH terminated surface results in p-doping for the graphene
while the -O termination n-doping [46, 60]. This would alter the doping profile and hence any
pn-junctions that are formed. This source of variability isn’t widely considered in the literature
and could contribute to the broad range of contact resistance values seen for different metals.
In either form of contact there is an associated charge redistribution, although this is less
clearly defined for chemisorption, in the case of physisorption this can be understood in terms of
p/n-doping. Depending on the work function of the contact metal the charge redistribution can
result in a net p/n doping depending on the electron withdrawal/donation from/to the graphene
sheet. This change over point is 5.4 eV, up-shifted form the intrinsic graphene work function (4.5
eV), due to the formation of an interface dipole. The dipole forms as result of the overlap of metal
electron density and the graphene molecular orbitals (Pauli exclusion). This dipole induced work
function dependence was noted to decrease with distance as expected from its suggested orbital

overlap influence. While for chemisorbed metals they would not experience the dipole, due to
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the rehybridization. However, in plane charge redistribution, due to modified graphitic band
structures, would effectively dope the graphene [57]. The charge doping of graphene sheets has
been verified by photocurrent spectroscopy. Indicating that built-in electric fields are generated
due to charge redistribution as a result of metal contacting the graphene. This doping was seen
to extend into material up to 2 nm beyond the contacted region [61].

These correspond to the observed asymmetry of electrons and hole conduction with opposite
potentials, as differing resistances would be observed in the formation of a p-p, n-n or p-n
junctions. It is already known from other works that water vapour adsorbing onto graphene
sheets results in a small p-doping. The localised n-doping of the graphene sheet by a contact
metal can thus result in pn-junction formation. As noted previously, their formation has been
observed from the device’s asymmetry with applied potential. As a positive potential would
result in a pn-junction forming, while a negative potential would form a pp-junction, a lower
resistance conformation [53]. Further works have investigated the use of the gate potential to
alter charge doping in a GFETSs configuration modifying the device asymmetry, supporting the
pn-junction determination [62].

These physically observed sources of resistance dependences correspond with those predicted
by the quantum mechanical model of Xia et al. [63]. Whereby the conduction is considered
in two main parts; the injection form metal to graphene and then the transfer from the doped
graphene into the channel region. This work indicates that the contact resistance depends on
the DOS under the metal in the channel (which is modified by the metal), the carrier tunnelling
probability (determined by the barrier, work functions) and the tunnelling probability (controlled
by the doping and pn-junction). This set out three components that could be targeted to reduce
the contact resistance. This work was expanded on, with focus on the behaviours of different
metals in the graphene-metal contact. It was noted that the contact resistivity depended on the
equilibrium. Extreme cases of Ni and Al for the smallest/largest distance and contact resistivity
respectively were observed. However, concerns regarding the potential influence on lateral
current conduction mechanisms do need to be further considered in the case of chemisorbed
metals as previously noted [64].

The determined correlation between contact resistance and metal-graphene equilibrium
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distance provided a grounding for later works. Notably simulations of graphene sheet edge
terminations typical of those produced through oxidative etch methods, used to define channel
dimensions, were investigated. The attraction experienced, towards these edges, by contacting
metals depended on the termination nature. Maximal attraction was felt towards clean, uncontam-
inated edges. For Ni, oxygen termination resulted in a decreased attraction, and a more extreme
decrease with fluorine termination (approx. 2 orders of magnitude). The decrease in attraction
corresponds to an increase in equilibrium separation. Although not all metals considered acted in
the same way as Ni. Cr showed relative independence from the edge termination, and Ti resulted
in a reorganisation of the surface removing contaminants away from the graphene edge to allow
for a better contact. The presence of the defective material would result in an increase contact
resistance due to its separation from the graphene sheet. This is exacerbated for the monovalent F
only being able to form one bond further increasing the separation of the graphene from the metal.
The chosen metals sensitivity to separation is also critical for producing consistent contacts. It
was suggested that the overlooking of this source of variability is a partial cause of the variability
seen in contact resistance values in the literature [65].

The literature so far has been inconclusive on the optimal metal for contacting graphene.
Large variability is seen between groups, both in the absolute values for the contact and in
their relative ordering. Considering the archetypal metal studied for each class of contact
(physisorption/chemisorption), Au and Ni. Depending on the work and its methodologies
the optimal metal may be either Au or Ni. However, some initial works have been carried
out to illustrate why such variability has been observed. Likely sources of variability have
been identified including metal deposition processes, process step conditions, environmental
interactions, metal work function, graphene layer number and resist residues/contaminants. As
has already been noted, a significant component of this is the different distance dependences
seen for physisorbing metals vs. chemisorbing metals. Chemisorbed metals have shorter range
interactions; as such, the presence of contaminants or other perturbations that would increase
separation are amplified relative to the influence they would have on longer ranged physisorbed
metals. Though physisorbed metals are more site specific, showing sensitivity to the configuration

of the graphene surface [66]. Similarly, if the graphene sheet is wrinkled the equilibrium distance
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of the metal to the surface is increased negatively effecting the chemisorbed contact resistance
more significantly than that of physisorbed contacts [67]. Meaningful comparisons of different
design methodologies have not yet been carried out, but this appears to be another likely source
of variability in contact resistance leading to the ambiguity seen in the literature.

The mechanism used to form the contacts needs to be considered. For example, in the case of
depositing Ti metal contacts. A distinction was observed when deposition was achieved through
ebeam compared with that formed using sputtering. The sputtered contact had a higher contact
resistance associated with damage to the graphene sheet, due to the higher momenta of the
deposited particles. It is also possible that the smaller grain size from the ebeam deposition
would result in shorted contact distances [46], decreasing the contact resistance. Similarly, other
mechanism dependent processes need to be considered. For example, wet vs dry processing of
CVD grown graphene contacted by Al display different contact resistances. The wet processed
Al, dipped in DI water, has a larger contact resistance corresponding to the formation of an
interfacial oxide between the graphene and metal contact which acts as a barrier to charge
injection. This unintended contaminant formation is a likely source for variability seen in
literature. Such influences should be considered in any contaminant removal procedures [68].

The Quantum Mechanical (QM) consideration coupled with the distance dependence provides
a good general framework for the consideration of contact resistance in a graphene-metal contact.
However, it is critical to expand beyond these core considerations to account for alternative
contacting geometries. The initial QM methodology assumed that it was a top-contacted graphene
structure and as such defined potential regions for optimisation. It would be easy to assume that
these would stand for more recent methods such as edge-contacted graphene or holey-graphene.
This sets out a potential pitfall in optimisation procedures whereby primary sources of resistance
in one geometry are negligible in another. Simulations of both embedded and edge contacted
Ni-Graphene contacts indicated that in the case of the embedded contact that a three order of
magnitude reduction in the contact resistivity in a top-contacted device would result in only a
40% reduction in the total contact resistance. Experimentally the contact resistivity has been seen
to be reduced to <=1% of its initial value through carbide formation when annealed. So, unless

contact resistivity is determined to be the dominant factor, then its optimisation should not be the
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focus of any optimisation process as it has a limited impact on the total contact resistance and has
known minimisation methods. It was seen that unlike in the case of the embedded structure, the
edge contact structure only had a one-step electron transfer process, deviating from the quantum
mechanical model previously discussed. In the edge contacting the charge can transfer directly
into the sheet, as such, the contributions to the overall contact resistance and their scaling is
distinct from that of a top contact and should be optimised separately [69]. This is considered
later in terms of the Launder-Buttiker quantum mechanical model, Equ. B.2.

As previously noted, thermal annealing is a known method used to heal damage caused
during fabrication, form better contacts by decreasing grain size or to remove contaminants. In
graphene it has been explored for each of these roles. Surprisingly, in the previously discussed
Ti deposition comparing ebeam and sputtered Ti contacts to graphene, a decrease in graphene
quality was observed post annealing, signalled by a shifted in the graphene G peak in its Raman
spectrum. [70]. Other works, however, have observed, the expected decrease in the contact
resistivity due to annealing in a hydrogen environment. This was proposed to be due to the
removal of PMMA resist from the uncontacted graphene, metal grain size becoming more
uniform - providing better contact- or the dissolution of carbon into the metal allowing for
the formation of numerous end-contacted regions [71]. The proposal of the metal grain size
modification is like the arguments by Liu et al. about why the E-beam deposited Ti has a lower
contact resistance as well as the sample metal contact separation dependence. This is a complex
component of the contact resistance that requires further consideration, especially due to the
potential damage that could occur to the graphene.

The total resistance of a TLM can be divided into two main components, the channel
resistance and the contact resistance, whereby Ry (L) = Rcon(L) + 2Rc. The contact resistance
is the measure of the resistance of the device due to injecting charge from the leads into the
device through a given contact region. As this is not part of a future device’s role, it is considered
a parasitic component that should be minimised. In traditional semiconductor devices, planar
metallic interfaces are used, taking advantage of the isotropic nature of the substrate. Additionally,
doping steps are normally taken to ensure good Fermi-level and band alignments between the

semiconductor and the metal. If the resulting Fermi-level is in the band gap a Schottky barrier
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forms, if it is below the valence band/above the conduction band an Ohmic contact forms. The
height of any barrier formed depends on the metal work function and electron affinity of the
semiconductor. Consequently, for high barrier interactions tunnelling must occur for charge
injection increasing contact resistance [72]. The Schottky barrier makes it more difficult for
charge to be injected into the channel and as such increases the contact resistance.

Traditional considerations of current flow would suggest a homogenous distribution of charge
across a planar interface between two materials. Whereby contact resistance would decrease
as a function of the area of the contact (in line with R = pL/A). However, if the resistivity
of the contacted layer is large relative to the contact metal, or if the transition resistance in the
contact region is large (due to energy band structures at the interface) then a deviation from
the expected contact can occur [73]. Current crowding is the term given to describe the arising
phenomena. Current, instead of uniformly entering the contacted material, instead travels the
maximum distance in the contacting metal before entering it. Consequently, there is a larger
current density at the extreme most portion of the contacting metal. This occurs as the metal
dominant pathway is the path of least resistance. This occurs in metal graphene contacts despite
the graphene’s high conductivity due to its low density of states, making it challenging to inject
charge [53]. The current crowding changes the scaling of the contact resistance with its geometry.
Below a given length, transfer length (LT), the device scales as expected (areally), when L > Ly
the contact no longer depends on the length of the contact. Instead the contact resistance scales
linearly with the width of the contact. Modelling of TLM contacts in graphene suggest a further
deviation from the transfer length seen in the more general current crowding situation, with
further factors determining the true LT although that suggested initially is the limiting case. It
was further seen that that the current crowding results in Joule heating [74].

To account for the theoretical complications arising from current crowding/spreading alter-
native contacting methods beyond the traditional TLM have been suggested such as circular
TLM analogues [75]. Those contacts would account for current spread/crowding but require
numerical benchmarking and transformation which has not found significant use, despite it not
requiring edge patterning of graphene. However, some of the assumptions of the TLM have been

challenged further. These include its assumption of each contact being equivalent, which would
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not account for defect distributions due to the transfer process of even CVD grown graphene and
other less well controlled processes. Consequently, it has been suggested that caution should be
taken in its use to ensure repeatability and sufficiently large contacts should be used to account
for the current crowding [76]. The defect dependence of the TLM method is also a candidate for
the higher variability it is seen to produce relative to the 4-probe methods. [71]. Recently, single
metallisation step processes were realised for determining graphene-metal contact resistance
determination. This modified the Cross-Kelvin 4-probe method, facilitating facile determination
of contact resistance, while providing greater alignment leeway [68]

Achieving low contact resistance graphene-metal interfaces is complicated by the short
transfer length decreasing the active area of the contact used. Further, the presence of residues
or contaminants at an interface between metals or semiconductors will increase its resistance
either due to acting like a traditional resistor or due to providing an additional barrier through
which charge must tunnel. It is for this reason that many cleaning steps are integrated into
semiconductor manufacturing processes; every photolithography step results in residue that
could damage the resulting contacts. Normally, high energy/temperature or organic molecule
focused removal methods are used to clean interfaces prior to metallisation including plasma
ashing or acid dips. Similarly, Rapid Thermal Annealing (RTA) is often used to ensure good
contact geometries are maintained utilising the full contact area.

Graphene is not a traditional semiconductor or metal. It is a monolayer, semimetal with
zero bandgap. Consequently, the way it must be handled and considered for device manufacture
differs from traditional semiconductors. Due to its linear dispersion around its Dirac point it also
has a low density of states, this coupled with its all surface zero volume structure makes it very
sensitive to environmental influence. Further it is prone to damage from methods normally used
in device manufacture and cannot be subjected to the same extremes of temperature or chemical
environment. This presents challenges in how it can be handled but also in the methods needed
to ensure high quality, low contact resistance metallisation processes can be achieved.

Considering the biggest distinction first, the low density of states, introduces additional
factors that can normally be neglected, namely charge induced doping from metal contacts,

substrate interactions and environmental doping. Pristine graphene often becomes p-doped due
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to interactions with oxygen moieties, water molecules and other volatile organic compounds,
however depending on the work function of contacting metal used, it is possible for the contacted
graphene to become n- or p-doped; resulting in potential pn-junction formation, device asymmetry
and increased contact resistance. This contact induced doping also results in a further split in
the channel resistance as the graphene below the contacted metal will then behave differently
than the un-contacted material of the channel. Thus, alternative measurement geometries such as
end-contact resistance should be utilised [77].

The limitation of cleaning processes caused by the sensitivity of graphene results in uninten-
tional knock on effects. Residues from photoresist, a core component of photolithography cannot
be easily removed from graphene without causing damage. While less damaging methods are
unable to fully remove the residues. Instead a compromise between the two extremes is necessary
resulting in insulating residue remaining present in the interface region of metallic contacts,
increasing contact resistance. These residues can also act as scattering sites and as charged
dopants further diminishing the materials properties for which the graphene was selected initially.
This challenge is further heightened due to the low throughput of pristine graphene methods
such as SiC epitaxial growth or mechanical exfoliation. Instead, chemical vapour deposition
graphene (CVD-Q) is used as large surface areas can be produced rapidly.

During CVD growth of graphene, a stream of methane is incident on a copper foil which
facilitates the growth of graphene. Later the graphene is covered with a PMMA handling layer
and the copper foil is etched away. The graphene is then transferred to its desired substrate
and the PMMA handling layer is removed. However, this removal is incomplete. The residue
increases the contact resistance. Although vacuum annealing and other processes can be used to
remove this residue. It is noted that its removal results in a 2 increase in mobility. It is also
noted that for CVD-G extrinsic scattering dominates device properties. Acetone and vacuum
annealing can mostly remove the PMMA, but Raman analysis suggests its incomplete removal.
Further, re-exposing the sample to PMMA would re-increase the observed p-doping; suggesting
that it was its presence and not damage to the sample that cause the shift [78]. Later works
that removed the residue using contact Atomic Force Microscopy (AFM) observed no change

in the quality of the graphene as characterised by Raman spectroscopy. This is indicative of a
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physisorbed material that does not damage or modify the underlying graphene. The non-chemical
nature of the bonding limits the charge doping that can occur due to the residue and allows for a
wider range of removal methodologies [79].

Residues of PMMA handling layers and photoresist, increase the contact resistance through
several different processes. These include the intuitive aspect of being a layer of resistive material
at the interface, however the other aspects can also influence the behaviour such as their role in
increasing the metal-graphene separation dramatically increasing the resistance associated with
the highly distance dependent tunnelling process. Further, the residue present is not homogenous
and therefore its influence over the resulting contact is not predictable, preventing consistent
device production. Its removal would not only reduce the contact resistance but also reduces
the device to device variability [80]. This is key, as high contact resistance device, although not
ideal can still be utilised, while unpredictable devices cannot.

The considerations outlined can be considered in a simplified quantum mechanical model
as has already been suggested, in terms of metal-graphene separation distances, Landauer-
Buttiker model Equ. B.2. The veracity of the use of the model has been assessed using a
residue-free metallisation process on epitaxially grown graphene on SiC produces a high quality,
low contaminant graphene platform for investigating metal contact behaviours. Assuming full
transmission, the theoretical limit for contact resistance should be 88 Qum for side contacts
(top or bottom). However, unlike CVD-G, epitaxially grown graphene lacks high-energy defect
sites on its surface for carbide formation resulting in a higher contact resistance as the transfer
coefficient is reduced. These dangling bonds are equivalent to the edge site carbons with their
higher energy sp-hybridisation, which act as a high energy site for bond formation to deposited
metals as well as providing accessible molecular orbitals for charge transfer. As such increasing
the number of sp-hybridised carbons present in the sheet will allow for a reduction in the contact
resistance [81].

Further the controlled, intentional introduction of contaminants was conducted to investigate
influences on the Ni contact. The contaminants were seen to cause higher sheet resistances
suggestive of charge transfer from the graphene sheet reducing electron density. The Ni could

also interact with the residue to produce insulating material preventing charge transfer. In terms
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of the Landauer-Buttiker model, it is possible to capture the geometry of the contact in terms of
the transfer coefficients, as a side contact 7' < 0.1, while for and edge contact 7" > 0.5. This
captures the difficulty in overcoming charge barriers to injection for a side contact that are not
present for a metal that can bond to a higher energy dangling bond at an edge site, formally
T tends to O for edge contacts as graphene is an insulator out of plane, while it tends to 1
for carbide bonds. Further 7T, can also be used to capture insulating influences of interfacial
residues and distance dependences. Similarly, 7o can be used to characterise the tunnelling
barrier introduced by differing doping profiles in the contacted and channel graphene, namely if
pn-junctions are present. This experimental work alongside quantum mechanical consideration
highlights the main optimisation routes for graphene contacts: interface optimisation, doping

profiles, contact geometry [82].
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Where 7' is the transmission coefficient, n is the carrier density, 7 ¢ is the transmission coefficient

R, (B.1)

between the contacted graphene and the channel region, 7T, is the transmission coefficient
between the metal and contacted graphene.

Similar investigations into the influences of residue on monolayer and bi-layer graphene have
been carried out, achieving contact resistance < 100 2um. This was achieved by depositing
a blanket layer of Au prior to patterning, which could then be removed in undesirable regions.
The analysis again compares to Launder’s quantum mechanical model R, = h/4e?MT, M =
AFE;/mhur and T is the transfer coefficient. There is a differing dependence on the doping
concentration for both the mono and bilayer graphene values whereby M o< /i for monolayers
and x n, for bilayers. So, under the assumption that T the transmission coefficient is 1 and
determining ns values it is seen that R. BL < . ML due to higher ns. Further it can be considered
that less resist means T is closer to one. Both monolayer (4.17eV) and bilayer (4.66eV) graphene
have work functions less than gold (5.1eV) so become p-doped when in contact. BL graphene is
intrinsically p-doped so as ns increases, I?. decreases, while for MG which is n-type it becomes

less n-type so R, increases [83].
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As has been noted one way to reduce the contact resistance is to increase 1), towards one,
this can be achieved in several ways, one of the most obvious is to avoid the charge injection
barrier entirely through the formation of carbide bonds. However, except for edge sites it is
challenging for metallisation steps to overcome the high energy C—C bonds. Non-chemical
methods have been attempted to selectively (spatially) break C—C bonds through targeted laser
irradiation to form higher energy defect sites localised only within the desired contact region.
This avoids damage to the graphene channel while allowing for additional edge contacts to be
achieved [84].

From this brief insight into the quantum mechanical aspect three main methods to ensuring
low contact resistance are possible; doping of the graphene sheets to prevent pn-junction be-
haviour and increase mobility, increasing 7..; reduction and removal of residue, increasing the
T\ ; increase chemisorption bonding behaviour between metal and graphene; increasing 7)¢.
Although, these aspects are not fully independent of each other, for the sake of clarity they will

be discussed separately.

B.2 Graphene Modification

The challenges associated with low density of states of graphene and the resulting limitation
of charge injection can be overcome by doping the graphene. However, unlike traditional
semiconductor materials which are bulk in nature, ion implantation or diffusion would cause
severe damage to graphene that could not be rectified through annealing. Instead, a polymer
mixture can be used to dope the graphene instead. This relies on the low DOS of graphene
and sensitivity to its environment as previously outlined. Consequently, a mix of Poly(4-
vinylphenol)/Poly(melamine-co-formaldehyde) (PVP/PMF) can be used to n-dope the graphene.
PVP is used as a filler component in the polymer mix, while the PMF contains triazine groups
which are electron rich, resulting in n-doping of the graphene. The ratio of the mixture can be
controlled to tune the extent of doping. The polymer also insulates the graphene from external
influence. The n-doping must first overcome the native p-doping of the graphene to achieve
intrinsic behaviour prior to n-doping to begin.

After strong n-doping occurs the choice of metal used to contact the graphene is seen to be
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insignificant, as the metal-charge induced doping is no longer the dominant doping contribution
forming pn-junctions [85]. Alternative polymer doping approaches have also been attempted,
Hexaazatriphenylene Hexacarbonitrile similarly observing doping of the graphene tuning work
functions and reducing contact resistance. It was seen that by controlling the duration of the
anneal that different levels of polymer doping could be achieved. As has been shown, controlled
doping of graphene sheets requires careful control over the composition of materials in which it
encounters. Thus, hydrophilic layers (ODST) cast onto SiO,wafers to prevent trap states, water
or Si0O, defects doping the graphene uncontrollably have also been investigated [86].

The control over the interaction doping of graphene can be used in other aspects such
as the band gap opening in bilayer graphene. Noting that graphene becomes p-doped from
environmental interactions and electron withdrawal by oxygen moieties, it is possible to control
the graphene doping by coating the top surface with triazine. Allowing the base of the graphene
to interact as usual results in an inhomogeneous doping profile and built-in electric field that
can be sued to open up the band gap to 111 meV [87]. This again highlights the significance of
which interactions are permitted and which are prevented from occurring. The metal contacts
themselves need to be considered carefully as the choice of metal (work function and lattice
mismatch) can influence the graphene layer. It has been shown that the choice of invasive or
external probes needs to be made with some care and knowledge of the doping of the channel
region and the charge induced doping that will be caused by the metal. If the doping caused by
the metal were to induce a doping profile different to that of the substrate a pn junction would
form, acting as a barrier to charge injection. By use of external contact structures to a graphene
channel it is possible to mitigate the charge induced doping. This acts as a design rule informing

the nature of metals that can be used device designs [88].
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B.3 Interface Cleaning

As has been already noted, the presence of interfacial residual resist in a graphene metal interface
disrupts charge transfer. This resist usually originates from both PMMA handling layers during
CVD-G growth or from photolithography steps. The contamination caused by the PMMA can
be mitigated through use of lower concentration PMMA solutions in the handling layer which
results in less residue and lower levels of p-doping [89]. It is considered as unavoidable that
some degree of residue will need to be removed. The necessity to remove the residue presents
challenges especially for graphene-based devices not normally experienced in semiconductor
manufacture processes. As standard residue removal steps such as plasma cleaning, ashing or
chemical cleans would also damage the graphene. Alternative methods and modified traditional
approaches have been developed in their place. For example, UV-Ozone methods have been used
to remove residues achieving contact resistances of 200 Q2um without significant modification of
graphene quality, demonstrated by Raman spectroscopy and the unaltered sheet resistance. The
removal of residue was verified by XPS. The duration of the UV-ozone treatment could also be
tuned to ensure all of the resist is removed but stopped before damage occurs to the graphene
sheet [80,90].

Other non-destructive processes include dehydrogenation of PMMA residue through a
N, anneal followed by a flow of CO, used to reduce the residue, removing oxygen groups
that can bond to the graphene. This both reduces its adhesion and ability to act like a charged
impurity. Although little further work has been done on the removal of the surviving hydrocarbon
backbone [91]. Targeted region specific approaches such as laser cleaning have been attempted
to remove the residue, although it couldn’t fully remove the residue due to strong adsorption
effects. This was attempted using a Raman system so that real time feedback could be achieved,
it observed that monolayer graphene allows for more rapid removal of residue than CVD-G due
to the higher energy defect sites present. It further noted that removal of the channel residue
reduced the p-doping experienced [92].

Novel cleaning methods such as CO, cluster cleaning have been investigated. Utilising
cooled CO, gas passing through a narrow opening to form cooled clusters of particles. Which

when incident on the residue absorb energy and cause their rapid thermal shrinkage and removal
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from the graphene substrate. Cleaning efficiency can be tuned with cluster size and particle
velocity. The low energy of the cooled gas clusters ensures that no damage to the graphene
sheet occurs, producing graphene sheets with lower roughness than even mechanically exfoliated
samples. Although it is noted that the CO, clusters can induce hole-type defects in the surface,
which could be a potential site for edge contacting [93].

Plasma cleaning processes are popular for semiconductor devices but can cause damage to
graphene if used to remove residue. Comparison of different plasmas and their influence indicate
that their damage manifests as increased edge sites resulting in reduced contact resistance. This
damage can disrupt the graphene’s other electrical properties so should be constrained to the
contact region. Plasma treatments successfully modify the phobicity of the surface beyond just
removal of the residue achieving reductions in contact angles. However, increased sp® character
and presence of CH, OH and COC functional groups in addition to vacancies is observed. The
damage caused to the graphene, does however make it easier for other metals with lower binding
energy to adhere to the surface. H, plasma was the least damaging to the graphene sheet, with
O, and Ar being more impactful due to their chemical reactivity and large mass respectively.
The plasma treatments also resulted in p-doping due to hydrogenation, oxidation and increased
environmental sensitivity [94].

Tying in closely with the study and effects associated with the presence of residue on graphene
is the interactions and effect that metallisation would produce. The deposition of Ni and its
subsequent removal, results in no change to the graphene Raman spectra. If annealed and the
prior to the removal of the metal, then a D band appears in the Raman spectrum. There is an
altering of both atomic arrangement and the electronic properties of the contaminated graphene.
These influences initiate from the edges of the graphene sheet, as they are regions of higher
energy and thus reactivity. This occurs by a dissolution-precipitation interaction. Whereby C—C
bonds break as C is dissolved into Ni. The dissolved C can then be precipitated as a Ni-C bond.
When the Ni is removed, the carbide bond is broken leaving dangling, edge carbons. The defect
Raman peak increases. The increase in carbide formation was verified by XPS. Similar behaviour
is not replicated by Au, suggesting that the choice of metal impacts on the resulting nature and

interaction with the graphene [95].
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A greater insight into the interaction of metal alloys is therefore relevant. Metal alloy
contacting stacks were used to contact the graphene, it was observed that Auy gs/Geg 12/Ni/Au
has a lower contact resistivity than Ti/Au and Ti/Pt/Au metal contacting stacks on graphene. This
is despite the known carbide formation of Ti and the physisorption of Au. Further for both the Ti
and AuGe alloy contact resistance reductions were observed for rapid thermal anneals both prior
to metallisation and post-metallisation. The anneal can reduce the contact resistance through
one of three pathways; decrease interfacial residue, improve surface area, or enhance bonding.
The latter of these pathways is suggested due to the inability for the residue to escape from the
interface region once metallised and its prevention for significant surface area enhancement. Ge
carbide formation also allows for direct contacting by Au to occur in addition to the 4p orbitals
of Ge having a good overlap with the sp? orbitals of graphene further reducing contact resistance.
Other alloys can be used to better contact graphene through orbital overlap optimisations [96].
Similarly, Cr/Au metal stacks with a monolayer of Cr can achieve reductions of contact resistance
from 400 — 200 Qum, again due to the removal of the charge injection barrier experience by a
physisorbed Au contact [97]. More complex systems have also been considered such as MoOx
layers acting as hole injection layers due to their high work function. The heavily p-dope the
graphene which increases the Fermi-level but also the DOS due to the linear dispersion [98].

Not only the choice of contacting metal is important, as it is also necessary to ensure that the
material used is in the expected form needed, both in terms of phase and contacting geometry.
The influences of processes such as rapid thermal annealing, often used for ensuring ideal
metallic contacts, is considered, however in the case of graphene-based devices it can result in
unintended damage to the channel region as well as defects in the contact region. Despite this, it
has been demonstrated to form more stable and consistent contacts. For example, prior to RTA,
contact resistance values were seen to be large and skewed while after a RTA step they decreased
in value in addition to adopting a Gaussian distribution. After the RTA process inter-device
variability and intra-device stability in contact resistance decreased; more stable, consistent
contacts were formed. This is in part due to decreased residue but also from smaller grain sizes
forming producing a higher quality contact [77].

In-situ current annealing presents an alternative, less damaging annealing option. A large
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current is passed through the graphene channel, resulting in Joule heating as would be desired
in a normal annealing process allow for the desorption of any adsorbed contaminants from
the channel. The surface contaminants can cause charge doping or act as scattering sites [97].
Although the SiO,support used can also act as a charge donor and scattering site. Other works
have also used Joule heating to anneal graphene and remove contaminants, even able to remove
CdSe NPs [99].

As was discussed previously, many methods have been attempted to remove residue from
graphene. Those processes, as outlined, can cause undesirable damage to the sensitive graphene;
instead processes which mitigate the residue should be considered. Hence, aluminium sacrificial
layers have been utilised to protect the graphene during photolithography steps due to its ease
of removal. Although it may result in additional defects and edge sites in the graphene [100].
The use of Al sacrificial layers on CVD-G has facilitated reduction in contact resistance from
2 — 0.5kQum and reduced sample roughness: only PMMA residue is present. The use of Al
sacrificial layers is scalable unlike less destructive cleaning processes, which is critical for the
higher throughput CVD-G material, which retains more residue due to its intrinsic defect density
and wrinkled structure. Al protective layers complement CVD-G [101]. Like Al sacrificial layers,
the final contact metal can instead be used to protect the graphene which is then selectively
removed in photolithographic processes to define the device geometry. This has achieved contact

resistance reduction as much as 60% [102].
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B.4 Graphene Contact Approaches

Contacting graphene is known to alter its charge doping due to its low density of states, which
is demonstrated through photocurrent microscopy demonstrating the presence of a potential
step and built in electric fields. It is also shown that the sheet is p-doped at the sheet edges but
n-doped at the centre [103]. The observed built-in electric fields only add to the injection barriers
experienced by metal contacts, consequentially two broad methods were developed to mitigate
these factors. Doping to minimise the pn-junction formation as already discussed and edge
contacting to subvert the Schottky barrier. Fundamental to the understanding of edge contacts is
structures with only edge contacts without top or bottom contacts being formed, which has been
achieved in all CVD grown methodologies with hBN encapsulated graphene insulating its top
and bottom surfaces. The hBN also has minimal lattice mismatch [104].

Although edge contacting appears to be more promising due to its ability to directly access
the graphene sheet top and bottom contacts are a more straightforward geometry to realise.
Top and bottom contacts should be equivalent in how they contact the graphene, in a pristine,
theoretical consideration. However, the influence of contaminants and scalability need to be
considered. As previously noted, photolithography and CVD growth result in the presence of
residue on graphene, although due to the top down nature more residue with be present at a
top interface than at a protected, bottom interface. Further, in top contacting geometries it is
necessary to locate the desired region for patterning, while in the case of CVD-G, bottom contacts
result in a self-aligned configuration, maximising throughput. The use of bottom contacts with
CVD-G results in a reduction in both contact resistance and variability relative to equivalent top
contacts. This likely due to the negation of the influence of interfacial contamination [105]. The
use of bottom contacts to graphene reduces the interaction that the graphene could have with the
substrate such as Si0,. Similarly, an equivalent protection would be afforded in a double contact,
with the additional benefit of protecting the top surface from environmental interactions [106].

Double contact structures are the combination of both top and bottom contacts and have
resulted in odd behaviour, deviating from either that of top or bottom contacts. For example, Pt
physisorbs onto graphene in either top or bottom contacts. The resulting contact experiences

the expected charge injection barrier. However, when a double-sided contact is modelled
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chemisorption occurs due to charge redistribution at the Pt/G/Pt interface. When the metal
approaches the graphene, the surface work function changes on the metal due to Pauli exclusion.
Electrons are then transferred according to the work function differences. In the case of a
single sided contact a dipole is formed at the interface. While in a double-sided contact at large
separation a small lift of the Pt Fermi level is experienced due to weak exclusion influences;
simultaneous charge redistribution to account for the work function shift is experienced. At
smaller separation, the exclusion influence increases further, and the work function of the Pt
increases, and some electrons are transferred back. The presence of symmetric anti-parallel
dipoles ensures that electrons are retained in the basal plane of the graphene and an accumulation
layer forms.

Although the Pt d-orbital overlaps with the graphene p, orbital, physisorption and not
chemisorption occurs due to the influence of lattice mismatch. This is no longer the case due
to charge redistribution; chemisorption occurs; direct transfer of charge can occur. The type of
metal used is significant in these contacts. The two metal layers need to be either p-type or n-type
charge acceptors/donors. For example, a Pt-G-Ti stack, no EAL forms, instead electrons are just
transferred from Ti to Pt via the g, while for Pt-G-Pd an EAL forms and the charge injection
barrier disappears [107]. Other works modelling double contacts in the form of adlayers similarly
observe enhancement of Ni-G bonding and buckling of the graphene layer. Further, Cu—G—-Ni
stacks also demonstrate an enhancement, although less significant. These enhancements manifest
as a larger than normal electron density [108]. The same work also observed that Ni—-Cu—-G
and Cu—Ni—G metal stacks display the behaviour of the contact layer even if only an adlayer is
present.

Although simpler to achieve through traditional lithography processes, top or bottom contacts
are limited in the quality of the contact they can achieve to systems. This is notably due to
the stacked sp? nature of graphene, presenting as parallel channels isolated from each other.
Graphene is conductive in the plane but insulating between its layers. So, to access layers of
graphene that are not directly contacted on the surface, tunnelling must occur; increasing their
access resistance. Further in the case of GFETs structures, layers of graphene distant from the

gate experience less modulation due to screening effects of the intermediary layers. The result

208



of these influences is that the reduction in resistance afforded by multilayer saturates quickly
due to the necessary tunnelling; only the first two layers are essentially used. This extends
even when edge contacting is used for the source and drain as the modulation of the gate is still
attenuated quickly [109]. As such the discussion is returned to the difficult to achieve but more
promising edge contacting geometry. Direct comparisons between edge and side contacting
geometries have been demonstrated for several metals (Ti, Pd, Pt, Cu, Au) in each case lower
contact resistances were achieved in the edge contact. In part this is due to the facilitation of
direct bonding as previously noted, but also due to better geometrical overlap of orbitals [110].

The reduction in contact resistance afforded by carbide bond formation between metals and
high energy edge sites has great potential for optimising metallisation of graphene. However,
pristine graphene samples have limited available sites for such bonding, CVD-G contains known
surface defects that can allow for carbide formation. The presence of interfacial residues can
prevent access to these sites. Consequently, the use of plasma treatments to remove the residue
allowed for the observation that partial damage to the graphene surface can produce high energy
sites prone to carbide formation. This leads to low contact resistance upon annealing. The plasma
treatment can oxidise the graphene damaging its material properties. Despite this, the facilitated
bonding removes the tunnelling barrier and decreases the metal-graphene separation decreasing
the contact resistance [111].

Noting that contact resistance is reduced in edge-contacted structures inspired works to
investigate the scaling of contact resistance with increasing number of edge sites being available.
These include structures containing combed teeth structures, whereby structures with more
finely spaced combs (greater perimeter) had lower contact resistances [85]. Similarly, other
works have used long cut structure normal to the direction of charge transfer to decrease contact
resistance [112]. Both works were seen to further vary on the doping profiles of the materials
used, although that is not the main focus of this current discussion. The use of combs and cuts
structures to increase available edge site inspired further approaches to enhance the availability
of edge-contact sites.

Self-assembling catalysed etches into the graphene have been investigated to replace top

down patterning methods. Successes have been achieved using Co-mediated etches with good
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crystallographic etch control as well as with pit size control based on thickness of deposited
Ni films. In each of these cases initial metal deposition, followed by an anneal to achieve
islands/beads of metal were used to define the sites that could then be etched. In the case of
Co, pre-patterning of the Co was used to control the sites etched achieving zig-zag terminations.
While, the beading seen for Ni would determine the distribution of etched sites. Both methods
achieved increased availability of edges for further contacting [95, 113].

These catalysed etch methods, despite requiring less intervention and process steps produce
greater variability in the surface and thus contacts formed. As such more traditional method-
ologies were used. e-Beam/Oxygen plasma etch processes were used to form arrays of holes
in graphene with differing perimeter sizes, noting decreasing contact resistance and current
crowding (longer transfer lengths, more efficient use of contact area) [114]. Lithographic etches
of holes produced contacts with high covalent bonding between the metal and graphene at
the hole perimeter graphene edge sites, reducing the contact resistance. With smaller diame-
ter holes, decreasing the contact resistance more, greater density of edge sites possible with
smaller holes [115]. Further work under the same methodology suggested that the denser grid
of small holes results in a more metallic electrostatic potential, achieving lower contact resis-
tance [116]. As such, this is a critical region of interest for not only transistor designs but for all
graphene-based technologies. Given that contact resistance is a significant challenge even for
semiconductor MOX-based VOC sensors (section 1.4.3). For LIG based VOC sensors this high
contact resistance would diminish the observable responses decreasing the sensor sensitivity and
LOD. In traditional semiconductor device fabrication, contact resistance is well understood, with

origins including differences in band structures, p-n junction formation and injection barriers.

210



C- RAMAN SPECTROSCOPY

C.1 Raman Spectroscopy Theory
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Figure C.1: (Top) Stokes shift; an incoming photon w;, excites and electron-hole pair e-h. The
pair decays into a phonon () and another electron-hole pair e-h’. The latter recombines, emitting

a photon w,.. (Middle) Antistokes; the phonon is absorbed by the e-h pair. (Bottom) Rayleigh
and Raman scattering in resonant and non-resonant conditions. [117]

When a photon of light is incident on an electron in a molecule it acts as a quantum of
energy, iwy . This results in the excitation of the electron to an excited state, relaxation occurs
and the electron then returns to its ground state energy (£,,), re-emitting the energy difference
as a photon of the same energy it absorbed. This classical consideration is known as Rayleigh
scattering. The photon energy is conserved. This is the dominant mechanism in the interaction
of light and matter; however, it is not the only possible outcome. For example, if the electron

is in an excited vibrational state when the photon is incident, then the photon emitted when
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the electron relaxes to its ground state would be at a higher energy than the original incident
photon. Similarly, if the electron that was excited from its ground state relaxes to an energy state
higher than its ground energy then the emitted photon is of a lower energy than the excitation
photon. The changes in frequency are known as the anti-stokes and stokes shift respectively.
The changes in energy observed are due to interactions with phonons of the material. These are
minority interactions relative to the Rayleigh scattering due to their low probability and orbital
overlap, further anti-stokes shifts are again less likely to occur than a stokes shift due to the low
population of the vibrational state under normal conditions of temperature.

It is not necessary for the excitation state to be a real energy level. Instead a virtual state,
force oscillation of electrons, can temporarily hold the electrons, although with a shorter lifetime.
More formally Rayleigh scattering occurs when Aw; = 0 while Raman scattering occurs when
Aw; # 0 such that the frequency of the oscillation (2 is defined by hw; — hws. = hS2. Although
possible, Raman scattering mediated through virtual states is less efficient that through stationary
states, known as resonant Raman. Due to the wavelengths of light used, (IR,UV) electronic
excitation is an intermediate step, instead of direct photon-phonon coupling as laser energy
» than phonon energy. Raman spectroscopy informs both electronic and vibrational structure
information of the material. As their structure defines the available states the excited electron
can occupy.

Further description of the Raman process and how it impacts on graphene and graphene-like
materials will be described in three complementary forms; quantum mechanical perturbation
theory, real-space interactions and in terms of symmetry. Each of these methods provide further
insight into why, unlike more general materials the potential density of states isn’t reproduced,
instead a sparsely populated spectrum with sharp peaks is formed. This is due to graphene’s
linear, gapless electronic dispersion allowing for any wy,, lack of excitons and in the wavelength
range, symmetric conduction and valence bands (m; ~ m.). For the consideration of the

mechanism of Raman scattering the following notation is defined:
. K 1, wr, = cK; Wave vector and frequency of incoming photon

e K se, Wse = CK 5. Wave vector and frequency of scattered photon
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* ¢,§); Wave vector and frequency for phonon branch v

Hence wy, = w,. £+ QZ , K;, = K,. & q, in other words; Stokes shifts result in the formation
of phonons, anti-stokes shifts result in their annihilation. Again considering the wavelengths
used in Raman [230, 1060] nm and the lattice parameter of graphene (a~ 1.42A) it is seen that
K, Ko < g < Z[117].

As in any process involving electron excitation an electron and hole pair is created. For a
photon to be re-emitted it is necessary for pair recombination to occur it is necessary for the
two charge carriers to be in the same location. In other words, the momentum change due to
the phonon interaction, q, should be approximately zero. This is known as the fundamental
selection rule. For first order scattering processes (one phonon) this heavily restricts the potential
wavelengths to just that near the I" point for graphene. Although in graphite there are separately
available phonons due to interlayer coupling and out of plane modes. A key distinction in
their Raman spectra. However, higher order processes with phonon combinations such that the
net momentum change is zero are allowed. The most common formation of this is a Double
resonance processes. Whereby, any two phonons of opposite wave vector such that 7+ (—¢) = 0
can be used. As such all phonons can contribute to a multi-phonon processes and should
reproduce the Phonon Density of States (PDOS) [117].

However, this general behaviour is not true for graphene. The features seen for graphene
are scarce, not like those of its PDOS. This is due to several additional factors influencing the
allowedness of given interactions including resonance processes, electron-phonon and electron-
electron interactions. This can be considered formally through perturbation theory and transition
moment integrals. For example, consider an arbitrary Raman process with n intermediary states.
The transfer between the initial and final stationary states can be described by the matrix element
in Equ. C.1. If any of the transitions are disallowed then the corresponding probability of the
transition becomes approximately zero. If any of the energy differences in the denominator
become approximately zero then resonant behaviour and peaks are observed in the probability.
Terms can add constructively or destructively in sum. They are complex amplitudes of the

corresponding elementary process with given intermediate states [117].

213



(C.1)
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(hwy, — Ep + i, /2)...(hwy, — By + il /2)(hwy, — Eo + il/2)
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Where |i) is the initial state, n phonons left in the crystal, | f) final state, sg, k = 0,...n
intermediate states without photons. e-h pair is created and K phonons emitted Fy, 'y /i Energies
and decay rates of the intermediating states. He™ HPh Hamiltonian describing interaction of
electrons with electromagnetic field and phonons [117].

This consideration can also be extended to account for the presence of defects in the material
under study by treating the of phonons of zero frequency that elastically scatter. This can further
allow any previously excluded phonons to produce defect assisted peaks where the defects
account for the phonon momentum. The matrix element M then describes the intensity of the
peak associated with a given phonon as described by Equ. C.2. The peak area can also be

described by Equ. C.3 [117].

I(wse) / |/\/l\2(5(le1 + o twiy — We)d?qy...d%q, (C.2)
A x /T(wgc)dwsC (C.3)
Where: ¢, .. ., g, Wavevectors of emitted phonons, v, .. ., v, Branch labels, lel, - QZ}}

Their frequencies. Formally, for dispersion-less, undamped phonons €2: Phonon peaks’ shape
x § (wse — nf2”) with zero width and infinite height. However, if defects are present, as expected
in any physical system the Dirac Delta structure is lost and a Lorentzian is observed. [117]
The real-space consideration of Raman processes assists in the determination of why the
PDOS isn’t purely reproduced. Firstly, the validity of the modelling the interactions as a real
space process can be established by considering the magnitudes of the energies involved. For
visible Raman experiments the electronic energy ¢ ~ ’“TL ~ 1 eV and in a double-resonant
process the phonon energies near I', K, K’ is 0.17 — 0.2 eV. Therefore, from the uncertainty
principle; lifetime of intermediate state ~ h/de. The spatial extent is thus [ = %’—j the spatial

extent, where the, Fermi velocity, vy = 10% cm s, [ ~ T~ 35nm, 1> F”JTF = 0.7 nm. The

spatial extent > the electron wavelength [117].
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So the electron and hole motion can be viewed as quasi-classical. Consequently, in a classical
consideration, only phonon interaction processes that result in the electron and hole recombining
at the same point can result in a photon emission. Phonon interactions must result in the
backscattering of the phonon. Hence zero-momentum phonons cannot interact in a double
resonance process. Therefore, no 2G peak is observed. Further, as the velocities of electrons and
holes in graphene are almost the same, then an additional restriction can be considered, electron
and holes must travel for the same amount of time for the emission to occur. Although forbidden
in the physical process ee or hh processes that would require one carrier to travel further, in the
broader QM model they are allowed, although with reduced intensity. The observation of these

peaks at all, is assigned to the high electron-phonon coupling and their broad nature [117].

(i) ¥ @

(ii)

Giii) 1/

Figure C.2: Real-Space Raman consideration. i) Disallowed Raman processes, as interacting
phonon result in eh pair that never collide, i1) Disallowed ee Raman process as interacting with
phonons despite causing backscattering do not result in equal path lengths. iii) Allowed Raman
process, as interacting with phonons cause backscattering with equal path lengths. iv) Defect
assisted Raman scattering. Reproduced from Ferrari et al. [117]

In the case of samples that contain defects, first order peaks with non-zero momentum can
then be observed as the momentum can be accounted for by the defect sites. Similarly, higher
order defect peaks can also occur. The introduction of defects removes the requirement of the

backscattering condition. Consequently, Pos (D + D’) # Pos (D) + Pos (D') as the phonon
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allowed in the process can occur at a wider range of frequencies. Similarly defect assisted peaks
will be broader than non-defect mediated peaks as a broader allowed range of phonons resulting
in a broader peak. [117]

The use of perturbation theory and real space considerations so far have informed both the
line shapes of the peaks, their allowedness and interaction with defects. However, this has largely
been discussed in terms of planar graphene, point group theory can be used to schematically
support these results and to extend the understanding to multilayer systems. As the materials
to be studied in this work are not pristine 2D hexagonal lattice of carbon atoms as previously
assumed. However, it is beneficial to begin the discussion in terms of the graphene two-point
basis unit cell of atoms A and B displaced by 0.142 nm. Forming a lattice of constant a=0.246
nm corresponding to the Brillouin Zone (BZ) shown in Figure C.3a [118]. Each atom contributes
four valence electrons, three of which form the sp? bonds and the remainders join the 7-electron
system. The two atoms per unit cell result in six branches of phonons to consider, three of
which are acoustic and three optical, and are orientated along the high symmetry directions I' M/
and ['K. They are in-plane Longitudinal Acoustic (iLA), in-plane Transverse Acoustic (iTA),
out-of-plane Transverse Acoustic (0TA), iLO, iTO and out-of-plane Transverse Optical (0TO) as
shown in Figure C.3b.

The most important features of the phonon dispersion are the kink in the iTO at the K
point and the positive slope of the iLO branch at I'. These are the previously mentioned Kohn
anomalies; regions where the phonon energy of a given wave vector is lower relative to other parts
of its band in the local region. They are caused by the presence of the Fermi surface of graphene
at K and K’ in the BZ. Therefore the wave vector at these points produces a decreased screening
of ionic charge resulting in an enhancement of the electron-phonon interaction reducing the
energy of the corresponding phonons [121].

The addition of layers to the Monolayer Graphene (MG) provides additional degrees of
freedom to both the phonon and electronic dispersion bands in the BZ. The transformation of
MG to BG results in a small splitting of the band structure into new modes corresponding to the
in-phase and out of phase motion of the two graphene sheets. A similar splitting of the electronic

band structure is seen, whereby the previously single valence and conduction bands are split into
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Figure C.3: Brillouin zone features of graphene. a). First Brillouin zone of graphene, with high
symmetry points. b). Graphene phonon dispersion Adapted with permission from ref. [119]. c).
Graphene Electron dispersion near K point Adapted from ref. [120].

symmetric and antisymmetric bands as shown in Figure C.3c. By considering different regions
of the BZ in terms of Point Group Theory it is possible to determine the symmetry groups to
which the high symmetry points of the BZ are isomorphic. It is also seen in this treatment that
even numbered layers of Few-Layer Graphene (FLG) and odd numbered layered FLG belong to
the same symmetry group as the BG and TG respectively. It is sufficient to analyse just these
three structures for a qualitative understanding of FLG [122]. The point group that each material
is isomorphic to; as a bulk and the sub groups for high symmetry points are given in Table C.1.

The deviation of the even and odd layer terms from that of the MG or the bulk is caused by
their lack of the horizontal mirror plane and the inversion operation respectively and therefore
belongs to different point groups. A requirement for a vibrational mode to be Raman active is

that it results in a change in the polarizability, this only occurs if the irreducible representation
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Table C.1: Isomorphic point groups of high symmetry points of monolayer, N-layer graphene
and graphite.

Shchoenflies Space Group | I’ KK | T(T*)
Monolayer | P6/mmm Degy, | D3y, Coy
N Even P3ml Ds; | Dy C,
N Odd P6m2 Dgh C3h Clh
Graphite P63/mmc Dgy, | D3y, Coy

of the vibration is a second order basis function. Consequently, Point Group Theory can be
used to predict potential Raman mode frequencies. The possible Raman active irreducible
representations for phonons near the I" point and along the 7'/7” shown in Table C.2 Similarly
the symmetries of the 7 electron band structure for each of the materials near the I" point and

along the 7'/T" line is also given in Table C.2 in Bethe Notation.

Table C.2: Irreducible representations of lattice vibrations and 7 electronic band structure near
the Gamma point and along the T line of monolayer and N-layer graphene.

Phonon Symmetries

Monolayer Bilayer Trilayer
r Dy +T5 +T +T¢ | 2(0) +T5 +T5 +13) | 2T + 405 + 4T3 + 215
T(T—) 2T +T5 + 215+ Ty 6(T1 + Tz) 107+ + 8T~
7 Electron Band Symmetry
Monolayer Bilayer Trilayer
T(Ti) T + Ty 2(T1 + TQ) 2T+ + 4T~

As previously outlined, Stokes shifts occur due to an inelastic scattering of light, which occurs
when phonons interact with electrons that have been excited from valence band to the conduction
band by incident light. It is then possible for a phonon to interact with the excited electron, either
increasing/decreasing the energy and possibly altering the momentum depending on the wave
vector of the phonon. Similarly, as noted in the real-space consideration, the conservation of
momentum it is necessary for any Stokes shift process to have a net zero momentum change.
This can occur in several ways including; an incident phonon of zero wave vector, a pair of
phonons with equal wave vectors or a phonon and a scattering from a defect that can account for
the momentum through elastic scattering.

The simplest of these is that of a zero valued wave vector, known as a first order process. In
this process an electron of wave vector k, that has been excited to the conduction band, interacts

with a phonon from the I' point resulting in an energy change. It then recombines with a hole of
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wave vector k emitting a photon of a different energy than had been absorbed, due to the energy
associated with the phonon interaction. The other processes occur through a more complex DR
process involving an initial electron of wave vector k around the K point of the BZ that absorbs
a photon and is promoted into a conduction band. The electron is then scattered inelastically by
a phonon or defect of wave vector q to a point around K'with wave vector k+q. The electron is
then scattered back to the k state by a phonon or defect and emits a photon by recombining with
a hole at a k state, as previously seen the energy of the resulting photon is shifted from that of
the incident photon. The DR shift allows for the changing of the energy due to both phonons, or

by only one phonon if it is a defect assisted process, as scattering by defects is elastic.

Table C.3: Symmetry allowed electronic transitions in monolayer and N-layer graphene.

Polarisation Transition Moments

Monolayer x € 15 To RT3 1T,
E Even x €Ty T QRT, ® Ty
yel T, ®T,®T

TheTh T

To T @15

N Odd r,yeTt TTTTeTT
MT- T+ eT)

In both first order and DR Raman scattering, the process can only occur if an electron can be
excited from a valence band to a conduction band by incident light of a given polarisation. The
allowed processes can be determined by finding the direct product of irreducible representations
of the initial valence band, light of a given polarisation and the final conduction band. The
allowed electronic transition for MG, BG and TG are included in Table C.3. For the first order
process the only other requirement is that a non-zero energy phonon exists with zero wave vector,
to conserve momentum. In the case of MG, of the possible Raman active phonons, only that of
the doubly degenerate I' has a non-zero energy at the " point. This corresponds to iLO and iTO
in the phonon dispersion of MG and results in a peak being observed at &~ 1580cm ™!, known as
the G peak. Due to the further dispersion and splitting of the phonon band structure caused by
the addition of layers it can be seen that the corresponding wave vectors for BG and TG deviate

from that of MG as given in Table C.4. Both producing the previously observed G peak with
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additional peaks at 35 — 50cm ™, 80cm~! and 900cm ! caused by the splitting in their band
structures.

For a process to occur in a DR process there is a different requirement; a phonon must have
a non-zero wave vector so as to cause the scattering of the electron in the conduction band to
another, symmetry allowed, conduction band near the point K’. Therefore only phonons that
would result in a transfer to a symmetry allowed conduction band can take part in a DR process,
these are shown in Table 6. They are found by taking the direct product of the irreducible
representations of the initial conduction band and the incident phonon and comparing them to

the symmetries of allowed conduction bands at the K’ point.

Table C.4: Irreducible representation of phonon modes responsible for the G peak in monolayer
and N-layer graphene.

Monolayer N Even N Odd
Ly Iy +2I7 305 +2(05 +17)

For a process to occur in a DR process there is a different requirement; a phonon must have
a non-zero wave vector so as to cause the scattering of the electron in the conduction band to
another, symmetry allowed, conduction band near the point K’. Therefore only phonons that
would result in a transfer to a symmetry allowed conduction band can take part in a DR process,
these are shown in Table C.5. They are found by taking the direct product of the irreducible
representations of the initial conduction band and the incident phonon and comparing them to

the symmetries of allowed conduction bands at the K'point.

Table C.5: Symmetry allowed phonon transitions between symmetry allowed conduction bands
in monolayer and N-layer graphene.

Phonon Symmetries Allowed Transition Processes

Monolayer T3 T, — T,

N Even T T — Tl; Ty — 15
T, T — TQ,TQ — T

N Odd T+ Tt =TT, T~ =T
T Tt — T~

Considering the case of the 2D peak in BG, due to the dispersion caused by the additional

graphene layer, its electronic dispersion band structure contains four bands near the K/K'point,
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as shown in Figure C.3c. From the allowed electronic transitions in Table C.3 it is seen that
either of the valence bands can be excited to either of the conduction bands, resulting in two
symmetry allowed conduction bands for DR Raman scattering. For these bands there are two
phonon symmetries that can produce symmetry allowed electronic bands at the K’ point through
four possible pathways as shown in Table C.5. The electron is then scattered back to its initial
wave vector by another phonon, obeying the symmetry rules, resulting in two energy shifts, one
due to each phonon and each of the four pathways possessing discrete energy shifts.

A similar analysis can be carried out for MG or TG, which produce bands constructed from
one and 15 peaks respectively. Showing that the dispersion caused by layer number can be
directly linked to peak shape. Due to the similar energies of the resulting peaks they overlap to
produce a net band feature in the Raman spectrum of characteristic width and intensity. Defect
assisted processes can be similarly considered, where one of the phonon processes is replaced by
an elastic defect scattering conserving momentum but not producing a Stokes shift. Although
the DR condition can be satisfied by many electronic states and phonons, the presence of the
Kohn anomalies results in an amplification of wave vectors in those regions. This results in
characteristic energies of the resulting peaks in graphene. In MG the iTO phonon band obeys
the symmetry requirements of the DR process at the K point and results in the production of a
band at ~ 2700cm ! corresponding to twice the energy of the phonon at that point. As such it
is known as the 2D band. In BG and TG the corresponding dispersed iTO bands produce their
2D feature, with the previously outlined splitting. If defects are present in the sample additional
peaks are seen at ~ 1350cm ! which corresponds to the same phonons but occurs through a
pathway using an elastic defect scattering step. This is known as the D peak. Other peaks can
also be formed following these symmetry rules such as the D’ defect assisted band at 1600cm ™
which, also features a Kohn anomaly and corresponds to iLO near the I point. Additional peaks
made from two phonons of different wave vectors can also be formed in the presence of defects

accounting for the remaining momentum such as the D + D’ peak at 2950cm .
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D- EXPERIMENTAL METHODS

Include here are brief synopses of different methods used during this work. This augments the

specific descriptions included in experimental chapters.

D.1 Laser Engraver

Current works focus on the use of a PLS 4.75 (Universal Laser System, 30 W 10.6 um) CO,
laser engraver for patterning polyimide samples. Other diode-based lasers at 450 nm and 405 nm
are also available for use but are not currently a focus of the work. The laser itself follows the
traditional mode of operation of a CO, laser. In a sealed tube a concentration of CO, and N,
gases, as well as other filler gases such as He are placed at low pressure. The choices of CO, and
N, are due to their energy level alignment between the N, excited state and the CO, asymmetric
vibrational state which allows for transfer between the two states and the excitation of the CO,
states. The decay of the CO, state to either of its symmetric or bending states results in the
emission of a photon of wavelength 10.6 ym and 9.6 um respectively. Population inversion of
this type of laser depends on the excitation of the nitrogen vibrational modes through electric
discharge, which are meta stable and long lived. Consequently, this long lifetime allows for
collisions between the nitrogen and the CO, which would result in the transfer of the energy
to the CO, molecule and the excitation to the asymmetric mode. The CO, then relaxes to the
symmetric stretch or bending mode with photon emission. Further relaxation is then achieved by
collisions with He atoms. The He atoms transfer this energy in the form of heat to the walls of
the laser for external cooling. Tuning of gas ratios and pressures is used to select for the desired
10.6 pm wavelength.

The emitted light is reflected back and forth between two mirrors of reflectivity R ~ 1 and
R < 1 and a coherent laser beam emitted through the lower reflectivity mirror as required.
Separately to the laser component are additional electronics, such as a shutter allowing for the
beam to be stopped and pulsed, x and y-axis stepper motors, a z-axis platen adjustable by screw
drive motors and laser focusing optics. Additionally, air extract is included to protect the laser

optics from redeposited material. These components allow for control over numerous laser
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Figure D.1: (Left) Vibrational modes of CO, (Right) Excitation mechanism of CO, gain mode
laser.

parameters including laser power, scan speed, horizontal pulse density, laser overlap, row density

and laser focal plane.

D.2 Scanning Electron Microscope

SEMs operate similarly to traditional optical microscopes but instead of photons, electrons are
instead accelerated from an electron gun towards the sample of interest. Under vacuum and using
electromagnetic lenses, the electron beam is focused and then with further electromagnets it is
deflected in the x and y directions to raster across the sample. The electrons that are scattered
by the sample are collected by detectors and used to build up an image of the sample. The
electrons can interact with the sample by also producing secondary electrons and characteristic
x-rays that can also be used to produce the image. Although further depth and rigour is possible
in the discussion of the operation of SEM it is not necessary for the use of the method or the

interpretation of the resulting micrographs; it will be neglected at this stage.
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Figure D.2: Scanning electron microscope focusing electromagnetic lenses. Adapted from
https://www.nanoscience.com

D.3 Fluoresence Microscopy

As was noted in the description of Raman spectroscopy, more than just Rayleigh scattering can
occur when light interacts with a material resulting in excitation. For example, other relaxation
processes can occur resulting in different energy photons being emitted. Depending on the
process and the spins of electrons involved the lifetimes of the decays differ. For spin forbidden
processes it is called phosphorescence, while for spin allowed processes it is called fluorescence.
As can be seen in the Jablonski diagram, the expected process for fluorescence is that the
excitation takes the electron to a high vibration state of the higher electronic energy level. Non-
specular relaxation through the vibrational states takes place until the ground vibrational state is
reached. From the lowest vibrational state specular relaxation occurs, with associated photon
emission to a vibrational level of the electronic ground state with potential further non-specular
relaxation occurring. This would allow insight into the electronic and vibrational energy levels to
be derived, similarly potential photochemical roles or applications can be devised. To investigate
this behaviour a fluorescence microscope is used with filter cubes to control the incident and

monitored frequencies of light.
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Figure D.3: Jablonski diagram indicating excitation and relaxation modes leading to fluorescence.

D.4 Design of Experiments

DoE is a statistical method used in optimisation processes. It uses ANOVA test statistics to
determine the significance of variables on responses. However, unlike OFAT processes, DoE
instead varies multiple factors simultaneously. This not only results in a reduction of necessary
experiments but also allows for the consideration of multi-factor interactions. Key to the DoE
method is the selection and consideration of factors, as each additional factor increases the
number of samples to be produced, increasing the expense of the experiment. Unlike traditional
one- OFAT methods, whereby each individual factor needs to be investigated independently,
DoE allows for the screening of potential factors quickly, with minimal sampling. This can be
achieved by constructing a half-factorial experiment on a greater number of factors, this provides
less rigour to the output but the ANOVA considerations for each factor can be used to determine
whether they merit further study, in minimal experimental runs.

In all DoE processes several steps are taken to mitigate the influence of uncontrollable factors
such as instrumental drift or user influence. These include the randomisation of run order of
different factor level combination and the implementation of blocks of experiments where known,
but unavoidable, variation sources exist such as choice of equipment or easily influenced batch
processes. The mitigation of these influences can reveal previously masked effects and provide

increased certainty in significant factors, although they can come at an increased experimental
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cost.

Unlike OFAT methods, DoE also allows for the analysis and consideration of interaction
between factors. This is achieved by extending the ANOVA treatment and F-score analysis to
combinations of factors and indicating whether a given combination of factors has a statistically
significant impact on a response variable and whether the combination should be further studied.
This is where DoE allows for a major saving in resources compared to OFAT methods. The same
experimental measurements used to evaluate the main factors can be further used to investigate
if interactions between factors play a role in determining the response. While for OFAT methods
each interaction would require independent investigation. Further, the complexity of investigating
higher order interactions through standard methods are non-intuitive and unlikely to be captured
in a complex, novel system. The resulting set of significant main- and interaction-factors form a
model, predictive of the behaviour of the responses with the measured factors. The provided
insight would allow for relationships between factors and responses to be determined, rapid
optimisation of dominant factors, and deprioritisation of insignificant factors for further studies.

This is often sufficient for early analysis work, however, more complex optimisation routines
based on DoE are possible, one such example is the Response Surface Method (RSM). Whereby,
the standard factor level combinations are measured but additional points are added to the model
at the centre and at the edges in a central composite design. As with the standard factorial
DoE approach the main-effects and interactions can be examined, however, the RSM allows for
non-linearity in the main and interaction-effects to be explored. This allows for more explicit
consideration of the relationships and produces a response surface indicating the curvature.
By setting desirability conditions for the responses and factors, optimal factor values can be
predicted. These predictions are subject to in-line statistical significance tests to ensure statistical
significance of their contribution to the model.

By use of screening DoE processes followed by RSM it is possible to rapidly predict optimal
points for further study, which may be non-intuitive for OFAT methods. Due to the uncertainty
in the formation pathway of LIG it is not known how for any given variation in the production
method may influence its behaviour in observing a response in a novel application. Therefore,

the use of DoE will allow for complex interactions to be captured with empirical significance.
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D.5 National Instruments LabView

National Instruments LabView (LabView) is a graphical programming environment for control-
ling equipment and data manipulation. In the course of this work it has been used to control
several pieces of equipment for specific applications. These include real time monitoring of
sensor responses (Aglient Precision LCR E4980A) and I-V potential sweeps (Aglient multislot
parameter analyser E5270). Not shown here is the back panel of the Parameter Analyser program,
as the no drivers were available so it must be controlled directly using VISA commands. These

developed applets and built executables are available at https://github.com/Murray-R/Lab_view.

e W]

Figure D.4: Labview a) front and b) back panel representations of LCR control software for real
time monitoring of gas sensing systems.

Figure D.5: Labview Front panel representation of Paramater analyser control software for
determining the resistance of test structures.
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D.6 3D Printing

During the course of this research work, custom experimental fixtures and fittings were required
for experimental set ups. These were fabricated using a hobbyist FDM Creality Ender 3, 3D
printer. The .stl design files are freely available on Git-hub here: https://github.com/Murray-
R/SnO_VOC_Sensor for reproduction. Available files include gas sensing chamber lids compati-
ble with 50 ml centrifuge tubes, gas sensing chamber lids compatible with 600 ml wide-neck

duran flasks, sample photography setups, as well as .stl files for other ongoing projects.
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