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Abstract

The Internet of Things has the goal to build up a global network of devices
to monitor a multitude of parameters e.g. to prevent hazards in multiple fields,
reducing risks for human life, infrastructure, and the environment. Biomedical
point of care devices providing timely assistance for people under personal and
external danger are among the fastest growing topics in this developing field. It
takes form in arrays of sensors, developed mainly utilising flexible electronics
capable of specialised analyte detection. These new devices should meet the
following criteria: be easy in manufacturing, economically feasible, and have
the reduced carbon footprint. From the diverse number of developed sensors, the
carbon-based devices are distinguished by their robustness, high bio-compatibility,
excellent response efficiency, and chemical inertness.

The novel manufacturing method provided by the laser-induced carbonization
from polymer precursors allows rapid fabrication of carbon-rich porous films
directly built in the flexible substrates compared to standard pyrolytic methods and
addresses all set goals. This novel material prepared by means of semi-industrial
laser systems remains relatively unstudied. This investigation is performed on two
widely available polymer precursors used in industrial applications, Kapton and
Nomex. The thermal model for the precursor carbonization and evolution was
modified and applied to a broad range of the tested laser input parameters. The
key findings on the development of laser carbon film match the simulated results.
The model provides good approximation of the carbonisation but still requires
improvement on the rendering of volumetric parameters influenced by the increase

of porosity.



Abstract

The laser carbon films were studied for their crystalline and surface chemical
properties, showing potential for utilisation in the analysis of interfaces, and can be
tuned via comprehensible methods for selective detection of the specific analytes.
Using this, the biomedical sensors were developed for passive urea detection via
intermediate chitosan host layer for the Urease enzyme, and active non-enzymatic
sensors anchored via Cu/CuO composite for specific glucose detection. This
paves the way for the fabrication of tuned biosensors and chemical sensors on a

semi-industrial scale compatible with roll-to-roll methods.
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Zusammenfassung

Das Internet of Things hat das Ziel, ein globales Netz von Geriiten zur Uberwachung
einer Vielzahl von Parametern aufzubauen, um z.B. Gefahren in verschiedenen
Bereichen vorzubeugen und Risiken fiir Menschenleben, Infrastrukturen und die
Umwelt zu verringern. Zu den am schnellsten wachsenden Themen in diesem
sich entwickelnden Bereich gehoren biomedizinische Point-of-Care-Gerite, die
rechtzeitig Hilfe fiir Menschen leisten, die sich in einer personlichen oder externen
Gefahr befinden. Sie werden in Form von Sensorfeldern entwickelt, die hauptséich-
lich aus flexibler Elektronik bestehen und in der Lage sind, spezielle Analyten
zu erkennen. Diese neuen Gerite sollten die folgenden Kriterien erfiillen: Sie
sollten einfach herzustellen und wirtschaftlich umsetztbar sein und einen geringen
okologischen FuBlabdruck aufweisen. Von der Vielzahl der entwickelten Sen-
soren zeichnen sich die kohlenstoffbasierten Gerite durch ihre Robustheit, hohe
Biokompatibilitit, hervorragende Reaktionseffizienz und chemische Inertheit aus.
Die neuartige Herstellungsmethode, die durch die laserinduzierte Karbonisierung
von Polymervorldufern ermoglicht wird, erlaubt im Vergleich zu pyrolytischen
Standardmethoden eine schnelle Herstellung von kohlenstoffreichen pordsen
Filmen, die direkt in flexible Substrate eingebaut werden, und erfiillt alle geset-
zten Ziele. Dieses neuartige Material, das mit halbindustriellen Lasersystemen
hergestellt wird, ist noch relativ unerforscht. Diese hier durchgefiihrte Unter-
suchung wird an zwei weit verbreiteten Polymervorldufern umgesetzt, die in
industriellen Anwendungen verwendet werden, ndmlich Kapton und Nomex. Das
thermische Modell fiir die Karbonisierung und Entwicklung des Vorldufers wurde
modifiziert und auf einen breiten Bereich der getesteten Lasereingangsparameter

angewendet. Die wichtigsten Erkenntnisse {iber die Entwicklung des Laserkohlen-
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Zusammenfassung

stofffilms stimmen mit den simulierten Ergebnissen iiberein. Das Modell liefert
eine gute Anniherung an die Karbonisierung, erfordert aber noch Verbesserungen
bei der Darstellung der volumetrischen Parameter, die durch den Anstieg der
Porositit beeinflusst werden.

Die Laser-Kohlenstoff-Filme wurden auf ihre kristallinen und oberflichenchemis-
chen Eigenschaften hin untersucht, die sich fiir die Analyse von Grenzfldchen
eignen und mit nachvollziehbaren Methoden fiir den selektiven Nachweis der spez-
ifischen Analyten eingestellt werden konnen. Auf diese Weise wurden biomedi-
zinische Sensoren fiir den passiven Nachweis von Harnstoff iiber eine Chitosan-
Zwischenschicht fiir das Enzym Urease und aktive nicht-enzymatische Sensoren,
die tiber ein Cu/CuO-Komposit fiir den spezifischen Nachweis von Glukose ve-
rankert sind, entwickelt. Dies ebnet den Weg fiir die Herstellung abgestimmter
Biosensoren und chemischer Sensoren in einem halbindustriellen Maf3stab, der
mit Rolle-zu-Rolle-Verfahren kompatibel ist.

v
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1 Introduction

1.1 Motivation

Internet of Things (IoT) became a groundbreaking new technology concept ad-
dressed to the optimisation, simplification, betterment in our everyday life, playing
an impactful role in the reduction of carbon emission to the environment [1, 2].
Since the coining of this term in the early 1980s, IoT has evolved into an indepen-
dent field and undergone a significant shift in the character of data acquisition [3, 4].
The pivotal change was observed in 2009 when ratio between autonomously to
manually generated data rose to 1.84 from 0.08 less than a decade prior [2]. Thus,
in modern terms, [oT presents as a complex communication web in a short range
between people and devices (‘things’), and things themselves to remote integration,

monitoring, evaluation and manipulation of trends for these devices [5].
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Figure 1.1: IoT infrastructure (adopted from Ref. [4]).



1 Introduction

Figure 1.1 shows multiple focal fields in IoT, concentrated either on personal use or
the infrastructural maintenance and prevention of hazardous accidents. All of those
realised only through several types of devices, such as sensors for environmental
monitoring and hazard detection, memory for storage of the collected data, RFID
and antennas for broadcasting of those data to computational hubs, power supply
for maintaining the operation of the active devices and display for interaction
with a user. All of those devices can be implemented through a single or in a
combination of several user interfacing apparatuses [4].

Figure 1.2 shows focal points in the current research and industry in IoT, where
the top three attributed to electrical engineering, telecommunications and informa-
tion systems, emphasising data collection, optimisation and immediate evaluation.
Moreover, the most important fields include instrumentation, analytical chem-
istry and applied physics to focus on the environmental sensing for hazards. It
is estimated that the global requirement for devices connected to IoT can rise to

several trillions [4]. Thus, the device materials and fabrication methods should
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Figure 1.2: Current state in focus of the research fields in IoT. Data provided from Web of Science
engine.



1.1 Motivation

be low-cost and addressed for specialised operating conditions in the selected
environment to fulfil such needs. Standard fabrication methods for microelec-
tromechanical systems (MEMS) include multistep preparation and processing
with a strict requirement of the cleanroom facilities, thus raising the price of a final
item and show mechanical stability inherited from the employment of the silicon
technology [6]. This creates a need for alternative fabrication techniques and active
material variety to meet a performance niche. Lately, due to these requirements, a
number of new apparatus and rapid prototyping technologies have emerged, such
as printing techniques via screen, inkjet, or spray, 3D printing, hot-embossing, as
well as selective sintering efc. [7].

Notably, personal care is the most important amongst all IoT fields, showing
massive potential in monitoring and preventing health risks. Fabrication of the
devices realised through means of flexible and stretchable sensors and electronics,
for natural fitting to human with direct connection to the body for the measurement
of the property of interest [1, 8]. These devices should meet criteria on robustness,
detection below and within risk values, complementary to adequate operation at
bent condition, or relate to deviation from the degree of bending [9]. Typically,
the devices built-in flexible or stretchable substrates, which can be of polymer,
paper or textile, and in order to meet environmental criteria, these substrates and
devices should be manufactured from biocompatible and degradable materials [4],
dependent on requirements in the operation lifetime.

Figure 1.3 shows contemporary research within flexible and stretchable devices,
which indicate a strong emphasis on material science and nanotechnology due to
permanent requirements in the new materials with improved electrical, magnetic,
optical and chemical properties. Other significant branches include applications,
which primarily relates to utilisation in various types of sensors and engineering
new types of electronics meeting requirement in the flexible devices.

In raw numbers, the interest of the scientific community in both IoT and flexi-
ble/stretchable devices is continuously rising, as seen in Figure 1.4, with a vast
number of overlapping multidisciplinary fields. A new type of wearable smart

devices (watches, bands, rings) have secured their position in the non-invasive,
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Figure 1.3: Current focal fields in the research of flexible and stretchable devices. Data provided from
Web of Science engine.

permanent monitoring of the user condition with reliable output, nearly compara-
ble to professional medicinal devices. Currently, industry is expanding to cover
direct real-time health risk monitoring of sweat, saliva, and blood [10]. Notably, it
will spur a commercial demand in IoT and flexible electronics, promoting further
research and immediate application in the final smart device.

An inclusion of biomedical sensors in the final device rely on their performance
durability, selectivity of the detection, combined with mechanical flexibility and
ease of manufacturing. However, the sensing area is currently constrained due
to design requirements, and the number of sensors limited to the output voltage
of the device for practical use throughout the day [10, 11]. New sensors can be
included within movable parts, which in part require flexibility and bendability
and are compatible with low power consumption as low as (~100 mW) [11]. Thus,
the selection of the material and engineering of the sensor must meet multiple

parameters for successful commercial utilisation.
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Figure 1.4: The number of papers published on IoT (orage bars) flexible and stretchable electronics
(green bars). The data provided from Web of Science engine.

Among the most promising state-of-art substrate materials that are broadly utilised
in industry and research are polyethylene terephthalate (PET), polydimethylsilox-
ane (PDMS) and polyimide (PI), polycarbonate (PC), and polyethylene naphthalate
(PEN) [12]. However, a device functionalisation is attained in conjuncture with
active materials, providing functionality through electrodes, transducers and actu-
ators [13]. Among those functional materials, one of the most promising classes
is carbon-based micro and nanomaterials, such as graphene [14], fullerenes [15],
nanotubes [16, 17] and polymer derived carbons (’glassy’ carbon) [18, 19], due to
their outstanding biocompatibility electrical and electrochemical performance [13].
The graphene technology is envisioned to provide many benefits for the industry
in terms of applications, promising new type of lasers [20, 21], environmental
sensors [22, 23], desktop quantum experiment setups [24—26], electrical devices
capable of operating at THz frequencies [27]. However, the modern approaches
in graphene synthesis rely on a highly controlled environment via cleanroom
facilities, vacuum technology, CVD, and epitaxy, which are significantly adding

cost on the production [28-31]. An alternative approach is proposed utilising



1 Introduction

chemical methods for mass production of graphene oxide from graphite and fur-
ther reduction via chemical or physical methods [32, 33]. However, this reduced
graphene oxide suffers from defects, therefore showed the highest suitability for
chemical and biological sensing, but does not meet the electrical performance
quality of the graphene fabricated with other methods [34].

Alternatively, the glassy carbon (glass-like carbon by IUPAC convention [35]) pro-
vided significant advancements in controlled carbon film and 2.5D manufacturing
of the low-cost devices [36, 37]. Generally, their fabrication process through py-
rolysis can be described as thermal degradation of the natural organic or synthetic
polymers in the inert gas environments (N, No/H», Ar) at temperatures above
450°C [18, 19, 38, 39]. The carbonisation occurs at temperature starting from
800 °C at which molecular oxygen and nitrogen are released and hydrocarbons
beginning a dissociation to hydrogen and carbon, with latter retaining as designed
microstructure [18, 19, 38, 39]. The yielded material has multiple applications
due to its chemical inertness and unique mechanical properties, and have already
found industrial niches such as MEMS devices (C-MEMS) substituting Si [40—
42], including designs with high aspect ratios [43], an inert electrode material for
electrochemistry [42], a construction reinforcing composites through a carbon
fibre [44, 45]. Notably, the microfabrication techniques employs electrospin-
ning [18, 46], UV [43, 47], electron beam [48] and nanoimprint lithography [49],
from the photoresists containing epoxy and phenolic resins [19, 50, 51]. The
following pyrolysis induces a structure shrinkage of up to ~75 %, thus promot-
ing device size reduction from micro to nano scale [36]. C-MEMS technology
meets multiple requirements for flexible electronics showing great potential in
environmental sensing and integration with biological systems [52]. However, it
remains a multistep process, partially relying on cleanroom facility (UV, e-beam
lithography) and the pyrolysis step requiring several hours before finalisation.
Lately, the different methods offered a pivotal change for the film fabrication by
the implementation of the one-step process of the laser-induced carbonisation,
which can be carried out with any pre-determined shape directly on the desired

substrates, with a majority of reports focusing on polyimide (commercially known
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as Kapton) [53]. The process promotes rapid phase transformation into carbon-rich
film with graphitic content of medium-range order, directly incorporated within
the precursor substrate [54-56]. This material showed properties comparable to
glassy carbon; nevertheless, it provides superior surface activity advantageous
in environmental, chemical and biological detection [57] by virtue its nanostruc-
turally rendered morphology, controllable wetting properties, and presence of
oxygen and nitrogen functional groups [56, 58]. The selection of laser type (wave-
length), operation parameters such as output power, pulse duration and frequency
plays an essential role in the formation and quality of fabricated laser carbon
films [53, 59-61]. At the moment, the smallest achieved track width was reported
at ~4.3 um prepared in the laser systems with 405 nm wavelength,in vacuum [62].
The laser carbon films can be fabricated on multiple different precursor materials,
most commonly on cheap, abundant, flexible films such as Kapton [54-56], phe-
nolic papers [63, 64], textiles, and cellulose-filled composites with Nomex and
Kevlar [65-68].

1.2 Outline

This thesis is structured in seven chapters followed by a conclusion and future out-
look. Chapters two and three give an overview of methods used for the fabrication
and brief descriptions of the analytical tools required for characterisation. The
fourth chapter discusses a selection of the materials, their properties and important
characterisation features and compares them to standard reference materials, such
as graphite, graphene and pyrolytically derived carbon from the same precursors.
Further chapters focus on the laser-induced carbonisation phenomena, its initiation,
simulation of the process, followed by detailed characterisation and analysis of
the laser carbon films derived from polymer precursors. Chapter six is focussed
on Kapton films as a mainly utilised precursor, with a detailed analysis of the
application of various preparation regimes. The results provide an indication of
surface activity, which was further used in the fabrication of the passive urea

biosensor via the intermediate chitosan layer. Chapter seven is focused on Nomex
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infused paper insulation sheet, and the analysis performed in a similar manner.
However, the chemical composition and the rigidity of the precursor plays a
significant role in variation in the fabrication. Nomex films after laser-induced
carbonisation were utilised for copper electroplating and, after specific treatment,
used as composite flexible antibacterial coating and as rigid glucose biosensors.
This thesis is concluded in chapter eight with a summary and the outlook for future

research.

1.3 Main Results

This research resulted in the publication of five manuscripts (four published and

one under review) with me as the first author or main contributor.

¢ Laser-induced hierarchical carbon patterns on polyimide substrates
for flexible urea sensors [69]
Published in npj Flexible Electronics, 2019
Contributions: Involvement in conceiving of the idea and analysis strategy.
Initial preparation of the laser carbon films, acquisition and data analysis.
Lead in writing and figures preparation.
Content: Structural and chemical analysis of the intermediate transformation
steps in polyimide prior to laser-induced carbonisation. After reaching phase
transformation, a set of physiochemical properties were analysed dependent
on the input parameters of the laser. The best samples were determined
and selected for preparation of the composite flexible Urease/chitosan/laser

carbon biosensor.

* Polyaramid-Based Flexible Antibacterial Coatings Fabricated Using
Laser-Induced Carbonization and Copper Electroplating [66]
Published in ACS Applied Materials & Interfaces, 2020
Contributions: Initial concept design and the analysis scheme. Composite
film preparation, testing and data analysis. Lead manuscript writing with

complete figure preparation.
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Content: An investigation was conducted of the laser-induced carbonisation
of the polyaramid Nomex films. The fabrication parameters were optimised
for the laser carbon tailored to the copper electroplating of rigid and flexible
composite films. One of the recipes, particularly for flexible films, was

utilised for the fabrication antibacterial coatings.

Nano- and Microstructured Copper/Copper Oxide Composites on
Laser-Induced Carbon for Enzyme-Free Glucose Sensors [70]
Published in ACS Applied Nano Materials, 2021

Contributions: Initial concept design and the analysis scheme. Composite
film preparation, electrochemical testing and data analysis. Lead manuscript
writing with complete figure preparation.

Content: The copper composite fabrication process, optimised for the rigid
film preparation was further utilised for annealing at the specific recipe to
achieve partial melting and agglomeration into copper micro-spheorids and
copper oxide micro-urchins. The best composites treatment were selected
by electrochemical testing and optimisation for the glucose sensing. The
prepared films showed great response at low overpotential, comparable to
analogues response, repeatability after multiple testing, and exhibit great

signal during flexing with radius at half of the size of the sample.

A Technological Approach for Miniaturization of Three-Dimensional
Inductive Levitation Microsuspensions [71]

Published in IEEE Magnetics Letters, 2022

Contributions: Microfabrication of the complete device, wirebonding of
the separate micro-coils and characterisation of the levitating actuation.
Content: The reduction of the micro-coil size results in increase of the
magnetic field and decrease in operation current. The new device design
involves separate fabrication of the micro-posts starting from internal of
900 um for levitation coil by forming the solenoid coil, followed by separate

microfabrication of external post of 1900 um for stabilization micro-coil.
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The fabricated device induced magnetic field for levitation of the disc with
1100 pm, showing the smallest to date levitation for solenoid micro-coils.

¢ Calculation of Mutual Inductance between Circular and Arbitrarily

Shaped Filaments via Segmentation Method [72]

Under review in Elsevier Journal of Magnetism and Magnetic Materials
Contributions: Establishment of new method for calculation of mutual
inductance between a circular filament and a line segment via Kalantarov-
Zeitlin method.

Content: Two analytical formulas are developed by using Mutual Inductance
Method (MIM) and Babic’s Method (BM), respectively, for the calculation
of mutual inductance between a circular filament and line segment arbitrarily
positioning in the space. Any curve can be interpolated by a set of line
segments, therefore the mutual inductance between a circular filament and
arbitrary shaped filament in the space can be determined. The method was
numerically validated by using FastHenry software and reference examples
from the literature. In particular, the proposed method was successfully
applied to the calculation of mutual inductance between the circular filament
and the following special curves such as circular arc, elliptic arc, ellipse,

spiral, helices and conical helices.

Additionally, I was involved in research and contributed as the second author

resulting in the publication of two manuscripts (one accepted and one under

review).

10

* Surface Characterisation Reveals Substrate Suitability for Cyanobacte-

rial Phototaxis [73]

Accepted in AMI: Acta Biomaterialia

Contributions: The interpretation of the adhesion models via deconvolution
of XPS peaks and asserting of their properties to specific tested specimens.
Content: Cyanobacteria respond to light stimulation, activating localized

assembly of type IV pili for motility. The resulting phototactic response



1.3 Main Results

is highly dependent on the nature of the incoming light stimulus, and the
final motility parameters depend on the substrate surface properties. This
study considers five substrates, widely utilized in microfluidic technol-
ogy, to identify the most suitable alternative for performing reliable and
repeatable phototaxis assays. To prove that motility can be enhanced, poly-
dimethylsiloxane (PDMS) surfaces were plasma treated to alter their surface
wettability. The motility on the plasma-treated PDMS showed similar perfor-
mance as for glass surfaces. In contrast, untreated PDMS surfaces displayed
close to zero motility. We also describe the force interctions of cells with
the test surfaces using DLVO (Derjaguin-Landau-Verwey-Overbeek) and
XDLVO (extended DLVO) theories. Our findings show that twitching motil-
ity on tested surfaces can be described mainly from adhesive forces and
hydrophobicity/hydrophilicity surface properties.

¢ Distributed Feedback Lasers by Thermal Nanoimprint of Perovskites
Using Gelatin Gratings
Under review in ACS Applied Materials & Interfaces
Contributions: SEM investigation.
Content: Thermal nanoimprint lithography (NIL) for patterning hybrid
perovskites has always involved an intricate etching step of a hard stamp
material or its master. The research demonstrates for the first time the
successful nano-patterning of a perovskite film by NIL with a low-cost poly-
meric stamp, manufactured with a dichromated gelatin grating structured by
holographic lithography. The one-dimensional grating is imprinted into a
perovskite film, resulting in a high quality second-order distributed feedback
(DFB) laser, which exhibits an excellent performance with a threshold of

81 uJ/cm?, a linewidth of 0.32 nm and a pronounced linear polarization.

The preliminary results were presented in the international conferences and fol-

lowing papers were published in the proceedings:

11
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¢ Flexible Carbon-based Urea Sensor by Laser Induced Carbonisation

of Polyimide [74]

Published in IEEE 2018 International Flexible Electronics Technology Con-
ference (IFETC).

Contributions: Fabrication and characterisation of Laser Induced Carbon.
Content: Pyrolysis of patterned polymers is a well-known technique for
obtaining carbon microstructures and devices. Alternatively, the carbon
structures can be patterned and embedded on commercially available poly-
imide films by a controlled laser writing, which induces a pyrolysis-like
effect. These flexible laser carbon structures are characterised using mi-
croscopic and spectroscopic techniques, and are used as electrodes for the
chitosan electrodeposition. Subsequently, urease enzyme is immobilised
on the chitosan film, and this composite electrode assembly is used for

pH-based urea detection.

Reduction of the Nested Solenoid Micro-Coil Size as a Path to Trans-
porter Micro-Actuator Array [75]

Published in VDE, ACTUATOR 2022; International Conference and Exhi-
bition on New Actuator Systems and Applications.

Contributions: Conceptualisation of the experiment. Complete fabrication,
its optimisation and characterisation of the levitating actuation.

Content: The novel technological approach for the miniaturization of 3D
inductive levitation microactuators (3D-ILMA) was realized via the nested
solenoid micro-coils. The developed technological approach allows the
solenoid micro-coil fabrication separately from each other, beginning with
the smallest innermost coil of the nested microstructure. The nested two
micro-coil structure was fabricated, the inner coils having a diameter of
1000 pmr and 14 windings, the outer coil with a diameter of 1900 um and
8 windings, and demonstrate its application as the inductive levitating
micro-suspension. In particular, a fabricated 3D inductive levitating micro-

suspension was able to levitate a 1100 um diameter disc-shaped proof mass



1.3 Main Results

to a height up to 45 um. Such miniaturisation is further utilised and extended

for arrays of micro-coils.

Characterisation of Static Pull-In Effect of Hybrid Levitation Micro-
Actuators for Square-Shaped Proof Masses [76]

Published in VDE, ACTUATOR 2022; International Conference and Exhi-
bition on New Actuator Systems and Applications.

Contributions: Conceptualisation of the experiment and results analysis.
Content: The static pull-in phenomenon was studied on a square-shaped
proof mass in the hybrid levitation micro-actuators (HLMA), combining
inductive suspension and electrostatic actuation. The reported quasi-finite
element method (quasi-FEM) modelling is developed describing the pull-in
actuation with a calculation of the localised eddy current and magnetic
field with the capability of arbitrary modelling shapes. This modification
removes the restriction of the blank disc-shaped proof mass only simulation
and creates a more extensive application for the HLMA modelling. The
obtained result from this model is verified with coherent experimental data.

Calculation of Mutual Inductance Between Circular and Arbitrary
Shaped Filaments: Segmentation Method [77]

Published in VDE, ACTUATOR 2022; International Conference and Exhi-
bition on New Actuator Systems and Applications.

Contributions: Conceptualisation of the experiment and results analysis.
Content: A new semi-analytical formulation for calculating the mutual
inductance between a primary circular filament and a secondary filament po-
sitioned arbitrarily in space is developed. The method flexibility allows the
secondary filament to take any random shape. The accuracy of the presented
method has been successfully validated against results from similar models,
and also against FastHenry software. Furthermore, the formula can be used

to model complex electromagnetic systems and predict their performance.
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2 Fabrication Methods

In this chapter, fabrication methods are discussed, including the laser radiation
source with 10.6 um wavelength, and reference method of the polymer pyrolysis
in the furnace. The electrochemical deposition methods were used for further func-

tionalisation of the fabricated films, and the fundamental basis of these processes

are discussed.

2.1
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Figure 2.1: (A) Photon transition in the atom (Adopted from [78]). (B) Principle of laser operation
(adopted from Ref. [79]).
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2 Fabrication Methods

Light Amplification by Stimulated Emission of Radiation or simply laser is an
artificial light source, delivering high-intensity radiation with a monochromatic,
coherent beam with a divergence bellow 10 mrad [79, 80]. The foundation was
created from dynamic equilibrium for a material, which absorbs and re-emits under
external electromagnetic radiation. Following Figure 2.1A, the atom, residing at
the lowest energy state or the ground-state, is interacted with a photon of adequate
energy, thus absorbs the energy package. This energy promotes the electron cloud
to take a new configuration; where the atom attains state with a higher-energy
level. The energy can be transferred to neighbouring atoms via collisions in the
medium. Typically, the excess-energy state has ~10ns lifetime, and causes a
spontaneous emission, where the atom emits an overload as a photon. However,
there is another possible configuration of the stimulated emission, where the
medium is overflown with electromagnetic radiation, the photon interacts with an
excited atom at a high energy state and the atom releases this energy excess with
incoming photon [78, 80]. These photons flood the medium and are realised in
the form of laser radiation.

Typically, the lasers contain three main components: a medium, where the radiation
is generated; a power supply, which allows excitation of the medium to the required
energy state; and an optical cavity or a resonator, which concentrates the radiation
to stimulated emission. These key components are implemented in different
designs dependent on the selected working medium [79].

CO; lasers are shown as one of the most versatile lasers and broadly used in
industry, research and military, due to power output ranging from under 1 Watt to
several kilowatts [79]. The carbon dioxide molecules are a light emitter, but firstly,
they require excitation of the vibrational mode to the asymmetrical stretching, with
the transition to symmetrical stretching for 10.6 um radiation generation, or to a
bending mode for 9.6 um, as depicted in Figure 2.2A. The gas tubes are realised in
mixture with Nj for an increase of absorbed energy and further transfer to carbon
dioxide molecules; and He gas, which is used as a buffer gas for the heat transfer to
higher energy states during excitation and lower stated after emission [79, 81]. The

most common type of CO; lasers is a sealed-tube gas laser, in the modern setups
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2.1 Mid-IR Laser Source
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Figure 2.2: (A)Energy level structure in the CO, laser with excitation levels of the vibrational modes.
(B) The schematics of waveguide laser with RF excitation. Figures adopted from Ref. [79].

-Ceramic insulator

complimented with RF excited waveguide. Figure 2.2B shows a typical design,
where the gas tube is filled with the aforementioned mixture of gasses with mirrors
forming a resonant cavity, with applied high voltage to the electrodes to initiate
a discharge through the gas. An applied additional waveguide, perpendicular to
the tube axis, provides a reduction in the operating voltage and allows electronic
control over output rates in power (up to 100 W) and frequency (up to 10kHz) [79].
The experiments were carried out on a CO;-laser ULS Versa Laser 3.50, producing
aradiation with 10.6 um wavelength. The laser radiation is produced in the source
unit, collimated and reflected the focus carriage, equipped with sets of lenses and
mirrors, which is further controlled by motors along x and y-direction. The focus
carriage is equipped with a 2.0’ lens, which allows focusing the beam with 120 pm
diameter. In the selected laser system, the determination of the pulse duration
depends on set power, speed and pulses distance to deliver the equivalent number
of irradiation over the length.

Typically fabrication is maintained in ambient conditions. However, the environ-
ment is reported to be influencing the surface chemistry of the specimens [56].
To further investigate affect of the environment, the home-made chamber was
fabricated from PMMA of total volume ~30cm?, depicted in Figure 2.3. The

radiation delivery is provided with BaF, window with a 22 mm diameter (supplier:
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2 Fabrication Methods

BaF2 windkow ——>

Gas flow

PMMA chamber

Figure 2.3: The PMMA chamber for N, assisted experiments.

MarkIndent), attaining 90 % transparency at 10.6 um. The nitrogen was supplied
at constant rate at 1.0 L/min.

2.2 Thermal Pyrolysis

The pyrolysis is performed in a Carbolite Gero FHA 13 furnace, which consists
of a tube made of alumina (Al,O3), surrounded by heating coils and sealed in the
insulation matrix. This setup is connected to the control unit, where the specific
recipe is programmed. The thermal pyrolysis was used for the fabrication of
reference glassy carbon (IUPAC: glass-like carbon) films, derived from the same
precursors as for the laser-induced carbonisation. For the fabrication, the standard
recipe was utilised for a carbon - microelectromechanical systems by heating the
polymer in the nitrogen flow (~0.8 L/min) to 900 °C (unless stated otherwise), at
5°Cmin~! ramp rate and holding at this temperature for 1 h [36, 82].

2.3 Electrodeposition of Chitosan

Chitosan is a polysaccharide derived by deacetylation of chitin, which is a struc-
tural material of crustaceans and insects shells, making it the second abundant
biomaterial. Its solubility strongly depends on the solution pH, and it forms poly-

mer films in neutral and basic conditions.
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2.4 Copper Electroplating

The process of deacetylation is depicted in Figure 2.4, where acetyl groups are
removed from chitin by Chitin-Deacetylase enzyme. The prepared chitosan is
highly soluble below aquoues acidic solution with pH ~ 6.5. With an increase
of pH, the chitosan forms insoluble hydrogel film by protonation of the -NH»
functional group on the C-2 position of the D-glucosamine repeat unit [84], which
can be obtained with three main methods, including solution casting, printing and
electrodeposition. The latter delivery method was found attractive for targeted
deposition of the hydrogels on conductive substrates and broadly used for the lab-
on-a-chip devices [85, 86]. Figure 2.4B illustrates schematic of chitosan delivery
to the electrode, where the potential is applied between a target cathode and an
anode immersed in the chitosan solution. In adjacency to the cathode, the amino
groups protonate, promoting locally increased pH and forming insoluble film.
As well, chitosan can be modified by other substances. Due to the presence of
amine groups, a covalent attachment is promoted of the various biomolecules,
antibodies, DNA and enzymes [83]. This property was utilised for immobilisation
of the urease enzyme on a composite chitosan/laser carbon carrier film to sense
the urea in a solution and discussed in detail Section 6.2.

A /Cllx

2 Chitosan in solution
H < o H « Y
i1 /NH i 1 CHOH 1A NH, % B w
] K .
N Chitin

e <
l Deacetylation %%;".
* pH>6.5
---------------- Chitosan film
CH,0H i, H CH,0H
1 I, on” T Negative Bias

Chitosan

Figure 2.4: (A) Chitosan deacetilation from chitin. (B) The electrodeposition of chitosan on negatively
biased substrate. Adopted from Ref. [83].
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2 Fabrication Methods

2.4 Copper Electroplating

A mass transfer on conductive surfaces is implemented via an electrochemical
deposition or electroplating, by adsorption of the charged ions on the target
electrode by the applied current in an electrolytic cell. In the cell, the exchange of
metal ions occurs between the bulk electrode and the electrolyte and governed by
the Nernst equation:

L% g a(u), 2.1)

RT
Eepp =E°— —Ina(M*") = E° —
zF

where E the cell potential electrical (electromotive force); E° the standard re-
duction potential; R the gas constant; 7 the absolute temperature; z a number of
electrons involved in the process; F Faraday’s constant (F = 96485sAmol~!);
a(M*") the activity of the ion, dependent on the activity coefficient and molar
concentration. The right side of the formula represents a simplified form after
implementing all constants in the formula.

The current density behaviour during plating is described by relation to the over-
potential, with latter determined through 1 = E(I) — E [87, 88], and has form:

azln

i = —ipexp 2.2)

RT

Figure 2.5: (A) Schematic represinatation of the deposition cell. (B) Current-potential scheme of the
electrochemical deposition and dissolution.

20



2.4 Copper Electroplating

In order to estimate the quantity of electroplated metal, the Faraday equation is
used, which can be modified for the determination of the film thickness ¢ on an

electrode with known surface area S:

ITA

where ¢ is the plated thickness, I the applied current, 7 the plating time (typically
used for 300 s in all cases, unless stated otherwise), A the atomic weight of the
material (Acy = 63.55 gmol™ 1, n the number of electrons transferred by the ion
into the solution (n = 2), p the material density (pc, = 8.96 g/ cm?), and S the
electrode surface area.

Copper plating plays an important role in the semiconductor industry in plating
parts on plastics, printing circuit boards, electrorefining and electroforming. It
is typically performed in copper sulfate - sulphuric acid, oxalate, nitrate, acetate,
copper chloride solutions [87, 88]. For the experiments, it was used a self-built
electrolyte bath (Cuprostar LP-1, Enthone-OMIGmbH) with 2 M concentration
of CuySOy, 0.7 mM of H,SO4. For this system, the standard hydrogen electrode
overvoltage for graphite and copper is 0.60 and 0.48 [88] at a current density of
10mA/ cm? in 2 M H,SOy. The sulfuric baths undergo an anode polarisation and
striated deposition at high current density, which is resolved with chlorine ion
present in the electrolyte. Due to this 9 uMm of HCl was added. Some additional
additives were introduced to the bath for promotion of smooth deposition, level
and prevent void formation [87, 89]. To provide equivalent ion distribution in the
bath, it was constantly stirred by an electric pump. A direct current was applied
during plating using a home-built power source [90]. After electroplating, the
copper-plated samples were washed with de-ionised water and kept on a hotplate
at 90 °C for 300 s for evaporation of the residual moisture and prevention of copper

oxidation.
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3 Analytical Methods

The fabricated samples were studied with multiple analytical techniques to de-
termine physical and chemical properties. Here, the theoretical background is
discussed on the applied techniques determining a surface and bulk morphology,

a chemical composition, crystallographic properties, and conductivity.

3.1 Vibrational Spectroscopy

Photons of the specific energy can be absorbed or emitted by a molecule, which
results in a rising of the total energy of the molecule from a ground state to a

specific excited state. This change in total energy is expressed via relation:
AE = hv = hev, 3.1

where h, i are a Plank constant, Vv is a electromagnetic wave frequency, c is speed
of light, V is a wavenumber. The total energy of the molecule is composed of

electronic (E,;), vibrational (E,;;,) and rotational (E,;) energies, which are additive:
Eiotat = Ee1 + Eyipy + Eror. (3.2)

The molecule features rotational transitions observed at 1 — 1 x 102cm ™! (mi-
crowave), and electronic in the 1 x 10* — 1 x 10 cm™! region (UV-visual-near
IR). Both Raman and IR spectra show vibrational transitions in the molecule in
the condensed state, which occur at 1 x 10% — 1 x 10* cm ™! range [91].

As a result of Heisenberg’s Uncertainty principle there exist a "zero-point energy"

level for each electronic state : Ey = %hv. The intervals between vibrational energy
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3 Analytical Methods

states decrease with v vibrational quantum number. Following the symmetry of
the molecule, there are "allowed and forbidden" transitions, which are emphasised
by relevant selection rules. The selection rule allows any transition of Av =
+1 considering a molecule as a harmonic oscillator. Under ordinary conditions
only fundamental transitions occur from v =0 to v = 1, following Maxwell -

Boltzmann distribution law with population:

roPV=D  ppr

P =0) : (3.3)

where AE,, is a vibrational frequency and kT = 208 cm™! at room temperature.
Following the harmonic oscillator selection rule: the number of allowed transitions
greatly reduced, due to symmetry of the molecule; overtones and combinations
bands are forbidden. However, later is present due to anharmonicity of the vibra-
tion. The main methods for observation of these vabrational transitions realised

through infrared and Raman spectroscopy.

3.1.1 Infrared Spectroscopy

Infrared (absorption) spectra originate from vibrational transitions between two
levels in an electronic ground state. The IR absorption process contains two essen-
tial components: radiation frequency and molecular dipole moment [91]. When
the radiation frequency matches with the natural frequency of a particular normal
vibration mode, then the resonance condition is met. In order to be absorbed, the
IR photon must cause a change in the dipole moment of the molecule, which is a

function of the atomic charges (e;) and the positions (r;):

u= Zeiri (3.4

The IR absorption is estimated from the change in the dipole moment by variation
of the partial charge of the molecule and can be evaluated from electronegativities
of the constituent atoms. Therefore, the IR active modes are not observed for the
homonuclear molecules (covalent polar: Hy, O, N»), due to the absence of the
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3.1 Vibrational Spectroscopy

dipole moment. Nevertheless, non-polar and heteronuclear species make it an
excellent tool for the determination of the present species [91]. From the quantum
mechanical considerations the IR absorption is an electric dipole operator mediated
transition with respect to change in the vibrational amplitude g and must be greater

than zero:

(5”> £0 (3.5)
oq /),

Practically, infrared spectroscopy is implemented through Fourier-transform in-
frared spectroscopy (FTIR), where the signal is collected considering specific
geometrical configuration, including absorbance, transmittance, reflectance and
attenuated total reflectance (ATR) modes [92]. All measurements were conducted
in Bruker Vertex 70 ATR-FTIR spectrometer in the range from 4000cm™! to

400 cm™ !, with 2 cm~! resolution.

3.1.2 Raman Spectroscopy

Raman spectrum originates from electronic polarisation caused by UV, visible
or near-IR radiation. When the molecule is irradiated by the light of frequency
Vv, it causes polarisation induced in an electromagnetic field and has the same
frequency v ("Rayleigh scattering") and v + V; is scattered, with v; corresponding
to a vibrational frequency of the molecule. This is a shift from the incident fre-
quency. Therefore, due to the weakness of the scattering, the lasers were employed,
providing a strong, monochromatic, coherent source of the radiation.

The origins of the spectra can be explained by classical and refined with quantum
mechanical theory. Let us consider a light wave with frequency v with and electric
field E, where the fluctuation of E follows:

E = Epcos2mvt, (3.6)

where Ey is an amplitude of the incoming electric field and 7 is a time. The dipole
moment P in diatomic molecule molecule then is:
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3 Analytical Methods

P=aFE = aEycos2mvt, 3.7

where ( is a polarizability. In case of vibrating molecule at frequency v;, the

nuclear displacement g has a form:

g = qocos2mvit, (3.8)
where g is a vibrational amplitude. At small amplitudes « is a linear to ¢, thus

o= 0p+ (50‘) q, 3.9)
oq /,

where ¢ is a polarizability at equilibrium position and (%—‘;)0 is a rate of change
of change, evaluated at equilibrium position. By combining Equations 3.8 and 3.9
into Equation 3.7, the dipole polarization takes form:

P = oyE,cos2nvt + % <ZZ> . qoEo [cos2m(v + Vi)t +cos2m(v — vi)t];
(3.10)
The first term represents Rayleigh scattering of the oscillating dipole emitting at
frequency v. The second term corresponds to the Raman scattering. The term
vanishes of (‘;—‘;‘)0 = (0, therefore the vibration is not Raman active unless the
polarizability changes during the vibrations. Moreover, the term consist of vV + V;
and v — v; corresponding to anti-Stokes and Stokes lines respectively determines
Raman frequency. Due to larger population in v = 0 than v = 1, the Stokes lines
contribute to the spectra more strongly.
The classical theory does not consider the overtone and combinational spectra.
However, in the quantum mechanical theory, the solution of the Schrodinger
equation of the actual potential in the harmonic oscillator for the diatomic molecule
introduces the overtones. The actual potential is formed with the introduction of

the cubic correction term:
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3.2 X-ray Diffractometery

1
V= EKqZ—Gcf, (3.11)

where V is a potential energy, K and G are force constants of the vibration. The

eigenvalues become:

1 1\?
E, = hcw, (v—i- 2) — hex, , <v+ 2) + ..., (3.12)

where @, is the wavenumber corrected for the anharmonicity and x, @, is a magni-
tude of such anharmonicity. These values can be observed by series of the overtone

bands in Raman (and IR). The equation (3.12) can be revised in a form:
(Ey —Eg)/hc¢ = VO, — x,0,(VF + V) + ..., (3.13)
with wavenumbers corresponding to:

Fundamental : Vi = @, — 2x.0,;
First overtone : Vo =20, — 6x,0,;

Second overtone : V3 = 3w, — 12x, ,.

All Raman spectra were collected from a Bruker Senterra equipped with a con-
focal microscope, and the signal was collected in bandwidth of from 70cm~! to
3500 cm~! with 0.5 cm™! resolution using a diode-pumped solid-state laser with

532 nm wavelength at 2mW power.

3.2 X-ray Diffractometery

The development of the Crookes tubes [93] led to the discovery of the x-ray
radiation [94], which became a pivotal moment for material science research.
The condensed matter consists of crystals of variable sizes and orientations. The
diffractometry methods created a foundation for understanding their structure and

allowed resolving the features at the atomic scale with high accuracy and reliability.
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Figure 3.1: (A) The XRD experiment scheme. (B) Path difference geometry in the Braggs’law.

The most prominent method is x-ray diffractometry (XRD) measuring the special
arrangements of the atoms in the range from 1 x 10719 to 1 x 107%m [95].

In the typical XRD experiment, the incident wave from the x-ray tube is directed
on the specimen, where the beam reflected from the atom electron shell attributing
the characteristic of the lattice, as depicted in Figure 3.1A. The incident beam
goes through an array of monochromators and collimators for filtering of the
incident bremsstrahlung and compression of the beam divergence. This setup
improves signal-to-background ratio. The detector is typically rotated around
the sample to measure the directions and intensities of the diffracted waves [95].
The diffraction experiment in all presented cases is performed using the Bregg-
Brentano geometry; thus, diffraction angles are presented in the 6-26 angle.
For performed experiments, the XRD was performed on a Bruker D8 Advance
diffractometer using Cu-K , radiation.

When the photon is scattered between atom planes, it sets the difference in the
path length, creating the constructive wave at a selected angle the difference path
matches with the wavelength, as shown in Figure 3.1B. This is expressed via
Braggs’ law [96, 97]:

2y sin(0) = nA, (3.14)

where the dj; is an interplanar distance, 0 is an angle of incidence of the x-ray
beam, A is an x-ray wavelength, the integer factor n is an order of the reflection.
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3.2 X-ray Diffractometery

The interplanar spacing is indexed with {h k [} notation, known as Miller indices,
representing the family of planes for the orthogonal to the basis of the reciprocal
lattice vector and can take integer values [98]. A diffraction pattern of the material
typically contains multiple distinct peaks, each representing a specific reflection
assigned to a different interplanar spacing. Therefore, the crystal geometry is
considered for the calculation of the Miller indices from d.

For simplification, the specific derivation for the three lattice systems applied
in the course of this research are presented here. For simple cubic system with
lattice constant ag, the interplanar spacing is implemented using angles of XRD

reflections and expressed in the form:

1 P+

L : (3.15)
dpki a}
WL
20, — 2arcsin (;*) (3.16)
ap

Analogously the hexagonal close packed lattice is treated with additional ¢ lattice

constant parameter and the equation takes form:

A4 (W24 hk+k? 2
206y = 2arcsin | —4 | = +72+ + — (3.17)
2a0 \| 3 a; c?

And in the rhombohedral lattice the angle ¢ is considered:

| A (R + K>+ 12)sin® a+2 (hk+ kI +hl) (cos® a — cos )
206y, = 2arcsin | — 5
2ay ag (1 —3cos? a+2cos’ a)

(3.18)
However, not all Miller indices can be observed on the diffractogram, and the
absent reflections occur due to the identical plane of atoms halfway between two
other planes [95]. For specific lattice types, forbidden reflection to feature this
condition: as for hexagonal closed packed (—h+k+1=3n=+ 1), whereas in the
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3 Analytical Methods

simple cubic and in the rhombohedral lattice, all reflections are allowed.

Crystalline Size and Internal Strain
The number of the crystallographic planes involved in the diffraction at the selected
plane affect the width of the peak. Therefore, the width of the peak 8 can be

attributed to the size of the crystallite, which is expressed in form [99]:

K
~ BcosB’

where L is a crystallite size, K is a structure factor. The structure factor K is

(3.19)

dependent on the reciprocal lattice of the specific crystal structure. Mostly, the
spherical particles are considered, where the structure factor equilibrated to 0.89.
However, for hexagonal lattices, other factors should be considered, and for 4 k
Miller’s indices, it was estimated at 1.84 [100].

Additionally, the Rietveld refinement was employed for the determination of the
crystalline sizes and stresses as a more advanced method. There the determined

features match with the standard diffraction pattern for the specific material.

3.3 Electron Microscopy

Resolving of the material features with optical microscopy is limited to Abbe
resolution limit, where the feature size is constrained around 1 pm. Additionally,
optical microscopy in high resolution suffers from significant defocus dependent
on the roughness of the substrate. As it was shown by de Broglie via particle-wave
dualism, the image resolution is dependent on the acceleration voltage of the
electrons (momentum), and from 1 kV to 100kV the image can be resolved to
38.7 pm to 3.7 pm. Such resolution lays significantly lower the Abbe limit for
photons and below the atom size. Further development in technology brought
electron microscopy, and the aforementioned limits were resolved. This technique
allows characterisation of the surface morphology with the high depth of field

volumetric and crystal features of the substrates.
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3.3 Electron Microscopy

3.3.1 Scanning Electron Microscopy

Scanning electron microscopy is a powerful imaging technique allowing mi-
crostructural identification of the material surfaces. The principle beam path is
illustrated in Figure 3.2, where the electron beam goes through a set of the con-
denser and objective lenses, currently achieved with magnetic lenses [101]. The
chamber is evacuated to improve detection without ionisation of atoms in the
surrounding. The beam suffers from multiple aberrations, including chromatic,
spherical and astigmatism. There the correction is achieved by controlling the
electron beam diameter with aperture and the magnetic lenses [101].

After interaction with the specimen surface, the majority of the primary elections
penetrate and inelastically scatter within a micrometre range, where the depth is
dependent on the atomic weight of the material [102]. This interaction causes the
ejection of weakly bounded electrons from valence band for ionically and cova-
lently bonded materials or from conduction band for metals, with binding energy

laying in range 1-15eV. These ejected electrons are referred to as secondary (SE).

filament +
wenhelt

Anode

vacuum plate

pipe

electron { 3
gun
T
= [\
/ \

first
> condenser
lens

1)
fi M

second

objective
7 lens

back-
scatterred
electron
vaguum _J detector
pipe =
secondary
electron

specimen detector

stage specimen

chamber

Figure 3.2: Schematic of a typical scanning electron microscope and a beam path. Parts are adopted
from Ref. [101].
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Transfer of the kinetic energy is small between primary and secondary electrons;
thus, an ejection occurs with reduced kinetic energy. Due to inelastic scattering
during propagation in the specimen, SE further undergoes loss of kinetic energy,
and only a fraction overcomes the surface energy barrier and contributes to the
signal [102]. These SE are collected with Everhart - Thornley detector, which
consists of scintillator made of thin metal coating, to which applied potential of
~10kV for SE acceleration and scintillation with optically active material. The
detector is surrounded by Faraday’s cage to prevent interference with a primary
beam. Some of the secondary electrons cause ejection from the chamber walls,
which contribute to interference in the received signal.

The part of primary electrons is reflected on a solid angle consisting of high energy
electrons and referred to as back-scattered electrons (BSE). The electrons reflect
more effectively on heavy elements and can be used for contrast differentiation of
the chemical composition. Moreover, BSE exhibit high sensitivity to the surface
topology. The BSEs collected with an in-lens semiconductor or a scintillator
detector, positioned around the primary electron slit to maximise detection signal
and accuracy.

Due to the nature of the beam interaction with surface, the charge is accumulated
only on the interface without further dissipation, which causes overcharging for
insulating surfaces. It can be compensated by sputtering thin metal layer atop
investigated surface. In case of the conducted here study, silver was sputtered with
a thickness of 10 - 20 nm or by adjusting the electron beam exit voltage to the
electron working function of the studied material, which typically does not exceed
2keV. All studies were performed on Carl Zeiss AG —SUPRA 60VP SEM. The

cathode is.

3.3.2 Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray Spectroscopy (EDX) is realised via photoelectric absorp-
tion of an X-ray on a semiconductor detector. The energy is transferred to a bound

inner shell atomic electron, ejected from the orbital with a kinetic energy equal to
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3.3 Electron Microscopy

the photon energy with the subtracted binding energy. The ejected photoelectron
inelastically scattered in the silicon lattice with ionisation energy at Si K-shell
and an L-shell are 1.838keV and 0.098 keV respectively. The ionisation in the
intrinsic semiconductor induces generation of an electron-hole pair in the valence
band, both moving towards an applied terminal potential, between the entrance
surface of an electrode and the back surface across Si detector. The total energy
of electron-hole pair is 3.6 eV, and the number of charge carriers is proportional
to the X-ray photoelectron energy: n = E,,/3.6. The threshold limit in the EDX
systems typically lies between 50 eV and 30 keV.

The EDX is collected using a Bruker X-FLASH 5010, which is realised via a
standard silicon drift detector (SDD-EDX). This detector realised via smooth Si
front surface electrode and the rear surface patterned with nested ring electrodes,
to which applied pattern of potentials, and a small central anode, serving as a

collection channel [103].

3.3.3 Transmission Electron Microscopy
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Figure 3.3: (A) Block diagram of TEM/STEM setup. (B) Ray image in the bright-field mode. (C)
Selected area electron diffraction mode with an intermediate aperture. Parts adopted from Ref. [95].

Transmission electron microscopy (TEM) has recommended as a versatile tech-

nique for the determination of the inner crystalline structure of the materials,
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complemented with a number of imaging modes and techniques, capable of res-
olution within an atomic scale, and providing information on chemical content.
Figure 3.3A shows a diagram of a TEM with a capability of multiple instrumenta-
tion techniques with the specific location of the instruments in a column. Namely,
these techniques are: bright and dark-field imaging, phase-contrast imaging, Z-
contrast imaging, selected area electron diffraction, convergent-beam electron
diffraction, energy-dispersive x-ray spectroscopy, and electron energy-loss spec-
troscopy [95]. Further, some relevant for this study techniques are elucidated in
detail.

The primary technique used for the observation of materials is a bright field
imaging mode. The conventional TEM beam ray path is presented in Figure 3.3B.
The collimated electron beam is falling on the specimen, which is located in
close proximity to the objective lens ring, realised via magnetic lens [95]. The
transmitted beams from the object are focused via the lens and intersected at the
back focal plane, where a diffraction pattern of sample is created. The difference
in modern TEM systems is achieved via the installed aperture at the back focal
plane, allowing only selected diffraction order of rays to pass through. For the
bright field, the zeroth diffraction order is transient, and for the dark field in higher
orders. The aperture also serves as attenuation of the beam intensity, increasing
the final image contrast. The set of intermediate lenses is used for the increase of
magnification power and control over the compensation of aberration effects.
TEM was carried out on several machines, including an FEI Titan®80--300 at
80kV using a lacey carbon coated Cu grid with additional 2 nm amorphous carbon
coating; on a ThermoFisher Scientific Themis300 operated at 300 kV, with SAED
patterns collected at a camera length of 600 mm on a bottom mounted Ceta 16M
camera from studied specimens. Diffraction pattern were evaluated using the
“PASAD”-plugin [104] of the Gatan Digital Micrograph® software. Laser carbon
and CuO-U films were dispersed in the ethanol and ultrasonicated for 1 h, and
then deposited on Quantifoil® Holey Carbon Film supports with circular holes,
type R1.2/1.3 4 2nm additional continuous C layer on Au grid with 200 mesh.
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3.4 Stylus Profilometry

3.3.4 Selected Area Electron Diffraction

The selected area electron diffraction allows collection of the diffraction patterns
from the objects of ~1 um in diameter, which is limited by spherical aberration.
To implement it in TEM, the beam path is closed with an intermediate aperture
located close to the image plane, where only diffracted beams are transient and
then collected on the viewing screen (Figure 3.3C). From the collected pattern, the
separation between the lattice planes can be deducted through the ’camera equa-
tion’. The diffraction is described via Bragg’s law (Equation 3.14). Considering
TEM, the diffraction angle is <1° and through de Broglie equation the electron
wavelength is ~0.04 A. For such small angles, sin @ ~ tan6 ~ 1/2tan(26), with
TEM geometry can be rewritten as tan(20) = r/L, where r is a distance from
a separation between diffraction spots and L is the ‘camera-length’. The final
substitution into Bragg’s equation gives:

d="" (3.20)

r

This equation allows to determine of the interplane distances and can be used as

for x-ray diffraction patterns.

3.4 Stylus Profilometry

The stylus profilometry was used for the evaluation of the surface roughness
and texture in a sub-micron regime up to several millimetres. The measurements
are typically conducted by moving in a single direction sample beneath a stylus
with the diamond tip. The tip is mechanically coupled to the linear variable
differential transformer, which converts the analogue signal driven by the stylus
position change to the digital signal. The stylus profilometry was performed
on DEKTAK V220-Si (Veeco Instruments Ltd., Cambridge, UK) equipped with
12.5 um diamond stylus. The sample table is attached to the quartz table, the

motion along the x-axis promoted by the remotely mounted motor.
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3.5 Electrical Conductivity

The four-probe van der Pauw is one of the most effective and widely used meth-
ods for the determination of the electrical resistance of thin films. Using the
geometrical estimations the sheet resistance Ry is derived to [105, 106]:
T R+R'
R, = R'/R" 3.21
= g e fR R, (321)

where R and R” are resistances measured in perpendicular orientation. The term

F(R'/R") is a geometrical factor dependent on the probe position, which should
be estimated from table values [106]. This factor can be reduced to 1 for all tested
here cases, due to square geometry of the electrode setup. The conductivity o was
further determined considering the thickness ¢ determined with profilometry for
each sample following the formula ¢ = 1/R;-¢.

The measurement of the resistance of the fabricated laser carbon samples with
van der Pauw geometry was performed on the physical properties measurement
system with installed nanovoltemeter and nanoamperometer Keithley 2182A and
Keithley 2460, respectively. Independently, all measurements were performed in
Chapter 7 on a four-probe station Hioki 3540 mQ HiTester.

3.6 Combustion Analysis

The elemental (combustion) analysis measurements were performed on an ELE-
MENTAR Vario Micro and determined the average value throughout the thickness
of the film. As an analytical scale, the model SARTORIUS M2P was used. The
machine was calibrated to determine the mass per cent for hydrogen, carbon and
nitrogen. The mass per cent of oxygen was estimated by subtraction of determined
elements due to the insignificant contribution of other elements in the precursor

preparation and processing.
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3.7 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a widespread technique for the analysis
of material composition electronic properties, oxidation, wear and friction based
on interfacial microchemistry. The effect is induced by x-ray photons interaction
with the core electrons of the sample atom, where the ionised states are created,
promoting emission of a photoelectron with specific kinetic energy Ey;, approx-
imated by the difference between the photon energy #v and the binding energy
E;,. Considering this relation, and the analyser work function ®g and the electron

kinetic energy in vacuum @4, the binding energy can be derived:

Eiin =hv — Ep, — Py (3.22)
Ejin = hv — Ej — @5 — (P4 — D) (3.23)
E,=hv—E,— P, (3.24)

Typically the analyser work function is experimentally determined by setting the
energy scale to zero at the Fermi edge of the reference sample and typically takes
values about 4-5eV. Thus, ®4 set to 0eV and binding energy determined using

the formula:

Ey, =hv —Eyp, (3.25)

However, the Fermi energy edge is set to 0 eV only for conductive samples and
equal for the sample and the analyser. In the case of insulators, the energy scale
might shift due to sample charging but can be compensated by ion gun coupling.
XPS is based on the element-specific binding energies of elements in the atomic
shell. Thus, the notation is spectroscopic, and it is given in principal quantum
numbers 1, 2, 3 etc., and the angular momentum denoted s, p, d, f. The spectra
collected in a wide range (survey) feature corresponding peaks on the composition
of the material, as well as the x-ray-induced Auger electron spectra. As mentioned

above, the spectra are resolved for each specific element; most significantly, there,
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the change in a core binding energy is influenced by chemical bonding in the
compound and referred to as the chemical shift. This is explained by the atom
effective charge potential variation. There, the ionised atom in a shell is replaced by
a vacancy in the valence shell, causing a shift in the binding energy of atom [107].
XPS was conducted using Al K, radiation (E = 1486.6eV), and the spectra were
collected with the hemispherical energy analyser RG Scienta 4000. Survey spectra
were collected with the resolution of 1eV; the high-resolution spectra with a
0.05 eV step on specific elements. The spectra were analysed using the CasaXPS
software. The Shirley background was extracted from the measured spectra, ex-
cluding Cu 2p spectra which were fit using the spline Tougaard background, and

peaks were fitted to the Gaussian-Lorentzian function (GL30).

3.8 Cyclic Voltammetry

Cyclic voltammetry is one of the most useful analytical electrochemical tech-
niques for the observation of redox reaction electrochemical kinetics. It allows
studying the interfacial phenomena of an electrode surface with electrolyte, re-
actions involved in the diffusion of species, and specific bulk properties of the
electrode material [108, 109]. This is achieved through the determination of the
following: the formal reduction potential, the number of transferred electrons
in the redox reaction, the diffusion coefficient, electrochemical reversibility, and
influence of the scan rate and concentration [110]. Due to such a broad variety
of reactions, it can be applied in fields of electrochemistry, biochemistry, organic
and inorganic chemistry [111]. The main apparatus is provided via potentiostat,
which controls voltage in a three-electrode system immersed in an electrolyte
within the electrolytic cell [112]. The three-electrode system consists of a counter
electrode, typically a platinum electrode; a reference electrode, currently used
Ag/AgCl electrode immersed in 1 M HCI with a salt bridge, to avoid contact with
an investigating electrolyte; and a working electrode, requiring investigation of

the interaction with an electrolyte.
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3.8 Cyclic Voltammetry

The voltage sweeps between negative and positive potential, causing a respective
reduction or oxidation of the working electrode, where rapidly induced cathodic
(ipe) and anodic (ip,) currents result in peaks formation. These peaks give useful
information on specific electrode processes, and implementing them in the Nernst
equation gives significant insight into the reacting species [111]. For the reversible
reactions, the ratio should be ip,/ipc = 1. The increase of scan rates shows a
higher measured current due to species diffusion variation on the electrode surface.
For the reversible reaction, the slope from scanning rate (vl/ 2y vs. peak currents
provided can be used for the determination of the diffusion coefficient and calibrate
the electrolyte concentration in the unknown solutions, as described by Randles-
Sevcik equation [110]

During the course of the performed experiments, Autolab PGSTAT 128N poten-
tiostat/galvanostat system was utilised. The applied potential was ranged, depend-
ing on the performed experiment, but did not exceed 10 V. The working electrodes
were selected to have an area of 1 cm? for uniformity of the experiment. All exper-
iments were conducted under constant stirring at 500 rpm to facilitate equivalent
ion concentration within the electrolytic cell. The collected data were processed
with smoothing using the Savitzky—Golay filter at the indicated selected cases.

The scanning rates were adjusted for specific to the experiment.
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4 Materials

In this chapter, the discussion contemplates the fundamental properties of se-
lected carbon allotropes, focusing on the crystalline structure of hexagonal and
rhombohedral graphite and how they can be translated to the crystal structure
of the selected polymer precursors after pyrolysis in order to set comparison to
laser-induced carbonisation.

4.1 Carbon Allotropes

The carbon exists in a wide variety of different polymorphs (allotropes), attaining
properties from semi-metals to insulators. Theoretically hypothesised the existence
of over 500 different carbon allotropes, with some of them confirmed to be stable
and synthesised in the lab [113, 114]. According to some systematisation, all these
allotropes can be distributed in six classes [114]: (I) diamonds, (II) graphites,
(I1T) lonsdaleite [115], (IV) fullerenes [15], (V) amorphous carbon, (VI) carbon
nanotubes [17] and various composites between these classes.

The graphites and graphite-like allotropes drive significant attention due to their
conductive properties and variation of the bandgap from semi-metals (0 eV band
gap) to semiconductors, which is demanding in the industry. The most notable of
them is a graphene [14], which was theoretically predicted in 1947 [116], with
some initial observation in the oxidised form [117]. As its states from the [UPAC
nomenclature, the graphene is a single sheet of carbon, where each atom is cova-
lently bound to three neighbouring atoms in a honeycomb-like lattice, and attaining
sp” hybridisation [118]. It is model material, due to its 2D arrangement, and gives
multiple possible topological conjugations, namely: the fullerenes as 0D structure

by folding into a sphere of the single sheet, the carbon nanotube as 1D structure
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by folding along one of the edges of the sheet, and the graphite as 3D allotrope, by
stacking in the regular way of the number of coplanar graphene layers. As a single
sheet, the graphene exists in multiple chemical modifications, such as graphene ox-
ide as a sheet abundant with hydroxyl and carboxyl functionalities [119], graphane
as a hydrogenated sp>-hybridised graphene sheet [120], flurographene with partial
film fluorination attached to the sheet [121], and graphyne with asymmetric lattice
connecting hexagons with a sp bond [122].

All of the aforementioned allotropes attain unique physical and chemical properties.
However, the current methods of production are still restricted to the laboratory
scale due to the low yield of the manufactured product. In addition, the machining
of naturally available resources is restricted by the cost of preparation, mechanical
properties and their low abundance. As an alternative method for large scale
manufacturing, pyrolysis allows direct conversion of the polymer precursors into
carbon-rich material, with yield in the chemical composition and mechanical
properties from the selected precursor. The development in microfabrication
allowed the preparation of the films patterned within microscale with possible 2.5D

structure, which can be further scaled down into nanostructures [40, 42, 43, 123].

4.1.1 Graphene and Graphite

As previously stated, graphene is a building block for multiple carbon allotropes.
As a result, the properties are inherited from it and expanded with variation de-
pending on the topological confirmation and its chemical modification. The most
common naturally occurring form is the graphite, arranged by stacking of the
graphene sheets, and it exists in two possible crystallographic forms: hexago-
nal and rhombohedral. In naturally occurring graphites, the macroscopic single
crystals are not present, and the best ’single’ crystalline kish graphite consists of
randomly oriented crystallites with maximal sizes of 100x100 um? [124]. The best
crystallographic orientation was achieved in the highly oriented pyrolytic graphite
(HOPG), which is artificially grown at 3200 °C under pressure and used as the
standard for the research [124].
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Figure 4.1: A three-layer graphene in a hexagonal (Bernal) structure (ABA) in (A) 2D projection,
(B) 3D multilayer and (C) its first Brillouin zone. The rhombohedral modification of graphite in (D)
2D projection, (E) 3D multilayer and (F) its first Brillouin zone. (G) X-ray diffractograms of the
hexagonal (top) and rhombohedral (bottom) modifications graphite. Parts of figures are adopted from
Ref. [125-129].
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The initial investigation of the crystallographic structure of graphite powders sug-
gested representation with a rhombohedral unit cell [130]. However, the vigorous
investigation with XRD provided evidence for a better fitting of with the hexago-
nal modification [131]. Such hexagonal (Bernal) structure in the graphites is the
most abundant, with some minor incorporations of the additional rhombohedral
phase [132].

There, the hexagonal networks of individual graphene layers stacked in the perpen-
dicular direction (c-axis), where the positions of carbon atoms in the second layer
aligned to the centres of hexagonal corners in the first layer and presented in the
alternating ABA layer structure, as it is depicted in Figure 4.1(A & B) [127, 133].
Considering the hexagonal lattice structure, the reciprocal for the 2D graphene
sheet as well attributes a hexagonal structure. The first Brillouin zone is shown
in Figure 4.1C with high symmetry points, namely: I" point at the zone cen-
tre, M points at the middle of the hexagonal edges, K and K’ at corners of the
hexagon [116, 124, 133]. New planes at k, = 0 and k, = 7/c constructed after
extending the reciprocal cell in the third dimension, corresponding to the lower
and upper plane of the first Brillouin zone [133].

The position of each graphene sheet in a rhombohedral crystallographic modifica-
tion of graphite is different from hexagonal, where atoms of hexagon edges of the
third stacked layer are located at centres of the first layer and the crystal composed
of these alternating ABC stacks, as it is shown in Figure 4.1(D & E) [127, 134].
This configuration is promoted by shear stress in the crystallite, and therefore it
is metastable, transforming to ABA configuration after annealing at 1300 °C for
4h [134]. Nevertheless, multiple reports indicate the content of 5% - 15% in a
rhombohedral modification in the natural graphite [127, 134] and thin films, the
ratio can rise to 40% [129].

Due to such structural variation, the reciprocal lattice shows a significant difference
from the hexagonal modification. The first Brillouin zone is formed by perpendic-
ular bisection of reciprocal planes organised into fourteen faces polyhedron, as it
is depicted in Figure 4.1F [135].
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These reciprocal lattices were utilised for reconstruction of the real-space lat-
tice from the XRD reflections for both modifications, due to diffraction of the
x-ray photons on the atoms. Figure 4.1G shows characteristic reflections for both
modifications, with top graph attributed to hexagonal graphite and the bottom
with inclusions of the rhombohedral modification. For Bernal graphite, the promi-
nent peaks were observed at 26.7°, 42.2°, 44.4°, 54.6°, 59.8°, 77.4°, 83.5° and
87.0° responsible for (002), (100), (101), (004), (103), (110), (112) and (006)
reflections [128, 136—138], additional peaks in the rhombohedral modification
were observed at 43.4° and 46.1° corresponding to (101) r and (012) R reflec-
tions [129, 139, 140]. The unit cell of hexagonal graphite contains four atoms,
which belongs to the space group P63/mmc (Dgh point group). From these re-
flections, the lattice constants are calculated at ¢ = 0.246nm in-plane and at
¢ = 0.670nm perpendicular to basal plane [132, 133], whereas the single graphene
sheet consist of two atoms per unit cell and belongs to the space group P6m2 (Dé "
point group). The structure of the unit cell for rhombohedral modification slightly
changes, consisting of six atoms per unit cell, which is classified into R3m space
group (Dg ; point group). There, the lattice constant along basal plane remain as
for the hexagonal modification at @ = 0.246nm and at ¢ = 1.070nm [132, 134].
Notably, the natural graphites feature angular misalignment between the planes,
which is called turbostratic graphite, featuring interplane distance over 0.342 nm
higher than estimated from the lattice structure ¢/2 = 0.335nm. The crystallite
sizes can be effectively determined from the diffractograms along both crystallo-

0.892 1.842

graphic directions using following equations L, = z==% and L, = 2%,

A is a wavelength of the incoming x-ray, B is a FWHM of the reflection, 0 is a

where

position of the reflection and structural factors are determined from the geometry
of the unit cell [100]. These equations were utilised to analyse samples presented
in further chapters but not applied for the aforementioned specimens.

For studying the physical properties of graphites, it is sufficient to estimate the
properties of single layer graphene due to weak interaction between the layers
with van der Waals force. However, even such weak interaction plays an important

role in the crystal selection rules in the normal vibrational modes and affects

45



4 Materials

A . Double resonance 2D :
iLo
1600
iTo
1400
:1200—-
§1000-°'°
2 800
g’ 600
L2 iLA
400
200 TA
Tia
0
‘
T
C 0 | 2D E
350 ; G é
E A Graphene E
300 B 3
g .f /D D' ]
250 | (] 3
(S} E ]
= E Damaged Graphene D+D E
£ 200 5 ]
=4 F 4
£y g ' AL ;
= 100 E Hexagonal Graphite 3
50 F _ E
E Rhombohedral Graphite —_/"\ _ 3
o b E
RSN S AN S ST T A S S S N ST ST SN T S ST S S SN S Y SN ST S SN SN ST SN AN ST SHN S NN SO Y
1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200

Wavenumber (cm™")

Figure 4.2: (A) Band diagram of the graphite. (B) Electron-hole interaction with an incoming phonon
at the band centres at I and K included in the formation of G, D, D’ and 2D bands. (C) Raman
spectra of a single sheet of exfoliated graphene and a damaged graphene, hexagonal and rhombohedral
graphite. Parts of figures are adopted from Ref. [141-143].

the spectroscopic analysis of the material. The dispersion of phonons plays an
important role is directly related to the Raman scattering in the graphene. The
phonon dispersion plays an important role in determining the graphene quality
and number of the stacked sheets. The unit cell contains two carbon atoms in
a single graphene sheet, presenting by six phonon dispersion bands, three for
optic (O) and three acoustic (A) branches. In each of the branches, the one out-
of-plane (0) atomic vibration is present perpendicular to the graphene plane. The
other two phonon branches are in-plane (i) vibrations, traditionally referred to as
longitudinal (L) and transverse (T), following parallel and perpendicular carbon-

carbon vibrations, respectively. Therefore, the vibrations propagate along 'M and
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I'K directions within the first Brillouin zone and are assigned as iLO, iTO, oTO,
iLA, iTA and oTA phonon modes [124, 133], as it is shown in Figure 4.2A.

Here, near the I" point zone centre iTO and iLO modes correspond to the vibration
of the sublattice, which belongs to Ey; symmetry with a double degenerate optical
vibration and thus Raman active [124, 133]. This vibration gives rise to the G-
band in the Raman spectrum, which is a normal first-order Raman scattering. The
position of this G-band is centred around 1580 cm™! for films with the highest sp>-
hybridised carbon [144, 145]. The other prominent modes arise around the K point,
where iLO and iLA branch produce double degenerate phonon with A g symmetry.
These phonon modes contribute to D and 2D bands in the spectrum, which are
second-order Raman scattering. All aforementioned modes play an important role
in the renormalisation of the phonon energy by generation of an electron-hole pair
and can be described with the band diagram, which is depicted in Figure 4.2B. The
bands are represented by Dirac cones with an intersection at K (Dirac) point. At
the frequencies of D and 2D, the double-resonance Raman process occurs. There,
the initiated phonon wave-vector g preferentially couples to the wave-vector k of
electronic states in relation g ~ 2k. This double-resonance process is initiated by
absorption of a photon with E .., energy by an electron with a k wave-vector. It
promotes inelastic scattering by a defect or a phonon with g wave-vector at Dirac
cone from K to K’ point with total wave-vector of k+ g. Then, this electron is
scattered back to the K point, where it recombines with a previously generated
hole. Such a double-resonance process in D-band is promoted by one elastic
scattering event on the defect within the crystal and one inelastic scattering by
emission or absorption of phonon. In the case of 2D-band, the double-resonance
initiated by two inelastic scattering events with two phonons for electron, or the
triple-resonance by promoting simultaneous inelastic scattering of both electron
and photon with recombination at K’ point [124, 133, 141, 146]. The variation
in the energy of incoming photon causes a shift in the k wave-vector and thus
the position of all Raman bands, and it was observed experimentally [141, 144].

Moreover, a contribution from sp3 -hybridised bonds, due to contamination or a
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Figure 4.3: X-ray photoelectron spectra of C 1s peak for an annealed graphene and a graphite peak.
The data adopted from Refs. [150, 151].

film amorphisation, results in the position shift to significantly higher and lower
frequencies [141, 144].

Figure 4.2C shows collected Raman spectra from the sample with different crys-
tallographic structures, namely hexagonal and rhombohedral graphite, exfoliated
and damaged graphene. These collected spectra provide critical information about
each allotrope, primary hybridisation and amorphisation; after derivation of the
band ratios, they further support a defect contribution, and a stacking thickens. The
defect contribution and the crystalline sizes are derived from an integral ratio be-
tween D and G-bands, supporting the observations with diffractometry [147, 148],
and it follows the relation L, = (2.4-10710)A} % with A is a wavelength of the
laser. The number of graphene sheets can also be estimated from Raman spectrum
from the G-band position [146], and the width of 2D-band and by an intensity ratio
of 2D over G-band, at >2 for a single sheet, ~ 2 a double layer, ~ 1 multilayer
(up to 10 layers) and with higher ratio thicker graphite-like structures [133, 149].
The surface chemical composition of graphene-based allotropes retains relatively
close due to the crystal structure’s variation and does not exhibit any significant
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chemical modification. However, an investigation, conducted with XPS, feature
some difference in the composition for graphite and a single sheet graphene.
Several methods in the graphene preparation lead to a significant difference in its
quality and presence of multiple functional groups, which can be improved and
standardised by sample annealing [150].

Figure 4.3 depicts the XPS spectra collected from a single graphene sheet and
graphite, and both exhibit high resemblance. The major significance in XPS
spectra for graphene/graphitic materials plays a position of C 1s spectral line and
its deconvolution by fitting multiple conjugated species. The carbon-carbon bonds
are separated into two species: sp>-hybridised C=C bond with a binding energy
at <284.5eV, and sp’ carbon for C—C and C—H bonds at <285.0eV originated
from an adventitious carbon or the boundary conjugated species [150, 151]. As
a general trend, the graphene films exhibit significantly lower contribution from
C—C/C—H species, which is specified by narrowing of the C 1s peak and its shifts
towards ~284.5eV. The defects at the edge of crystallite promote an asymmetric
tail in the C 1s peak, due to some contribution from oxygen conjugated species
such as C—OH, C=0 and O=C—-OH centred at 286.2 eV, 287.6 eV and 288.8 eV
respectively [151-153]. Another prominent feature is a - ©* shake-up satellite

originated from electron transition in aromatic rings and located at 290.7 eV [151].

4.1.2 Pyrolytic Carbons and Chars

According to IUPAC pyrolysis is "a chemical degradation reaction that is caused by
thermal energy in the controlled inert environment" [155]. During such procedure,
the polymers undergo significant structural and chemical changes, resulting in one
of three possibilities depending on the precursor selection [18]:

(1) the polymer degrades into small molecules and leave no or unsubstantial carbon
residue.

(ii) the chains coalescence into an aromatic membrane followed by their stacking

forming "mesophase’, these precursors typically form graphitising carbon upon
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heating to 2700 °C [18] (Figure 4.4A). A typical example of such precursor is
polyvinylchloride, petroleum coke, pitch coke [38].

(iii) the chains chemically degrade, keeping space orientation, show no merging
with neighbouring chains, and show no transformation to the plastic state. These
polymers typically preserve the orientation and anisotropic/isotropic properties
of the polymer, and yielding carbon is non-graphitising above 2700 °C [38] (Fig-
ure 4.4B). These type of material is called vitreous or glassy carbon, and it exhibit
presence of both sp> and sp® hybridised atoms folded into fullerene-like shells and
domains [82, 154] (Figure 4.4C-D). Glassy carbon attributes a unique chemical
inertness, broadly used in crucibles, prosthetics, an electrode material for electro-
chemistry, and shows resistance towards a mixture of sulphuric and nitric acid,

which causes severe damage and pulverisation in the graphite [154]. Most known
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Figure 4.4: Schematic representation of (A) a graphitizing and (B) non-graphitizing carbons. Models of
glassy carbon prepared at (C) low and (D) high temperature. All figures are adopted from Ref. [38, 154].

50



4.2 Polymer Precursors

polymers yielding this material are polyvinylidene chloride, coal, sucrose, lignin,
cellulose, epoxy resins [38, 156].

The polymers of type (ii) and (iii) undergo multiple stages in structural and
chemical composition: (i) the precarbonisation stage, at which excess monomers
and solvents are evaporated; (ii) the carbonisation stage, laying in range 300 °C to
500 °C, where the polymer losses weight rapidly with decomposition of oxygen
and nitrogen conjugated species; (iil) dehydragenation stage, which observed
between 500 °C to 1200 °C, promoting a loss of hydrogen, cross-linking between
chains and an improvement of conductivity; (iv) the annealing stage occurs above
1200 °C, providing further crystallographic improvement and graphitisation [18].
Therefore, different precursors are selected dependent on the final application.
For mechanically robust, electrically conductive required glassy carbons with
high graphitisation. Therefore, the standard procedure with heating to 800 and
900 °C employed in manufacturing focused from SU-8, an epoxy-based nega-
tive photoresist for fabrication microstructures [43]; polyacrylonitrile, an organic

semicrystalline thermoplastic for manufacturing carbon fibre [18] and others.

4.2 Polymer Precursors

However, not all precursors were found suitable despite high graphitisation dur-
ing thermal pyrolysis and followed several requirements in the laser-induced
carbonisation. The fabrication of laser carbons requires strong bonding within
and between the polymer monomers to cause bond cutting without ablation of
the majority of dissociated species. Typically, these types of polymers attain a
thermal conductivity in the range between 0.04 Wm™'K~! t0 0.36 Wm~ 'K~ to
and a specific heat 0.9Jg~ ' K~! to 1.42Jg~' K~!. Typical industrial thermosets
as polyimide (Kapton) [157], polyaramid (Nomex and Kevlar) [65], polysulfone,
polyphenylsulfone [158], polyetherimide (Ulse) [55] and from naturally occurring
polymers lignin and cellulose [65], with some more precursors listed in Ref. [65].
Out of this selection, two commercial polymers were selected for detailed study

of the laser carbon formation regimes, namely Kapton and Nomex. These poly-
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Figure 4.5: The chemical structure of widely used precursors for the laser-induced carbonisation.

mers are widely available in commercial use due to their remarkable properties in
particle shielding, thermal and electrical insulation, and both attain a price below
5€/m?.

4.2.1 Polyimide Kapton-HN

Polyimides are broadly used polymers, exhibiting good chemical resistance against
many organic solvents, mechanical tearing and stretching, high tensile strength,
lows creep, keeping these properties in a wide temperature range from —269 °C
to 400 °C [159]. Aromatic polyimides are prepared by reaction between tetracar-
boxylic dianhydride and diamine, through dehydration to poly(amic acid) via
thermal or chemical processing [160]. The most common and commercially avail-
able polyimide is Kapton, prepared by condensation of pyromellitic dianhydride
and 4,4’-oxydiphenylamine (PMDA/ODA) as repeating units.

The pyrolysis to 900 °C was used for fabrication of a reference pyrolytic carbon
derived from Kapton. Kapton was found forming glassy carbon due to a rigid
polymer backbone structure. During carbonisation, several volatile species evolve
including CO, CO,, CH4 at range from 500 °C to 900 °C, phenol, aniline and
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cyanobenzene [161]. Multiple pathways are discussed in the literature for decom-

position of Kapton and polycondensation into glassy carbon lattice [161-163].

Figure 4.6: Surface morphology of Kapton film after pyrolysis in (A) low and (B) high magnification.

The Kapton film shrunk losing ~55 % from the initial size and mass, retaining
its original shape. The surface microstructure remained smooth, with a minor
inflammation caused by volume shrinkage and gas expulsion from the bulk, as it

is seen in Figure 4.6.

Intensity (CPS)
Intensity (CPS)

500 1000 1500 2000 2500 3000

26 (°) Wavenumber (cm?)

Figure 4.7: (A) X-ray diffractogram and (B) Raman spectrum of Kapton sheet after the thermal
pyrolysis. Parts adopted from Ref. [56].

The crystallographic properties were determined with XRD and depicted in Fig-
ure 4.7, exhibiting characteristic to the hexagonal graphite peaks at 25.7° and
42.9° corresponding to (002) basal plane and (100) reflections. The interlayer
distance was calculated at 3.47 A using Bragg’s law, which is lower than due to
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the difference in the valence angles between graphene sheets in polymer derived
carbons. The crystallite sizes L, and L, were calculated at 3.6 nm and 5.1 nm
using equation derived by Warren [100]. Other reflections correspond to the space-
group P63/mmc and were identified at 53.2° and 78.3° and marked to (004) and
(110) planes, respectively. Raman spectroscopy indicated presence of character-
istic D and G-bands at 1349 cm~! and 1591 c¢cm™!, and secondary resonance 2D
peak centred at 2835 cm™!. The graphitisation ratio, determined from the intensity
ratio (Ig/Ip), was estimated at 0.33, showing a ratio comparable to the standard
pyrolytic photoresists [164].

A 1.0 - T ]
— -
[ (]
o
§)
=
|- . 2] -
% 05 24 - 4
c X ¢ o =
.g o) A
0.0
R R ol e b e e e L L
1200 1100 1000 900 800 700 600 500 400 300 200 100 0
Binding energy (eV)
B 20 [ o Miasurement | AN C < Tieasurement R ! ! ‘ D 1.0 - Vieasurement | o ‘ ‘
——c=C Cls —N-6 3 N 1s f——c=0 (aromatic) F*h O1ls
s c —N-5 e f——c=0 (aliphatic) } E!
n 1?04 N-Q -4 708 E_coc (aromatic)®
o o ——N-Ox o —co d
o ) —— Background f © 0.6 [=—Background  § 3
> 1= ——Fit f = E—Fi
@ Shake up E 0.2 Z’ 0.4 F
8 g5 [—Background 18 ) E
EOSF—n E Eo2
0.0 -
1 1 1 1 1 1 1 0.0 1 1 1 1 1 1 00 L

294 292 290 288 286 284 282 280 408 406 404 402 400 398 396 394 540 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 4.8: (A) XPS survey spectrum collected from Kapton sheet with detailed analysis on (B) C 1s
peak, (C) N Is peak and (D) O 1s peak.

The surface chemical composition was estimated with the combustion analysis
and XPS, which evaluated each species’s total elemental contribution and de-
tailed spectrum. Figure 4.8 A shows the survey spectra, indicating the presence
of C 1s, N Is and O 1s peaks with determined respective elemental percentage
of 93.5 %, 1.6 % and 4.9 %, respectively. In all cases, the observed spectral lines
were corrected using the position of adventitious carbon in C s peak centred at
284.5¢eV.
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Figure 4.8B presents C 1s peak is deconvoluted into seven carbon-based species
and fit to the measured spectrum at the following binding energies: C=C at
284.2eV,C-C/C-Hat284.9eV,C-Nat285.7¢V,C-0/C-0O-C at 286.4¢eV,
C=0 at 287.2eV, O-C=0 at 288.7eV and a shake-up arising from aromatic
rings at 290.0[165, 166]. Figure 4.8C shows deconvoluted N 1s peak in four
nitrogen-based species, namely: pyridinic (N-6) at 398.5eV; pyrrolic (N-5) at
400.1eV; quaternary (N-Q) at 401.7eV; and oxidic (N-Oy,) at 404.2eV [167—
170]. Figure 4.8D shows a fit of O 1s spectra with four oxygen containing
species, namely: the aliphatic and aromatic carbonyl species C=0 at 530.7 eV and
532.1eV respectively, aromatic ether group C—O-C at 533.0eV and hydroxyl
C—OH at 533.9¢eV. All spectra featured widening of the hydroxyl peak due to the
undefined contamination from the environment. The detailed percentage from all
deconvolutied species is presented in Appendix. The specimen attributed equiva-
lent contribution from sp® and sp? hybridised carbon supporting low graphitisation
ratio. Additionally, the elemental composition indicates presence of predominant
oxygen confined heteroatoms. The elemental spectra shows preference for car-
bonyl species distributed along the chain due to its higher dissociation energy
from other species. The nitrogen species are distributed withing the lattice by pre-
dominant contribution from quaternary nitrogen or along the edge of the graphene

sheets.

4.2.2 Nomex Polyaramid Fibres

Polyaramids are wholly aromatic polyaramides exhibiting non-withstanding me-
chanical and thermal properties for other man-made fibres. The fibre is prepared
from poly-p-bezamide, forming a liquid crystalline solution due to the repeti-
tiveness of the molecular backbone. The liquid crystalline solution is processed
through a spinneret, allowing alignment of the randomly orientated domains
in the shear direction with the full extension of the chains. Such process re-
sults in the attainment of high mechanical strength, high elastic modulus and

toughness, with high-temperature stability above 300 °C. Commercially available
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two types of fibre with para- and meta- orientation at a benzene ring as it is
shown in Figure 4.5, namely Kevlar poly(para-phenylene terephthalamide) and
Nomex poly(1,3-phenylene isophthalamide). Poly(1,3-phenylene isophthalamide)
is widely used as shielding material for electrical and thermal insulation and is
commercially known under Nomex®Type 410 as an insulation paper (DuPont™;
supplied by RS Components), prepared by calendar pressing and results in films of
different thickness. In presented work, films were used of (130+ 13) um thickness,
which were rinsed with isopropanol and dried at least for 10 min naturally prior to
processing.

For laser-induced carbonisation, the sheets were fixed on a glass slide with acrylic
adhesive films (3M-467MP) to prevent film folding during fabrication.

Figure 4.9: Surface morphology of the pyrolysed Nomex in (A) low and (B) high magnification.

The pyrolytic Nomex attribute mass decrease of 65 % and volume decrease of
60 %. Figure 4.9A and B present the morphology of the thermally carbonised
Nomex film, exhibiting fibrous microstructure similar to the morphology to the
original precursor film.

Thermally pyrolysed Nomex showed strong reflections at 24.3° and 44.4°, which
corresponds to a (002) and (100) planes [138]. A d-spacing of the specimen
is determined with Braggs " law at 3.69 A, featuring the increase in crystalline
size (L,) at 2.0 nm and stacking thickness (L) at 1.0 nm. All these observations

propose high contribution from the amorphous state in pyrolytic Nomex.
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Figure 4.10: (A) X-ray diffractogram and (B) Raman spectrum of Nomex sheet after the thermal
pyrolysis. Parts adopted from Ref. [66].
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Figure 4.11: (A) XPS survey spectrum collected from Nomex sheet with detailed analysis on (B) C 1s
peak, (C) N Is peak and (D) O 1s peak.

The surface chemical composition was determined from XPS. Figure 4.11A shows
a survey scan, from which the contribution was estimated from C 1s, N 1s, O 1s
and F 1s of at. wt.%, at. wt.%, at. wt.% and 1.5 at. wt.%, respectively. The

flourine originates from the manufacturing process and it was considered as an
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undesirable residue. The exact contribution from functional groups was further
studied in the high-resolution and depicted in Figure 4.11B-D.

Figure 4.11B shows the C 1s peak centred at 284.4eV and features a strong
asymmetry, due to the occurrence of a tail originating from an additional species.
There, five carbon-based species were assigned with the corresponding binding
energies: C=C/C—-C/C—-C at 284.7¢V, C—N at 285.6eV, C—OH at 286.2¢V,
C=0 at 287.3eV and shake-up from aromatic rings 290.2eV [165, 166, 171,
172]. The high-resolution spectrum collected from the N 1s peak is depicted in
Figure 4.11C, featuring four characteristic species, namely: pyridinic nitrogen (N-
6) at 398.9 eV, pyrrolic nitrogen (N-5) at 400.2 eV, quaternary (graphitic) nitrogen
(N-Q) at 401.6 eV, as well as a minor contribution from oxidised nitrogen (N-Ox)
at 404.5eV[167, 168]. Figure 4.11D shows O 1s with a non-symmetrical peak,
deconvoluted into three species, namely: aromatic carbonyl (C=0) 531.2¢V,
aliphatic carbonyl (C=0) at 532.4 eV and hydroxyl (C—OH) at 533.9eV [173].
In all specimens, the widening of the hydroxyl spectral line and tailing with higher
binding energy was caused by contamination from undefined species originating
from the environment.

The specimen attributed similar functionalities to the pyrolytic Kapton, featur-
ing preferential positioning of aliphatic carboxyl within the lattice, carbonyl at
the edges of the graphene sheet and quaternary nitrogen substituting carbon in
the lattice. The most significant difference is attained by increase of FWHM of
each band due to the smaller crystalline size, supported by the crystallographic

measurements.
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The following Part covers the emergence of the research on laser-induced carbon-
isation and ablative photochemical etching, and the processes involved in their
evolution.

The numerical model has been used to approximate the surface temperature, in-
cluding corrections after pyrolytic phase transformations. These models were
applied to estimate the phase transformation temperatures and the quality for
tested Kapton and Nomex films. The sets of the simulation were experimentally
verified, followed by testing with multiple analytical techniques, including Raman
spectroscopy, conductivity test with van der Pauw geometry and stylus profilome-
try. The number of reference samples was selected for each tested precursor, and
the properties were investigated in detail using XRD, TEM and XPS.

The films were functionalised and tailored to fabricate the composite biosensors

and active surfaces using those acquired characterisation data.

5.1 Process Initiation

The research on laser-induced carbonisation (LIC) arose from experiments on an
ablative photochemical etching (APE) performed on various polymers purposed
for a polymer coating and packaging of the electrical circuits [174, 175]. Primarily,
these studies were conducted using excimer UV laser radiation between 193 nm
to 308 nm with a pulse duration ~10ns, due to the high dissociation energy of the
used thermoset monomers such as Kapton, PET and PC [157].

In this case, the light absorption promotes specific atoms sensitive at the selected
wavelengths (chromophores). The delivered phonon energy transfers electrons

from the lowest ground state to an excited upper electronic level. At this state,
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the electron may exceed energy higher the bonding between two atoms, and the
system becomes metastable [53]. The energy relaxation occurs by bond dissocia-
tion with an incoming phonon. It is accepted that this pathway results in a purely
photochemical reaction. However, this process competes in multiple pathways:
the excited state can also promote fluorescence, an internal conversion for further
dissociation at the ground state, a vibrational deactivation, a collisional quenching,
and intersystem crossing into another electronic state. All processes mentioned
above are equivalent to the thermal process and result in a photothermal dissocia-
tion mechanism. Thus, the exact relaxation mechanism is complex, and each of the
processes cannot be exactly numerically estimated [53]. The complexity of this
dissociation mechanism increases with a decrease in the wavelength within the
UV region, where the specificity of transitions is no longer assigned to particular
chromophores.

The pulse duration affects selection for the mechanism of ablation. Thus, if the
ablation time is in the order of laser pulse duration, the thermal diffusion length is
minimal, and the substrate does not undergo any thermal damage [176]. However,
the relation holds only for the UV wavelengths of nanosecond and subnanosecond
duration, and with the wavelength increase, the separated photochemical APE
requires a reduction to femto and picosecond pulses due to change in the material-
specific absorption coefficient [60, 177].

Kapton (PMDA-ODA) is the most attractive among studied materials due to its
high absorption coefficient and high chemical and physical stability. Moreover, it
exhibits one of the highest monomer dissociation energy ~37eV for polymers,
which requires at least seven UV photons at the wavelength of 193 nm [178].
Such an absorption mechanism supports the hypothesis about the multipho-
ton process. The laser irradiation with substrate induces cutting on the weak-
est bonds in the PMDA-ODA molecule, namely on the imide ring [60, 178—
180], which is supported by the observation in the mass spectra from CN, CNH
dissociated compounds, with the characteristic rise of this content with an in-
crease in the fluence and the photon energy [181]. The initial scission causes

fragmentation on the site and reduces the dissociation energy in the remaining
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polymer backbone due to partial charge redistribution and the monomers ion-
isation. Further ablation accompanied by a fragmentation and an expulsion of
C,, CO, CO,, H,0, C¢Hg molecules [176], in addition with various aromatic com-
pounds (C¢HsOH, CcH5sNH;, CcH4(CN), etc.) and bigger carbon clusters (>Csg)
observed with in situ FTIR [182]. These expulsed gaseous by-products attain high
velocity and temperature in the generated plume and discharged region resembling
plasma.

Multiple models very applied to estimate the temperature in this region. The
investigation conducted with high induced fluorescence spectroscopy near the
bandhead of CN radicals by rotational state occupation estimates the temperature
after ablation starting from 1400 K for the first-order dissociation at the surface
and over 2800 K from carbonaceous C, spectra corresponding to the second
phase-order [183].

Notably, the polymer films are affected by laser radiation within several microns
causing attenuation of the incoming intensity of the pulse within film volume. The
main criteria in the delivered energy depend on the area covered with the laser
beam, so-called fluence (® = E/A). Thus, this fluence attenuation (®(z)) in the
depth of material (z) governed with the Beer’s law and dependent on the applied
fluence (®(z)), and the material specific properties on the threshold fluence (Py)
and the absorption coefficient () [53, 157]:

®(z7) = Pyexp * (5.1)

The etching regimes can be separated into multiple regions as is depicted in Fig-
ure 5.1 [177]. At low fluence, the threshold is reached, and the ablation is incubated
but resides at a low etching rate. Further fluence increase into the intermediate
range leads to efficient polymer decomposition and involves exothermic reactions
promoted by photothermal mechanisms. In the high fluence regime, the generation
of characteristic plasma/plume is observed, and the ablation rate retains within

linear range for many polymers [177, 184].
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Figure 5.1: Schematic of the three fluence ranges for polymer etching. Adopted from Ref. [177]

Specifically, the high fluence regime is extensively governed by the photothermal
electron relaxation mechanism, which involves a considerable heat accumulation
within the radiation affected region. This heat affected zone undergoes phase
transformations, depending on the polymer backbone, where they directly reach
an etching temperature (i.e. PMMA, PET) or, in the case of the stronger bonding
in the backbone, undergoes a pyrolytic transformation as for the Kapton [53]. The
latter causes formation of a thin carbon-rich layer in laser-induced carbonisation
(LIC). Depending on the selected wavelength and the precursor, this laser carbon
(LC) tightly reside on the film or can be easily released from it due to low adhesion
with precursor [60, 66]. The most common features of the laser carbon are high
graphitisation, conductive properties comparable to materials obtained with con-
ventional pyrolytic methods, high porosity inherited from the fabrication process
in nano and microscale due to interference with released by-product and shrinkage
of the precursor. Despite the pyrolysis-like conditions at the laser interface with
polymer, this material rendered significantly different from graphite, various glassy
and activated carbons, with physical and chemical properties residing between
those allotropes.

It was shown that only a number of thermosets and naturally occurring polymers
are suitable for LIC [55, 65]. The general trend for selecting these polymers
lies in the high enthalpy for complete dissociation of a single monomer, which
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results in high mechanical toughness and high degradation temperature. The
known precursors with their physicochemical properties are listed in Table ??. The
majority of these precursors attain a thermal conductivity in range 0.1 Wm ™' K~!
t0 0.3Wm ™' K~! and a specific heat between 0.9Jg 'K~ to 2Jg 'K~

5.2 Thermal Models for Laser Carbon Formation

The photochemical surface models do not apply for the pulses with duration over
nanosecond [185, 186]. Thus, the thermal models considering the dominance of the
photothermal dissociation mechanism, which only considers the heat accumulation
required and the models developed for the laser ablation of metals in the surface
and bulk thermal propagation [186, 187].

As it is broadly discussed in the CMEMS field, the processing temperature, pres-
sure and working environment play an essential role in the degree of graphitisation
after pyrolysis of epoxides, photoresists, phenolic resins and natural polymers
lignin chitosan [82, 164, 188, 189]. Thus, the precursor temperature during the
process must be considered to estimate the quality of yielded carbon-rich film
after the laser-induced carbonisation. Its evaluation was performed using multiple
thermal models with the estimation of a gradient at the laser beam spot.

One of the direct approaches involves solving a heat equation with a finite element
method with direct computation at each node [180]. Such methods require high
computational power and can be further rationalised.

The most effective and most straightforward model to simulate the surface tem-
perature was showed by Dyer [187], without accounting for the chemical decom-
position presented in the wavefront and accessing the velocity of the released
by-product. The model considers the increase of the absorption driven through the
photothermal mechanism and thus restricted to the wavelengths above UV [190].
The model considers only radial dissipation from the heat source within the ma-
terial without any external cooling from convection. This approximation is valid
only for the cases with a characteristic absorption depth higher than the diameter

of a Gaussian beam a, as this criterion matches a wavelength selection rule.
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The temperature increase for the pulsed laser irradiation is derived from the one-
dimensional heat equation, following Neumann’s integral theorem, and includes
the Bessel function of zero-order for solving heat conduction in the cylindrical

coordinate system [187, 191]. It is expressed in the form:

T(rt)=Ty / exp [—z2/a®|exp[— (% + 1?) J4xt] - Io(rz/2xt)z/2ktdz;  (5.2)
Jo
With z is the depth of probing, 7 is the time duration in a model, x is a thermal
diffusivity determined from the thermal conductivity over a cp specific heat and
the material density, r is a radial probe position, Iy is a Bessel function, and Tj is
the peak temperature at » = 0. The latter is determined from the equation:

Ty =(1—R)aFy/cp; (5.3)

where R is the reflection coefficient, « is the absorption coefficient and Fj is the
peak fluence. In the modelled CO, laser system, the peak fluence determined from
the equation related to the average power and the focus carriage velocity over
selected pulse regime, which typically results in the pulse frequency v of ~1kHz.
After solving the standard integral in Equation 5.2, the expression takes an analyt-
ical form:

T(r,t) = Tolexp (—r?/[4xt +a*])}/ (4t a* + 1) (5.4)

It can be further improved by including the train of pulses # via equation:

T, (rnt)= Z T(r,t—n/v) (5.5)

In the experimental system, the pulses are not distributed at the same irradiation
spot due to the movement of the focus carriage. In the selected scanning mode,
only five irradiation events should be considered with a reduction of overlapping.
All these considerations were implemented in the model with a MATLAB code

presented in Appendix A-2.
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Figure 5.2: The absorption coefficient of Kapton estimated from the extinction coefficient.

The model includes specific physical and chemical properties for several materials
collected from table values for the studied laser carbon. However, the absorption
coefficient is a wavelength specified parameter, which is collected through the
optical transmission and reflection studies to determine an extinction coefficient.
The relation is expressed through the equation:ot = 47k /A with k is the extinction
coefficient, and A is the wavelength. Due to simplicity and multiple uses in the
literature, Kapton values are used as an example. Figure 5.2 shows the absorp-
tion coefficient calculated for IR spectrum, which at the selected wavelength is
149cm~.

The original model considers the rise of the absorption over a number of pulses due
to the formation of the carbon-rich phases through the internal function. However,
such approach fails to estimate the heat dissipation within the film, considering
the change in the specific heat and the heat conductivity. In the presented model,
the switch was introduced for improvement of all those properties after reaching
550 °C for a modification to glassy carbon phase, and over 1500 °C to a graphitic
phase, all evaluated from the mass loss. Even such crude approximation already
provides significant validation of the phase transformation and evaporation after

reaching temperatures above the graphite sublimation.
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Figure 5.3: Simulated maximal temperature attenuation (A) over time and (B) from centre of the
Gaussian beam.

Laser carbon testing formation was performed with laser operation parameters
at 4.0J /cm? fluence and 3 W power. The simulation considers parameters solely
for Kapton and graphite with a single shot and after five consecutive shots con-
sidering a laser overlap during the focus carriage movement. The simulation was
further modified with consideration of the Kapton phase transformations to glassy
carbon and graphite with five shots. Figure 5.3A shows temperature attenuation
with a time, where Kapton modified exhibits near sublimation temperatures at the
beam spot. After a single irradiation pulse, Kapton does not reach the temperature
required for the phase transformation, but only after the aforementioned set of
pulses. Figure 5.3B depicts maximal temperature from the Gaussian beam, which
gradually drops in all cases. Kapton modified features drop rapidly in the tem-
perature over 10 um due to the non-continuous absorption coefficient variation
between used phases. Notably, for all studied cases, graphite samples indicate
temperature above sublimation.

This simulation provides valuable information considering estimated temperatures,
from which it is possible to derive the degree of graphitisation through referencing
reached values with correlation to the Raman spectra, and model the etching
rate, the velocity of expulsion by implementing the results into the Arrhenius

equation [186].
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5.3 Further Model Development

The presented thermal model does not consider the threshold fluence due to the
initiation of the chemical modification and its influence on carbonisation and
ablation. Moreover, the plume nature and its absorption spectrum remain an open
issue, requiring further investigation. A significant part of the laser radiation is
absorbed in the plume explicitly affecting the produced films quality. Current
models, including the molecular dynamics simulation, cannot accurately estimate
an interference from the working environment and approximate a change in the
chemical composition after fabrication in the reactive and inert atmospheres.

Several molecular dynamics simulations were proposed from these estimated
temperatures accounting for the formation of graphitic layers from the initial

precursor, which found good correspondence to the experiment.
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6 Laser-induced Carbonisation of
Kapton

Polyimide (widely known under the trade name Kapton) is the most commonly
used synthetic polymer in the laser-induced carbonisation [192]. Kapton possesses
exceptional mechanical properties and durability in extreme operation conditions,
including preventing damage from high ionic, electronic and photonic radiation
fluences [193, 194]. These properties play an essential role for the laser carbon
generation in a wide range of wavelengths, from low UV at 193 nm to mid-IR at
10.6 pm.

Lately, the development of cheap and accessible semi-industrial laser systems has
brought machines operating in the mid-IR range, which made them a valuable
and powerful tools for machining a large number of materials in the dayly work
in labs and workshops. The broad utilisation of such laser systems prompted
the re-emergence of interest in LIC [55] as a method for the fast and reliable
fabrication of the conductive films for sensors. Moreover, the new generation laser
systems provide high throughput with semi-industrial production of the low-cost
devices embedded directly within the polymer film, matching the needs of the
flexible point-of-care sensors. Those laser carbon films showed suitabile for the
chemical and biological sensors due to the synergy of the conductive properties,
crystal structure, biocompatibility, and surface chemistry.

However, the kinetics of laser carbon generation under 10.6 um wavelength laser
radiation remains unstudied, mainly focusing on the films utilisation and its com-
posites as supercapacitors, reactive electrodes for hydrogen generation, chemical
and biological sensors [55, 195-197]. This chapter presents initiation processes

of the laser-induced carbonisation and corroborates with the previously discussed
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thermal model [187]. This model was further utilised to estimate temperature by
variation of fabrication laser input parameters, such as fluence, power, rasterisa-
tion speed and pulse sequencing. These results were implemented to fabricate
three sample sets with the same fluence in each set but varied laser power and
rasterisation speed. The quality of these samples between each set and each other
was estimated using benchmark tests with a vigorous investigation of their crys-
tallographic and chemical properties. From acquired data, the best films were
determined and studied in detail. The distinguished laser carbon film properties
were applied for directed electrodeposition of the natural biopolymer chitosan
in the form of a hydrogel, which serves as an excellent media for chemical and
biological sensors as well as catalysis. The composite film was assembled into
a low-cost passive urea bioelectrode as a proof of concept. A detailed study was
performed on the kinetics of hydrogel adhesion to the substrate. For this composite
sensor, the enzymatic anchoring was used of urease immobilised within chitosan

hydrogel or by direct adhesion to the laser carbon film.

6.1 Laser Carbon Synthesis with Mid-IR Laser

The selected mid-IR laser radiation delivers photon energy of ~0.12 eV, which
is insufficient for the direct bond scission at the lowest energy within a single
monomer, and over 20 fold smaller for its complete dissociation. However, CO,
laser systems are designed for delivering high intensities of the radiation at the
focal spot. However, the polyimides exhibit very low absorbance at the selected
wavelength, contributing only to stretching vibration of the C—H bond [198].
These vibrations further propagate into the polymer backbone, causing electron
excitation followed by the photothermal relaxation mechanism. In pair, this re-
sults in localised temperature rise cascading within the volume sufficient for the
bond scission and promoting the generation of various hydrocarbon, hydroxyl and
carboxyl byproducts. The composition of these byproducts is mostly volatile and
causes further temperature increase due to the exothermic chemical reaction in

ambient conditions. Experimentally it was observed an immediate generation of
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a discharged region with plume/plasma above irradiated area in air and nitrogen
environment [69]. However, the inlet of argon reduces or completely suppresses
the plasma discharging. This observation suggests the reactive nature of the oxy-
gen and nitrogen processing environment, which affects the surface morphology
and process propagation. Meanwhile, the remaining ionised phenolic compounds
within the polymer film stabilise by re-arranging as graphene-like fragments, and
under the effect of a thermal gradient, it is subjected to pyrolysis-like transforma-
tion under the discharged region.

To elucidate the evolution of the polymer into the laser carbon under applied
radiation, the comparative study was carried out employing microscopy and FTIR
spectroscopy, and are depicted in Figure 6.1.

The initial Kapton film morphology and its chemical composition are presented in
Figure 6.1(A & B). The initial film surface attributed uniformity with some minor
damage caused by handling. FTIR from this film indicated characteristic peaks of
C=0 bending, C—O-C, C—N-C and C=0 out-of-phase stretching at 721 cm™!,
1086cm ™!, 1112em~! and 1711 cm™!, respectively [194, 199], with detailed
deconvolution listed in Table A2. In order to determine the variation between
studied films in the contribution of each chemical species, the absorbance was
normalised to a maximal peak at 1711 cm ™" contributing to C=0 out-of-phase
stretching. The selected species were assumed to retain the same chemical state
with relative oligomer quantity to other functionalities due to high enthalpy energy
required for its dissociation in contrast to other bonds, which is matching to the
simulation and spectroscopy results from plume [179, 200, 201].

The first morphological changes were observed after reaching fluence of 2.4 J/ cm?,
at which the built-up pressure from the volatile byproducts caused film swelling
into characteristic bubbles’, with some rapture and expulsion of the dissociated
material on the surface, as it is observed in Figure 6.1C. These swollen bubbles
arose ~5 um above the average level and stretched longitudinally following the
train of pulses during rasterisation. Figure 6.1C shows the FTIR spectrum from
this film, indicating the reduction of integral contribution for multiple peaks,

suggesting a drop in the number of selected species, or due to the constraining
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Figure 6.1: (A,C,E,G) Optical micrographs and relevant SEM images in insets on the surface mor-
phology of the Kapton films from initial precursor and after an irradiation with fluences 2.4 J/cm?,
2.6] /cm2 and 3.3J /cm2 respectively and the corresponding FTIR spectra (B,D,FH). In (G,H) the
Kapton surface was exposed after removal of the laser carbon layer.
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of a particular vibrational mode. Namely, it significantly reduced all bands in the
imide ring, confirming preferable dissociation along imide ring and aromatic ring
species [163, 201].

Further rise of fluence to 2.6J/cm? shows increase in the lateral sizes of these
bubbles ranging between 51.4 um and 82.0 um, as depicted in Figure 6.1E. More-
over, the number of bubbles also rose with occasional rapture and initiation at
the spot of carbon islands. Figure 6.1F shows the FTIR spectrum collected from
this film. After aforementioned normalisation, it exhibits similar reduction in
integral contribution of same species and additional vibration modes correspond-
ing to out-of-plane bending in C¢Hs, tangential C¢Hs in the aromatic ring, and
C-0O-C out-of-phase stretching and CH; in-plane bending at 881, 1497, 1239
and 1455 cm™! respectively, due to confined chemical state [194, 199, 202].

The first uniform laser-induced carbonisation events were observed after reaching
fluence of 3.3J/cm?, coupled with a generation of the plume above the surface
during fabrication. Notably, at this threshold fluence, the laser carbon film at-
tained some electrical conductivity, but its uniformity between samples exceeded
the measurement error, requiring further tailoring the laser operating parameters.
Moreover, the presented study consolidates in the determination of Kapton modifi-
cation, for which purpose the laser carbon film was removed with acetone and the
remaining film was rinsed in DI water and ultrasonicated. The retaining Kapton
film showed in Figure 6.1G, featuring significant modification in morphology
from previous cases, with high roughness covered by characteristic micro and
nano indentations, but without the presence of any swelling rising above the film
surface. As it was observed in Figure 6.1H, the post-carbonisation residual Kapton
exhibited the absorbance of 0.15 in the operating laser wavelength region, which
was higher compared to the untreated film. This attributes to chemical modifica-
tion, increased roughness affecting the film reflectance and possible entrapment
of the carbon nanoparticles with higher absorbance on the surface. Notably, the
post-carbonization residual film showed improvement in C—N-C out-of-plane
bending, transverse stretching and axial stretching, and C—O-C out-of-phase

stretching at 721cm™!, 1112em ™!, 1374 cm ™! and 1239 cm™!, respectively. The
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Figure 6.2: Thermal model after irradiation with indicated fluences.

C—N-C bond is the weakest in the monomer, and such improvement suggests the
reduction of the dissociation energy at the bottom of laser carbon film interfacing
with native Kapton.

The collected FTIR spectra indicated variation in the absorbance for wavelength
operation regime in the untreated Kapton and films after irradiation at fluences
2.4J/em? and 2.6 J/cm? were 0.09, 0.19 and 0.12 respectively. The absorbance
after laser irradiation was significantly improved between batches attributing
increase for all specimens from the untreated film as shown in Figure 6.1(B, D, F
& H), which can be caused by the increased roughness via variation of scattered
and reflected photons, and additional application of the Kubelka-Munk function
modifying the original data.

The tested laser parameters were implemented in the thermal simulation and
depicted in Figure 6.2 at each selected fluence. The temperature regime retains
within Kapton heating range without transformation to glassy carbon regime.
This indicates a fit with the observed changes but hints for additional exothermic
chemical reactions involved during carbonisation and plume generation.

These thermal models have proved the appropriate fitting for the estimation of

working regimes and can be used to simulate a wide range of pulse regimes.
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6.1.1 Working Parameters Selection and Process Evolution

The temperature evaluation during fabrication plays an essential role in guiding
the laser carbon formation and its quality. Thus, the aforementioned thermal model

is implemented for the wide range of laser input parameters.
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Figure 6.3: Diagrams of the simulated maximal temperature on the fluence and the applied power
with penetration depth at the beam spot at (A) O um, (B) 20 um, (C) 45 um and (D) 60 um.

The simulation was modified to achieve phase transformations to glassy carbon
and graphite. The heating under laser radiation for these materials was indepen-
dently studied, and the results are presented in Appendix A-4. Figure A1 depicts
diagrams after simulation on purely glassy carbon and graphite, where it indicates
excessive heating and reaching temperatures ~200000 K corresponding to the

immediate ablation and material sublimation at the focal spot. However, the cool-
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ing appears significantly faster due to the higher thermal conductivity of these
materials. Figure A2 shows a diagram of Kapton with the phase transformations
at full temperature range, where it reaches maximum ~ 100000 K at the focal spot
suggesting rapid ablation. Thus, considering graphite sublimation temperature, the
limit was set at 5000 K to reduce the dispensable contribution to the simulation.
Considering these factors, Figure 6.3 depicts a diagram of Kapton heating during
LIC by variation of fluence and power inputs at different depths of the film at the
focal spot. The non-uniform temperature distribution originates from a variation
of the pulse input and is dependent on the focus carriage speed and PPI, from
which fluence is determined, causing a higher irradiation frequency.

Figure 6.3A depicts temperature at the surface of the Kapton film, where the
carbonisation is possible even at fluences above 2 Jem™2 with high power in-
put, where the temperature exceeds minimal 600 K for initiation of the pyrolysis.
Indeed, some tests indicated that carbonisation is possible at low fluence and
high power but lacks repeatability and shows poor carbon quality, therefore not
been widely investigated. The temperature above 800 K observed over 2.5 Jecm ™2
fluence and 3 W power, at which the threshold laser parameter for LIC was de-
termined. The maximal temperature with the carbon sublimation occurs over
4Jcem~? fluence in the power range from ~3.5 to 8 W. In the depth of the film,
the temperature gradually drops Particularly, Figure 6.3B shows temperature dis-
tribution at the 20 pm film thickness. The phase transformation to carbon occurs
in the region above 3 Jcm~? in the power range from ~3 to 8 W. The maximal
limiting temperature with the carbon sublimation occurs over 4.5 Jcm ™2 fluence
in the power range from ~4 to 8 W. In further Kapton film depth at 45 pum, the
carbon phase transformation computed starting over 4.6 Jem™2, as depicted in
Figure 6.3C. Figure 6.3D shows the temperature distribution at 60 pm, which is a
half-thickness for the tested Kapton films. There, the carbon phase transformation
region is further shifted above 7 J cm~2, and the maximal temperature at 10J cm 2
fluence is estimated at ~2500 K. Notably, in all cases, the isotherm region signifi-
cantly expands in the film depth providing a wider window for the production of

laser carbon of the same quality.
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Figure 6.4: The surface morphology after rastering with interline distance at ~25 um. (A) The optical
micrograph, (B-D) the SEM imaging.

There, the simulation results were further empirically tested after the fabrication
of three sample sets with fluences variation and power input and then investi-
gated with a number of standard techniques to determine of graphitisation, crystal

structure and chemical composition.

6.1.2 Laser Carbon Films Procedure Selection and Morphology

After reaching the threshold laser fluence of 3.3 J/cm?, the Kapton undergoes the
laser-induced carbonisation at the selected wavelength. Three batches of carbon
patterns were fabricated employing various fluences at 4.0J/cm?, 5.2J/cm? and
7.8 /cm?. The starting fluence was selected above the threshold value due to im-
provement in the selected fluence in the electrical stability along the measurement
direction, morphological and formation uniformity of the laser carbon film.
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6 Laser-induced Carbonisation of Kapton

Independent from the fluence values, the fabrication procedures were carried out
with the interline distance between raster passing of ~100 um and broader. The
narrowing of interline distance causes significant structural deterioration, where
the laser carbon films start to self-exfoliate from the substrate film, as depicted
in Figure 6.4. These films were selected out as not useable for any application.
On the contrary, widening the interline distance promoted the reduction of the
electrical conductivity perpendicular to the rastering direction, which was also

unyielding.

Table 6.1: Selected parameters for fabrication of the laser carbon.

D, J/cm2 ‘ P W ‘ v, cms~! Designation

2.0 4.1 -
2.8 5.8 -
b 3.8 7.8 -
4.8 9.9 Al & N1
5.6 11.6 -
2.0 3.8 -
2.8 45 A2 & N2
- 3.8 6.0 -
4.8 7.6 A3 & N3
5.6 8.9 -
2.0 2.1 -
2.8 2.9 A4 & N4
& 3.8 3.9 -
4.8 5.1 A5 & N5
5.6 5.9 -

Two distinct working environments were selected. Primarily, the ambient environ-

ment was tested and secondly, the samples were prepared under the permanent
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nitrogen flow in a sealed home-made PMMA box with BaF, window transparent
in the selected wavelength (design in Section 2.1) for each specified parameter
set. The general assessment is performed for all batches in both fabrication envi-
ronments. The applied laser parameters during fabrication are listed in Table 6.1,
highlighting five selected samples, on which the detailed studies were conducted

and each prepared in air and nitrogen, denoted A# and N#, respectively.

Figure 6.5: The surface morphology of the selected laser carbon sample fabricated in (A-B) air and
(C-D) udner nitrogen flow.

Both working environments resulted in the formation of characteristic surface
morphology. Figure 6.5 depicts a structure for both types of films. The laser
carbon prepared in air exhibits the formation of a porous carbon film resembling
randomised lamella structure with variable roughness, promoted by excessive
expulsion of the dissociated byproduct. The detailed morphology from each
selected specimen is presented in Figures B1. Notably, specimens fabricated at

7.8J /ecm? fluence exhibit the aligned protrusions following the raster patterning
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direction, originating from the interface with a laser beam. After the introduction
of nitrogen during fabrication, it exhibits rougher morphology with the pronounced
formation of the dendrite-like structures across the surface layer. As well, the
raster direction patterns were more pronounced for samples above 5.2 J/cm?. The
detailed imaging for a comprehensive sample set is presented in Figure B2.
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Figure 6.6: The thin-plate spline interpolation curve on the surface porosity of the laser carbon
fabricated in (A) air and (B) nitrogen.

From the obtained SEM images, the surface porosity was determined from the
difference between the overall material coverage to the void area and presented
in Figure 6.6 as a thin-plate spline through interpolation from measured samples.
Figure 6.6A shows such TPS from films fabricated in air, which exhibited the peak
porosity at ~57J/ cm? fluence in the power range between 3 and 5 W. Contrarily
to the estimated temperature rise, the porosity dropped with higher fluence and
delivered laser power. However, considering the reaching of carbon sublimation
threshold temperature at this regime, the exposure of deeper laser carbon layers
supports this drop, containing film fabricated at a lower temperature and thus
reduced porosity.

Nevertheless, the more controllable temperature rise and the promoted porosity
distribution were observed in the nitrogen assisted sample set, as depicted in Fig-
ure 6.6B. This effect was promoted by the reduction of the operating temperature

due to a combination of the pulse attenuation after passing through BaF, window,
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change of the reaction kinetics in the inert environment, and interference with
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Figure 6.7: The BET isotherm and the derived pore sizes for the powder extracted from (A-B) Al and
(C-D) N1.

The selected Al and N1 samples underwent vigorous investigation on the dis-
tribution of nanopores with Brunauer-Emmett-Teller method (BET) from argon
isotherms, which is depicted in Figure 6.7. Evidently, laser carbons prepared in
each working environment display different porosity, which indicated a specific
surface area of 255 and 106 m? /g for A1 and N1, respectively. The ratio agrees
with the previously observed values from the surface porosity between the sam-
ples. The pore size was approximated with the DFT model using a combination of
cylindrical and spherical shaped pores. The detailed distribution of the pore sizes
is depicted in Figure 6.7(B, D) for Al and N1, respectively. Here, a maximum pore

fraction lays in the range between 0.8 and 1.5 nm for A1, and at 1.6 nm for N1.
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However, this model provides the best fit to the isotherm with the majority of pores
assigned to width below 100 nm, but material exhibits larger meso-pores observed
from SEM and TEM not computed in this model. BET confirms densely packed
laser carbon prepared under nitrogen flow in nanoscale and higher specificity to

the pore size.
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Figure 6.8: The thin-plate spline interpolation curve on the thickness of the laser carbon fabricated in
(A) air and (B) nitrogen.

The films thickness analysis was performed with the stylus profilometry (details in
Section 3.4) across all batches and presented via TPS in Figure 6.8 with the varia-
tion of the thickness to the fluence and power for both working environments. The
similar trend was observed in both samples, where the thickness steadily increases
with both fluence and power. The trend follows Beer-Lambert law previously ob-
served in the formation of laser carbons [176, 203] and supported by temperature
rise within the volume after reaching threshold temperature for pyrolitic transfor-
mation. Notably, the topology of the films differ from the applied fluence, where
carbon film rises above the median Kapton surface, but after reaching 6.0J cm~!
laser carbon majorly ablating leaving characteristic valleys, which was previously
observed with SEM. The minimal thickness in both environments is determined
at ~20 um, but in air, the thickness significantly rises with the power after 3 W for
all fluences. On the contrary, no rapid rise is observed under nitrogen flow in the
similar regime at the same fabrication conditions. Overall, the laser carbon in the
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nitrogen set indicates wider variation from the thinnest films at minimal delivered
power, and fluence to maximal with ~70 um at the highest input parameters.
This suggests improvement in fabrication stability after the introduction of nitrogen
in both terms of porosity and thickness. Presence of nitrogen prevents conjugated
exothermic reactions and follows more directly the temperature related phase
transformations leading to the laser carbon formation.

6.1.3 Crystalline Properties

Raman spectroscopy is a widespread technique for the determination of crystalline
properties and quality control of semiconductor materials, which additionally
found numerous applications in the research of carbon-based material and accepted
a common technique in the quantification of intrinsic properties. All prepared
samples were extensively studied with Raman spectroscopy and show presence
of the two distinctive first-order peaks at ~1340 and ~1580cm~! corresponding
to D and G-band, characteristic to graphitic materials. In addition, the secondary
disorder D’-band is present at ~1620 cm~! and the second-order overtone, 2D-
band, at ~2690 cm~! was observed for all cases. The combination bands were
presented at ~2460, ~2930 and ~3230cm ™! designated as (T+D), (D+G) and
2D’ respectively [69].

However, only the first and the second-order peaks provide quantitative infor-
mation about the determination of the graphitisation and the predominant lattice
hybridisation state. D, G, 2D bands and their ratio (Ig/Ip, Iop/Ig) are studied and
presented in Figures 6.9 & 6.10 in TPS for the set fabricated in air and nitrogen
assisted environments respectively.

It is accepted that the position of G-band, in combination with graphitisation
ratio between the bands: Ig/Ip are critical parameters in the ratio estimation in
hybridised carbon between sp” and sp> states [144, 204].

In all cases the Ig/Ip ratio determined above 0.50, which corresponds to nanocrys-
talline carbon [144]. The electronic transport properties are governed by the

presence of sp? hybridised state, which is typically manifested by the presence
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Table 6.2: Crystalline properties of laser carbon.

Air Nitrogen

Derived from Raman spectroscopy

Graphitisation

Crystallite size, nm

Derived from XRD
Interlayer distance, A 3.48 3.44
Crystallite size L,, nm 4.0 3.6
Crystallite size L., nm 7.1 8.6

Conductivity, Scm™! 10.2+£2.4 | 2344223

of the 2D-overtone. The intensity ratio between 2D and G-bands presents a level
of hybridisation and can estimate the number of layers in the graphene stack. In
the observed cases depicted in Fig. 6.9D, the ratio does not exceed 0.65, which is
characteristic for systems about 10 graphene layers.

Figures 6.9A & B show TPSs for D and G-bands, which exhibit similar behaviour.
There, the band position minimum is observed at the lowest tested fluence and
proportionally decreases with the power increase. The further increase in the
fluence and power results in peaks shift towards higher wavenumbers, reaching
1352cm~! and 1588 cm™! in case of D and G-bands, corresponding to a gradual
shift towards surface layer rich with amorphous carbon. The difference in the state
can be induced by precipitation of unreacted species from laser-induced plasma or
exposure after ablation of the interface layer by a deeper structure fabricated at
a lower temperature. Such change further agrees with the graphitisation degree
estimated by the areal ratio of the G over D-band, and the electronic properties by
the peak ratio of 2D over G, depicted in Figure 6.9C & D. There, TPSs feature

inverted relation, the maximum observed at minimal fluence and minimal power
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Figure 6.9: The thin-plate spline interpolation on the laser carbon fabricated in air derived from the
Raman spectroscopy: (A) the G-band peak position, (B) the G-band FWHM, (C) the graphitisation via
Ig/ Ip ratio, (D) the graphene layer stacking via I,p/ Ig ratio,(E) the Raman spectra of the selected

samples.
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and further decreased with the rise of these both parameters. Indeed, such change
can be observed in the detailed analysis of each individual Raman spectra from
Figure 6.9E, where the ratio between these bands drops, and the FWHM signifi-
cantly rises, suggesting an increase of amorphisation, and thus more significant
contribution from sp3 hybridised carbon rending the lattice more amorphous.
There, D and G-bands are sharp, with the best separation in the case of the lowest
fluence, namely Al. FWHM for both bands follows the general trend: they widen
with an increase in the fluence, and the higher laser power improves the narrowing
and the band separation. The best example was observed between samples A4
and A5, which were prepared at the same fluence but A5 with the higher power
and thus exhibited the higher graphitisation. The film A1 also featured the highest
intensity in the 2D-band among other air-fabricated samples, which signifies that
the specimen has the highest graphitic content with the higher quantity of sp>
fragments.

The graphitisation can be recalculated to the crystallite size with Tuinstra-Koning
relation, which is typically corroborated with XRD methods [147]. However,
in the studied case, the variation of crystalline sizes between XRD and Raman
spectroscopy determined at 7.1 and 28.9 nm respectively. This strong difference is
speculated to originate from internal stress in the film and substantial variation in
crystallinity between the surface and the bulk.

Similar analysis is performed for the samples fabricated in the nitrogen assisted
environment and presented in Figure 6.10. Figure 6.10A depicts D -band position
located maximum at ~1353 cm !, fabricated at the lowest fluence of 4.0 Jcm 2
at power ~4 W. The position shifts to lower wavenumbers by the increase in the
fluence independent from power variation and does not follow any particular trend.
On the other hand, G-band centring exhibits a gradual rise towards high wavenum-
bers with the increase in both fluence and power, which is shown in Figure 6.10B.
There, the position peaks at ~1592 cm™! with fluence of 7.7 Jem™2 and power of
~3.6 W. Figure 6.10C presents TPS on the degree of graphitisation from Ig/Ip
bands ratio, where the local maximums are reached at 4.0 Jcm 2 fluence with
powers of 2.0 W and 5.5 W, and similarly at 5.5 Jem~2 with 2.0 W. Overall, the
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Figure 6.10: The thin-plate spline interpolation on the laser carbon fabricated under nitrogen flow
derived from the Raman spectroscopy: (A) the G-band peak position, (B) the G-band FWHM, (C) the
graphitisation via Ig/ Ip ratio, (D) the graphene layer stacking via I,p/ Ig ratio,(E) the Raman spectra

of the selected samples.
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Figure 6.11: The thin-plate spline interpolation on the conductivity of the laser carbon fabricated in
(A) air and (B) nitrogen.

graphitisation degree is dropped to ~ 0.8 from the air prepared samples. Match-
ing trend is observed in Ip/Ig band ratio, which is depicted in Figure 6.10D.
Figure 6.10E shows five selected Raman spectra featuring significant changes
from air prepared specimens. Namely, all Raman bands are widened significantly,
presence of D’-band can only be estimated by the asymmetry in the G-band caused
by overlapping. The intensity of combinational and the second-order 2D-band
decreased significantly, and their peaks are widened.

Such radical changes are promoted by the increase of disorder and presence
of higher amorphous carbon fraction on the surface within measurement beam
penetration depth of ~1 um, which is uncharacteristic for specimens prepared in
the inert environments. However, these changes can be promoted by inference of
plume with nitrogen flow or direct removal under it.

Notably, A3 and N3 feature the narrowest bands, the highest graphitisation degrees,
and the most intense 2D-bands, suggesting the best selection in the fabrication
parameters independent from the working environment.

The conductivity served as principal merit in qualitative determination between
fabricated specimens and their further possible utilisation. The sheet resistance
was determined using the four-probe method with van der Pauw geometry (vdP)
and discussed in detail in Section3.5. TPS interpolation is applied for both sets of
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the working environment and depicted in Figure 6.11. Despite the same laser oper-
ation parameters, the electrical conductivity exhibit significant variation between
presented TPS sets. Figure 6.11A shows the electrical conductivity improvement
with fluence increase, but with the operation power rise over ~3.5 W, it tends to
deteriorate throughout the spline. The maximum was indicated in the set prepared
using a fluence of 7.8 Jcm ™! with electrical conductivity reaching ~15Scm™!.
Figure 6.11B depicts TPS for the set prepared under nitrogen flow, where on the
contrary, the electrical conductivity features the gradient at lowest tested fluence
at 4.0 Jem™! in the operating power range between 3.5 W to 5.5 W, where it mea-
sured at ~20 Scm~!. However, the further fluence increase resulted in electrical
conductivity deterioration, featuring the minimum of ~7 Scm™"! at the power of
5.5W.

From the TPSs overview, the electrical conductivity is directly proportional to
surface porosity and inversely proportional to the film thickness. Therefore, the
better electrical conductivity is reinforced by less porous thinner films produced
at temperature range bordering to sublimation region. Despite higher generated
temperature at the surface in thicker films, they undergo more rapid gas expulsion,
supporting more porous morphology. Additionally, there the featured decrease in
graphitisation, and sp> hybridised carbon ratio, induced by ablation over graphite
sublimation point. Notably, the preparation under nitrogen shows a more gradual
decrease in conductivity TPS, partially matching with the derived graphitisation
degree from Raman spectra. Additionally, it is also influenced by the determined
parameter variation from the thickness and porosity. On the other hand, the air
prepared counterpart features the more abrupt variation in the electrical conduc-
tivity, supported by the involved exothermic chemical reactions assisted by the
native oxygen during ablation and governed mainly by the film porosity. The
observed features show a suitable correlation to the presented temperature model
and provide the good guidance for optimising the fabrication parameters.

The film porosity features the variable diameters distributed across the volume,
depending on the process temperature, the material expansion rate and pyrolytic

transformation kinetics. Due to technical constraints, it is not straightforward to
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6 Laser-induced Carbonisation of Kapton

determine features of the pores, and further studies with 3D x-ray and electron
tomography can elucidate the exact volumetric morphology and help estimate the
conductivity of laser carbon films. Meanwhile, the quality variation in-depth and

the pore diameter distribution can be evaluated with the combination of SEM and

Raman through the film cross-section.
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Figure 6.12: The cross-section from specimens fabricated in (A-B) air and (C-D) under nitrogen flow.
(A,C) The SEM imaging; (B,D) the Raman spectra of the cross-section.

For this procedure, the samples A1 and N1 were selected, and their cross-section is
presented in Figure 6.12(A & C), respectively. The micrograph from A1 shows the
porosity variation from the surface-level towards the middle, featuring the biggest
pore diameter, with the further decrease closer to the bottom at the Kapton interface.
From these observations, one can visualise the hierarchical porosity distribution
in the air-fabricated sample. On the other hand, Figure 6.12C shows the nitrogen
assisted specimen, featuring a relatively uniform porosity throughout the thickness.

Figure 6.12(B & D) show the Raman spectra, exhibiting the proportional increase
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Figure 6.13: XRD reflections of the laser carbon prepared in air (black) and under nitrogen flow (red).
The characteristic reflection from the F6/mmc symmetry group marked with dashed line.

of the D-band intensity, decrease in 2D-band contribution, and widening of all
characteristic bands from the surface interface to bottom layer for both films.
Notably, the 2D-band in N1 features stronger intensity than the counterpart along
with the whole depth with the similar distance increment. The 2D-band is not
detectable in the bottom ~10um. Additionally, for both specimens, the sharp
peak at ~3230cm~! appeared, which can be attributed to amine stretching [198],
due to the entrapped residual precursor. Generally, the Raman spectra indicate
an increase in graphitic content from the laser carbon base to the top, which is
drastically different for the top <1 um in the nitrogen-fabricated sample. Here, the
interference with nitrogen flow rendered top <1 pm more amorphous, with broad
D and G-bands, and suppressed 2D overtone.

Considering the variation in the graphitic properties between the surface and the
bulk, the XRD was performed as one of the reliable methods for averaging the
crystallite sizes and measured after extracting carbon-rich material as a powder.
Figure 6.13 depicts these XRD diffractograms for Al and N1, featuring character-
istic to graphitic carbon peaks discussed previously in Section 4.1.1, namely: (002)
peak at 25.6° and 25.9°; (100) peak at 42.6° for both powders. The secondary
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6 Laser-induced Carbonisation of Kapton

Figure 6.14: TEM micrographs and the SAED pattern of the laser carbons fabricated in (A-C) air and
(D-F) nitrogen.

peaks were indicated for planes (102), (004), (104) and (110) at 50.6°, 53.2°,70.5°
and 78.3° respectively. All these reflections correspond to P63/mmc spacegroup,
characteristic for graphitic carbons [125, 126] and suggest a high degree of graphi-
tisation with the medium-range order. Moreover, the peaks were observed in the
20 range 10-20° and ~30°, arising potentially from the residual Kapton impurities
comparable to the diffractogram of the virgin Kapton (Section 4.2.1).

Only (002) and (004) reflections were fit with the Gaussian function for determina-
tion of crystallite sizes following the Scherer equation modified by Warren [100],
and are listed in Table 6.2. The interlayer distance (d-spacing), calculated using
Bragg’s diffraction law, was estimated the biggest for Al at 3.48 A and 3.44 A for
N1. Therefore, N1 featured the lowest interlayer distance but reduced stacking
size (L.) and improvement in crystallite size (L,) comparatively to Al. These
properties suggest improvement in graphitisation in N1, going in accordance with
the cross-sectional Raman analysis.

The imaging of crystallographic structure was performed via TEM for the selected
Al and N1 samples presented in Figure 6.14. Both samples feature the presence

of long crumbled stacks of the graphene sheets characteristic for the polymer-
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derived carbons [82]. The additional phase is present with characteristic short and
randomised fragments corresponding to the amorphous carbon. Such complex
phase and morphology originate from the precipitation of the carbon-rich deposits
from plasma, fast pyrolysis kinetics, already rendering crystal in graphetic phase,
but with some retention of poorly pyrolysed original polymer fragments. The
SAED patterns indicate absence of a long-range order due to the presence of the
diffusion rings corresponding to {002}, {100} and {110}, which is typical of
polymer-derived carbons and is also substantiated by the XRD analysis. The
SAEDs indicate the minor shape variations, particularly in N1, where {002}
and {100} feature multiple shoulders, suggesting the relatively higher graphitic
rendering. In the case of Al, no thick stacks of graphene layers L. were detected
despite the extensive search. On the other hand, a slightly higher stacking in
occasional crystallites is observed in N1, which agrees with calculations derived
from XRD.

6.1.4 Chemical Composition

During the laser-induced carbonisation, the pyrolytic transformation of polyimide
rapidly raptures bonds and restructures into the griphite-like crystal structure,
leaving a significant amount of residual heteroatoms within lattice volume and
specifically implant new heteroatoms from the working environment due to inter-
ference at the plasma boundary. This imparts variation of the chemical properties
performed by means of the combustion elemental analysis and the surface chemi-
cal composition with the x-ray photoelectron spectroscopy (XPS).

Figure 6.15 depicts the concentration variation after the elemental analysis be-
tween the selected samples in three test batches with the increase in the fluence
prepared at the same power output. The carbon content of the laser carbon was
higher than from the precursor after thermal pyrolysis. In both types of samples, the
increase in the fluence promoted the plummeting of the carbon content, and rising
of the oxygen and hydrogen contribution. As a general trend, Figure 6.15B shows

the nitrogen content steadily increases with fluence. However, it attains some drop
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Figure 6.15: The combustion analysis from the selected specimens fabricated in (A) air and (B)
nitrogen.

in nitrogen environment at 5.2J cm~2, which can be attributed to the measure-
ment error. Notably, the total carbon content is higher than in the air-fabricated

counterpart, suggesting favourable carbonisation in the inert environments.
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Figure 6.16: XPS survey spectra from the selected specimens fabricated in (A) air and (B) nitrogen.
The derived concentration from those spectra from the samples fabricated in (C) air and (D) nitrogen.
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The surface chemistry plays a significant role in determination of properties and
possible conjugation for the specific utilisation. The surface composition is deter-
mined with XPS and compared between the five selected fabrication parameters,
repeated in the air and nitrogen environment. The surveys are presented in Fig-
ure 6.16(A & C) with derived atomic concentration shown in Figure 6.16(B &
D). Samples A1, A2 and N2 suffered some contamination from Ti 2p spectrum,
originating from interference of holder, which caused some variation in C 1s and
O 1s spectra. Its contribution was determined, subtracted from the total spectrum,
and readjusted for the remaining elemental survey.

In air-fabricated samples depicted in Figure 6.16B, the carbon content rises with
the increased fluence and the applied power within each batch. Similarly to the
carbon content rise, the oxygen contribution drops for all cases, and the nitrogen
significantly fluctuated due to its low contribution bordering with the machine
measurement limit. Figure 6.16D shows the variation in nitrogen sample compo-
sition, where the general trends between components remain similar. Moreover,
the total nitrogen yield remained fluctuating, but the contribution rose almost
twofold, supporting interference with the environment and incorporation of some
heteroatoms from the initiated plasma. Notably, the fabrication parameters used
in A3 featured the highest carbon content, and in N3, it is detected a measurable
increase in the C 1s and N 1s peaks, and a decrease in the O 1s, suggesting the
favourable temperature for the best carbon yield. This result for A3 confirms with
the Raman spectroscopy, where it also shows the highest graphitisation among the
tested specimens.

Figure 6.17 presents the detailed XPS spectra for C 1s, N 1s and O 1s for samples
fabricated in air. In all cases, all observed spectral lines were corrected using the
position of adventitious carbon in C 1s peak centred at 284.5¢eV. C 1s peak is
deconvoluted into seven carbon-based species and fit to the measured spectrum at
the following binding energies: C=C at 284.2eV, C—-C/C-H at 284.9eV, C—-N
at 285.7eV, C-0 at 286.4eV, C=0 at 287.2¢eV, O-C=0 at 288.7¢V and a
shake-up arising from aromatic rings at 290.0eV. In previously specified cases

with contribution from Ti 2p peak, the C s peak featured a shoulder assigned to

95



6 Laser-induced Carbonisation of Kapton

>

Intensity XPS (CPS)

Q

Intensity XPS (CPS)

Intensity XPS (CPS)

Intensity XPS (CPS)

Intensity XPS (CPS)

Figure 6.17: The detailed XPS spectra of five selected samples fabricated in air for (A,D,G,J,M) C 1s

the carbide specie at 283 eV. N 1s peak is deconvoluted in five nitrogen-based
species, namely: pyridinic (N-6) at 398.5eV; amide at 399.6 eV; pyrrolic (N-5)
at 400.1 eV; quaternary (N-Q) at 401.7 eV; and oxidic (N—-O,) at 404.2eV [167—
170]. O 1s spectra is fit with the five oxygen containing species, namely: the
aliphatic and aromatic carbonyl species C=0 at 530.7 eV and 532.1 eV respec-
tively, amide at 531.4 eV, aromatic ether group C—O—-C at 533.0eV and hydroxyl
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6.1 Laser Carbon Synthesis with Mid-IR Laser

C—OH at 533.9¢eV. All spectra featured the widening of the hydroxyl peak due
to the undefined contamination from the environment. Contribution from TiO, at
529.8 eV was assigned in the samples influenced by Ti contamination. The results
on the detailed spectra for each specie are presented in Table B1.

C Is spectra feature narrow C=C peaks and C—C/C—H with the increased width.
Additional species are presented in the abundant nitrogen and oxygen confinement.
The oxygen species attained nearly equal contribution from the aliphatic and
aromatic bonds and were confirmed after the deconvolution of O 1s peak. N Is
peak features asymmetry, due to the most prominent peaks attributed to N-5 and,
occasionally, for N-Q, indicating the mild restructuring of the precursor imide
bond by partial retention of the monomer PMDA side, promoting to occupy the
edge in the graphene lattice. Notably, the specimen A3 shows narrowing of the
FWHM for C=C, C—N, C-0 and C=0 peaks in the C 1s.

Figure 6.18 shows the detailed spectra of nitrogen-fabricated samples for same
elemental peaks. The deconvolution followed under the previously established
guidelines. Notably, all specimens prepared in nitrogen featured the FWHM
widening, suggesting the increased amorphisation or the crystallite size reduction
at the surface. C 1s peaks featured a nearly equivalent contribution from both
hybridised carbon states at lower fluence (sp?> in C=C vs sp®> in C—C/C—H)
and showed a further rise of C—C/C—H species after the increase in the fluence
and the applied laser power. In pair, the oxygen confined species rose similarly.
In particular, the N3 specimen showed uncharacteristic high sp? contribution,
supporting that the selected for the preparation laser parameters favour a higher
carbonisation yield on the surface, regardless of the selected working environment.
There, the N 1s peak features improvement in the symmetry and centred along the
single binding energy at ~401 eV. The significant contribution was observed from
the quaternary nitrogen, suggesting interference of the plume with the environment
and inclusion of the ionised species into the lattice. However, only the N1 specimen
showed the dominant contribution from N-5 species with a significant quantity
from N-Q. The O 1s peak appears symmetrical for the majority of samples,

excluding N2 suffered from TiO, contamination. Here, the increase in power and
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Figure 6.18: The detailed XPS spectra of 5 selected samples fabricated in nitrogen for (A,D,G,J,M) C
Is peak, (B,E,H,K,N) N 1s peak and (C,FL,L,O) O 1s peak.

fluence promoted the redistribution of the species from the dominant hydroxyl
functionality to aromatic confinement with carbonyl and ether species, having
higher enthalpy. The results on the detailed spectra for each specie are presented
in Table B2.

All these results suggest a strong influence of pulse on the chemical composition

driven by heteroatoms entrapment from the fast kinetics of laser pyrolysis of the
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beam interface with already carbonised polymer and virgin film. Additionally, the
plasma discharged along the laser beam interacts with the ambient environment,
providing the constant oxygen supply and promoting the exothermic reactions.
Overall, the nitrogen flow reinforces a better quality carbonisation, supported by
the higher carbon contribution with a decreased amount in all other heteroatoms
confirmed in both combustion analysis and XPS [55].

During the initial experiments, it was observed that the laser carbon fabricated
under nitrogen was rendered hydrophobic with a contact angle of ~120°, while
the air-fabricated carbon was hydrophilic with a the contact angle of ~70°. This
goes in accordance with the kinetics of the reaction, where the carbons prepared in
the presence of air often carry the oxygen-rich surface functional groups. On the
other hand, the introduction of nitrogen facilitates inert surroundings and limits the
formation of such groups. According to the surface functionality analysis based on
XPS, the nitrogen-prepared sample exhibits a higher carbon fraction on the surface
compared to that prepared in the air. Among the detected functional groups, the
polar ones such as hydroxyl (C—OH), aliphatic and aromatic carbonyl (C=0)
and with nitrogen heteroatom (C—N) are associated with hydrophilicity, while
non-polar C=C/C-C/C-H species render the material hydrophobic [205, 206].
The deconvoluted high-resolution spectra indicate that they dominate in all air-
prepared samples, and the fraction of these polar groups is higher than in the
samples prepared under nitrogen flow, where the non-polar groups are more

abundant.

6.2 Composite Urea Biosensor

The laser carbon exhibits multiplicity and richness in the surface chemical species
in addition to high graphitisation. These properties allowed the utilisation of
the material in multiple thermal, environmental, chemical and biological sen-
sors [207-209]. Here is reported the fabrication of the composite biosensor for
the determination of the urea concentration. The urea plays a vital role in the

metabolism in animal biology due to its function in the utilisation of excess blood
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nitrogen. The excess of urea can cause severe damage to the body, including
chronic renal failure [210], cardiovascular diseases [211], extreme fatigue [212]
and cognitive dysfunction [213]. Moreover, urea is a standard fertiliser, which
can lead to the reduction of crop yield in case of oversaturation and should be
accurately monitored [214].

The urea concentration can be accurately determined via reaction supported by
urease, namely hydrolysis into ammonia and water [215]. However, the urease
retains active in the aqueous environment, thus requires a specific storage con-
ditions. This can be achieved by chitosan electrodeposition from the solution,
which forms a hydrogel film on the conductive surfaces through electrodeposition
promoted by the chemical gradient at the electrode surface (Section 2.3). These
films exhibit high biocompatibility and biodegradability required for such sensors.
In turn, the laser carbon provides the sufficient electrical conductivity to maintain
the electrodeposition, features a sufficient surface affinity for the bonding with
chitosan, and also high biocompatibility. This way, the laser carbon proves to be a
model substrate for such a biosensor.

The selected sample, A1, was employed in the urea biosensor fabrication. This
biosensor was fabricated with the use of two possible pathways. Under the first
one, the Kapton film after LIP underwent the oxygen plasma treatment for the
wetting improvement, the chitosan-based hydrogel was electrodeposited from

the solution, and finally, the urease enzyme was immobilised on the composite
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Figure 6.20: SEM micrographs of the laser carbon (A) as-prepared, and oxygen plasma treatment for:
(B) 30s, (C) 60s and (D) 120s. (E) Raman spectra measured from untreated film (black) and after
120s OPT (red).

electrode surface via the linker. The contact with laser carbon was realised via
silver sputtering. The second pathway included only the direct immobilisation of
urease on the laser carbon due to the surface affinity. The second pathway involved
the urease immobilisation directly on the laser carbon surface. In all cases, the

diameter of the laser carbon electrode was kept at 8 mm.

6.2.1 Chitosan Electrodeposition on Laser Carbon

The chitosan affinity to laser carbon can be significantly improved by introducing
higher quantity polar groups, including hydroxyl, carbonyl and carboxyl function-
alities on the surface. This is further promoted with the oxygen plasma treatment
(OPT), showing improvement in the deposition after the course consequent treat-
ments for 30s, 60s and 120s. There the surface attributed a significant change
by the precipitate removal and revealing the lamella-like fragments with an in-
crease in the OPT duration, depicted in Figure 6.20(A-D). In addition, the OPT
induced the crystalline changes in the carbon, estimated with the Raman spec-
troscopy, presented in Figure 6.20E. There, the significant rise of the D-band

and widening of the G-band was indicative of the graphitisation reduction, and
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an additional improvement in the D’-band is observed, promoted by defects and
C—-OH/C=0 vibrational modes [216]. Notably, the 2D-band suffered from the
intensity reduction, which follows the reduction in graphitisation and ratio of sp>
hybridised carbon [144]. Moreover, the treatment for 120 s retained the surface
activity and extreme hydrophilicity even after a week of storage and showed the
similar absorption of chitosan as for the freshly performed OPT.
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Figure 6.21: (A) Cyclic voltammograms performed in 200 mM HCI with variation of the scanning
rate. (B) The reduction current density at —0.4 V on the speed of scanning rate.

The electrochemical mechanism of electrodeposition was elucidated with the
cyclic voltammetry, depicted in Figure 6.21A preformed in the standard solution
and by the scanning rates variation between 10mVs~! to 200mV s~!. The sweeps
in reduction and oxidation regions were studied. However, chitosan electrodeposi-
tion occurs by deprotonation in the hydroxyl and the amine reactive functional
groups in the pyranose ring [83, 217]. The cyclic voltammograms feature a char-
acteristic reduction peak in the potential range —0.5V to —0.3 'V, induced by
electron transfer with the formation of amine and hydrogen generation [217]. The
reduction peak current decreased with the increase in the scanning rate due to
uncompensated solution ohmic drop [218]. Figure 6.21B shows an increase of the
reduction current proportional to the square root of the scanning rate, indicating

the diffusive behaviour.
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6.2 Composite Urea Biosensor

Figure 6.22: The electrodeposited chitosan on a circular carbon electrode with current applied (A)
along and (B) perpendicular to the rasterization lines.

Notably, the direction of the applied electrical current along specific rasterisa-
tion lines directions played an essential role in the deposition quantity due to
anisotropic resistance in the laser carbon with the lowest following the longi-
tudinal pulse propagation. This variation can be easily observed optically and
presented in Figure 6.22. There, the tracks fabricated along the rasterisation direc-
tion exhibited lower resistance to one measured in the perpendicular direction due
to the lower overlapping between the pulses. However, the chitosan electrodepo-
sition had the preferable orientation along with higher resistance for the applied
current, suggesting accumulation of the higher potential on the electrodes and,
therefore, the higher induced chemical potential. This was further utilised for the
standard protocol.

The duration of performed electrodeposition plays the essential role in the quan-
tity of deposited chitosan. Thus, multiple regimes were tested at 5 min, 10 min
and 15 min and evaluated with the fluorescence microscopy, as depicted in Fig-
ure 6.23A. Some tests with the longer duration were performed, but the no-
significant difference was observed to 15 min; thus, the latter was chosen as a
standard. The SEM studies were performed after the drying overnight, and de-
picted in Figure 6.23(B-D) reflecting the biopolymer distribution improvement,
and the surface roughness reduction, both with an the deposition time increase.

Figure 6.23E displays the reference test performed using the untreated laser carbon
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Figure 6.23: (A) The fluorescence microscopy after chitosan deposition for the selected time duration.
SEM micrographs after electrodeposition performed on the electrode after OPT for (B) 5 min, (C)
10 min and (D) 15 min. (E) The electrodeposition on the untreated electrode performed for 15 min.

electrode after 15 min of the electrodeposition, which exhibited the non-uniform
distribution with the reduced quantity comparable to 5 min of the deposition. The
dried film thickness was determined at 2 um, as in Figure 6.23F, thus the thickness
of the hydrogel is estimated to be over 20 um, due to its water content over 90 %.
It was observed that the chitosan deposition was limited only to the carbon surface
without any deposition in volume, which goes in accordance with the process
kinetics.

Figure 6.24 depicts the FTIR spectrum collected after the chitosan electrodeposi-
tion on laser carbon. The spectrum features the multiple characteristic peaks and
attributed to the vibrations in OH at 3415 cm™!, NH at 3370 cm—!, —CH, in the
pyranose ring at 2920 cm~!, 2880 cm ™!, 1480cm™!, 1320cm™!, 1270cm~! and
1250cm™!, C=0 in the amide at 1650 cm™!, NH, at 1585¢m ™!, OH and CH in
the pyranose ring at 1420 cm ™! and 1320 cm™! respectively, CHz at 1375cm ™!,
C=0at 1255cm~!, C—0-C in glucosidic bond in the range between 1150 and
1040cm™~!, and CH3COH at 890 cm™". All correspond to the reported values of
chitosan [217, 219, 220], which proves the successful deposition onto the laser

carbon surface.
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Figure 6.24: FTIR spectra collected from the chitosan deposited the laser carbon.

6.2.2 Passive Urea Biosensor

The passive urea biosensor was prepared by the Urease enzyme immobilisation
on the active surface.

Two types of enzyme immobilisation schemes were tested: via the intermediate
electrodeposited chitosan layer; and directly on the laser carbon surface. As
the merit of the urea hydrolysis, the pH test was employed, and the activity
was compared with an absolute value to a stock solution. A circular electrode,
connected to a sputtered silver contact pad, was used as the electrode for chitosan
electrodeposition, as depicted in Figure 6.25A. For all cases, the initial urease
concentration in the solution was 1 mgmL~!. The adequately detect the risk
limits, the device sensitivity should be at the risk limits for blood urea in humans
at 1 x 1072 M [221]; therefore the prepared devices were tested witin this limit or
below. The Urease immobilisation to chitosan is performed via glutaraldehyde
coupling, following standard preparation recipe [222], and the sensitivity tests with
urea using this assembly is depicted in Figure 6.25B. The response for all cases
shows saturation after ~140s, and the limit of detection is estimated at 1 x 10~ M.

As can be observed, within the 1 x 107*M to 1 x 10~ M concentration range,
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Figure 6.25: (A) The micrograph of the fabricated composite biosensor. (B) Urea detection using
chitosan-urease sensors. The film was exposed to a 1 mgmL~! urease solution for immobilisation
and thoroughly washed before exposure to the urea solutions. (C) Urease activity on (I) the untreated
carbon film, (IT) coupled to glutaraldehyde; (IIT) after oxygen plasma treatment and (IV) coupled to
glutaraldehyde; [urea] = 1 x 102 M in all cases. (D) Urease activity in a solution (black curves), and
(I) the sensor with electrodeposited chitosan and (II) in the presence of the untreated film; (III, IV)
control film, untreated with and without electrodeposited chitosan, respectively. Urea concentration
is 1 x 1072 M in all cases. All measurements were performed in triplicate, and data points report the
mean =+ standard deviation.[56]

the rate of urease catalysis increases with the increase in the urea concentration.
Alternatively, the urease immobilisation was conducted on the laser carbon in four
different ways: (I) as-fabricated film, (II) as-fabricated film with glutaraldehyde
linker, (IIT) OPT film, and (IV) OPT film with glutaraldehyde linker. Figure 6.25C
shows determined pH values in 1 x 1072 M concentration of urea for these four
cases, where the response is saturated after ~40 s, and as-fabricated laser carbon

film indicates the highest response.

106



6.2 Composite Urea Biosensor

The two best samples from each representative immobilisation schemes were
tested along with the control experiments in the stock solution. Figure 6.25D
depicts a comparison to the enzyme activity in the stock solution with its concen-
tration varied to estimate the fraction of active Urease on different tested sensors.
There, the urease activity showed the best for the stock solution, but the composite
chitosan/laser carbon biosensor showed the best among fabricated sensors, with
some reduction in the activity. This can be explained by the deactivation of the
enzyme reactive sites by glutaraldehyde during electrodeposition and confine-
ment of the reactive sites within the substrate. Nevertheless, the bare laser carbon
electrode without any treatment exhibits activity but significantly reduces pH
magnitude. Laser carbon obtained in both air and nitrogen can potentially facili-
tate enzyme absorption. From XPS, the functional groups can be recognised, but
their activity towards various chemical species cannot be confirmed yet, and the
mechanism of enzyme immobilisation on the untreated carbon is not clear at this
point. The employment of glutaraldehyde indeed reduced the yield of catalytically
active enzyme, which can be explained by: (a) glutaraldehyde undergoes self-
polymerisation or facilitates protein polymerisation and thus reduces the bound
active urease fraction; (b) glutaraldehyde reacts only with substrate active groups,
removing both itself and potential substrate reactive sites from urease attachment;
(c) the non-specific glutaraldehyde reaction with urease renders some fraction of
the enzyme catalytically inactive.

The flexible Kapton substrate allowed rolling up the fabricated sensors in the
catheter tube of 6 mm diameter, as depicted in Figure 6.26A. Figure 6.26B shows
a comparison of the urea sensing ability of a rolled-up to a flat biosensor with
the same surface area. There, the rolled-up sensor performance shows identical
activity within a standard deviation. A similar structure was rolled up and fixed
inside a tube, and a pH indicator paper was inserted in the forward flow direction.
A 1 x 1072 M urea solution was passed through this assembly, which turned the
yellow/ green pH paper into a pink/purple colour (residence time: 50 s), confirming
a basic pH caused by the hydrolysis of urea. A video of this process can be found

in the online Supplementary Information (Video SI V1).
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Figure 6.26: (A) The rolled biosensor in the catheter tube. (B) The activity of the flat sensor vs.
rolled-up.

6.3 Summary

The implementation of extended thermal model showed correspondence with
attributed combination of properties for the laser carbon film. However, the model
requires further development in terms of evaluation of the film porosity and built
up pressure from the precursor ablation, to further match with the experimen-
tal data. The highest matching was achieved for the nitrogen-prepared samples,
promoted by inert environment. Nevertheless, the Raman spectroscopy results
suggest that the nitrogen prepared samples feature a higher surface disorder, which
is in line with the XPS data. However, it contradicts with the results obtained
from the electrical conductivity, TEM and XRD. This can be explained by the
differences in surface and bulk properties of the material. Both XPS and Raman
are measured on the sample surface (10 nm nm and <1 um deep, respectively),
while other measurements are performed on bulk of the film. The alteration in the
preparation environment reinforces the process kinetics difference, rendering the
higher scaffold density and the carbonisation in the nitrogen prepared samples,
promoting the better electrical conductivity. However, they attain hydrophobic-
ity and smaller variety in surface chemical functionality, restraining use in the

chemical sensing.
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6.3 Summary

The surface properties of the laser carbon films attain number of non-polar func-
tional groups, favourable for the physi- and chemisorption of number of functional
groups specific for the chemical and biological sensors. This is utilised for the
electrodeposition of the chitosan, a biocompatible, biodegradable, and non-toxic
biopolymer, which provides a hydrogel matrix that mimics the cellular microen-
vironment. This was used as the Urease enzyme carrier for activity preservation
and directed utilisation. This technology opens a pathway for the patternable
bioelectrode preparation with desired properties, combining chitosan ability in
hosting a number of enzymes broadly utilised in medical application and industry.
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7 Laser-Induced Carbonisation of
Nomex

Another low-cost precursor compatible with the laser-induced carbonisation is
polyaramid utilised in the form of fibres and sheets [65, 66]. They exist in two com-
mercial forms: known as Nomex (poly(1,3-phenylene isophthalamide)) and Kevlar
(poly(para-phenylene terephthalamide)). Their chemical structure is depicted in
Figure 4.5, where the backbone chain contains aromatic rings interconnected via
amide and carboxyl bonds, resulting in a high tensile strength (2900-3600 MPa),
a high elastic modulus (70.5-112.4 GPa), good chemical inertness (degradation
only in formic acid), and a high thermal resistance (0.04-0.25 Wm~ K1) [223].
All those properties facilitated widespread use in the industry and damped the
price of these materials, with applications mostly focusing on personal protection
against mechanical tear, high-temperature operations, and shielding in electrical
circuits.

This chapter elucidates characteristic features of LIC for polyaramide Nomex,
which provide a specific rendering of the laser carbon, providing flexible and bulk
films. In the chapter, further exploited features to fabricate composite films with
electroplated copper. The kinetics of the electroplating were analysed, and the
films were studied for bulk and surface properties. These copper/laser carbon
composites showed film flexibility and antibacterial properties. A variation in
fabrication parameters yielded more rigid laser carbon films, which underwent
electroplating and annealing, and was used as selective enzyme-free glucose

SEensors.
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7 Laser-Induced Carbonisation of Nomex

7.1 Laser Carbon Synthesis

As previously stated, the operational wavelength for LIC was selected at 10.6 um
from a semi-industrial CO, laser source. In order to investigate the optical absorp-
tion of Nomex, FTIR was conducted, from which the absorption coefficient was
approximated by referencing a collected signal to table values of a known material
(Kapton) and then using the correction coefficient for adjusting a signal for the
film under investigation. Thus, the absorption coefficient at 942 cm ™! wavenum-
ber is estimated of 135 cm™!. There, the possible deviations can originate from
such crude estimation, scattering effects on the film and during measurement, the
roughness of the studied film, and more detailed study require determination of
the extinction coefficient following the procedure used in Ref. [193].

Figure 7.1 shows ATR-FTIR spectrum, elucidating the characteristic bands of
the Nomex sheet. Namely, the peaks assigned at 3300 cm™! to N—H stretching
vibrations in secondary amide, 1645 em~! to amide C=0 stretching in amide,
1603cm~! to C=C stretching in aromatic ring, 1522cm™! and 1254cm™! to
C—N stretching mode, 1304 cm~! to aromatic C—N stretching, 775 cm~! and
681 cm™! to out-of plane C—H vibrations [224]. Several additional species were
determined at plateau between 2970cm~! and 2840cm™! assigned to O—H
stretching, at 1470 cm~ ! to C=C aromatic stretching, at 1380 cm~ ! to C—H rock-
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Figure 7.1: Spectral characteristics of the Nomex sheet in IR region.
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7.2 Laser Carbon Synthesis with Mid-IR Laser

ing, and 973 cm~! to C—H out-of-plane bending [198]. The peaks observed at
1167 cm™! and 1000 cm ™!, were unidentified for Nomex and ori ginated from filler

(cellulose) during manufacturing process or contamination.

7.2 Laser Carbon Synthesis with Mid-IR Laser

As for Kapton, Nomex exhibits high dissociation energy of the single monomers
at ~20eV [65, 225], which is exceeds the delivered energy by a single mid-IR
photon of ~0.12eV. The selected laser wavelength and the pulse duration hint
at a predominant photothermal electron relaxation mechanism. During this, the
temperature accumulation follows the same kinetics as in Kapton, at out-of-plane
bending of C—H bonds at the aromatic ring due to their optical absorbance in the
selected wavelength. The phonon vibrations further translate along the monomer
backbone and initiate dissociation of the weakest bonds in the chain, C—N and
C=0, located between phenolic rings [176, 226]. This initiates laser-induced
carbonisation, which occurs over a threshold laser intensity of 2 x 10* W /cm?.
It is complemented with an extensive ionised plume formed above the surface,
where the molecules ejected at high pressure of ~3 GPa after dissociation and
further interfered with the laser radiation [180]. This plume causes partial shielding
and further absorbs the laser radiation, which can substantially contribute to the
temperature accumulation above the film, and above the precursor surface it is
estimated over 2000 °C [227]. Under the plume, the temperature gradient causes
an immediate pyrolysis-like process, abundant of recombined graphene sheets
with nitrogen and oxygen heteroatoms, inherited from process rapidness.

Due to the dominance of the photothermal mechanism during LIC, the thermal
simulation was utilised and updated for the Nomex case. There, the new properties
were implemented with a specific heat of 1.42mJkg~' K~! and a heat conductivity
of 123mWm~! K~!, density of 880kg/m?> and previously estimated absorption
coefficient [65, 225]. The script is presented in Appendix A-2. The transition

temperature for Nomex to glassy carbon was set to 400 °C, as the mass reduction
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7 Laser-Induced Carbonisation of Nomex

was observed via a thermogravimetric analysis corresponding to the initiation of
pyrolysis [228]. Other properties retained previously stated values.

The polyaramid fibres exhibit ablation of a significant part of the graphitised
fragments under the focused laser beam [65, 66]. To counteract such effect, beam
defocusing was introduced, resulting in an improvement of the electrical conduc-
tivity, mechanical stability, and adhesion of the laser carbon film to the precursor
substrate [61, 65, 66]. The defocusing at 1.5 mm leads to a broadening of the mini-
mal feature size within a single track to ~250 um. Molecular dynamic simulations
support these observations, stating that an excessive temperature gradient causes
the ablation and built-up pressure, leading to the induction of high internal stresses
within the formed laser carbon, causing its cleavage [60].

Figure 7.2 shows the yielded temperatures after simulation for different beam
diameters. Notably, the temperature significantly drops with an increase in the
spot size radius. However, all modelled cases do not correspond to phase transition
temperature to glassy carbon. This implies the limitation of a model for the phase
transition, without consideration of continuous carbonisation, but approximate on

the immediate process.
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Figure 7.2: Thermal model for LIC of Nomex.
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7.2.1 Operation Parameter Selection

To investigate LIC kinetics, the number of experiments were conducted by varying
the laser output power and the velocity of focus carriage, thus changing the deliv-
ered fluence and pulse duration. However, only at a single fluence of 3Jcm ™, the
laser-induced carbonisation yielded functional film. The electrical conductivity
was used as a merit of quality to select the best parameter set.
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Figure 7.3: Sheet resistance after a single laser irradiation.

Figure 7.3 shows sheet resistance with a variation of the operation power. There,
the lowest value was observed for a specimen fabricated at 3 W. Below 3'W
the heating is not sufficient for the formation of a stable track, and above the
deterioration was suggested by oxidation and a material ablation [55]. The selected
power and the focus carriage speed used for patterning of this sample were the
most effective. However, the film thickness is (20.0 & 10.9) um, such variation
indicates a metastable laser carbon.

These considerations were taken into account for further design of the experiment
with an additional laser passing was reported for an improvement in quality and a
more uniform carbonisation [65, 66]. Figure 7.4 shows three selected procedures.
The first procedure (LC1) utilised an initial of single irradiation of the film with

1000 pulses per inch (~25um a pulse distance) within rasterisation line and
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Figure 7.4: The selected fabrication procedures (dimensions not to scale).

750 PPI (~100 um) between the lines, for which the speed of focus carriage was
kept constant at ~13 cms ™.

The second type of laser carbon was fabricated with double irradiation (LC2).
The procedure was modified by variation of PPI to 400 (~60um), keeping a
rasterisation distance at ~100 um, and during a second scan, the scanning speed
was increased to 32cms~! and PPI at 1000 (~25 um). Such a recipe provided
initiation of the seed layer and an increase in the optical absorbance of the film at a
selected laser wavelength. According to the laser manufacturer, a decreased pulse
throughput (increased pulse distance) delivers higher intensity pulses and keeps
the average distributed power across the line at a selected value, which results in a
larger heat affected zone and improves the quality of the laser carbon. Afterwards,
the second irradiation was performed with a standard pulse throughput and with
an increased transition speed at 32 cms ™!, inducing annealing of the film to higher
graphitisation. The film thickness was determined at (28.9 +-4.9) um and indicates
a reduction in surface roughness compared to LC1. It was reported that the
double irradiation procedure could be performed at the same laser parameters [65].
However, it was found that the procedure described here is better suited for LIC
of Nomex, allows faster processing and is designed for better electroplating of
copper retaining flexibility of the film (Section 7.3).

The third type was performed with triple irradiation (LC3), where an interline pitch
was modified to ~25 ym during first passing, and PPI at 1000 with the distance
between pulses in a line set at ~25 um, which provided pulse overlap around 90%.
The following laser passings over the same area were repeated as for LC2, but

the pulse distance was kept at ~25 um for remaining repetitions. The widening
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of the laser heat-affected zone with a reduced temperature gradient caused the
formation of carbon of higher quality. The second and third irradiation provided
further annealing of the fabricated film. Notably, during the final laser pass, the
expulsion of a plume had been significantly reduced compared to previous steps,
which was caused by the reduction of released heteroatom confined functional
groups from the polymer, and affected only by interface with oxygen from the
ambient environment.

Further detailed studies were performed only on LC2 and LC3. Additionally, the
films with the same fabrication parameters were replicated under the inert nitrogen

flow, and their properties were studied. The details on fabrication under nitrogen

flow are given in Section 2.1.

Figure 7.5: Morphology of the laser carbons using the fabrication procedures for (A-B) LC2 and
(C-D) LC3.

The surface morphology shows a significant difference from the fabrication proce-

dure. The surface of LC2 is shown in Figure 7.5(A-B) and displays a significant
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porosity, ranging from hundreds of nanometer voids and wrinkles to pores of
over 10 um. The carbon surface is smooth with some charged precipitate. Fig-
ure 7.5(C-D) shows the morphology of sample LC3, which features a reduced
quantity of pores larger than ~1 um, and an increase in the number of smaller pores
~100nm. The reduced interline distance between tracks induces higher localised
temperature, which promotes better graphitisation and improves absorbance co-
efficient over precursor. This causes an increase in temperature accumulation
during the repetition of the laser passing, which results in partial ablation of the
interface carbon layers, exposing deeper microstructure with characteristic lower
pore distribution [56].

Notably, the specific surface area, examined with gas sorption, confirms the re-
duction of the pore distribution in bulk LC3, from 117 m?/g for LC2 to 71 m?/g.
As it was previously observed and discussed in Section 6.1.3, such reduction of
the porosity affects the bulk properties of the film and results in an increase of the
electrical conductivity, determined at (5.4+0.9) Scm~! and (45.2+10.7) Scm™!
for LC2 and LC3 respectively.

The surface morphology features significant change after fabrication under ni-
trogen flow. Due to the expulsion of decomposed volatile material, the applied
nitrogen flow additionally erodes the laser carbon in both recipes. LC2 film is
depicted in Figure 7.6(A-B) and attributes the reduction in the surface smooth-
ness with an increase of the reabsorbed volatile precipitate. The film features
less uniform coverage with characteristic protrusions along the laser pulse ir-
radiations, with a majority of the laser carbon formed along the edges of the
heat-affected zone. On the other hand, LC3 attributes a high resemblance to the air
fabricated counterpart, as it is seen in Figure 7.6(C-D). However, the alignment
along the rasterisation lines is slightly corrupted, thus rendering the film rougher.
The mesoporous structure below 100 nm is no longer observable, suggesting an
effect promoted by a change of the working environment.
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Figure 7.6: Morphology of the laser carbon after introduction of the nitrogen flow on (A-B) LC2 and
(C-D) LC3.

7.2.2 Chemical Composition

LIC significantly differs from standard C-MEMS pyrolysis in their surface and
bulk properties. Notably, the interference with an ambient environment influences
variation in the chemical composition [55, 56]. It was studied with the combustion
analysis for the determination of the bulk content and with XPS to observe the
surface functionality.

The combustion analysis was performed after extraction of the powders, and the
results are presented in Table 7.1. Both types of laser carbon feature significantly
higher contribution from carbon than pyrolytic Nomex, confirming a significantly
higher fabrication temperature with the removal of other heteroatoms from the
lattice. However, despite a higher laser throughput during fabrication of LC3, it

exhibits a lower carbon quantity with increased contribution from oxygen and
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Table 7.1: Chemical properties of laser carbons LC2 and LC3.

H LC2 LC3

C || 97.25£0.40 90.24+0.06
H || 0.30£0.03 0.39+0.04
N || 0.94+£0.06 1.77+0.06
o 1.52 7.60

Elemental analysis, wt.%

Contact angle, degree H 60.5+3.6 156.2+4.0

Table 7.2: Determined surface elemental composition from an XPS survey.

H LC3inair LC3inN,

Cls 89.46 96.75
XPS,at. % N l1s 4.56 0.29
O 1s 5.98 2.96

nitrogen heteroatoms in the lattice comparatively to LC2. Such discrepancy can
be attributed to the reduced interline distance by increased quality throughput
determined in the machine settings during the fabrication of LC3. There, a single
pulse delivers smaller intensity with the same average power along with the unit
distance. Notably, the fabrication of LC2 was performed with a longer distance
between pulses. Thus a higher single pulse intensity is delivered, converting a
significant part to carbon. LIC renders LC3 more uniformly, whereas LC2 features
islands with higher graphitic content but lacking integrity throughout the film.

Due to these factors, the LC2 was observed to be protruded through the film,
partially exposing the opposite side of the film, constraining the determination
of surface chemistry with contaminants originating from the acrylic adhesive.
Therefore, a variation of the surface functional groups was further investigated

with XPS for LC3 films prepared in air and nitrogen working environments.
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Figure 7.7: XPS survey of LC3 fabricated in air and N, (top to bottom). The high-resolution spectra
collected from (B,E) C Is, (C,F) O 1s and (D,G) N 1s peaks.

The survey spectra from LC3 is shown in Figure 7.7A, and the derived elemental
composition is presented in Table 7.2. Both spectra contain observable peaks
of C 1s, N 1s and O 1s, with a minor contribution of Na 1s and Auger Nagy |,
in air, origination from residual components used in Nomex manufacturing. An
introduction of the nitrogen flow during fabrication notably improves the laser
carbon quality, observed with an increase in C 1s content and a reduction of both
remaining elements. Despite saturation with nitrogen in the processing chamber,
interference and incorporation in the lattice of ionised radicals did not occur,
promoting a film erosion to deeper, more graphitic layers.

The detailed spectra for C 1s, O 1s and N s, are shown in Figure 7.7B-G, de-
convoluted into several species and presented in Table C1. Figure 7.7(B,E) de-

picts the C Is peak, which is centred at 284.4eV and features a strong asym-
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7 Laser-Induced Carbonisation of Nomex

metry, due to the occurrence of a tail originating from the additional functional
species. There, five carbon-based species were assigned with corresponding bind-
ing energies: C=C/C—-C/C-C at 284.6 eV, nitrile (C—N) at 285.6 eV, hydroxyl
(C—OH) at 286.1 eV, carbonyl (C=0) at 287.4 eV and shake up from aromatic
rings 291.0eV [165, 166, 171, 172]. Particularly, the LC3 in nitrogen exhibit the
slight increase in contribution of C=C/C—-C/C-C specie and shake up, corre-
sponding to higher the graphitisation. Other species attribute reduction as confirms
from the survey data. Figure 7.7(C,F) shows O 1s from LC3 fabricated in the air
and Ny, where both feature the non-symmetrical peaks. Each spectrum was decon-
voluted into three major species, namely: aromatic carbonyl (C=0) at 530.9eV,
aliphatic carbonyl at 532.3 eV and hydroxyl (C—OH) at 534.1 eV [173]. Notably,
the O 1s peak for LC3 in the air suffers from widening and asymmetry. It required
additional fit with amide species at 531.0 eV supported from deconvolution of N 1s.
The widening contributed from additional interference with Auger Naky . Addi-
tionally, for all specimens, the widening of the hydroxyl spectral line and tailing
with higher binding energy was caused by contamination of the undefined species
originating from the environment and sample handling. The high-resolution spec-
tra collected from the N 1s peak depict on Figure 7.7(D,G) feature four species in
each specimen, namely: pyridinic nitrogen (N-6) at 398.6 eV, pyrrolic nitrogen
(N-5) at 400.0 eV, quaternary (graphitic) nitrogen (N-Q) at 401.7 eV, as well as
a minor contribution from oxidised nitrogen (N-Oy) at 404.1eV. The detailed
spectrum cannot be precisely deconvoluted in the nitrogen prepared LC3 due to
the minor total contribution from the N 1s peak and a low signal-to-noise ratio.

As it is previously estimated, the bulk and surface chemical composition exhibit
relatively close values for carbon content, with a significant rise in nitrogen on
the surface and some increase of oxygen in bulk. The nitrogen rise is speculated
by exothermic reaction with oxygen from the environment during fabrication and
confirmed by the presence of amide specie. Furthermore, the selectivity of this
reaction is underpinned by the introduction of the inert environment, improving

the carbon content and reducing contribution from other species.
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7.2 Laser Carbon Synthesis with Mid-IR Laser

7.2.3 Crystalline Properties

LIC features localised heating with a short pulse duration, which drives the crys-

tallisation considerably different from the thermal pyrolysis. At the focal spot,

as the simulations show, the temperature gradient sufficient for the sublimation
of the graphitic carbon and the adjacent heat-affected zone reaches graphitising

regime [18]. However, the short duration of such heating affects the crystallisa-

tion kinetics, rendering the crystallites with variable size and orientation. Thus,

a detailed investigation on the crystalline structure is conducted by means of

the Raman spectroscopy, the x-ray diffractometry, and the transmission electron
microscopy on the selected LC2 and LC3 samples.
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Figure 7.8: The Raman spectra (A) at the various irradiation; (B) under nitrogen flow.

Table 7.3: Peak position, FWHM of Raman bands and calculated areal band ratio (Ig/Ip) and hybridi-

sation ratio (I,p/Ig).

D-band G-band 2D-band
Ig/lp  Lp/lg
Position,cm™'  FWHM, cm~!  Position,cm™'  FWHM, cm~'  Position, cm™'  FWHM, cm ™!
Fabricated in air
LC2 1348 575 1582 484 2695 69.6 1.55 055
LC3 1348 111.5 1593 74.7 2685 162.6 0.67  0.21
Fabricated in Ny
LC2 1342 67.7 1578 54.0 2680 68.9 1.37 046
LC3 1349 116.4 1595 77.8 2690 130.8 073 0.24
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7 Laser-Induced Carbonisation of Nomex

Raman spectra were collected from the laser carbons and shown in Figure 7.8,
featuring characteristic carbon peaks observed at ~1345cm™!, ~1580cm~! and
~2690 cm ™!, assigned to the D, G and 2D bands, confirming polymer conversion
to carbon, as discussed in detail in Section 4.1.1. Moreover, the 2D-band arise
from a second-order overtone originating from sp> hybridisation in the carbon-
lattice [145], ergo indicates significantly higher graphitisation comparatively to
the standard pyrolysed reference. This 2D-band prominently contributed to the
spectrum of LC2 and, to a less extent, on LC3, independent of the working environ-
ments. Moreover, the laser carbon were indexed with some additional observable
peaks at ~1620cm ™!, ~2450cm ™!, ~2935cm™! and ~3250 cm™! correspond-
ing to the D’, T+D, D+G and 2D’ bands [69]. The band position, FWHM were
extracted from the spectrum, with these results is shown in Table 7.3. The bands
are not centred at a specific wavenumber but show some variance, corresponding
to a variation in sp> to sp> ratio in the samples and the crystallite size, depen-
dent on the selected preparation procedure. Raman shift towards ~1600cm™!
attributes fragmentation of the lattice to nanocrystalline graphite [144, 147, 204].
This features for both LC3 samples, as well as a widening of the FWHM com-
paratively to LC2. There, LC2 was fabricated with higher delivered power of a
single irradiation event with a wider distance between the pulses, which promoted
rapid annealing by discontinuously separating highly graphitised islands from
each other. This was further confirmed by the derived Ig/Ip areal ratios, which
indicated higher values in LC2. Moreover, the I,p/Ig intensity ratio was used to
estimate the ratio between hybridised states for both samples, where LC2 indicated
the highest values typically discussed as a multilayer graphene lattice [133].

In the fabrication of LC3, the pulse distance was reduced to ~25 um, which de-
creased the delivered power for a single pulse, but featured continuity between the
heat affected regions. After transformation of the precursor into the carbon-rich
film, the thermal conductivity increases to ~0.7 Wm ' K~ [229], which provides
a faster heat distribution with an incoming pulse and thus more uniform annealing
during further laser passings. This supports complete material transformation from

the precursor and features a higher conductivity. However, Raman spectra featured
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7.2 Laser Carbon Synthesis with Mid-IR Laser

a D-band intensity increase, a shift of 2D overtone, which can be attributed to disor-
der in the hexagonal lattice by heteroatoms or to a formation of the rhombohedral
lattice confirming in pair rise of D+G combinational peak [126, 127].

Notably, the change of the working environment to nitrogen caused a slight widen-
ing of D and G bands. In both samples, FWHM of 2D-band indicated narrowing,
facilitated by improvement in sp>-hybridised crystallites [144, 204]. However,
a decrease in the band ratios is exhibited for LC2, suggesting interference with
N flow resulting in a decrease of the crystallite sizes. On the other hand, LC3
features improvement in both band ratios, suggesting interference of the oxygen
from the air in the laser carbon formation and erosion to the deeper layers with

slightly higher graphitisation unaffected by surface chemical reactions.
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Figure 7.9: XRD reflections at the various irradiation procedures fabricated in (A) air and (B) under
nitrogen flow.

Table 7.4: Crystallographic values derived from XRD on the laser carbons.

‘ Crystallite size (Ls), nm ‘ Stacking thickness (L¢), nm ‘ Interlayer distance, A H Conductivity, S/cm2

Fabricated in air

LC2 38 7.0 3.45 54+1.1

LC3 43 5.6 3.45 45.2410.7
Fabricated in Nitrogen

LC2 3.7 7.8 3.46 54+09

LC3 35 58 3.45 25.4+2.1
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7 Laser-Induced Carbonisation of Nomex

In order to support previous observations and create a complete model includ-
ing the bulk crystalline structure, the x-ray diffractometry from the powder was
performed, and it is shown in Figure 7.9. The diffractograms feature several promi-
nent peaks for all specimens at 25.8°, 43.0°, ~53° and ~78° corresponding to
(002), (100), (004) and (110) reflections, characteristic for carbon-based materials
according to the space-group #173 P63 [128, 136—138]. The collected reflections
were derived to determine the crystallite sizes and the interlayer distances using
Scherrer’s equation [99] and Bragg’s law [96] respectively, which were listed in
Table 7.4. The diffractograms additionally feature reflections at ~16° and ~30°
with a characteristic wide FWHM, originating from the untransformed polymer
residue incorporated within the lattice. These peaks have shifted from the original
indexing in Nomex, suggesting an expansion between fibres and shrinkage along
the backbone chains due to polymer degradation and the preliminary stages of
the carbonisation. LC2 was observed to be less graphitised in bulk, contradicting
derived ratios from Raman spectroscopy due to its limitation solely to the interface
layers. LC3 specimens feature a reduction of the stacking thickness (L¢) and
the elongation of the crystallite size (Lp), providing extension of the graphene
sheets with a lower number of stacked layers, confirmed by an improvement in the
bulk electrical conductivity. Particularly, the samples fabricated under nitrogen
attain improvement in the stacking thickness but narrow the crystallite size. Such
an effect suggests the interference with the nitrogen flow and reduction of the
delivered laser intensity due to attenuation of the radiation after passing through
the BaF, window.

Nonetheless, the bulk properties of LC3 show the higher conductivity, not signifi-
cantly different from LC2 in the observed x-ray diffractometry and the chemical
composition. LC3 samples were released from the polymer film, and XRD was
performed on a free-standing film, showing significantly different diffractogram
as it is shown in Figure 7.10A. There, it exhibited a narrower (002) plane reflec-
tion with the highest peak and reduced intensity in the (100) reflection. After
magnification on this region, the diffractogram shows splitting into two peaks at

42.9° and 46.4°, which can be indexed for two graphitic phases, corresponding
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Figure 7.10: XRD reflections from (A) LC3 film and (B) magnification at (10) plane region.

Table 7.5: Deconvolution of the XRD reflections and conductivity measurement from LC3 before and
after annealing at 1300 °C in argon.

H Before annealing | After annealing

Peak position, ° 43.06 43.11

(100)y  Interlayer distance, A 2.10 2.10

Crystalline size, nm 3.6 3.62

Peak position, ° 46.64 46.66

(110)r  Interlayer distance, A 1.95 1.95

Crystalline size, nm 10.09 9.76
Conductivity, Scm™! | 452241068 | 2034+4.92

to the hexagonal (100)y and to the rhombohedral graphite phase at (110)r plane
according to a space-group R3m [140, 230] with crystallite size along the plane
calculated at 10 nm. The rhombohedral phase is metastable, and it was observed a
phase transition to hexagonal after annealing over 1300 °C for 4 h [134]. The heat
treatment was replicated at 1300 °C under argon flow (~0.8 L/min) for 1 h with a
heating rate of 5°Cmin~!. The collected XRD diffractogram after annealing is

presented in Figure 7.10B. The changes before and after annealing are presented in
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7 Laser-Induced Carbonisation of Nomex

Table 7.5, which indicated a slight decrease in crystallite size along (110)r plane
and an increase in (100)y plane, with a significant reduction of the conductivity to
(20.34+4.92) Scm™!, suggesting initiation of a phase transition to the hexagonal

lattice, but hindered by a short duration of the process and annealing only at the

phase transition boundary temperature.

Figure 7.11: TEM imaging of LC2 from Nomex fabricated in (A-B) air and (C-D) under nitrogen
flow.

The further crystallographic properties were elucidated with transmission electron
microscopy and allowed direct imaging of the lattice planes with the selected area
electron diffraction in areas of interest. Figure 7.11 depicts LC2 prepared in the air
and the nitrogen. Both laser carbon samples attain a significant number of pores
and voids throughout the volume ranging from tens of nanometers to microns,
matching the surface morphology, as it is seen in Figure 7.11(A & C). The high
magnification images are presented in Figure 7.11(B & D), indicating a mixture

of the crumbled long graphene sheets and the short randomly oriented crystallites.
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7.2 Laser Carbon Synthesis with Mid-IR Laser

These observations suggest the presence of glassy carbon and amorphous carbon
states, agreeing with the previous observations on laser carbon derived from

Kapton. Notably, the samples fabricated under nitrogen flow indicate an increase

in the crystallite length and the reduction of the stacking thickness, which agrees
with XRD data.

50'nm

Figure 7.12: TEM imaging of LC3 from Nomex fabricated in (A) high and (B) low magnification.

Figure 7.12 shows TEM imaging from LC3 fabricated in air. A low magnifi-
cation imaging suggests a reduction of the internal porosity limited to the pore
size <100 nm, which matches with surface observations. Moreover, this sam-
ple exhibits a significant shift in the fraction of the oriented long crystallites,
corresponding to the improved graphitic phase and lower contribution from the
amorphous state, as it is seen with high resolution in Figure 7.12B.

The aforementioned samples were analysed with SAED, which is shown in
Figure 7.13, indicating the presence of the diffused concentric rings due to
the medium-range order without any specified crystal orientation. Notably, Fig-
ure 7.13C shows LC3 film, indicating the lower dispersion in the rings and the
presence of the high-order reflections, further supporting the better crystallinity
than LC2. All SAED are deconvoluted, normalised along {100} the family of
planes and presented as the intensity profiles in Figure 7.13D with indexing to the
respective family of planes. There, both LC2 samples exhibit the strong reflec-
tions along {002}, {100}, {004} and {110} family of planes. The laser carbons
have sharper intensity than the pyrolytic reference for {002} peak and the better
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Figure 7.13: SAED collected from LC2 fabricated in (A) air and (B) under nitrogen flow. (C) SAED
of LC3. (D) The intensity profile derived from all SEADs.

visibility of the {004} peak, suggesting the thicker packing of graphitic sheets and
slightly sharper {100} and {110} peaks indicating more extended graphene sheets.
The nitrogen assisted LC exhibited a slightly better graphitic order in all directions,
which was corroborated with Raman spectra and XRD. Such improvements may
be attributed to the inertness and different thermal conductivity of the nitrogen
environment (26.0mWm~'K~!) vs air (26.4 mWm~! K1), causing a reduction
of heat dissipation which allows reaching higher temperatures on the surface than
when compared to an air environment [56]. In part, LC3 additionally features
reflections in {112}, {211} and {214} with some suppression in {002} and {004}
due to observed further elongation of the crystallites and presence of a higher
quantity of graphite-like carbon.
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7.3 Copper Electroplating

7.3 Copper Electroplating

The electrochemical deposition (electroplating) of metals is a widely employed
method for the directed delivery from metal ion electrolytes on the conductive
substrates. Electroplating allows the well-defined distribution of the material
quantity, matching with modern environmental preservation goals and reducing
the carbon input. However, the substrate materials should meet requirements in
good electrical conductivity and adhesion to the delivered material, for which the
carbon films were fabricated with LIC attribute favourable properties. Copper
was selected for electroplating as one of the broadly used materials, which found
multiple applications in the industry, microelectronics, radio transmission, sensor
material and antibacterial coatings. The fabricated laser carbon attains favourable
specifications for the adhesion of the copper ions from the electrolyte.

Such electroplated composite material opens the new possibilities in a direct
fabrication on the customised polymer surfaces for smart textiles and flexible
sensors. The section discusses mechanisms involved in the electroplating by
means of CV and XPS; the quality of the films was assessed with the XRD and
the four-probe van der Pauw conductivity tests, the retention of this property was

analysed after a number of bending tests.

7.3.1 Electrochemical Characterisation of Deposition

Cu electroplating is a redox reaction where the oxidation takes place at the anode
with simultaneous reduction of the cathode, which leads to the deposition of a
Cu layer on the precursor material. To overcome the potential difference of the
reaction, an external current is provided. The presence of heteroatoms in the
graphene sheets bolster charge accumulation at their site, in the case of both
oxygen and nitrogen conjugated species [231]. The site provides a higher negative
potential following the Allen electronegativity scale comparatively to carbon, thus
inducing preferable oxidation of Cu ions during electroplating and passivating

the heteroatom charge. Therefore, the experiments were conducted on LC2 and
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Figure 7.14: The cyclic voltammetry on (A-B) LC2 and (C-D) LC3. The experiment conducted in
standard solution.

LC3 fabricated in the air due to its increased concentration of oxygen and nitrogen
heteroatoms.

To elucidate the behaviour during electroplating, the cyclic voltammetry is per-
formed and conducted in the potential ranges between —8 V and —1 V to 0 V and
0.2V for LC2 and LC3 respectively. The results are depicted in Figure 7.14. The
initial tests were performed at the equivalent voltage ranges and exhibited the
symmetrical behaviour. However, the electroplating occurs only after oxidation of
Cu?* jons from the solution, thus by the substrate reduction. Therefore, the relevant
investigation of voltammograms is performed in the reduction voltage range. The
CV exhibited hysteresis, and the area was reduced with an increase in scanning

speed, which suggests depletion of the electron transfer equilibrium on the sur-
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face [232]. All samples displayed two plating regimes: a steady-state deposition,
without any significant peaks attributed to reduction/oxidation at the heteroatom
species, and the saturation current regime. In all samples, the steady-state regime
switched at ~—60mA /cm?. Indeed, during electroplating, the deposition was
limited and showed current overflow after an increase above the saturation current,
which corresponds to limitation of Cu®* ion flow due to a hydrogen evolution
reaction on the electrode surface [232]. The threshold voltage was dependent on
the resistance of the selected specimen and observed at ~—1.7V and ~—0.4V
for LC2 and LC3, respectively. As observed in Figure 7.14(A & C), the cycle rep-
etition did not have any significant contribution to the plating behaviour. However,
the saturation current slightly increased with the number of cycles, suggesting an
improvement in conductivity by plating. The derivative of the current was taken
to determine the highest electroplating rate, and they are depicted in the insets of
Figure 7.14(A & C). Notably, the electroplating rate rises after each cycle, which
in pair confirms the increase of conductivity by adhered Cu in the reduced state,
promoting further crystal growth. Due to the slow crystal growth in such system,
this rate, characteristic to plating on the selected specimen, retained within a slight
deviation, thus the mean deposition rate was estimated after the averaging and
listed in Table 7.6. This indicated that LC3 exhibits the highest deposition rate,
which can be attributed to the lower sample resistance, the smaller specific surface
area and equivalent charge distribution on the sample surface. A significantly
lower deposition rate was observed for LC2, which corresponds to the largest
specific surface area.

In order to estimate the degree of reduction, the film surface chemistry required
investigation, which was provided with XPS. Due to the previously discussed
reasons of exposure to the film bottom and interference with the acrylic adhesive,
the surface chemistry was performed only on LC3 samples after electroplating
for 10 min at 30 mA /cm?. Figure 7.15 shows the XPS spectrum from the survey
and detailed spectra for Cu 2p, O 1s and C 1s. The elemental composition of
the surface layer is investigated with XPS and shown in Figure 7.15A, which
corresponds to a contribution of 59.32 at.%, 2.16 at.%, 30.98 at.%, 7.54 at.%

133



7 Laser-Induced Carbonisation of Nomex

>
T

Cu 2p

Electroplated Cu

Intensity (CPS)
8

L L L L L L L
1200 1100 1000 900 800 700 600 500 400 300 200 100

Binding Energy (V)

; T R A o e A Baasaasmsssnsay Rana
wfn T cwf T pw
B Measurement cuzp] C + Measurement Y o1s | D + Measurement cis
—cu —— cu20 e ! ——c=
S I C=C, C-CICH
) Cu(oH)2 on
Cuso4  —— Background

«
3

——Fit I
& !

1

!

0-C=0

Shake up
—— Background
——Fit

——— Background

Intensity (CPS)
Intensity (CPS)
Intensity (CPS)

970 960 950 940 930 540 53 536 534 532 530 528 526 300 208 296 294 202 290 288 286 284 282 280
Binding Energy (V) Binding Energy (eV) Binding Energy (eV)

Figure 7.15: XPS collected from the electroplated Cu: (A) survey, and detailed spectra of (B) Cu 2p,
(C) O 1s,and (D) C 1s.

and 2.99 at.% from C 1s, N 1s, O 1s, Cu 2p and S 2p. Figure 7.15B shows the
Cu 2p spectrum deconvoluted into five species: a copper, a cuprous oxide, a
cupric oxide, a copper hydroxide (Cu(OH),) and a copper sulfate (CuSOy) [233—
235]. The major contribution originates from copper and cuprous oxide due to
oxidation on the surface immediately after extraction from the electrolytic bath.
The presence of other oxidised species as well fell into rapid oxidation prior to
post preparation annealing. Figure 7.15C depicts O 1s spectrum, which is fit
with three carbon confined species (aromatic C=0, aliphatic C=0 and C—OH)
previously reported in Section 7.2.2 with the supplementary species of CuO at
529.7eV and CuyO at 530.3 eV. Figure 7.15D shows C 1s spectrum, fit with all
previously reported species. The comparison of the global chemical composition

after electroplating to virgin LC3 shows a significant reduction in the nitrogen

contribution. Further analysis of the detailed spectra in C 1s and O 1s peaks

indicates a significant drop in amide, hydroxyl and carboxyl functional groups,
additionally supporting preferential Cu adhesion sites at the heteroatom due to

their induced higher electronegativity.

134



7.3 Copper Electroplating

7.3.2 Characterisation of Composite Film

After investigation of the electroplating kinetics, the most suitable parameters
must be selected in terms of an electroplating duration and the electrical current
density, delivering for the LC uniform copper coverage. Thus, the newly fabricated
composite films require vigorous investigation of their morphology, crystalline
properties and chemical stability over time. These studies were performed by
means of SEM, XRD and four-probe van der Pauw electrical resistance test.

All experiments were conducted on a square sample of 1cm? exposed to the
electrolyte, and electroplating was performed for 300 s. Figure 7.16A shows a
reduction of the sheet resistance with the increase of applied electrical current
density during plating in a semi-log plot, recorded after a deposition duration of
300s. Notably, a film with electroplated copper on LC3 exhibited a significantly
lower sheet resistance, following a higher deposition rate as determined from CV
slope, and reaching the minimum at (6.6340.86) x 1072 Q sq~!. The limiting
current density was observed for LC2 at 40 mA /cm? with the overpotential above
and plating became constrained. The samples, electroplated at 30 mA /cm? were
selected for further studies due to their adhesion retention to the substrate, complete
coverage with copper by optical change of film tint, flexibility, and resistance

properties under bending.
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Figure 7.16: (A) Variation of the sheet resistance with current density, Cu was electroplated for 300 s
in all cases. (B) X-ray diffraction of electroplated films.
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Table 7.6: The electroplating rate and crystallographic properties of plated copper.

LC2 LC3

Deposition rate, V/(Am?) 21.8+0.2 91.0+1.8

Mass of deposited copper, mg 14+£4 42+17

Peak position, ° 43.32 43.28
(111) d, A 2.09 2.09
L, nm 98.10 122.30
Peak position, ° 50.45 50.41
(200) d, A 1.81 1.81
L, nm 58.33 81.90
Peak position, ° 74.12 74.08
(220) d, A 1.28 1.28
L, nm 95.40 116.50

The XRD performed for this composite film (Figure 7.16B) shows the strong
reflections at 25.9°, 43.3°, 50.4° and 74.1°; the first peak corresponds to the
carbon (002) plane, and the remaining peaks are contributed from the (111),
(200) and (220) reflections of copper, respectively. The positions of these peaks
correspond to the Fm3m space-group of Cu. The splitting of peaks is observed in
all copper reflections due to a doublet in the radiation source. The peaks were fit
with the Lorentzian function, and the crystallite sizes were determined using the
Scherrer formula, with the results listed in Table 7.6. The Rietveld refinement was
performed on the diffractogram, not indicating any internal stresses after plating.
The copper crystallite size increased with the improvement of graphitisation,
featuring the smallest size deposited on LC2 and the largest for LC3. The structure
inheritance from carbon film facilitated copper growth in a substantially more
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Figure 7.17: Surface morphology after electroplating of (A-B) LC2 and (C-D) LC3.

organised fashion for LC3, resulting in the largest crystallites, and due to a lower
ordering present in LC2, the crystallites were grown the smallest [236].

Figure 7.17(A-D) shows the surface morphology of these composite films on LC2
and LC3. In each case, the copper deposited as an elongated crystal with length
over (3.2+0.9)um and (3.0 & 1.3) um, and width (1.1 +0.3) um and (1.1 +
0.5) um for both respective specimens. In LC3, the distribution in the length of
the crystals was observed over a wider range. All crystals were fixed on a central
anchor site and continuously interconnected with neighbouring crystals, providing
the electrical stability. The electroplated film contained the areal coverage with the
copper of 64 % and 79 % for LC2 and LC3 determined from SEM micrographs.
The grown film thickness was determined as 3.7 um using Faraday’s equation
implementing only the surface area 1 cm?. However, the average thickness of the
electroplated copper exceeded the calculated value due to the preference on the

deposition sites and further dispersion between voids inherited from LC.
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Figure 7.18: Sheet resistance variation after number of bending cycles performed at 90°.

The LC3 exhibited the highest mass increase after plating (Table 7.6), but the film
was constrained in bending by exhibiting fracturing and showed the exfoliation
of the carbon/copper film from the Nomex substrate during the bending test.
Therefore, the test was performed only for the selected LC2, which showed good
flexibility at 90° with bending radius of 5 mm without any mechanical deterioration
and insignificant degradation of the surface. Figure 7.15 depicts the normalised
sheet resistance to the initial measurement after a number of repetitions. The
bending was repeated for multiple cycles and showed resistance deterioration after
the tenth repetition. After 100 cycles, the resistance dropped to 15 %, and with
repetition, to 500 cycles, no further resistance decrease was observed presenting
good retention of the sheet resistance.

The copper films exposed to the air tend to oxidise due to retaining humidity in
the environment. This influences the properties of electroplated copper effectively
by increasing in Cu,O content and causes the electrical conductivity deterioration.
Such deterioration was observed after two weeks for both plated laser carbon films
exposed to the air and estimated with EDX (Figure 7.18A, B). The ratio of copper
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Figure 7.19: Change in the elemental composition over time determined with EDX spectroscopy on

plated (A) LC2 and (B) LC3. (C) The variation of copper to oxygen mass percentage over time. (D)
Variation of the sheet resistance of plated films over time.

to the oxygen was estimated and depicted in Figure 7.18C showing an increase in
the oxygen. After a week of storage, the oxidation saturated showed the resistance
increase in 10 % and 30 % for LC2 and LC3, respectively, and afterwards reached
saturation. Particularly, in LC3, the ratio significantly rose after the third day and
was considered as the measurement error. This observation corresponds to the
sheet resistance variation (Figure 7.18D), which shows a drop with the increase of
storage time and saturation after a week.

In summary, these studies indicated the best plating parameter at 30 mA cm ™!
for 300s, due to uniform copper distribution, a significant improvement in the

electrical conductivity. LC2 procedure can be further used for the flexible films
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preparation owing to insignificant sheet resistance rise after a series of bending
tests showing prospects in the fabrication of the specialised coatings, the highly
electrically conductive flexible films and smart textiles operating at high tem-
peratures. Electroplating of LC3 exhibits even higher electrical conductivity and
delivered mass of copper. However, the film does not exhibit the same degree
of flexibility, and after a number of bending cycles causes the exfoliation and
should be supported with additional packaging to retain shape. Nevertheless, the
procedure provides excellent means in the rapid fabrication of the electrodes with
customised designs and can serve as the valuable types of composites.

7.4 Flexible Antibacterial Copper Coating

Antimicrobial protection of the surfaces plays a significant role in disease pre-
vention, and lately, targeting for the spread reduction of new bacterial and viral
infections, particularly lately emerged COVID-19. It was reported mutual support
and predisposition to spread of the combinations of bacterial and viral infec-
tions [237], with the lately observed increase of severity in COVID-19 patients
infected with both [238]. Antibacterial coatings are especially interesting consid-
ering that nosocomial infections are becoming a significant threat in the medical
environment due to cross-contamination of surfaces and the increase of antimi-
crobial resistance in pathogens [239]. The reduction of contaminants is usually
achieved by frequent cleaning, including the use of surface disinfectants. However,
their frequent use can breed microbes with a developed resistance against the
antimicrobial substance, which can also be linked to antibiotic resistance, making
the microbe less susceptible to both surface disinfectants and antibiotics [240].
Once this resistance has manifested, the microbe can cover the environment since
the cleaning procedure no longer eliminates it. In the worst case, this resistance
can transfer to other microbes by horizontal gene transfer [241].

Although multiple carbon allotropes feature exceptional biocompatibility due to
their compositional relatedness to living cells, they are reported to be used as a

substrate for antibacterial composites. Antibacterial coatings based on copper and
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silver circumvent antibiotic resistance and therefore are viable options to coun-
teract microbial contamination and nosocomial infections [239, 242]. However,
most available coatings use bulk material dispersed in the matrix, which can be
significantly reduced by targeted electroplating on the conductive surface.

In this Section, previously studied electroplated flexible copper/laser carbon com-
posites are used as a model for prevention in developing bacterial colonies. The
films are compared between several model substrates, and the results are anal-
ysed. Such customisation of a polyaramid substrate can also be a step towards
developing antibacterial coatings of various areas.

7.4.1 Coating Fabrication

Incubation for 120 min
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Figure 7.20: Schematic representation of the experiment. Fabricated Nomex film electroplated with
copper and tested for antibacterial activity.

To address this problem and investigate the effect of the composite, the study was
designed, which is schematically shown in Figure 7.20. Nomex films were pre-
pared with LIC using LC2 recipe, with the further copper electroplating, following
the aforementioned best procedure. Those films are used for bacterial testing of

Escherichia coli and Bacillus subtilis.

7.4.2 Characterisation and Testing

Table 7.7 shows a reduction in the quantity of the bacterial colonies upon the
initial exposition to the LC2 copper carriers of E. coli and B. subtilis. The copper

ions generating from the copper surface can produce reactive oxygen species in a
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Table 7.7: Percentage of bacterial count based on the amount of colony-forming units after the initial
exposition (i.E.) in comparison to the initial colony amount counted on steel control carriers and after
incubation (a.l.) in comparison to the initial amount counted on the individual carriers

Carrier E. coliiE. E. colial. | B. subtilisi.E. B. subtilis a.l.
Stainless steel 677 % 19 %
Nomex paper 3% 894 % 3% 219 %
LC2 40 % 133 % 271 % 4 %
LC2 Copper >0.1 % N/A >0.1 % N/A

Fenton-like reaction, which can cause damage to lipids, protein and DNA [243].
Furthermore, copper destabilises iron-sulphur clusters, which are required in the
active centre and as co-factors in many vital enzymes, ultimately leading to the
death of the cell [243]. In general gram-positive bacteria are less susceptible to
copper exposure, especially so if they are from the class of micrococci [244]. The
initial exposure time of the 75 min drying process before the first samples for the
Miles and Misra method are extracted. However, it was sufficient to eliminate
any measurable trace of the species E. coli and B. subtilis, which explains why
the data after incubation is unavailable for both. In the case of the LC2 carrier,
the amount of colony-forming units extracted after first exposure is drastically
increased for B. subtilis and decreased for E. coli. The results for B. subtilis
suggest that in comparison to steel, it is more difficult for the Bacilli to attach to
the carbon surface. E. coli bacteria are struggling to increase their biomass on
this carrier during incubation time, while the amount of B. subtilis is significantly
decreased. It is observed that the nanostructures inhibit or even eliminate bacterial
growth [245, 246]. In comparison, both LC2 and the copper-plated LC2 carriers
have nanocrystalline features, which can hinder bacterial growth. However, the
bactericidal effect of the LC2 copper carrier originates from the decisive lethality
of copper ions. Nomex paper itself is able to decrease the number of bacteria

extracted after initial exposure. However, both bacteria were able to significantly
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increase their biomass after an incubation after 120 min, so while it prevents
bacterial adhesion, it does not hinder their growth significantly.

The large discrepancy between the colony counts after incubation of the two
organisms can be explained by the species’ different growth rates and surface
adhesion properties. While E. coli K12 has a doubling time of approximately
15 -20 min [247] and very poor adhesion characteristics on steel surfaces [248],
B. subtilis species has a doubling time of approximately 120 min [249], and is a
model organism for adhesion and biofilm formation [250]. In comparison to B.
subtilis, E. coli is able to increase its biomass faster, and more of it is flushed from
the carrier during sample extraction.

The results show that the copper electroplated on the carbon film antimicrobial
activities are similar to other antimicrobial copper surfaces [251]. Combined
with the properties ease of fabrication [55, 65] and controllable copper plating
thickness as well as the flexibility of the material, this enables access to a reliable
and cost-efficient antimicrobial surface.

It was observed that the PBS (0.01 M, pH 7.4) acquired a blue taint during the
resuspension steps of the LC2 copper carriers. This taint is characteristic of
the copper ions presence in the solution, confined in coordination complexes as
CuCly, Cuz(PO4)72, Cu(HPO4); and CuSO4 originating from PBS and the residual
electrolyte. However, only a minor contribution of sulphur was detected by EDX
analysis after drying the assay on a reference gold-coated silicon chip, with
elemental composition predominately originating from Na, Cl, P, characteristic
for the content of PBS. Therefore, it was concluded that only copper ions were
effectively involved in the antimicrobial properties. However, the quantitative
determination of the copper ions with titration did not provide any satisfactory
results due to the strong dilution during the procedure, and the near-neutral pH
constraining the use of the colour indicators. For the qualitative evaluation, the
FTIR was performed for assays before and after incubation, and characteristic

vibrational modes of H,O and some ions from PBS were observed.
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7.5 Amperometric Glucose Enzyme-free Sensors
Based on Cu and CuO Composites

Biological sensors play an important role in the point-of-care devices due to their
ability in addressing an exact detection concentration only for the selected analytes
and omit contribution from other possible species from the test analyte [252, 253].
One of the most crucial biosensors operates for glucose detection due to its
essential role in microbiome regulation, specifically for people suffering from
diabetes mellitus. Increased levels of blood sugar directly relate to the risks in
the development of cardiac arrests [254], renal failure [255], blindness [256],
cerebral, and neuronal damage [257]. Globally, the number of people diagnosed
with diabetes mellitus is currently estimated at over 500 million by the International
Diabetes Federation [258], with numbers steadily rising and laying a huge burden
on the healthcare system. Thus, direct monitoring of glucose concentration in
blood and sweat is essential for timely assistance and prevention [258, 259].
Traditional glucose sensors are mostly enzymatic sensors, where a glucose oxidase
enzyme is immobilised on a sensing material [260]. The sensing mechanism of
such sensors relies on the oxidation of glucose to D-gluconolactone, the subsequent
generation of hydrogen peroxide, and further on to gluconic acid [261, 262].
However, extraction of the enzymes from fungus, such as industrially accepted
Aspergillus niger [260, 262], is expensive. Furthermore, long-term stability and
storage of the enzymatic sensors are of major concern [261]. Therefore, in recent
years, significant attention has been paid to enzyme-free biosensors, where several
noble metals [263-265], metal nanoparticles [253, 266-268], and transition metal
oxides [261, 269] have been exploited as the electroactive material for glucose
sensing.

The use of these materials for biosensing majorly relies on the fabrication of com-
posite electrodes, typically with a carbon-based material such as graphene [270,
271], carbon nanotubes [272, 273], and glassy carbon [274-276], which further
reinforces the essential biocompatibility of the sensing material. Among various

electroactive materials, copper and copper oxide exhibit a significant electrocat-
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alytic activity for glucose oxidation due to its lower overpotential induced by an
electron transfer [261, 274, 277]. Moreover, copper oxide nanowires allow an
improvement in the sensitivity of detection due to their higher surface to volume
ratio [235, 267, 278]. Notably, the growth of the nanowires on spheroids can
further increase the surface area, leading to an urchin-like morphology. Because
of their superior morphologies, the urchin materials have demonstrated signifi-
cantly higher sensitivity for glucose detection compared to other copper-based
materials [279]. However, the CuO urchin-based glucose sensors reported to date
were rigid sensors, used for the detection of HyO, [280] and humidity [281]. Even
though the fabrication of flexible biosensors has been reported using bulk copper
oxide [282] and its nanowires [235, 261, 271, 274, 283], the urchin-morphologies
are still not utilised for flexible sensor devices. Furthermore, the current state of
the art for the synthesis of urchin morphologies only includes the hydrothermal
method and chemical synthesis [280, 281].

In this Section, the fabrication of copper microspheroids (Cu-MS) and cupric
oxide urchin based (CuO-U) glucose sensor is described , where the urchin struc-
tures are achieved solely by thermal annealing through variation of the working
environment. The composite films were characterised by their crystal and chemical
properties. The activity toward the selected analytes was performed with electro-

chemical techniques, such as cyclic voltammetry and real-time amperometry.

7.5.1 Sensor Fabrication

The fabrication of the glucose sensor is illustrated in Figure 7.21. The flexible
Nomex Type 410 insulation sheets were irradiated with the mid-infrared laser radi-
ation, forming a carbon-rich conductive seed layer. The fabrication was performed
with the standard procedure for LC3 film.

The laser carbon was used for the subsequent copper electroplating, at which
a direct current of 30 mA was applied for the specified duration. The electrode
exposed to the electrolyte had a square shape with a 15 mm side length. The con-

sequent annealing was performed in a horizontal tube furnace under the constant
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Figure 7.21: Schematic representation of the glucose sensor fabrication: (I) Nomex film attached to a
glass slide, (I) the precursor undergo LIC, (III) the laser carbon film electroplated with copper, (IV)
the plated film removed from precursor and annealed in N> and air, (V) the film encapsulated onto the
plated flexible electrode and tested.

nitrogen flow (~0.8 L/min) with the heating rate of 5 °C min~', and was held at
the specified temperature for 1 h. Investigation of the copper folding into micro-
spheroids was conducted by annealing at multiple temperature sets followed by
natural cooling under N; flow, namely under 800 °C, 900 °C, 1000 °C and 1100 °C.
CuO-U were grown after the air influx was introduced at 450 °C during the cooling
step, matching with a specific regime promoting the nanowire growth [284, 285].
CuO-U growth mechanism was repeated for all aforementioned temperature sets.
Both types of the annealed samples fabricated at 1000 °C were selected for the
enzyme-free glucose sensing and used for the amperometric studies.

The separate supporting electrode fabrication from Cu electroplated laser carbon
was carried out for the bendable amperometric tests and were fabricated using the

LC2 procedure.
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The electroplating was performed under 30 mA; however, the plating time was
increased to 3000 s due to the reduced plating rate and the increase of the total
plated area to 3.5 cm?, and a higher resistance for laser carbon films prepared
with LC2. These bioelectrodes were tested both in a flat and in a bent state for

enzyme-free glucose detection.

7.5.2 Materials Characterisation

is

Figure 7.22: The annealed copper films microstructure in N at 1100 °C with plating time: (A) 150,
(B) 600s, (C) 1200 s and (D) 2400 s. Parts are taken from Ref. [70]

The annealing and cooling in the nitrogen working environment resulted in aggre-
gation into the bigger copper clusters, folding into microspheres and nanoparticles,
as is shown in Figure 7.25(A, B). The copper agglomeration and sphere folding,
their diameter and the quantity are directly proportional to the selection of a plating
duration, depicted in Figure 7.22. The shape of such agglomerates, the micro-

spheroids’ diameters, their quantity and uniformity distribution on the laser carbon
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Figure 7.23: Microstructure of the folded copper spheroids on the laser carbon film after annealing in
Ny at: (A) 800 °C, (B) 900 °C, (C) 1000 °C and (D) 1100 °C. Parts are taken from Ref. [70]

were directly proportional to the plating duration, as indicated in Figure 7.22 and
Table C2. However, a plating time over 10 min resulted in the agglomeration of
asymmetrical crystals with random shapes.

The microspheroids are formed of nearly spherical shape only at the annealing
temperature of 1000 °C. At lower temperatures, the plated copper partially melted
and agglomerated into bigger crystals, decreasing the film roughness and areal
coverage on the underlying laser carbon, as seen in Figure 7.25. Annealing of
the copper/carbon composite film showed persistent low diffusion of the carbon
into the copper due to its low solubility, as is indicated in the specific phase
diagrams [286]. The annealing of thin copper films at 1000 °C promoted melting
and led to aggregation as droplets (microspheroids) on laser carbon, induced by
heterogeneous melting with reduced Gibbs free energy for the thin films [287,
288]. The surface energies of copper and carbon are 1.79 Jcm =2 and 0.26 Jcm 2
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Figure 7.24: Microstructure of the grown copper oxide nanowires after annealing in air at 450 °C for
the copper spheroids folded at: (A) 800 °C, (B) 900 °C, (C) 1000 °C and (D) 1100 °C. Parts are taken
from Ref. [70]

respectively [289], which also supports the aggregation of the molten copper into
microspheroids by a reduction of the contact area, due to significantly higher
surface energy, causing non-wetting of the copper on the laser carbon [290]. The
surface roughness further promoted the contact area reduction by copper [290].

Figure 7.25(B-D) shows a grown copper oxide nanowires on Cu-MS, resulting in
urchin-like microstructure, which was achieved after introduction of air at 450 °C
during the cooling step yielded shell oxidation. The introduction of air during
cooling at 450 °C induced a copper nanowire growth, which was promoted by a
vapour-solid growth mechanism [291]. With an excess of oxygen, a Cu,O phase
formed, fostering hillock aggregation due to relief of compressive stresses. At

a temperatures above 400 °C, the Cu,0O phase is not thermodynamically stable.
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A/
Figure 7.25: Microstructure of: (A) a folded copper into spheroids, and (B) a copper oxide urchins,
(C-D) a magnification on the copper nanowires. Parts are taken from Ref. [70]

Therefore, with further oxygen supply, the nanowires of CuO started growing,
with the hillocks as the nucleation sites [285, 291, 292].

A small increase in diameter of the microspheroids was indicated and listed in
Tables C3 & C4. CuO-U obtained from a precursor sample with a plating time
above 10 min resulted in the fracturing of the oxidised shell of the microspheroids
as it is seen in Figure 7.23. This was caused by the excessive stress release,
resulting in the deterioration of oxidised shell adhesion to the microspheroid
and the precipitated material is in loose contact with the laser carbon, which
negatively affected the composite electrode sensing capability. Figure 7.25(C-D)
shows densely grown nanowires, which featured diameters ranging from 15 nm to
150 nm with lengths up to 5 pm.

The selection of the samples for further detailed characterisation was based on the

highest amperometric response without any significant signal deterioration after
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Figure 7.26: X-ray photoelectron spectra: (A) survey, and detailed spectra of Cu 2p, O 1s and C 1s for
(B-D) Cu spheroids and (E-G) CuO urchins.

saturation. From these results, the samples obtained after annealing at 1000 °C
exhibited the best amperometric signal for both Cu-MS and CuO-U.

The fabricated materials attain features in micro and nanometer scale significantly
influencing their properties. The surface chemistry plays the essential role in
understanding the effects of the functional groups, and, therefore, it was studied
with XPS.

The survey spectra are depicted in Figure 7.26A, which features the presence
of C 1s, O 1s and Cu 2p in both films. Annealing significantly reduced the con-
taminants present in the initial electroplated copper, as seen in Figure 7.15, but

featured an insignificant contribution from Al 2p, originating from the sample
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handling. Figure 7.26(B & E) shows Cu 2p peaks, which are fit into the four
species as previously discussed in Section 7.3.1 omitting a copper sulfate, due to
its decomposition over 650 °C [293]. Comparatively to the initial electroplated
sample, the total contribution of a collected signal after annealing dropped due
to the reduction of the coverage area by copper. In the detailed spectra, Cu-MS
film exhibits predominance from metallic copper, with some presence of CuO
of few top nanometres of Cu-MS by virtue of the rapid oxidation by exposure
to the air; and it is present in such chemical form due to its high stability as an
oxidised specie comparatively to others. In part, CuO-U film shows a significant
reduction in metallic copper and development of high ratio CuO and Cu(OH);
species, expected from the air-rich annealing. Figure 7.26(C & F) shows O 1s peak
for both annealed films, where the peak features two supplementary species to the
laser carbon base spectrum corresponding to the cupric oxide (CuQO) at 529.7 eV
and the cuprous oxide (Cuy0) at 530.3 eV. The oxygen contribution in Cu-MS is
confined only on the laser carbon substrate, with the majority indexed to aliphatic
carboxyl species. In the second annealing recipe with the air introduction, Cu-MS
actively oxidise, featuring a strong increase in CuO peak with nanowire growth.
Moreover, the laser carbon confinement showed a predominant shift to aromatic
carboxyl, suggesting further oxygen evolution and incorporation within graphene
lattice. Figure 7.26(D & G) depicts the detailed spectra collected from C 1s peak
for Cu-MS and CuO-U respectively, and features the presence of the same func-
tional groups as indicated in Section C-3, excluding C—N bond due to the scarce
nitrogen presence. Annealing procedures do not significantly affect the shape, the
elemental composition and species in C 1s. However, the deconvoluted peaks from
the carbon bonds indicate a slight improvement in contribution, and all oxygen
species reduce, indicating further pyrolysis with an improvement of carbonisation
during annealing. Notably, after the oxidation step, the relative contribution from
C=C. C-C/C—H peak slightly reduced with the increase on all oxygen confined
species compared to Cu-MS, suggesting slight oxidation at the dangling bonds
of the laser carbon surface even at the selected temperature regime. The detailed

results after deconvolutions for all spectra are presented in Table CS5.
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Figure 7.27: (A) Diffractograms collected from Cu spheroids and CuO urchins films. (B) Raman
spectrum of CuO urchin film.

Table 7.8: Crystallographic properties of the selected films after Rietveld refinement.

H Interplane distance, A | Crystallite size, nm | Internal strain

002 3.47 .008
Electroplated Cu € (002) ? 0.00
Cu (111) 2.09 178 0.001
C (002) 3.46 12 0.008
Cu-MS
Cu (111) 2.09 265 0.013
C (002) 3.46 12 0.008
CuO-U Cu (111) 2.09 265 0.013
CuyO (111) 2.53 75 0.343
CuO (111) 247 75 0.580

Figure 7.27A depicts XRD reflections collected from Cu-MS and CuO-U com-
posites. After the formation of Cu-MS, the peak composition was not modified,
but the intensity of all peaks slightly dropped, indicating a reduction in the total
acquired signal. CuO-U film exhibits a significant reduction in Cu reflections,
but some new peaks arose corresponding to Cu;O and CuO, matching to JCPDS
#05-0667 and #48-1548 [294], both confirming phase transition of copper to an
oxidised phase. The interplane distances were calculated using Bragg’s law, the
crystallite sizes and the internal stresses for each component were derived after

using Rietveld refinement [295], and the results are listed in Table 7.8. It indicates
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an increase in the internal stress in both oxidised states compared to the remaining
Cu. Notably, Cu,O shells exhibited lower internal stress due to stress-induced
growth of CuO nanowires [285, 291], which can be further reduced by an increase
in the annealing time.

Figure 7.27B shows collected Raman spectrum from CuO urchins on the laser
carbon film. The laser spectrum from LC3 is observed by characteristic D, G, 2D
and D+G bands at 1347 cm ™!, 1589 cm ™!, 2681 cm ™! and 2932 cm™!. Moreover,
the spectrum contains tree additional peaks at 2904 cm™!, 341 cm~! and 627 cm™!
characteristic to CuO [235, 296, 297]. CuO has a monoclinic lattice, belonging
to Cgh space group containing two molecules in the primitive cell. Theoretically
predicted existence of twelve optical phonon modes with symmetries: 4A,, + 5B, +
Ag +2Bg, from which only three Ag + 2B, modes are Raman active. Those modes
correspond to A, at 294cm~! and B, modes at 341 cm™! and 627 cm~!. The
band position is in agreement to the crystallite sizes determined with XRD and
close to the bulk, due to Raman shift at a lower wavenumbers in nanocrystalline
powders [296].

Figure 7.28 shows TEM imaging and collected with SAED of nanowires grown
from CuO-U and neighbouring areas. The projections correspond to a long-range
order in the crystal and presence of two copper oxide phases: cubic CuyO at the
Urchin with a unit cell determined at (4.60 +0.34) A, and monoclinic CuO with
a lattice distance of 2.53 A calculated for the (111) plane. Within top 5 nm of the
Urchin shell, crystallites with layered or random orientation were found, character-
istic for a monoclinic CuO lattice or an intermediate amorphous phase. As is seen
in Figure 7.28C, above 5 nm within the shell, the structure featured an initial cubic
lattice specific to CuyO with a matching unit cell size [285, 291]. At the nucle-
ation site and in the grown nanowire, the crystal structure attained stacked-layer
formation, and further along the length of crystal featured the moiré fringes due to
an overlapping of the different crystal orientations. The core nanowire crystallite
was circularly surrounded by a shell in the same phase. The presence of both oxide

phases supports XRD and matches with the nanowire growth mechanism.
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Figure 7.28: TEM imaging of CuO-U with (A) an overview of the urchin, (B) a magnification on
CuO nanowire and (C) a shell of the microshperoid exhibiting cubic lattice characteristic to Cu,O. (D)
SAED of the CuO nanowire.

Figure 7.28D shows SAED collected from a single nanowire with the electron
beam focused along the [110] orientation with the reflected planes marked ac-
cordingly. SAED pattern confirmed reflections from the sole CuO phase and
exhibited the presence of two crystallographic orientations of CuO with rotational

symmetry.

7.5.3 Sensor Electrochemical Testing

All chemical reactions involved in the transfer chain are presented in Figure 7.29,
showing the oxidation of the electrode from Cu and CuO. In part, the D-glucose

oxidises to D-gluconolactone and further on to gluconic acid [261, 262].
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Figure 7.29: Catalytic oxidation of D-glucose on Cu and CuO (parts adopted from Ref. [298]).

Composite films of Cu-MS and CuO-U were further utilised in the enzyme-free
glucose biosensors. The highest effectiveness of the sensors is typically achieved
by a functional electrical current detection at the lowest potential. Enzyme-free
glucose sensors rely on the glucose oxidation at selected overpotential induced
by an electron transfer during substrate oxidation [261, 274, 277]. In order to
determine optimal operating conditions of the electrode, electrochemical testing
is required to determine an oxidation overpotential evolution in the presence of
the electrolyte and mixture with the analyte (glucose).

Figure 7.30(A & B) shows cyclic voltammograms from the annealed films (Cu-
MS and CuO-U) within the potential range —0.8 V to 0.8 V. The electrochemical
measurements were independently performed in the initial alkaline electrolyte,
the presence and absence of 1 mM glucose. The selected electrolyte provided a
charge transfer during the glucose sensing and showed some influence of the
concentration of NaOH in the amperometric signal but without any significant

contribution above 100 mM, which was chosen as a standard concentration for the
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solution in tests [261]. Figure 7.30A shows the oxidation peaks in Cu-MS, which
were observed at —0.32V and —0.10V, and can be attributed to the evolution
of Cu® to Cu'* (Cu,0) and from Cu® and Cu'* to Cu®* (CuO), respectively.
The reduction peak was observed at —0.54 V and —0.74 V, corresponding to the
transition from Cu* to Cu'* and then to Cu” [298-300]. Mixture of the electrolyte
with glucose resulted in a decrease in the intensities of all the peaks, and a shift
of the oxidation peak to —0.23 V, which was due to the transition from Ccu to
Cu'* [70, 298, 299].
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Figure 7.30: The full scan cyclic voltammograms in presence and absence of the glucose on (A)
Cu-MS and (B) CuO-U. The oxidation current density at 0.5V on the speed of scanning rate on
(C) Cu-MS and (D) CuO-U. In insets a derived oxidation rate at 0.5 V for each respective film (part
adopted from [70]).
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Figure 7.30B shows cyclic voltammograms from CuO-U/laser carbon composite.
Here, the oxidation peaks were observed at —0.02 V and 0.05 V, attributing to the
transition from Cu'* to Cu”* and from Cu?* to Cu’*, respectively. The reduction
current featured peaks at 0.35V and —0.60 V, which promoted by transition to
multiple copper groups from Cu** to Cu?* and from Cu’* to Cu'*, respectively.
After mixture with glucose, the signal response is improved over 0.2V and —0.3V,
corresponding to oxidation and reduction responsible for the transition of Cu**
and Cu®*,

As the glucose molecules yield an oxidative behaviour on the electrodes, the
oxidation current is characterised in detail to evaluate a sensing behaviour and
presented in Figure 7.30(C & D). The oxidation peak current increased with an
increase in the scanning rate for both the electrodes due to fast oxygen transfer to
the working electrode, promoting an uncompensated solution ohmic drop [111].
Insets of Figure 7.30(C & D) show an increase of the oxidation current proportional
to the square root of the scanning rate, which follows a linear law, corresponding
only to diffusive behaviour in the electrocatalytic glucose oxidation, which is
advantageous for amperometric sensing [299]. However, Cu-MS film exhibited a
steeper slope, supporting the improved oxidation rate from Cu® compared to the
CuO counterpart.

Due to the importance of the oxidative current in the amperometric sensing, the
CV was repeated only at the oxidation voltage, and it is shown in Figure 7.31.
There, it is emphasised the significantly superior performance of both Cu-MS
and CuO-U films comparatively to laser carbon and the supporting copper tape.
With the presence of 1 mM glucose in the electrolyte, the total area of the CV
curve and the peak current increased for all the studied films. Notably, after three
repetitions, the oxidative current from Cu-MS showed a higher response in the
presence of glucose, which corresponds to the development of the oxidised layer
and its response to the overpotential. Therefore, the potential at 0.5 V was selected
due to a significant improvement of the current response in the CV was observed
for the CuO film in the presence of glucose. Among all tested specimens, CuO-U

electrode exhibited the highest sensitivity due to superior electron transfer for
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Figure 7.31: CV comparison of the selected composites and the reference films in presence and
absence of the glucose in the electrolyte.

the material at the selected overpotential [261], supported by a nanostructured
morphology. Both tested films exhibit improved response in the presence of
glucose compared to the reference solution with the overpotential above 0.4 V.

Thus, the overpotential was selected at 0.5 V for further real-time amperometric

tests.
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Figure 7.32: (A) Amperometric response by increasing of the glucose concentration in 100 mm NaOH
electrolyte and (B) the extracted calibration curves of a current response on the glucose concentration.
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Figure 7.32A shows amperometry response of the Cu-MS and CuO-U electrodes,
after consequent injection of different glucose molarity starting from 10nM to
10mM in the 100 mM NaOH electrolyte. For comparison, the amperometric re-
sponse of the laser carbon film and the supporting copper tape is also presented,
each of which exhibited only a minor contribution to the total signal during the
measurement. The calibration curves for both test samples are plotted in Fig-
ure 7.32B, and follow a linear dependency on the glucose concentration up to
3 mM. Particularly, the CuO-U electrode exhibited a more uniform step-like signal
at low concentration and featured the current density saturation at a glucose con-
centration over 10 mM. The linear range of the amperometric response for both
films was fit from 1 uM to 3 mMm, with an R? 0f 0.9996 and 0.9982 for the CuO-U
and the Cu-MS, respectively. The non-linear (hyperbolic) function as well can
be used for fitting improvement for concentrations starting from minimal at 1 um
and allows the sensitivity range extension to 10 mM. The sensitivity of the CuO-U
and the Cu-MS electrodes was 0.25mAcm 2mM ! and 0.32mAcm 2mm !,
respectively, whereas the lower limit of detection (LOD) of these electrodes was
1.74 uM and 7.56 uM, respectively. Some increase in amperometric signal was
observed after the glucose injection of 100 nM, but caused by high signal-to-noise
ratio cannot reliably be derived. Thus, the fitting was initiated from 1 um.

Both tested composite electrodes exhibited similar performance in terms of linear
range and sensitivity, but suffered from thehigher LOD of glucose when compared
to the carbon-based glucose sensors reported by other authors, as shown in Ta-
ble 7.9. Such discrepancy is promoted by a reduction in the detection potential
and reduction of the current and the electrode oxidation rate.

CuO-U film exhibits the presence of the majority Cu>* oxide species and shows
their retention after the amperometry tests, with minor chemical modification,
as it was priorly observed via CV tests. Moreover, CuO urchins show strong
adhesion to LC substrate providing robustness under mechanical strain. During
the amperometric test, only the soluble hydroxyl species are adsorbed on CuO-U,
thus the film can be reused after rinsing in the DI water [261]. These features

facilitated the selection of this film for further multiple repetitions test, with rinsing
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Figure 7.33: Amperometric signal reduction after multiple uses.

in the DI water after each cycle. Figure 7.33D shows the amperometric response
retention after multiple repetitions, where the signal shows deviation within 15 %
after five cycles.

The surface morphology and chemistry after the last amperometric measurement
was studied with SEM depicted in Figure 7.34. The population of the Cu-MS and
the CuO-U microparticles decreased ~7 % and ~15 %, respectively. In particular,

Table 7.9: Comparison of flexible and carbon based glucose sensors

Electrode ‘ Detection potential, V ‘ Sensitivity, mAcm~2mM ! ‘ Linear range, mM | LOD, um Ref.
Cu-MS/LC 0.50 0.25 0.001-3.3 1.75 This work
CuO-U/LC 0.50 0.32 0.001-3.3 7.56 This work

CuO-U/LC (bent) 0.50 0.13 0.01-0.3 5.54 This work
CuO/graphene 0.55 1.36 0.002-4 0.70 [270]
Cu nanowire/graphene 0.60 1.10 0.005-6 1.60 [271]
CuO/MWCNT 0.55 2.19 0.001-3 0.80 [272]
CuO NW/SWCNT 0.60 2.19 0.001-0.034 0.05 [273]
Naflon/CuO/GC 0.60 0.41 0.05-2.55 1.00 [274]
Cu/Mn0O,/GC 0.70 0.38 0.25-1.02 0.10 [275]
Pt-NiO/rGO/GC 0.50 0.83 0.008-14.5 2.67 [276]
Ni-SnOx/PANI/CuO 0.65 1.63;1.33 0.001-1; 1-10 0.13 [282]
GOx/PtNP/LC 0.40 0.07 0.001-2.1 0.30 [253]
Cu NP/LC 0.50 0.50 0.01-6 0.39 [268]
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Figure 7.35: (A) Surface chemical composition determined with EDX before and after amperometric
test. (B) Derived Cu/O ration from chemical composition.

the nanometric features, nanowires and particles, from both substrates almost
completely detached after the amperometric testing. Due to such reduction, the

copper chemical composition significantly dropped in both cases, as depicted in
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Figure 7.35A. The substrate does not feature significant oxidation, and most of
the oxygen is bonded with the microparticles. Figure 7.35B features estimation
of the copper to the oxygen ratio showing a significantly faster oxidation rate for
Cu-MS rate. The revealing of the rough CuO-U surface with the reduced nanowire
presence and underlying microparticles is still sufficient to provide the adequate
oxidation rate for amperometric signal within relatively close limits and show
signal deterioration ~5 % after each cycle. Despite EDX showing a significant
change in the Cu/O ratio, we speculate that the surface remains predominately
in CuO phase, due to depth penetration of the electron beam within microns, the
contribution from the core Cu,O. During the amperometric test, only the soluble
hydroxyl species were adsorbed on CuO-U, thus the electrode could be reused
after their removal by rinsing with DI water [261].

Such a low-cost glucose sensor was additionally tested after flexing at £90°,
and presented in Figure 7.36. However, it suffered from significant deterioration
of the signal at low concentration and exhibited signal response from 10 um to
~20mM, which was fit with Michaelis—Menten function, characteristic to the
catalytic systems [301]. The linear range was observed between 10 uM to 300 uM,
with signal reaching saturation and attributing reduction of the sensitivity to

0.13mAcm—>mm~". All these changes can be attributed to the reduction of the
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Figure 7.36: (A) Amperometric response performed after film bending +90° with (B) the calibration
curves of a current response on the glucose concentration. Parts are taken from Ref. [70]
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Figure 7.37: Amperometric response of the composite films by consecutive adding 1 mM of each the
indicated analytes.

sensing area and poor electrical connection between the electrode and electroplated
copper. Although the amperometric response deteriorated in sensitivity and LOD
in the bent state, the fabricated material remained in line with other flexible glucose
sensors as indicated in Table 7.9.

The glucose detection in the blood and the sweat requires selectivity in sensing
due to other interfering endogenous compounds such as urea, uric acid, acetic
acid, other sugars (sucrose, fructose), which could constrain the functionality of
the enzyme-free sensors [261]. As it is shown in Figure 7.37, no signal was de-
tected in the presence of the other analytes, but Cu-MS responses to sucrose. Such
response attenuates to the baseline level after ~1000 s, and further do not show
any significant contribution after multiple sucrose additions. The activity to the
sucrose occurs due to oxidation of the micro and nanostructured copper [302].
There, the sucrose hydrolyses to fructose and glucose in the presence of an al-
kaline electrolyte, further promoting the generation of the gluconic acid through
a similar reaction chain. The involved reaction with sucrose is shown in Fig-
ure C1. The additional electrochemical testing with sucrose on both substrates is
depicted in Figure C2. At the selected potential, only Cu-MS indicate an increase
in amperometric signal, whereas CuO-U is active only in the presence of glucose.
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Thus, Cu-MS was selected for the detailed amperometric study in the presence of
sucrose, and it is shown in Figure C3.

7.6 Summary

Polyaramid showed good laser-induced carbonisation as independent fibres and
embedded rolled sheets mixed with cellulose, which can be rendered in arbitrary
planar shapes. The fabrication demonstrates the tunability of the properties through
variations of pulse distances and irradiation sequences. The two best recipes were
indicated, yielding a flexible carbon-rich film with low sheet resistance or a robust
film with the constrained bendability but significantly lower electrical resistance
due to presence of a metastable rhombohedral phase firstly demonstrated through
LIC. The further copper electroplating makes this composite a viable option in
the multiple fields.

These composite films were successfully used for the antibacterial coatings, in
particular against E. coli and B. subtilis. While the copper film itself showed the
elimination of countable colonies after the initial exposition of its carbon precursor
significantly decreased the growth rate of E. coli and the overall amount of colonies
of B. subtilis. The porosity and the surface activity of the prepared laser carbon
films with this recipe, in conjunction with the delivered thin copper layers, is
suitable for the use as disposable antimicrobial surfaces, but also flexible sensing
electronics, molecular sieves, catalysis, could potentially serve as a hydrogen
storage platform.

The second recipe was utilised as a substrate for the growth of the copper and
copper oxide composites filled with micro and nanostructured features, suitable for
enzyme-free glucose detection. The kinetics in the formation of such structures on
laser carbon was elucidated, and their properties were vigorously analysed. Both
electrode types exhibited amperometric activity in the presence of glucose with
a superior sensitivity compared to other carbon-based glucose sensor materials.
The sensitivity of the Cu-MS and the CuO-U electrodes was 0.25 mAcm™>mM !

and 0.32mAcm2mM~! respectively within a linear range between 1 um and

165



7 Laser-Induced Carbonisation of Nomex

~3.3mM. The limit of detection was estimated at 1.75 uM and 7.56 uM for the
Cu-MS and CuO-U electrode, respectively, which is in line with other carbon-
based glucose sensors. Furthermore, the fabricated electrodes exhibited excellent
selectivity towards the glucose. However, the Cu-MS electrode also exhibited
some sensing activity in the sucrose presence. The composite electrodes were
also flexible and retained their sensing capabilities after the multiple bending
repetitions. The saturation sensitivity of the electrodes was determined at ~300 pM,
which requires further improvement for a viable device. These fabricated substrates
are suitable for the personalised, flexible point-of-care glucose monitoring and the

determination of sugar concentration in the food industry.
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The main questions set in introduction of this thesis is searching the effective
technologies and materials suitable for point of care devices to timely medical
monitoring addressed by the Internet of Things via flexible electronics. The main
criteria are set as follows: ease of production, accessibility, abundance of substrates
and materials, and low-cost of complete manufacturing process for the extensive
application in technological cycle. Here, those challenges are elaborated, and the
potential in future work is discussed.

The laser-induced carbonisation (pyrolysis) has been manifested as a one-step
fabrication technology through the direct native polymer processing in controlled
or ambient environment. Multiple precursors exhibit a tendency for such phase
transformation, among which Kapton, Nomex, Kevlar were the best, and more
over established in the abundant manufacturing chains. Due to the large production
scale and high customer demand, the average cost for these precursors is estimated
to be below at 5 € for a square meter of the film. Moreover, the newly developed
mixtures with naturally occurring bio-polymers show potential in LIC with similar
properties opening a niche for environmentally friendly manufacturing.

The laser processing duration significantly reduces the production time compared
to thermal bulk pyrolysis, additionally sustained by fabrication in the ambient con-
ditions instead of specifically supported inert environment. The rasterisation with
different shapes directly incorporated within a flexible precursor matrix provides
a significant benefit for the final device fabrication and avoids any additional steps
in transferring to the carrier substrate. Driven by these factors, the manufacturing
process is shown capable of scaling up into the semi-industrial and the industrial

levels within the roll-to-roll machines.
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In addition to the advantages mentioned above, the fabricated with LIC films
attain the quality comparable to the glassy carbon or even exceeding it due to
the extreme high temperatures involved in the process. However, the specific
electrical conductivity remains a challenge due to the high film porosity. Addition-
ally, stoichiometry and chemical reactivity are controllable by selecting multiple
parameters: the wavelength, due to the absorption capability of each precursor
in the selected radiation regions, and the processing parameters, such as power,
fluence, and pulse duration, and the working environments. Separate research on
these aspects was already laid out, but it requires more systematic analysis to
precisely estimate the controllable film characteristics. Additionally, the phase
transformation model should expand and approximate all possible contributions
for the film properties.

All these factors appeal to confirm the great potential of the LIC produced carbon-
rich films for the industrial use and set a route for utilisation in IoT sensors.
They have already shown multiple prospective applications in force and stress
sensors, humidity detectors, magnetic actuators and supercapacitors. However,
the strongest side of the laser carbon films resides in the chemical detection due
to the present functional groups and high surface to volume ratio. The specific
analytes can be triggered by influencing functional markers on the laser carbon
substrate, in some cases native or easily adhered to the substrate. This would allow
large scale manufacturing of passive and active sensors for the long-term health
monitoring and assessing possible risks.

From this range of tasks, the LIC was selectively tested for Kapton and Nomex,
the thermal model was applied for the intrinsic processing parameters estimation
at the selected wavelength and the pulse duration. The thermal model allowed the
estimation of the temperature range for the wide thickness range. The simulation
was modified with the transitional temperatures to the glassy carbon and graphite
at selected regimes. This model showed good corroboration with the observed
physical and chemical properties of the films and allowed a better understanding

of the processes. It requires further modification for estimation of the expulsion
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jet flux and built-up pressures for more precise morphological structure, which
can further help approximate the intrinsic properties.

Utilising the potential of chemical surface activity of Kapton film, the composite
enzymatic chitosan/laser carbon Urea sensor was built. This sensor can be easily
and quickly prepared showing the great potential for storage in low-maintaining
controlled conditions, and is used for passive Urea sensing. The detection limit is
set at ~100 uM, which is twofold below the human risk limit. Further conjugation
with other enzymes could allow the active analyte detection. Nevertheless, the
composite preparation with chitosan shows a great potential in the wide range of
enzymatic sensors and microchannels with the predefined shapes by rasterisation
patterns.

Nomex was selected as an alternative precursor and showed a greater specificity
in fabrication due to the weaker monomer bonds and less dense packing. De-
spite these constraints, specific parameters were selected for fabrication of the
conductive tracks serving as a seed layer for the plating of copper, which signifi-
cantly improved the electrical conductivity, and at the specific plating regime at
30mA cm~2 for 300 s allowed balanced preparation of the flexible film, featuring
retention after the multiple bending cycles. Such films were utilised for antibacte-
rial coatings and showed properties comparable with the native metals, despite
being a few microns thick. More rigid laser carbon films attributed properties sig-
nificantly closer to the highly graphitised carbon from polymer precursors. They
served as the great composite substrate for seeding with copper/copper oxide nano
and microstructures after a specific annealing regime. These composites were used
for enzyme-free glucose sensing, and both types showed detection limits <10 uMm,
which is twofold below the required detection limit from urine, saliva, sweat and
blood for prevention of the health risks for diabetes patients.

The LIC provides a great possibility in the analytes’ localised detection, particu-
larly due to the scalable and controllable fabrication of several micron-thick tracks.
To date, these approaches can allow the incorporated test systems preparation for
analytes like glucose, urea, hydrogen peroxide, thrombin, biogenic amines, spe-

cific changes in nucleic acids, acetylcholinesterase inhibitors and excess antibiotic
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contaminants like chloramphenicol. Moreover, the preparation techniques allow
simultaneous monitoring from a volume of nanoliters within microfluidic cells,

multielectrode arrays and directly alert the patients medical risks.
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loT

IR
LASER
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Binding energy

Backscattered electrons
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A Thermal Simulation of Laser Pulse

A-1 Precursors Exhibiting Laser-Induced Carbonisation

Table A1: List of Precursors for Laser-Induced Carbonisation.

Commercial Name Chemical Class Thermal Conductivity, Wm~'K~! | Specific Heat, Jg~' K~!

Chlorinated polyvinyl chloride 0.16 0.9

Kapton Polyimide 0.12 1.09

Kevlar Para-aramid 0.04 1.42

Nomex Meta-aramid 0.12 1.26

Polybenzimidazole 0.36 1.13

Polyether ether ketone 0.25 1.34

(Chloromethyl)polystyrene 0.1 1.2

Polyphenylene sulfide 0.27 1.25
Torlon Polyamide-imide 0.36 1
Ultem Polyetherimide 0.22 2
Ultrason Polysulfone 0.18 1

A-2 MATLAB Codes for the Thermal Simulation

Listing A.1: Standard thermal simulation.

function DM = DyerModel (PO, vO, r, t)

The interpretation of the model desribed by [Dyer2005].
r - the depth of the measurement in the simulation, [m];
t - time duration of the simulation, [s];

P_0 - input power, [%];

de de de oo oo

v_0 - speed of the raster scan, [%]

oo

% Definition of the parameters and constants
LaserRad = 60e-6; % Laser spot radius, [m]
nu = v0*1.27%1000/2.54; % Frequency of the pulse, [s-1]
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A Thermal Simulation of Laser Pulse

tp = P0/100/(v0*1.27/100%1000/2.54%100); % Pulse duration, [s]
Fl_peak = 40 * tp /(pi*LaserRad~2)/exp(1); $Peak laser fluence, [J/m2]

R = 0.05; % Reflection coefficient

% Absorption coefficient at 10.6 um radiation for Kapton, [cm-1]
AbsCoef = 149;

rho = 1420; $ Density of Kapton, [kg m-3]

specificHeat = 1090; % Specific heat of Kapton, [J kg-1 K-1]
thermCond = 0.12; $ Thermal conductivity of Kapton, [W m-1 K-1]
kappa = thermCond/rho/specificHeat; $ Thermal diffusivity, [m2 s-1]

%% Start of the function

% The pulse overlap, [%]
chI = [1.0000 0.7325 0.4776 0.2497 0.0704];
T = 0; % Initial temperature, [K]

%% Iterations on the number of pulses
for i_n = 0 : (5-1)

tm = i_n/nu : (t/5/1e3) : t;
TO = Fl_peak*chI(i_n+1)*(1-R)*AbsCoef
*100/(specificHeat*rho);

T1 = TO* (exp(-r~2 ./(4xkappa.*(tm - i_n/nu)
+ LaserRad~2)))./(4*kappa.*(tm - i_n/nu)./LaserRad~2 + 1);
if T == 0
T = 0; tf = tm;
else Tl = [zeros(1l,(numel(T) - length(T1))) Ti]l;
end
T =T + T1;

end
%% Storing the values

DM = [ones(length(T),1)*Fl_peak tf’> T’];
plot (DM (:,2),DM(:,3))
xlabel ’Time, s’

ylabel ’Temperature, K’

filename2 = [ ’DK_PO_’ num2str (floor (PO)) ’_vO_’ num2str (floor(v0))
>_r_’ num2str (floor(r)) ’um’ ’_t_’ num2str(floor(t*1e3)) ’ms’];
print (filename2,’-dpng’);

end

A-2




20

25

30

35

40

A-2 MATLAB Codes for the Thermal Simulation

Listing A.2: Updated thermal simulation with the physico-chemical properties switch.

function DM = DyerModelGRF_FP(F1_I, PO, r, t)
The updated simulation model described by [Dyer2005].

de o

During the procedure after reaching threshold temperature,
implemented switch to the glassy carbon properties with
temperature over 823 [K] (550 [C]) and to graphite with
temperature over 1773 [K] (1500 [C])

% F1_I - the input fluence, [J/cm2];

de o

oe

% r - the depth of the measurement in the simulation, [m];
% t - the time duration of simulation, [s];
% P_0 - input power, [%]; v_0 - speed of the raster scan, [%]

%% Definition of the parameters and constants

LaserRad = 60e-6; $Laser spot radius, [m]

% Redifining speed from set Fluence

F10 = Fl_I*led4; % transfer of fluence to SI, [J/m2]

tp = F10 /(40 /(pix*LaserRad~2)/exp(1)); ¢ Pulse duration, [s]
vO0 (P0/100/(tp*1.27/100%1000/2.54%100)); % speed of the head,

R = 0.05; $%reflection coefficient

% Kapton properties

[%]

Absorption coefficient at 10.6 um radiation for Kapton, [cm-1]

AbsCoef = 149;

rho = 1420; % density of Kapton, [kg/m"3]

specificHeat = 1090; % specific heat of Kapton, [J kg-1 K-1]
thermCond = 0.12; % Thermal conductivity of Kapton, [W m-1 K-1]

kappa = thermCond/rho/specificHeat; % Thermal diffusivity, [m2 s-1]

% Glassy carbon properties

Absorption coefficient at 10.6 um radiation for graphite, [cm-1]

AbsCoefGC = 15412;

rhoGC = 1485; $ density of GC, [kg/m"3]

specificHeatGC = 715; 3% specific heat of GC, [J kg-1 K-1]
thermCondGC = 6.6; % Thermal conductivity of GC, [W m-1 K-1]
$ Thermal diffusivity of GC, [m2 s-1]

kappaGC = thermCondGC/rhoGC/specificHeatGC;

% Graphite properties

AbsCoefG = 15412;
rhoG = 1888.5; % density of graphite, [kg/m"3]

o

% Absorption coefficient at 10.6 um radiation for graphite, [cm-1]

specificHeatG = 726.19; % specific heat of graphite, [J kg-1 K-1]
thermCondG = 133.02; $ Thermal conductivity of graphite, [W m-1 K-1]

3

% Thermal diffusivity of graphite, [m2 s-1]
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kappaG = thermCondG/rhoG/specificHeatG;

%% Start of the function

chI = [1.0000 0.7325 0.4776 0.2497 0.0704];
% The pulse overlap, [%]
T = 0;

%% Iterations on the number of pulses
for i_n = 0 : (5-1)
%Initital temperatire at r =0 with changing fluence after each

Spulse

tm = i_n/nu : (t/5/1e3) : t;
TO = F10*chI(i_n+1)*(1-R)*AbsCoef*100/(specificHeat*rho);
Ti = TOx (exp(-r~2 ./(4*kappa.*(tm - i_n/nu) + LaserRad~2)))./
(4*kappa.*(tm - i_n/nu)./LaserRad~2 + 1);
GFEANTE==0
T = 0; tf = tm;
else Tl = [zeros(1l,(numel(T) - length(T1))) T1i];
end
T = T + T1;
% Switches to GC and Graphite
if max(T) >= 823
AbsCoef = AbsCoefGC;
rho = rhoGC;
specificHeat = specificHeatGC;
thermCond = thermCondGC;
kappa = kappaGC;
end

if max(T) >= 1773
AbsCoef = AbsCoefG;
rho = rhoG;
specificHeat = specificHeatG;
thermCond = thermCondG;
kappa = kappaG;

end

%% Storing the values

DM = [ones(length(T) ,1)*F10 tf’> T’];
plot (DM(:,2),DM(:,3))

xlabel ’Time, s’
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ylabel ’Temperature, K’

end

Listing A.3: The script of input parameters variation.

function SPFiKGC = scriptGC_POF1l0ro0

$Script to run multiple iterations for variation of the power,
% fluence and thickness

oo

% Input constant parameters

t = 0.75e-1; % time duration of the simulation, [s];

% 0.75e-1 optimised for cooling to the room temperature

% r - the depth increment of the measurement in the simulation, [m]
r_inc = le-6;

PO_max = 20; $%maximal power, [%]

PO_inc = 0.05; $%increment in power, [%]

Fl_max = 10; $%maximal fleunce, [J/cm2]

Fl_inc = 0.05; %increment fleunce, [J/cm2]

SPFiKGC = zeros (((Fl_max/Fl_inc)-1)*((Fl_max/Fl_inc)-1),
4xfloor (126e-6/r_inc)); % Zero array to store the output values

r_ind = 0; $ indexing for width by the array
PFl_ind = 0; $%indexing for length of the array

%% Loops for iteration of the power [%], the fluence [J cm-2],
% and the thickness of the measurement, [um]
for r = 0 : r_inc : 125e-6

for PO = 1 : Fl_inc : PO_max
for F10 = 1 : PO_inc : Fl_max

PFl_ind = PFl_ind +1; $%counter

DM = DyerModelGCRF_FP(F10, PO, r, t);
Fl = max(DM(:,1))*1le-4; % Fluence at selected parameters, [J/cm2]
TMax = max(DM(:,3)); % maximal temperature, [K].

SPFiKGC(PFl_ind, r_ind+1) = F1;
SPFiKGC(PFl_ind, r_ind+2) = PO;
SPFiKGC (PFl_ind, r_ind+3) = r;
SPFiKGC(PFl_ind, r_ind+4) = TMax;
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end
end
r_ind = r_ind +4; $%counter

PFl_ind = 0; %indexing for length of the array
end

end

Listing A.4: The extraction and export of computed values.

nSPFiK = [];

cSPFiK=size (SPFiK ,2)/4 - 1;

for i = 0:cSPFiK
nM = [SPFiK(:,i*4+1) SPFiK(:,i*4+2) SPFiK(:,i*4+3) SPFiK(:,ix*4+4)];
nSPFiK = [nSPFiK; nM];

end

writematrix (SPFiK, 01 _ResultK.csv’)

A-3 FTIR Analysis of Kapton Films

A-6




A-4 Thermal Model on Glassy Carbon, Graphite and Kapton

Table A2: The characteristic vibrations in the polyimide. [194, 199, 202]

Group Chemical bond Wavenumber (cm ')
Initial film | 2.47/em? | 2.67/cm? | 3.37/cm?

C—-N-C in-plane bending 568 568 568 568

2, C—N-C out-of-plane bending 721 722 722 722
£ Imide C—N-C transverse stretching 1112 1112 1112 1112
3 C-N-C axial stretching 1374 1372 1374 1374
= C=0 out-of-phase stretching 1711 1711 1711 1711
C=0 in-phase stretching 1775 1775 1775 1775
CgHa 1014 1014 1012 1012

CeHa 1087 1087 1089 1087
§ CeH3 1166 1166 1166 1166

§0 CeH3 1288 1288 1288 1288

‘S CeHa 1305 1305 1305 1307

2 CeHs 1497 1497 1497 1497
g CeHa 1599 1599 1599 1599
'é CeH3 604 604 604 604
g ) CeHa 704 704 704 704
<% CeHa 774 775 774 775
; CeHy 799 799 799 799

= CesHy 815 816 816 816

$ CeH3 881 881 881 881

é CeH3 918 916 916 918
CgHsy 937 939 939 939

E C-0-C out-of-phase stretching 1239 1238 1238 1238
o CH; in-plane bending 1455 1455 1455 1455

A-4 Thermal Model on Glassy Carbon, Graphite and
Kapton
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Figure A1: The ternary diagram of simulated maximal temperature on the fluence, the applied power
and the distance from the beam centre for (A) glassy carbon and (B) graphite.

Fluence (J/cm?)

Figure A2: The ternary diagram of simulated maximal temperature on the fluence, the applied power
and the distance from the beam centre for modified Kapton after consecutive phase transformations to
glassy carbon and graphite.
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B Kapton Laser-induced Carbonisation

B-1 Laser Carbon Surface Morphology
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Figure B1: The surface morphology of the laser carbon fabricated in air correlated to used fluence and
power.
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Figure B2: The surface morphology of the laser carbon fabricated under nitrogen flow correlated to
used fluence and power.
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B Kapton Laser-induced Carbon

Table B2: Deconvolution of XPS peaks C 15, N Is and O Is for five selected samples prepared under nitrogen flow.

BE (eV) | FWHM (eV) | Area, % || BE (eV) | FWHM (eV) | Area, %

1

2

3

4

BE (eV) | FWHM (eV) | Area, % || BE (eV) | FWHM (eV) | Area, %

BE (eV) | FWHM (eV) | Area, %

5

Fabricated in nitrogen

Cls
c=C 284.1 13 40.3 284.2 1.7 23.0 284.0 13 41.8 284.0 1.3 27.1 284.0 13 223
C-C/C-H 285.0 1.9 43.5 284.9 2.0 35.6 285.0 20 41.1 285.0 2.3 54.1 285.8 23 59.0
C-N 285.7 1.7 3.0 285.5 1.3 35 285.7 13 35 285.7 2 4.5 285.7 1.7 3.5
C-0,C-0-C 286.4 13 5.0 286.0 1.5 4.3 286.4 13 43 286.4 1.6 59 286.4 1.5 55
C=0 287.5 13 4.0 287.2 1.6 4.3 287.5 1.5 43 287.5 1.4 4.0 287.5 13 3.64
0-C=0 288.7 1.6 20 288.7 1.5 33 288.7 1.9 33 288.7 1.7 2.7 288.7 15 27
Shake-up 290.0 25 1.0 291.5 1.3 1.7 290.6 2.0 1.7 290.0 2.5 1.7 290.2 25 24
Nls
N6 398.2 1.7 3.0 398.8 1.7 14.8 398.8 1.4 9.4 398.8 1.6 30.2 398.8 1.5 9.1
Amide - - - 399.4 1.3 25 399.4 1.3 7.5 399.4 1.3 9.6 399.4 13 12.1
N5 400.2 1.7 61.2 400.2 19 49.5 400.2 1.7 54.7 400.2 17 457 400.2 1.7 54.7
NQ 401.6 1.7 32.0 401.8 1.8 31.7 401.5 1.7 27.5 401.8 1.7 14.1 401.4 1.7 23.4
NX 404.1 1.7 4.0 404.1 1.8 15 404.1 1.7 1.0 404.1 1.3 0.3 404.1 1.7 0.7
Ols
C=0 (aromatic) 530.8 1.7 4.1 530.9 1.3 7.0 530.7 1.7 14.8 530.7 1.7 85 530.7 1.7 13.7
Amide - - - 5313 1.3 1.6 531.4 1.4 39 531.4 1.3 4.4 531.4 13 53
C=0 (aliphatic) 5320 1.7 29.11 532.0 L7 428 5322 1.7 38.9 5322 1.7 36.7 532.1 1.7 420
C-O-C (aromatic) 533.0 1.5 21.5 533.0 1.3 15.0 533.1 1.6 24.0 533.1 1.3 14.1 533.1 1.5 23.1
C-0 5340 20 453 534.0 2.0 33.6 5340 2.0 18.3 534.0 2.0 36.3 5340 1.8 15.88
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C Nomex Laser-Induced Carbonisation

C-1 XPS Deconvolution

Table C1: Deconvolution of the detailed XPS spectra from Nomex derived laser carbon.

Specie ‘ LC ‘ LCin N, H Specie ‘ LC ‘ LCin N,
Cls
Position, eV 284.6 284.6 285.6 -
FWHM, eV | C=C,C-C/C-H 1.4 1.4 C-N 1.4 -
Area, % 65.0 68.4 5.4 —
Position, eV 286.1 286.1 287.6 287.2
FWHM, eV C-0 1.7 1.4 C=0 1.6 1.5
Area, % 152 13.7 5.4 8.5
Position, eV 288.9 288.7 291.0 291.0
FWHM, eV 0-C=0 1.9 1.9 Shake up 2.3 24
Area, % 52 4.8 3.7 4.6
Ols
Position, eV 531.0 530.7 531.0 -
FWHM, eV C=0 (ar) 1.6 1.9 Amide 2.0 -
Area, % 28.3 15.6 22.7 —
Position, eV 532.8 5323 5342 534.1
FWHM, eV C=0 (al) 1.8 2.0 C-OH 1.7 2.0
Area, % 16.7 48.6 16.8 35.8
N l1s
Position, eV 398.8 398.5 399.8 400.2
FWHM, eV N-6 1.6 1.5 N-5 1.7 1.6
Area, % 37.5 20.3 44.6 25.5
Position, eV 401.8 401.6 404.2 404.1
FWHM, eV N-Q 1.9 2.0 N-Oy 1.9 1.7
Area, % 139 36.0 4.1 17.2




C Nomex Laser-Induced Carbonisation

C-2 Size Distribution after Copper Electroplating and
Annealing

Table C2: The microspheroids size in Cu-MS films with the variation in copper electroplating time of
the precursor film at 1100 °C.

Electroplating time,min ‘ Microspheroid diameter, um

25 \ 71418
50 \ 56+1.3
10 \ 6.6+1.3
0.840.3
20 10242.6
36.0+14.3

Table C3: Size of microspheroids in Cu-MS films after 10 min electroplating annealed at different
temperatures.

Annealing temperature,°C ‘ Microspheroid diameter, um

800 \ _
900 -
0.35+0.12
1000 7354147
16.79 4+ 7.46
0.8+0.3
1100 102+2.6
36.0+ 143




C-3 XPS Deconvolution after Copper Electroplating and Annealing

Table C4: Size of micro-urchins in CuO-U films after 10 min electroplating annealed at different
temperatures.

Annealing temperature,°C ‘ Microspheroid diameter, um

800 \ -
900 \ -
824264
1000 8.82:£26
17.87 4+5.96
1.124+0.44
1100
16.82+7.54

C-3 XPS Deconvolution after Copper Electroplating and
Annealing



C Nomex Laser-Induced Carbonisation

Cc4

Table C5: Deconvolution of detailed XPS spectra in each spectral line.

Specie | | Electroplated Cu | Cu spheroids | CuO urchins
Cls
Position, eV 284.6 284.6 284.6
C=C.C-C/C~H | FWHM, eV 15 14 15
Area, % 713 774 732
Position, eV 2857 - -
C-N FWHM, eV 15 - -
Area, % 16 - -
Position, eV 286.3 286.1 286.0
c-0 FWHM, eV 14 15 16
Area, % 17 136 137
Position, eV 2875 287.2 287.5
c=0 FWHM, eV 1.8 13 17
Area, % 48 39 69
Position, eV 288.7 288.7 288.7
0-C=0 FWHM, eV 19 16 19
Area, % 438 23 33
Position, eV 215 290.5 291.0
Shake up FWHM, eV 17 24 25
Area, % 59 27 29
Ols
Position, eV 5295 529.8 529.8
Cuo FWHM, eV 14 20 13
Area, % 12,6 46 38.1
Position, eV 530.4 530.4 530.2
Cu0 FWHM, eV 20 20 13
Area, % 330 46 49
Position, eV 530.9 530.9 530.9
C=0 () FWHM, eV 14 13 20
Area, % 319 75 230
Position, eV 532.1 5322 5321
C=0 (@l FWHM, eV 18 16 19
Area, % 200 69.4 292
Position, eV 5343 5337 5342
C-OH FWHM, eV 17 18 20
Area, % 25 139 50
Cu2p
Position, eV 9324 9324 9327
Cu FWHM, eV 18 18 18
Area, % 305 277 638
Position, eV 9322 9322 932.9
Cu0 FWHM, eV 13 13 18
Area, % 199 164 168
Position, ¢V 9332 934.0 934.1
cuo FWHM, eV 30 29 23
Area, % 17.7 273 424
Position, eV 935.4 935.4 935.7
Cu(OH), FWHM, eV 40 37 40
Area, % 232 160 215
Position, eV 9352 - -
Cuso, FWHM, eV 20 - -
Area, % 7.6 - _




C-4 Saccharose Sensing with Amperometric Biosensor

HO,
HO,
OH
HO. OH
o Ho. o.
O, +H,0 o
2 OH
OH —— + HO
Ho' - NaOH
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oH HO' OH
HO' OH
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Figure C1: Saccharose hydrolysis and a catalytic oxidation of produced glucose by Cu micro and
nanostuctures (adopted from Ref.[303]).
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C Nomex Laser-Induced Carbonisation
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