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Abstract

This study investigates how laser irradiation modifies the optical, structural and electrical prop-
erties of porous silicon (PS). PS samples were fabricated by electrochemically etching p-type
crystalline silicon wafers at a current density of 63 mA/cm? for 20 minutes. A continuous wave
CO, laser (10.6 um, 5—40 W) was then applied. A comprehensive suite of characterisation tech-
niques, including scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), secondary ion mass spectrometry
(SIMS), Kelvin probe force microscopy (KPFM), Raman spectroscopy and current-voltage (I-V)
measurements was used to analyse the samples before and after laser irradiation.

The unique interaction between the 10.6 um CO, laser and PS is attributed to the significant
IR absorption of PS at this wavelength, unlike bulk silicon. Upon laser irradiation, vibrational
excitation triggers localised heating and the formation of heat zones, which induce two distinct
stages. During the pre-melting consolidation stage, localised heating leads to partial melting of
pore walls, causing adjacent pores to merge. As pores coalesce, the number of individual pores
decreases, and the material between them consolidates, resulting in thicker pore walls, wider
remaining pores, and an overall reduction in porosity. SEM and AFM analyses reveal a decrease
in PS layer thickness and a smoother surface, with a roughness decreasing from 1.48 to 0.82 nm,
approaching that of the underlying crystalline silicon substrate.

In the melting stage, where the temperature exceeds the melting point of the silicon, the AFM
images show a complete pore collapse, indicating that the silicon has fully melted. Raman spec-
troscopy transitions from a broadened, redshifted spectrum with an additional lower-frequency
peak to a sharp crystalline peak at 520cm™! (with a 2.8 cm™! full width at half maximum) in
the laser-modified regions. Increasing laser intensity and exposure further broadens the peak
and induces a redshift, accompanied by the emergence of a secondary peak, suggesting stress
effects. XRD confirms the reformation of a single-crystalline structure, while XPS analysis
reveals significant oxidation and the formation of a silicon oxide layer in the laser-irradiated

areas, a layer that when removed by HF etching restores the Raman spectral profile.



Electrical characterisation shows that the laser-processed areas exhibit metallic-like behaviour,
as evidenced by I-V measurements and KPFM data indicating a high-work function network.
This behaviour is attributed to the uneven distribution of boron during electrochemical etching,
leading to the formation of heavily doped silicon nanowires. Upon laser irradiation, these regions
melt and recrystallise, resulting in localised metallic-like conduction because of the high density
of charge carriers and a reduced bandgap. Overall, the controlled laser irradiation process
offers a precise means of tailoring PS properties, with significant implications for advanced
applications in optical waveguides, biosensors, photovoltaics, microelectronics, energy storage,

and plasmonic devices.
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Introduction

Since its initial observation, porous silicon has intrigued researchers due to its extraordinary
properties, which stand in stark contrast to those of bulk silicon. Early studies discovered
that through electrochemical etching [101], silicon could be transformed into a material with
a highly porous structure. This finding not only expanded our fundamental understanding of
silicon chemistry but also paved the way for a host of new applications. Over the decades, the
unique optical, electrical, and structural characteristics of porous silicon have been extensively
explored, highlighting its potential in areas such as optoelectronics [32], sensing [74], and energy
conversion|[228].

Porous silicon exhibits a range of unique properties that have intrigued researchers over
time. The optical properties, including tunable photoluminescence and varied light absorption,
are mainly due to quantum confinement processes within its nanostructured framework, which
makes it highly appealing for optoelectronic applications [74, 99]. Porous silicon exhibits a
wide spectrum of electrical conductivity behaviours, ranging from semiconducting to nearly
metallic, depending upon its porosity, surface chemistry, and subsequent treatments [16]. The
material has a high surface area and a modifiable pore structure that can be precisely adjusted by
electrochemical etching settings, affecting its reactivity and response to external forces [113].
These interconnected properties highlight the adaptability of porous silicon and establish a
foundation for its incorporation into sophisticated technological applications.

Electrochemical etching, the primary method for fabricating porous silicon, allows precise
control over parameters such as etching time and current density. The pore size, porosity, and
surface chemistry of silicon can be customised by adjusting these factors, directly affecting its
overall performance [113]. Despite the progress achieved using conventional etching techniques,
optimising the intrinsic properties of porous silicon for advanced applications remains a challenge.
Understanding and controlling the phase transitions and electrical conductivity of porous silicon
is crucial in this endeavour.

In recent years, laser processing has emerged as a potential technique for controlling the

characteristics of porous silicon. Using a CO, laser allows for non-contact and highly regulated
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phase transitions and conductivity changes. By varying the laser power and scanning speed, it is
possible to tailor the crystal structure, chemical composition, optical behaviour, and electrical
characteristics of porous silicon. This approach provides a novel means to overcome the
limitations of traditional post-etching treatments and opens new avenues for the development of
silicon-based devices.

This thesis explores how laser processing affects the phase transition and conductivity of
porous silicon. Porous silicon samples are generated by electrochemical etching, with etching
parameters varied in a systematic manner to produce a variety of architectures. Continuous
CO;, laser irradiation is used to study the effects of laser power and scanning speed on material
properties. Characterisation techniques such as SEM, FTIR, AFM, KPFM, Raman spectroscopy,
XRD, SIMS, and current-voltage This effort intends to promote porous silicon research by
clarifying the fundamental principles underlying laser-induced phase transitions and conductivity
changes. The findings are intended to inform the design of next-generation silicon-based
devices, resulting in improved performance in applications ranging from microelectronics to

optoelectronics, and beyond.

1. Aims and Objectives

The primary aim of this research is to investigate the phase transition and conductivity modifica-
tion of porous silicon induced by CO, laser processing, thereby advancing our understanding
of the underlying mechanisms and contributing to the design of next-generation silicon-based
devices. To achieve this aim, porous silicon is first fabricated using electrochemical etching,
with systematic variations in etching time and current density employed to yield a range of pore
structures and porosities. This approach allows for a controlled exploration of how fabrication
parameters affect the intrinsic properties of the material.

The prepared porous silicon is comprehensively characterised using advanced techniques
such as SEM, FTIR, AFM, KPFM, Raman spectroscopy, XRD, secondary SIMS, current-voltage
measurements and XPS. These characterisation methods are used to assess the optical, electrical,
chemical, and structural attributes of the material, thereby establishing a baseline for subsequent
modifications.

The next stage of the research involves subjecting the porous silicon samples to continuous
CO;, laser irradiation. By varying parameters such as laser power and scanning speed, the study
aims to induce controlled phase transitions and modify the electrical conductivity of the material.

Finally, the research seeks to correlate the processing conditions, both from electrochemical



2 Thesis Outline

etching and laser irradiation, with the resulting changes in the properties of the material. Through
this integrated approach, the thesis aims to elucidate the fundamental mechanisms driving laser-
induced modifications in porous silicon, ultimately paving the way for enhanced performance in

applications ranging from microelectronics to optoelectronics and sensing technologies.

2. Thesis Outline

Chapter 1 provides a comprehensive overview of porous silicon, beginning with its historical
discovery and the fundamental principles behind its formation. The chapter discusses the
evolution of porous silicon research, highlighting the extraordinary optical, electrical, structural,
and thermal properties that distinguish it from bulk silicon. In addition, it reviews the various
fabrication methods, such as anodic etching, metal-assisted chemical etching, stain etching,
reactive ion etching, and laser ablation and introduces the key applications of porous silicon in
optoelectronics, sensing, and energy conversion.

Chapter 2 outlines the experimental procedures used throughout the research. This chapter
describes the electrochemical etching process for the formation of porous silicon, including
the systematic variation of parameters like etching time and current density to obtain a range
of pore structures. The chapter also details the laser processing setup, where continuous CO;
laser irradiation is employed to modify the porous silicon, and presents the characterisation
techniques—such as SEM, FTIR, AFM, KPFM, Raman spectroscopy, XRD, SIMS, I-V mea-
surements, and XPS—that are used to evaluate the material’s properties before and after laser
processing.

Chapter 3 focuses on the fabrication of porous silicon via electrochemical etching. It details
the cleaning and preparation of the silicon substrate, the etching process, and the subsequent
rinsing and drying steps. The chapter then presents an in-depth analysis of the porous silicon’s
thickness, porosity, colour, surface chemistry, and overall structure, employing both conventional
and alternative characterisation techniques to establish a baseline understanding of the material’s
intrinsic properties.

Chapter 4 examines the effect of CO; laser processing on porous silicon, focusing on the
consolidation process. This chapter begins by discussing the thermal and optical properties
of both silicon and porous silicon, followed by an analysis of heat distribution within the
porous layer during laser irradiation. It describes the experimental procedure for laser-induced
consolidation and presents results from structural and spectroscopic characterisation (including

Raman analysis) to demonstrate the changes in the material following laser processing.
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Chapter 5 investigates the phase transitions in porous silicon under high-intensity CO, laser
processing. The chapter presents a detailed discussion of the heat distribution, microscopic and
optical changes, and the melting and recrystallisation phenomena observed in the material. It
includes an analysis of surface roughness, the formation of silicon clusters, and the evolution
of the Raman and XRD profiles, elucidating the mechanisms that underpin the laser-induced
transformations in porous silicon.

Chapter 6 is dedicated to the study of electrical properties following laser processing. This
chapter explores how laser-induced melting and recrystallisation affect the conductivity and
charge carrier dynamics of porous silicon. Detailed electrical characterisation including cur-
rent—voltage measurements, temperature-dependent studies, work function mapping, and morpho-
logical assessments is presented to correlate the structural changes with the observed electrical
behaviour. A specific focus is placed on the hypothesis that boron enrichment may play a critical
role in enhancing the material’s conductivity.

The thesis concludes with a synthesis of the research findings, discussing the implications of
the laser-induced modifications on porous silicon for future device applications. The conclusion
highlights the key contributions of the work, outlines potential areas for further research, and
suggests how the insights gained may inform the development of next-generation silicon based

technologies.
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Chapter 1. Background

1.1. Introduction to Porous Silicon

Porous silicon (PS) is a nanostructured material with unique properties, which have enabled its
use in a wide range of technological applications, including microelectronics, optoelectronics,
energy storage, and biomedical devices [211]. Its high surface area, tunable porosity, and photo-
luminescence have made PS a subject of significant scientific interest since its discovery [216].
Understanding its structural characteristics, fabrication methods, and potential applications is
essential for exploring its role in advanced material science and technology.

The discovery of PS dates back to 1956, when the Uhlirs, a husband-and-wife team at
Bell Laboratories, investigated an electropolishing process for silicon wafers in an HF-based
solution [216]. During their experiments, an unexpected drop in current resulted in the formation
of a dark, matte layer on the silicon surface. Initially, this layer was hypothesised to be a
subfluoride (SiF;)x, formed during anodic dissolution. However, subsequent research revealed
that the layer was composed of voids, creating a porous structure through the electrochemical
dissolution of silicon [101].

Despite its early discovery, the material remained relatively obscure until the 1990s, when
Leigh T. Canham demonstrated that porous silicon could emit visible light at room tempera-
ture [34]. This discovery was transformative, shifting perceptions of silicon from an inefficient
light-emitting material to one with significant potential for optoelectronic applications. It marked
a pivotal moment in the development of the material, sparking global research into its properties
and applications. Since then, PS has received widespread attention for its remarkable properties,
such as its high reactivity, biocompatibility, and ability to emit light efficiently at room temper-
ature [136]. These attributes, combined with its compatibility with silicon-based technology,
make PS an adaptable material for a variety of fields, including biosensing, drug delivery, and
energy conversion [13, 228].

The structural characteristics of PS are defined by four terms: geometry, morphology, porosity,
and thickness. Geometry refers to the pore size and the spacing between the pores. Based on

pore size, PS can be categorised as microporous (pores smaller than 2 nm), mesoporous (2
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to 50 nm) or macroporous (greater than 50 nm) [8]. Morphology as illustrated in Figure 1.1
encompasses the shape, orientation, and interaction of the pores, which can be observed using
scanning electron microscopy (SEM) as shown in Figure 1.2 [65]. Porosity, defined as the
ratio of pore volume to total volume, is a key factor in determining a material’s reactivity and

functionality. [55].

Orientation

Branching

Fill of macropores

Depth variation
of porous layer

(b)

Figure 1.1 Morphological characteristics of PS: Orientation:(a) Aligned to (100) direction and source
of holes (b) Roughly aligned to source of holes (c) Partially aligned to (100) direction and source of
holes (d) Aligned only to (100) direction. Branching: (a) Smooth pore walls (b) Branches shorter
than diameter (c) Second-level branches only (d) Dendritic branches; (¢) Main pores with second- and
third-level branches (f) Dense, random, and short branches. Fill of Macropores: (a) Unfilled (b) Partially
filled with microporous silicon (c) filled with microporous silicon. Depth Variation of Porous Layer:
(a) Single layer of microporous silicon (b) Single layer of macroporous silicon with smaller pores near
the surface (c) A layer of microporous silicon atop macroporous silicon (macropores may be filled by
microporous silicon). This Figure taken from [242].
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Figure 1.2 Cross-sectional SEM micrographs of various PS structure. This Figure taken from [101].

The properties of PS are closely related to its fabrication method. More than 30 fabrication
techniques have been developed, broadly classified as top-down and bottom-up approaches [101].
Top-down methods involve removing silicon atoms from a monocrystalline wafer, creating
voids that form a porous structure. This process often employs chemical or physical removal
techniques, such as electrochemical etching, which is widely used because of its precision and
scalability. In contrast, bottom-up approaches assemble silicon clusters, leaving empty spaces
while forming a crystalline structure, typically producing PS powders [101]. These methods
enable precise control over the properties of PS, ensuring its suitability for a wide range of
applications.

PS is a versatile and indispensable material in modern science and engineering [63]. Its
exceptional properties, combined with advanced fabrication techniques, continue to drive innova-

tions in various fields, from energy and electronics to healthcare and environmental science [63].

1.2. Properties of Porous Silicon

PS has a unique combination of morphological, optical, chemical, and electrical properties that
make it a highly versatile material for a wide range of scientific and technological applications.
Its tunable features, including porosity, surface chemistry, and nanoparticle size, are closely
related to the fabrication techniques used, enabling precise tailoring of its properties for specific

uses in areas such as optoelectronics, drug delivery, and environmental sensing [63].
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1.2.1. Morphological Properties

The morphology of PS is significantly influenced by various electrochemical etching parameters.
The etching time plays a crucial role, affecting the evolution of the pore structure, the roughness
of the surface, and the porosity [89]. The current density affects the formation of pores and
surface characteristics, with higher densities leading to more rapid etching [237]. Electrolyte
composition, typically involving hydrofluoric acid and ethanol, influences the etching process
and resulting PS structure [236]. Wafer doping levels also affect PS formation, with different
behaviours observed in n- and p-type silicon [236]. The ability to adjust these parameters
provides precise control over the pore size, distribution, and overall morphology, making PS a
versatile material for a wide range of applications.

PS morphologies are classified on the basis of pore size and distribution. According to
TUPAC definitions, PS can be categorised as microporous (pores smaller than 2 nm), mesoporous
(2 to 50 nm) or macroporous (greater than 50 nm) [175]. Classification is critical to tailor PS to
specific applications. For instance, microporous PS is ideal for gas sensing as a result of its high
adsorption capacity [204], while macroporous PS is often used in photonic crystals and MEMS
devices because of its uniform pore alignment [223]. Scanning Electron Microscopy (SEM)
reveals a sponge-like morphology, with pore diameters increasing with longer etching times [217].
This variability allows for precise control of properties such as surface area, reactivity, and mass
transport, which are crucial for applications such as catalysis and drug delivery.

The sponge -like structure of PS evolves during fabrication, as shown in Figure 1.3. At
lower magnifications (Figure 1.3a), the surface reveals large clusters of silicon, while higher
magnifications (Figure 1.3b) display finer details and smaller clusters. These irregular surfaces
provide numerous active sites for chemical interactions, contributing to the high reactivity of
PS [35].

Morphological properties play a pivotal role in applications such as catalysis, where the high
surface area enhances reaction rates, and drug delivery, where the ability to control pore size

governs the release kinetics of therapeutic agents.
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Figure 1.3 SEM images of the PS surface. (a) Magnification of 2000 x, showing silicon clusters and
uneven texture. (b) Magnification of 10,000 x, revealing smaller clusters compared to (a). Images taken
from [35].

1.2.2. Optical Properties

PS is characterised by its unique optical properties, which arise from its nanostructured archi-
tecture and distinctive surface chemistry. These features enable a wide range of applications in
optoelectronics, sensing, and photonics [96].

One of the most notable optical properties of PS is its ability to emit light across a broad
wavelength range, a phenomenon known as photoluminescence. The visible photoluminescence
at room temperature was first observed by Leigh T. Canham in 1990. This effect results from
quantum confinement in silicon nanocrystallites [34]. When crystallite dimensions approach the
silicon Bohr exciton radius, the mobility of electrons and holes becomes restricted, leading to
a narrowing of the emission spectrum and a widening of the bandgap. Consequently, smaller
crystallites emit blue light, while larger ones emit red [128]. This tunability makes PS ideally
suited for wavelength-specific applications such as multicolour LEDs and optical filters [99, 29].

Figure 1.4 shows the photoluminescence spectra of PS produced at etching durations of 15
and 25 minutes. The difference in spectrum shape and intensity highlights how the etching time,
as well as, in general, the size of nanocrystallite and the surface passivation, can significantly

influence the photoluminescence performance [225].
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Figure 1.4 Photoluminescence spectra of PS produced at etching durations of 15 and 25 minutes. The
Figure adapted from [225].

The optical absorption spectra of PS support the quantum confinement model, revealing an
inverse relationship between the band gap energy and the size of the nanoparticle [128]. More-
over, increasing the porosity of PS lowers its refractive index, allowing the design of customised
optical components such as anti-reflective coatings and wavelength-selective sensors [65]. This
feature is particularly advantageous in photovoltaics, where the reduced reflectivity enhances
light absorption and improves energy conversion efficiency. By controlling the porosity and
nanocrystallite size, the optical bandgap of PS can be engineered for specific applications. For in-
stance, smaller nanocrystallites with larger band gaps are ideal for ultraviolet absorption, whereas
larger nanocrystallites with narrower bandgaps are better suited for infrared devices [128].

Multiple mechanisms influence photoluminescence in PS, including quantum confinement,
surface state emissions, and defect-related phenomena. Surface passivation methods, such as
hydrogenation or oxidation, significantly enhance photoluminescence by reducing non-radiative
recombination pathways [138]. Additionally, surface states introduced by functional groups,
such as Si-Hy and Si-OH, shape the intensity and spectral profile of the photoluminescence

profile[212].
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Photoluminescence lifetime and quantum efficiency are also critical parameters, as they
describe how long the excited carriers remain in an emissive state before returning to the ground
state and what fraction of absorbed photons are ultimately re-emitted, respectively. These factors
significantly influence the overall brightness, stability, and performance of photoluminescent
materials in applications such as LEDs, sensors, and lasers, where maximising light output and
minimising nonradiative losses are essential [220]. Well-passivated PS exhibits longer photo-
luminescence lifetimes, making it suitable for time-resolved imaging applications. In contrast,
defects or impurities can introduce nonradiative pathways that reduce quantum efficiency [138].

Surface chemistry strongly affects the optical behaviour of PS. Infrared spectroscopy detects
functional groups wavenumber such as Si-Hy, Si-O, and Si-OH, which influence light absorption
and enhance photoluminescence [138]. Modifying these functional groups, for example, through
silanisation or coating with organic dyes, allows further optimisation of PS for specific applica-
tions.

Additionally, thermal oxidation serves as an effective surface passivation technique, improv-
ing the long-term stability of PS and ensuring consistent optical performance. The functional-
isation of PS with organic or inorganic molecules expands its scope in various fields, notably
biosensing, where selective binding to target biomolecules is crucial [225].

Future research on the optical characteristics of PS focusses on improving its stability and
investigating new applications. Recent ultrafast spectroscopy studies offer deeper insight into
carrier dynamics, paving the way for PS use in quantum information systems. Meanwhile, the
integration of PS with innovative nanomaterials such as graphene and perovskites shows potential
for next-generation optical devices. Although challenges persist, most notably in scalability
and photoluminescence degradation, advances in surface passivation and fabrication techniques

continue to address these issues [199].

1.2.3. Chemical Properties

The chemical properties of PS are critical to its functionality in areas such as catalysis, drug
delivery, and environmental sensing [95]. Its high surface-to-volume ratio, combined with
reactive surface chemistry, allows significant interaction with chemical species.

PS surfaces are typically terminated with silicon hydride (Si-Hx) groups formed during
electrochemical etching. These groups can be oxidised to form Si-OH or Si-O bonds [138],

improving stability and biocompatibility [235]. Functionalisation of the surface with organic
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or inorganic groups further enhances its utility for specific applications, such as biosensors and
drug delivery systems [35].

The oxidation behaviour of PS is another critical feature. When exposed to ambient condi-
tions, PS naturally forms a silica (S10,) layer, enhancing its chemical stability. More importantly,
PS gradually corrodes into silicate anions, which are harmless and excreted from the body,
making it highly biocompatible and suitable for long-term biomedical applications [224].

In addition, the reactive surface of PS supports various chemical reactions, such as hydrosily-
lation, which facilitate the attachment of functional groups or the synthesis of hybrid materials.

This versatility expands the scope of PS applications in advanced material science.

1.2.4. Electrical Properties of Porous Silicon

PS exhibits unique electrical properties due to its nanostructured morphology, which influences
charge transport, carrier concentration, and conductivity [212]. These properties make PS
suitable for applications in electronic and optoelectronic devices, such as sensors, photovoltaic
cells, and microelectronics. In addition, the electrical characteristics of PS are highly tunable and
depend on factors such as fabrication methods, porosity, doping level, and surface treatments.
The electrical resistivity of PS is significantly influenced by its porosity, doping type, and pore
morphology. As porosity is a major factor that affects PS resistivity, with resistivity increasing
exponentially as porosity increases due to the reduced silicon content and interrupted crystalline
network. For example, the resistivity reaches approximately 1 x 10° Q cm at room temperature
when porosity exceeds 60% [143]. Figure 1.5 illustrates the relationship between electrical

conductivity and porosity.
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Figure 1.5 Relationship between electrical conductivity and porosity (the figure copied from [103]).

The doping concentration of the silicon wafer plays a critical role in determining the conduc-
tivity of PS. Highly doped substrates introduce a larger number of charge carriers, which can
influence the electrochemical properties of PS-based sensors. While this can enhance sensitivity
in certain applications, the observed over-Nernstian behaviour may be more directly related to
deviations in the effective charge number (z) rather than changes in conductivity, as the sensor

response exceeds the theoretical limit predicted by the Nernst equation. The Nernst equation,

given as:

RT
E=E°——1
S 1n0.

relates the equilibrium potential £ (in volts) of an electrochemical reaction to the standard
electrode potential E° (the potential under standard conditions, also in volts), the reaction
quotient Q (a ratio of the concentrations of products to reactants) and the number of electrons
transferred in the reaction (z). The constant 0.059 is derived from the gas constant, temperature,
and Faraday’s constant, assuming a temperature of 298 K (25°C).

In the case of over-Nernstian behaviour, the response surpasses this theoretical prediction
due to enhanced surface reactions or charge transport properties [241].

The type of doping also affects the transport mechanisms of the carriers. P-type PS typically
exhibits higher resistivity compared to n-type due to the lower mobility of holes, while n-type
PS benefits from higher electron mobility, resulting in lower resistivity [10].

Charge transport in PS involves complex mechanisms, including space-charge limited cur-

rents (SCLC), tunnelling, and trapping-detrapping dynamics. The SCLC mechanism occurs
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under high electric fields when the injected carrier density exceeds the thermally generated
carrier density, resulting in a current that follows a quadratic dependence on voltage under ideal
conditions [100].

In tunnelling, charge carriers move through potential barriers via quantum tunnelling, a
process that dominates in structures with thin silicon oxide layers or narrow pore walls. PS
nanowires embedded with silicon quantum dots exhibit enhanced tunnelling conduction [168].
The predesigned structure of these nanowires allows for a distinct tunnelling mechanism that is
more efficient than bulk PS. This increased efficiency is attributed to the large internal surface area
and the high density of quantum dots, which facilitate electron transport through tunnelling [168].

Charge carriers in PS are frequently captured by traps, localised energy states caused by
defects or impurities, before being released back into the conduction or valence band. This
process, known as trapping-detrapping dynamics, significantly impacts carrier mobility and
contributes to dispersive transport behaviour. Trapping centres, including donor and acceptor
states, are distributed on the surface and within most PS, making them a critical factor in
modulating the discharge current. These dynamics are strongly influenced by external conditions,
such as electric field strength and temperature, which govern the rates of trapping and detrapping.
Understanding these mechanisms is essential for optimising the electrical performance of PS in

applications such as sensors, memory devices, and other electronic systems [87].

1.2.5. Thermal Properties of Porous Silicon

PS exhibits unique thermal properties because of its nanostructured morphology, which includes
features such as porosity and pore size. These structural characteristics directly influence its
thermal conductivity, heat capacity and thermal stability, making it a highly versatile material for
applications in thermal management, energy storage and thermoelectric devices [133].

The thermal conductivity of PS is significantly lower than that of bulk silicon, primarily due
to the scattering of phonons at the interfaces of the pores [232]. Increased porosity disrupts the
silicon network, enhancing phonon scattering and subsequently reducing thermal conductivity.
Furthermore, smaller pores amplify this effect by creating a dense network of interfaces, which
limits phonon transport [190].

The specific heat capacity of PS is generally higher than that of bulk silicon, owing to the
large internal surface area associated with its pores. Studies have shown that the heat capacity
increases monotonically, by up to 30%, as the inner surface area of the pores expands [58].

This enhancement is attributed to surface phenomena that dominate the thermal behaviour

14
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of nanostructured materials, providing advantages for applications that demand efficient heat
storage.

Thermal stability is another critical aspect of PS, particularly in high-temperature environ-
ments. PS remains stable at moderate temperatures but undergoes structural changes, such as
pore collapse and oxidation, at elevated temperatures exceeding 800 °C. These changes result
in the formation of silicon dioxide, altering its thermal and mechanical properties [152]. Such
behaviour is crucial for applications like thermoelectric devices and high-temperature coatings,
where maintaining structural integrity and performance under extreme conditions is essential.

The distinctive combination of morphological, optical, chemical, electrical, and thermal
properties in PS underscores its versatility for a wide range of applications. Its tunable porosity,
surface chemistry, and nanostructured features enable precise control of its properties, fostering
advances in fields such as optoelectronics, energy storage, catalysis, and biomedical devices.
Using these properties through innovative fabrication techniques, researchers can continue to
unlock the potential of PS for next-generation technologies, cementing its role as a cornerstone

in modern material science.

1.3. Fabrication Techniques for Porous Silicon

The development of PS depends on a variety of fabrication methods, each designed to achieve
particular structural properties and uses. These methods aim to control important variables, such
as the pore size, morphology, and porosity, that affect the material’s performance. Over the years,
several methodologies have been developed that use chemical, physical, and hybrid methods
to produce PS in multiple forms, ranging from thin layers to powders. Although many options
are available, several are distinguished by their efficiency, scalability, and adaptability. The
following sections explore five of the most widely used techniques for forming PS, highlighting

their principles and advantages.

1.3.1. Anodic Etching

Anodic etching is the most widely used method for the fabrication of PS due to its ability to pro-
duce highly uniform structures with fine control over the pore parameters. This electrochemical
process involves dissolving a crystalline silicon wafer in a hydrofluoric acid-based electrolyte
under an applied electric current. Parameters such as current density, electrolyte composition,
and etching duration can be adjusted to control pore size, porosity, and layer thickness. Anodic

etching is especially valued for producing uniform and reproducible PS layers (more details
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in Chapter 2 and Chapter 3), making it ideal for applications in optoelectronics, photonics and
drug delivery systems. Its ability to create well-defined porous structures ensures its continued

dominance among fabrication techniques [66].

1.3.2. Metal-Assisted Chemical Etching

Metal-assisted chemical etching (MACE) leverages a metal catalyst, such as gold or silver, to
guide the etching process. In this method, a metal film is deposited onto the silicon wafer,
and the etching reaction occurs preferentially at the metal interface when exposed to HF and
an oxidising agent. Figure 1.6 shows the PS fabrication process using metal-assisted etching,
applying highly ordered gold nanoparticle arrays as an etching mask. MACE allows for the
creation of high-aspect ratio structures and intricate nanostructures, making it ideal for advanced

photonic devices, sensors, and microfluidic systems [19].
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Figure 1.6 Metal-assisted chemical etching using gold nanoparticle arrays to fabricate PS (the figure
taken from [187])

1.3.3. Stain Etching

Stain etching is a purely chemical process that does not require an external power source. In this
method, silicon is immersed in a solution containing hydrofluoric acid and an oxidising agent,
such as nitric acid, which chemically reacts with the silicon surface to create a porous layer.
Although stain etching is less precise and less scalable than techniques such as anodic etching, it
remains a cost-effective option to produce PS [97]. This approach is particularly well suited for
applications where strict uniformity is not essential but simplicity and low cost are paramount,

such as in antireflective coatings, gas sensors and certain biomedical devices[161].
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1.3 Fabrication Techniques for Porous Silicon

1.3.4. Reactive-lon Etching

Reactive-ion etching (RIE) employs plasma to etch silicon surfaces with exceptional precision in
patterning and shaping silicon surfaces [56]. This method combines reactive chemical species and
physical ion bombardment to achieve well-defined patterns and controlled porosity. Figure 1.7
shows that the sequential RIE process for producing PS involves three stages: an etching step
followed by two passivation steps, namely oxidation and fluorination. RIE offers excellent
control over the geometry, depth and distribution of the pores, which makes it essential for
microfabrication [126]. Applications of RIE include photonic crystals, optical sensors, and
microelectromechanical systems (MEMS), where intricate designs and fine features are critical.

Its versatility ensures its continued use in cutting-edge silicon technology.
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Figure 1.7 RIE method to fabricate PS (the Figure used from [102])

1.3.5. Laser Ablation

Laser ablation employs high-intensity laser pulses to vaporise silicon and form porous structures.
By adjusting laser parameters such as intensity, duration, and wavelength, this technique offers
precise control over pore formation [184]. Laser ablation is beneficial for creating PS layers on
irregular substrates and for rapid prototyping applications. Its adaptability makes it a valuable
tool for the fabrication of PS in niche areas, including flexible photonic and optoelectronic
devices [171].

In addition to the five primary methods, numerous other fabrication techniques have been
developed to produce PS for specific applications or to achieve unique PS characteristics. These
include photoetching, which uses light to enhance pore formation [91]; vapour etching, which
avoids liquid immersion using HF vapours [177]; and mechanical synthesis, which induces

porosity through mechanical processes [92]. Advanced methods such as spark erosion, plasma
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hydrogenation, and oblique-angle deposition offer innovative ways to create PS for specialised
uses. Although less commonly used than primary methods, these approaches continue to expand

the versatility and applicability of PS in modern materials science.

1.4. Oxidation and Stability of Porous Silicon

The oxidation and stability of PS are critical for its long-term performance and applicability
in various environments. Due to its high surface-to-volume ratio and reactive surface, PS
is particularly susceptible to oxidation, significantly influencing its structural, chemical, and
electrical properties. This section explores the formation of silicon oxide and the role of

environmental conditions in affecting the stability of PS.

1.4.1. Formation of Silicon Oxide

PS exhibits a high susceptibility to oxidation, because of its intrinsic properties, such as porosity
and surface reactivity. The large surface area provided by the porous structure facilitates the
interaction of oxygen molecules with the silicon substrate, enabling faster and more extensive
oxidation compared to bulk silicon [125].

The higher porosity of PS provides a large surface area, allowing for more interaction sites
for oxygen molecules with the silicon substrate. The interaction is vital for the oxidation process,
allowing more extensive and faster oxidation than non-porous silicon [125].

Oxidation occurs when silicon reacts with oxygen or water vapour, leading to the formation
of a silicon dioxide layer. This process can be induced thermally, chemically, or by exposure
to ambient air. Thermal oxidation, in particular, allows precise control over the thickness
and uniformity of the oxide layer. At temperatures above 400°C, the oxidation rate increases
significantly, producing a robust SiO; layer that enhances the material’s stability [152].

Thermal oxidation yields a stable surface with minimal degradation over extended periods.
For example, no surface degradation was observed for thermally oxidised PS over a year, as

confirmed by techniques such as scanning electron microscopy and photoluminescence [4].

1.4.2. Impact of Environmental Conditions on the Stability of Oxidised Porous Silicon

The stability of oxidised PS is influenced by environmental factors such as temperature, humidity,
and exposure to reactive chemicals. These factors can enhance or degrade the performance of

PS, depending on the specific conditions.
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In humid environments, PS undergoes natural oxidation at an accelerated rate, forming a
thin oxide layer even at room temperature. The natural oxide thickness increases from about
2 nm to around 4 nm [60]. Although this natural oxidation improves the chemical stability of
the material, it also affects its porosity and reactivity. Oxidation increases the sensitivity of
PS to humidity by improving its adsorption capacity. This is attributed to improved wetting
properties and increased surface area of the oxidised layers, allowing greater interaction with
water molecules [107]. These characteristics make oxidised PS highly valuable in humidity
Sensors.

However, long-term exposure to moisture can alter the electrical characteristics and sensitivity
of humidity sensors based on thermally carbonised PS. In particular, sensitivity tends to decrease
over several months, although the sensors eventually stabilise, exhibiting only minor variations
in capacitance [214].

Thermal oxidation also improves the resistance of PS to further atmospheric oxidation
and improves its chemoresistive response to specific vapours, such as isopropanol [17]. This
increased stability broadens the potential applications of oxidised PS in various environmental

conditions.

1.5. Laser Interaction with Porous Silicon

The interaction of lasers and PS causes considerable structural, optical, and chemical modifi-
cations, increasing its potential for use in optoelectronics, sensing, and biomedical technolo-
gies [206]. Laser exposure changes the microstructure of PS, influencing properties such as pore
size, crystallinity, and chemical content. These modifications are dependent on laser parameters
such as wavelength and energy, as well as environmental conditions, allowing for precise control
over the material’s final properties.

Different laser wavelengths control the absorption and distribution of energy within PS,
influencing the results of processes like material consolidation, surface patterning, and function-
alisation. The interaction can be optimised by adjusting the laser parameters and fabrication

procedures to generate application-specific alterations.

1.5.1. Long-Wavelength Lasers

Long-wavelength lasers, such as CO, lasers operating at 10.6 um, interact with PS primarily
through thermal effects. The absorption of laser energy by the silicon lattice results in localised

heating, which can induce consolidation, melting, recrystallisation and thermal oxidation. PS
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consolidation occurs when the porous structure partially collapses, reducing porosity and en-
hancing the mechanical stability of the material.

Additionally, combining CO; lasers with chemical vapour deposition (a process that uses
reactive gas-phase precursors to deposit thin films on a substrate through chemical reactions)
facilitates the formation of silicon nanoclusters within a silicon oxide matrix. By adjusting
the laser power, the size and properties of these clusters can be precisely controlled, directly
influencing the photoluminescence characteristics of the material [122].

The melting threshold of PS decreases significantly with increased porosity, highlighting the
influence of structural characteristics on its thermal response to laser irradiation. For example, the
threshold decreases from 35 to 11 mJ/cm? as porosity increases from 45% to 82%, a stark contrast
to the much higher threshold of 750 mJ/cm? for crystalline silicon. This reduction is primarily
attributed to the diminished thermal conductivity and lower melting temperatures associated
with the porous structure [209]. The reduced thermal conductivity in PS enhances localised
heating during laser exposure, allowing for precise thermal modifications at lower energy levels.
These properties make PS particularly suitable for applications that require controlled melting,
recrystallisation, or structural modification using laser techniques.

CO;, lasers are capable of melting PS, inducing significant changes on its surface. Controlled
energy input during the laser process can facilitate recrystallisation, allowing for precise tailoring
of the material’s properties [85].

During laser writing, the high temperatures generated in an oxygen-rich environment can
result in the formation of a silicon dioxide layer. This oxide layer not only enhances the
chemical stability of PS but also broadens its applicability in environments requiring long-term

durability [156].

1.5.2. Short-Wavelength (UV) Lasers

Short-wavelength lasers, such as ultraviolet lasers operating at wavelengths below 400 nm,
interact with PS primarily through non-thermal mechanisms, including photon absorption and
surface photochemical effects.

UV laser irradiation can alter the chemical composition of PS by removing hydrides (Si-Hy)
and forming silicon oxides (SiOy) or hydroxides (Si-OH), as confirmed by FTIR spectroscopy.
These modifications enhance the chemical stability and functionalisation potential of the material,

making it suitable for sensing and biomedical applications [206].
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Short-wavelength lasers can also influence the optical properties of PS, such as photolumi-
nescence. UV laser irradiation, such as that from excimer lasers, can create periodic surface
structures on silicon, which have been shown to enhance photoluminescence by increasing the
crystalline quality of the silicon nanocrystals [169]. This enhancement is further supported by
the changes in the vibrational modes of silicon, as laser excitation increases the intensity of

certain vibrational modes, which are crucial for photoluminescence [238].

1.6. Applications of Porous Silicon

PS has emerged as a diverse material with considerable potential in optoelectronic applications
because of its distinctive optical, electrical, and structural characteristics. Features such as
photoluminescence, a tunable band gap, and a large surface area have shown that PS is an
essential tool in numerous light-based technologies. The ability to improve optical performance,
effectively regulate heat and facilitate adjustable structural characteristics led to its use in
essential applications, such as light-emitting devices, solar cells, and optical waveguides. This
section explores the main optoelectronic applications of PS and highlights its contributions to

the advancement of modern technologies.

1.6.1. Light-Emitting Diodes

The ability of PS to emit light efficiently at room temperature, attributed to quantum confinement
effects, makes it highly valuable for light-emitting diodes (LEDs) [57]. By integrating PS into
GaN-based LEDs, researchers have achieved significant improvements in optical performance
through optimisation of the structural and morphological properties of the semiconductor [166].

A major challenge in LED performance is managing high junction temperatures, which
reduce light emission efficiency and induce redshifts in emitted light, resulting in undesirable
colour changes. PS can be engineered to optimise thermal management to enhancing localised
heat transfer and reducing interfacial thermal resistance. These tailored properties make PS a
promising material for improving the efficiency, stability, and reliability of LEDs in various

applications [166].

1.6.2. Solar Cell

The PS has a unique structure that significantly enhances the performance of solar cells by

reducing optical reflectivity and increasing light absorption. Simulation studies have shown that
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incorporating a PS buffer layer in heterostructures can improve the efficiency of solar cells by
approximately 10%, reaching up to 23.6% [53].

Furthermore, the high surface area of PS enhances light interaction, which improves the
photovoltaic properties of solar cells [227]. This structural advantage not only maximises energy
conversion efficiency but also minimises optical losses, making PS an essential material for

advancing solar energy technologies.

1.6.3. Optical Waveguide

PS has the ability to tune the refractive index by controlling porosity through electrochemical
etching, making PS a versatile material for the design of waveguides that can closely match the
properties of conventional optical fibers [129].

Moreover, advanced fabrication techniques, such as laser irradiation, can create waveguiding
regions within PS structures. These focused laser methods enable the formation of micrometre-
sized channels, facilitating efficient light transmission and expanding the use of PS in integrated
photonic circuits [167].

The unique characteristics of PS make it an essential material for various optoelectronic
applications. The ability to optimise thermal management in LEDs, improve light absorption in

solar cells, and help with tailored waveguide designs demonstrates its versatility and adaptability.

1.7. Summary

PS has evolved from an accidental discovery in the 1950s to a highly convertible material with
wide applications in modern science and engineering. Early observations initially led researchers
to hypothesise that the dark, matte layer formed on silicon was a subfluoride compound. Subse-
quent investigations, however, discovered a structure filled with voids, providing an extensive
investigation of silicon’s porous form. Its significance grew considerably in the 1990s, when it
was shown that PS could emit visible light at room temperature, overturning the assumption that
silicon was intrinsically inefficient for optoelectronic applications. This development sparked
worldwide interest, revealing PS as a nanostructured material with tunable porosity, high internal
surface area, and remarkable photoluminescence.

All of these properties are closely related to the morphology of PS, which can exhibit micro-
porous, mesoporous, or macroporous structures. The size, shape, and density of the pores can be
modified by adjusting various electrochemical etching parameters and other fabrication methods,

which affect the interaction of PS with light, chemicals, and electric fields. The large surface
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area provides abundant reactive sites for chemical functionalisation or biomolecular attachment,
which is particularly beneficial in drug delivery, biosensing, and catalysis. Moreover, the quan-
tum confinement effect within the silicon nanocrystallites gives PS unusual optical behaviour,
including the ability to emit light across a broad spectral range. At the same time, defect-related
mechanisms and surface passivation techniques offer further control over photoluminescence
lifetime and quantum efficiency.

This flexibility comes in part from the variety of methods used in the creation of PS. Methods
such as anodic etching, metal-assisted chemical etching, stain etching, reactive-ion etching,
and laser ablation enable fine manipulation of pore geometry, thickness, and surface chemistry.
The use of catalysts or oxidising agents, combined with control over factors such as current
density or irradiation wavelength, leads to PS structures optimised for specific ends, whether
high-aspect-ratio pores for microfluidic devices or heavily branched networks for enhanced
thermal management. Additional processes, such as thermal oxidation, are used to stabilise PS
against environmental degradation and to moditfy its optical and chemical properties.

The potential of PS extends multiple fields. In electronics and optoelectronics, the low
thermal conductivity of the material and the important light-emitting properties enhance the
efficiency of LEDs, solar cells, and optical waveguides. The adjustable refractive index has led
to advances in antireflective coatings and sensor platforms, while controlled porosity makes it
suitable for hosting active substances in drug delivery systems. PS can withstand temperature
elevations up to a point before undergoing structural changes, thus offering the possibility
of customised thermal management solutions. As fabrication strategies continue to refine its
morphology and surface chemistry, PS remains at the forefront of modern materials science,
facilitating breakthroughs in quantum information, energy conversion, sensing technologies, and

beyond.
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Chapter 2. Experimental Methodology

2.1. Introduction

This chapter provides methodologies for producing PS, with a particular emphasis on the
anodisation of silicon wafers, and investigates the resultant material properties through various
characterisation techniques. To optimise the fabrication process for specific applications (laser
writing on PS), an illustration of the methodologies applied to analyse the crystal structure,
surface morphology, and optical as well as electrical properties of the samples both before and
after laser irradiation is presented.

Different methods were used to characterise the samples, including microscopy (optical
microscopy, scanning electron microscopy) and spectroscopy (Fourier transform infrared spec-
troscopy, Raman spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy). In addition,
secondary ion mass spectrometry was used to quantify the elements in the surface layers of a
sample. Similarly, the electrical conductivity of the area processed by the laser was measured.

This chapter presents a fundamental understanding of PS formation and an overview of

advanced techniques used to investigate and tailor PS.

2.2. Electrochemical Etching for Formation of Porous Silicon

The scientific community has shown significant interest in PS in recent decades due to its unique
physical, chemical, and optical properties, which make it vital for many applications, including
sensors, solar cells, microelectronics, and biomedical devices [74, 228]. The most common
method used to form PS is electrochemical etching.

Electrochemical etching, also known as anodisation, involves applying an anodic bias to the
wafer in a fluoride-based electrolyte solution due to the negative standard electrode potential of
silicon, which leads to the formation of an oxide layer that is insoluble in aqueous solutions at a
pH of < 7. This oxide is soluble by strong alkaline solutions (e.g., hot, concentrated NaOH or
KOH) and by HF solutions. Although silicon is chemically active in both alkaline and fluoride

solutions, additional side reactions occur in alkaline environments alongside the anodic reaction.
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Figure 2.1 Electrochemical dissolution of a silicon atom in hydrofluoric acid solution. (adapted from [95]).

In contrast, hydrofluoric acid alone does not etch silicon without an oxidant, making it crucial
for controlled etching and minimising unwanted side reactions [115].

Figure 2.1 shows the generally accepted reaction sequence for the anodic dissolution of
silicon. The formation of PS by anodisation occurs in multiple stages that involve the reaction of
Si—Si, Si—H, Si— O and Si—F bonds. Initially, the silicon surface is covered with a passivating
layer of Si —H bonds when immersed in HF solution. The free hole inside silicon reaches the
silicon interface and Si — H is replaced by Si — OH, creating two holes in the process, as the
Si— F bond is much stronger than the Si—H bond. F~ ions replace the OH™ groups. The ionic
Si— F bonds make the Si atom more polarised, and the HF molecules will attack the weak Si— Si
back bonds. During the electrochemical etching process, a silicon atom is removed from the
lattice, leaving the remaining silicon atoms bound to hydrogen. The selective removal of silicon

results in microporous or mesoporous structures [101]. The general reaction can be expressed as:
Si+6HF, +4ht — SiF;” +6HF.

There are three configurations for electrochemical etching, as shown in Figure 2.2 lateral
cell, single cell, and double cell. In the lateral cell, the silicon wafer serves as the anode, while
a platinum electrode (or another HF-resistant material) acts as the cathode. The cell body is
typically made of acid-resistant polymers such as Teflon. When the wafer is immersed in HF,
any exposed silicon surface will be etched if the current density remains below the critical value.
However, a key disadvantage of the lateral cell is its nonuniform porosity and thickness, which
arise from a drop in the lateral potential across the wafer, leading to non-uniform current density.

The single-cell (single-tank) configuration is the most commonly used and was used in this

project. In this setup, a metal contact is made on the back of the wafer, serving as an anode and
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Figure 2.2 Cross-section of the Electrochemical Etching Cell Assembly: lateral, single and double tank
anodisation cells. ( Figure taken from [95]).

providing a uniform current density. The wafer is sealed with an O-ring so that only the front of
the sample is exposed to the electrolyte, resulting in a more uniform porous layer.

Finally, the double-tank cell consists of two half-cells separated by the silicon wafer. The
anode and cathode are large platinum electrodes immersed in both half-cells, and the electric
current travels through the wafer. Both the front and rear sides of the wafer serve as the local
anode and cathode, respectively. To prevent a drop in the local concentration of the electrolyte
and eliminate hydrogen bubbles, chemical pumps are used to circulate the electrolyte between

half cells [26].

2.3. Laser Writing

After characterising the PS layer, a laser was applied to the PS using the setup shown in Figure 2.3.

Figure 2.3 illustrates the laser writing assembly, which consists of?:

1. A continuous wave CO; laser (manufacturer: Synrad). The laser power reaches 50 W, with

a wavelength of 10.6 um, and a 470 um beam diameter at the lens.

2. An array of mirrors (mp, mp, and m3) and a ZnSe convex lens (L) with a focal length of

101.6 mm.
3. A motorised XY stage, controlled via the Kinesis software.
4. A computer to manage stage speed.
5. Cooling system (not shown in the diagram).

6. Safety key.
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Figure 2.3 Laser writing setup

The principle of using a CO; laser is that its interaction with the semiconductor generates
thermal heating through the excitation of lattice vibrations. The laser was used to write lines
at different speeds (50, 20, 10, and 5 um/s) with fixed power in each PS sample, within a laser
power range of 5 to 30 W.

The sample was placed on the XY stage so that its surface was perpendicular to the laser
beam. A laser beam was focused on the sample at a specified distance using the ZnSe convex
lens, resulting in a beam diameter at the focus of 470 um. A constant speed was applied to move
the stage along the X-axis while maintaining constant laser power from the start to the end point,
forming a line on the PS layer.

After forming the first line, the platform was raised by 1 mm, and the stage speed was reduced
to 20 um/s, with the laser power unchanged. The procedure was then repeated at 10 um/s and
5 um/s to increase the thermal effect by prolonging the exposure time. Subsequent samples were

processed similarly, using higher laser powers for each trial.

2.4. Characterisation Techniques

2.4.1. Gravimetric Method for Measuring Porosity and Thickness

The gravimetric method was used to determine porosity and thickness. This method uses the

fact that freshly etched PS dissolves quickly in simple aqueous solutions, for example, aqueous
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NaOH or KOH solution [179]. In contrast, single-crystal silicon dissolves much more slowly.
The definition of porosity, P, is the ratio of the volume of pores to the total apparent volume of
the sample Equation (2.1)

- Vpores

P 2.1)

Viotal
The volume of the pores is assumed to be equal to the volume of silicon that is removed
during the electrochemical etch, given by Equation (2.2):

mp; —m
Vioores = ————— 5 2 2.2)
1

where m is the mass of the sample before the etch, m; is the mass of the sample after the etching,
and Jg; is the density of silicon (assumed to be 2.33 g/ml in this project [179]).

The sample was weighed before and after etching. Subsequently, the sample was placed in a
beaker containing 10 ml of the 1 M aqueous ethanolic KOH solution for 5 minutes or until the
PS layer dissolved. Subsequently, the sample was rinsed with ethanol, dried, and weighed again

to obtain the final mass (m3). Figure 2.4 shows a schematic of these steps.

_HF
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Figure 2.4 Diagram illustrating the steps of the gravimetric method for measuring the porosity and
thickness of a PS layer. For visual clarity, the diagram is drawn with a layer of PS that is much thicker
than the case. The PS layer was typically a thin film of 5-10 um on top of a wafer with a 525 ym thickness.
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—

Etch
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The total volume required for the volume ratio equation 2.1 is the volume of PS, which was

estimated by removing the PS film with KOH/ethanol and determining the difference in mass:

mp —ms
Viotal = . (2.3)
1

By substituting Equations (2.2) and (2.3) into Equation (2.1), the porosity is:

p""m (2.4)

mp —ms3
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The thickness of the porous layer (7') depends on the density of the material and the planar

area A of the wafer exposed to the etching solution, as shown in Equation (2.5):

T = —ngs’i“ (2.5)
where A represents the wafer area exposed to HF during electrochemical etching [179].
Although the gravimetric method is both inexpensive and straightforward, providing the

measurement of thickness and porosity by assigning mass, it yields only average values across

the sample. In cases where the PS membrane is non-uniform, the results may be inaccurate.

Furthermore, gravimetric analysis can be susceptible to errors arising from contamination or

material loss during sample handling, affecting the accuracy of the measurement [179].

2.4.2. Scanning Electron Microscope

Scanning electron microscopy (SEM) has become a standard technique for characterising materi-
als from the microscale to the nanoscale. An SEM produces images by sweeping a high-energy
electron beam across a sample. When the electron beam strikes the surface, it penetrates the
sample to a depth of a few microns, depending on the accelerating voltage and sample density.
This interaction generates multiple signals, including secondary electrons and X-rays, which are
collected by specialised detectors to form an image that reveals surface topography, composition,
and other properties.

The signal intensities are processed and converted into pixels on a display, producing a
greyscale image in which variations in intensity indicate differences in surface features or
composition. Several samples were tested to obtain cross-sectional images so the results would
represent the process accurately [144]. In this research, SEM images were used to study the

surface of PS and to determine the thickness of the PS layer before and after laser processing.

2.4.3. Fourier Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) measures how a sample absorbs light at different
wavelengths to identify and quantify various materials. FTIR spectroscopy characterises the
electromagnetic spectrum in the infrared (IR) region through the Fourier transform. Infrared
radiation induces the molecules to vibrate. The absorption of IR radiation causes the bonds in
the molecules to stretch and bend. During the stretch, the length of the bond will increase and
decrease. The bend represents a variation of the angle between two bonds. The vibration will

be infrared active only if the molecule’s dipole moment changes to correspond to the vibration.
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Therefore, symmetric vibrations are typically inactive in the infrared. The vibration frequency,

Vv, is given by:

v=(1/2mc)\/(k(my +m2) /mym;) (2.6)

where k is the spring constant, whilst m; and m; are the masses of the atoms [23]. The frequencies
at which these vibrations occur provide information about the chemical bonds and molecular
structure of the material.

FTIR uses a Michelson interferometer to convert the infrared spectrum into an interferogram,
which is then transformed using the Fourier transformation to obtain the spectrum [76, 188]

The Michelson interferometer (Figure 2.5) comprises a beam splitter, a stationary mirror,
and a moving mirror. Infrared light from the source is split into two beams, one reflected from
the stationary mirror and the other from the moving mirror. When these beams recombine, they
create an interferogram containing all the wavelength information. As the moving mirror changes
position, a time-domain signal is recorded and then transformed to reveal the frequency-domain

spectrum [76].
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Figure 2.5 Michelson Interferometer, the core of FTIR spectrometers, which splits one beam of light into
two beams. (adapted from [195]).

Fourier transform improves sensitivity, speed, and accuracy [83]. The infrared spectrum can
be used to study the surface chemistry of PS [111]. IR spectra can identify specific functional

groups and bonding types in a material. Each functional group absorbs IR radiation at character-

31



Experimental Methodology

istic frequencies corresponding to its specific bond vibrations [86]. The location and intensity of
the absorption bands in the IR spectrum correlate with the types of chemical bonds present. The
functional groups and bonding environments can be identified by comparing the observed IR
spectrum with the reference spectra. The IR spectrum is a fingerprint that is used to identify the
chemical bond and atom in the sample [180].

To study the chemical structure of the PS surface, FTIR spectra were recorded using a
Shimadzu IRAffinity-1S at room temperature in air and under N, flow to reduce humidity noise.
Measurements were performed once the samples were etched. Measurements were taken daily

for 30 days following the etching process to examine the progress of PS oxidation.

2.4.4. Raman Spectroscopy

Raman scattering has been used as a non-destructive tool that can provide extensive information
on the structure of solids, such as strain, stress, crystallinity and disorder [44]. When a material
is exposed to a monochromatic light source, the light interacts with the matter. It can transmit,
reflect, absorb, or scatter. This interaction is influenced by both the material properties and the
wavelength of the incident light.

Scattering occurs in two main categories: elastic and inelastic. In elastic scattering, the
incident photon with energy E interacts with molecular vibrations that cause the system to rise
to some intermediate state. The system returns to its ground state and releases a photon. The
scattering photon energy is E; following the energy conservation, the energy of the scattering
photon should be equal to the energy of the incident photon (Ey = E), and there is no change in
frequency or momentum. This phenomenon is also known as Rayleigh scattering.

In inelastic scattering, the energy of the scattering photon differs from Ey = E due to the
exchange of energy with a particle. If the system is excited from the ground state to a virtual
state and then relaxes to a lower energy state, the photon energy increases (E = Ep + Ey),
producing anti-Stokes Raman scattering (higher frequency). Conversely, if the energy of the
scattering photon decreases (E = Ey — Ey), Stokes-Raman scattering occurs, yielding a lower
frequency [45, 173, 88]. Figure 2.6 illustrates the energy-level diagram of the three scattering
processes that can occur when light interacts with the phonon.

The full width at half maximum (FWHM) of the Raman peak is important because it
provides valuable information in addition to the peak position. Raman peaks can become
broader for various reasons. For instance, increasing the temperature can lead to more phonon-

phonon interactions and reduce the phonon lifetime, resulting in broader Raman peaks [75].
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Figure 2.6 Three scattering processes that occur when light interacts with molecular vibrations. The
diagram shows Rayleigh, Stokes, and anti-Stokes scattering pathways.

Additionally, higher temperatures cause intensified lattice vibrations and thermal turbulence,
further contributing to the broadening of the Raman peak.

Stress and strain can change the distances and angles between atoms in a crystal lattice,
leading to variations in phonon vibrational frequencies, which also results in the broadening of
the Raman peak [70]. Additionally, stress can cause shifts and splitting of Raman peaks [201].
In an ideal crystal with translational symmetry, first-order Raman scattering arises from phonons
at q = O (the Brillouin zone centre). However, disorder or finite-size effects can relax momentum
conservation, leading to downshifts and a broadening of the Raman peak [202].

In nanomaterials, a reduction in particle size increases the surface-to-volume ratio in nanopar-
ticles, which affects the vibrational states and contributes to peak broadening. For example,

crystalline silicon exhibits a sharp Raman peak at 520 cm -!

, nanocrystalline silicon shows a
broadened peak in the range of 510-520 cm !, and amorphous silicon is characterised by a
broad peak around 480 cm -1 190]. Bulk materials and nanostructures behave differently under
Raman scattering, prompting models such as the phonon confinement model to explain these

effects [172]. A phonon wave function in an infinite crystal is given by:

@ (qo,r) = u(qo,r)e "Pr 2.7)
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where r is the space vector. In the phonon confinement model, phonons in a nanocrystal of

diameter L have a modified wave function:

¥ (qo,r) =W (r,L)®(qo,r) =¥ (qo,r) u(qo,r) (2.8)

where W (r,L) is a Gaussian weighting function exp (—2r2 / Lz). The first-order Raman spectrum,

I(w), can be expressed as:

L[ IC0.q)Pd
1% | GGy w7 22

where |C(0,¢)|? is a weighting function, ¢ is the wave vector of the phonon, ®(q) is the dispersion
curve for optical phonons, and I" is the natural linewidth [31].

In this research, Raman spectroscopy was used to study the crystal structure of PS and the
effects of laser writing. Measurements were performed at a wavelength of 532 nm and room

temperature, using low laser power to avoid local heating.

Surface-Enhanced Raman Spectroscopy

Surface-enhanced Raman spectroscopy (SERS) is an advanced form of Raman spectroscopy
that significantly enhances the Raman scattering signal by several orders of magnitude. This
enhancement is achieved through the electromagnetic interaction between light and rough metal
surfaces, generally known as plasmon resonances. The molecules being analysed are attached to
or located very close to the metal surface [121]. As explained previously, Raman scattering is
the inelastic scattering of photons when they interact with matter. Because Raman scattering
is typically weak, SERS provides a way to significantly enhance the signal. Theoretically, two
mechanisms describe SERS: electromagnetic enhancement (EM) and charge transfer (CT), also
known as chemical enhancement [140].

Electromagnetic enhancement in SERS occurs when localised surface plasmon resonances
(LSPR) are excited on the metallic substrate. Localised surface plasmons are collective oscilla-
tions of conduction electrons confined to the surface of a metallic nanoparticle. Their resonance
is determined by the size, shape, material and arrangement of the metallic nanostructures. If the
incident light frequency matches the electrons’ oscillation frequency, an intense electromagnetic
field localises near the surface, known as LSPR [78, 173].

The chemical contribution to SERS comes from the charge transfer between the adsorbed

molecule and the metal surface, amplifying the Raman signal. This mechanism involves the

34



2.4 Characterisation Techniques

formation of a chemical bond between the molecule and the metal surface, resulting in a resonant
Raman process that increases the Raman scattering cross-section. Although this chemical
enhancement is often smaller than the electromagnetic enhancement, it can be significant or

molecules capable of strong chemical bonding with the metal [183].

E Electric field (incident light )

Electron cloud

Figure 2.7 Collective oscillations of electrons in a nanoparticle under an external electric field.

Figure 2.7 shows the collective oscillations of electrons in a nanoparticle when exposed to an

external electric field.

2.4.5. Atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM), developed in
1985 [25], that uses a probe to measure localised characteristics (e.g., surface topography). It
is widely applied to investigate the properties of grains, phases and surface layers in ceramics,
metals, polymers, and composites [196].

The AFM probe features a sharp tip mounted on a flexible cantilever. Attractive and repulsive
forces between the tip and the sample surface generate a high-resolution, three-dimensional
topographic image. Resolutions of a few nanometres are achievable. Typically, the AFM
setup includes a microscope stage, an electronic control system, and a computer interface. The
microscope stage often incorporates an optical microscope for sample observation and is placed
on a vibration isolation platform to reduce noise. The cantilever, usually made of silicon or
silicon nitride, is attached to a piezoelectric (PZT) operator, and a position-sensitive photodetector
receives a laser beam reflected from the cantilever tip. The detector signals provide feedback on
the cantilever deflection, which the electronic control system uses to adjust the movement of
the scanner. Hence, the AFM can maintain a consistent force or height above the sample [54].

Figure 2.8 presents a schematic of the AFM setup.
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Figure 2.8 A schematic of the AFM setup, showing the main components for scanning and feedback
control (adapted from [196]).

AFM involves continuously scanning a sharp tip across the surface of a sample. This scanning
process is guided by feedback mechanisms that allow piezoelectric (PZT) scanners to precisely
control the position of the tip, ensuring that it maintains a consistent force or height above
the surface. AFM can be operated in three primary imaging modes: contact, tapping, and
non-contact. In contact mode, the tip remains in continuous contact with the sample surface,
and cantilever deflection provides topographical data. Tapping mode involves oscillating the
cantilever near its resonance frequency so that the tip intermittently contacts the surface, reducing
lateral forces and sample damage. Finally, non-contact mode keeps the tip oscillating slightly
above the surface, detecting van der Waals forces to form the image.

Computer-defined parameters manage the scanning process. As the tip scans the surface, it
moves vertically in response to surface contours. The deflection of the cantilever is measured by
the deviation of the laser beam, and a photodiode records the difference in light intensities. This
signal is used to adjust the scanner in real-time, ensuring consistent force or height. The constant
force PZT transducer records height deviations, and in the constant height mode, the deflection
force is measured on the sample [93].

AFM data are digital by default, making post-processing straightforward. Common steps
include filtering, background subtraction, and levelling (also called flattening). If the substrate
is tilted relative to the scanner, the background tilt can mask small height variations in the

sample. Therefore, polynomial fitting and subtracting the substrate background is crucial to
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ensure accurate measurements [231]. Figure 2.9 displays an example of flattening AFM images

for clarity.
(a) Simulated raw image (b) Adaptive thresholding (c) Contour expansion
Spherical cap Initial contour Converged
J like feature al almnmur
(d) Polynomial fitting (e) Flattened image
Theoretical

background

Figure 2.9 Illustration of the suggested technique for flattening AFM images. a) Sketch of an inflated
AFM height image with a tilted background. b) The adaptive thresholding method is used to find a feature
in the image. c) Find the edges of an object by expanding the contours to find the main mask area. d) The
surface was made by fitting the background as a polynomial surface and leaving out the mask area for the
centre. ) The image flattened by taking away the polynomial surface of the original image. (Figure taken
from [231]).

A multimode-8 atomic force microscope with a Nanoscope V controller and (J) scanners
(Bruker) was used to acquire AFM data. An active vibration isolation system (Nano Series,
Accurion) was used to reduce vibrational noise. Nanoscope software version 9.2 was used to
control the microscope. The system was operated in tapping mode in the air. The AFM data were
processed with NanoScope Analysis 1.8 software (Bruker). Silicon tips on silicon cantilevers
(NCHY, Bruker) were used to collect images. The nominal tip radius was approximately 8 nm,

frequency 300 kHz, and spring constant k = 42 Nm ™!

2.4.6. Kelvin Probe Force Microscopy

Kelvin Probe Force Microscopy (KPFM) is a variation of Atomic Force Microscopy (AFM) used
to measure the contact potential difference (CPD) between the sample surface and the tip. CPD
reflects the difference in electric potential between two materials resulting from their different
work functions. The work function is the energy required to remove an electron from a material’s

surface to a point in space, making it a fundamental material property.
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During contact mode operation, the AFM tip physically contacts the sample surface, leading
to tip cantilever bending due to the repulsive force between the tip and the sample. The
cantilever deflection serves as a feedback signal. In tapping and non-contact mode at AFM, the
tip oscillates above the surface, and changes in amplitude or frequency indicate attractive or
repulsive forces. These variations are used as feedback signals to determine the topography of
the sample surface [142].

In tapping mode, the change in amplitude reflects variations in tip-sample interactions.
Because the tip and sample can function as two conductive surfaces separated by a small gap,
they form a capacitor with capacitance C. The electrostatic force between the tip and the sample

Fisis given by:

1dC

Fos=51 (Vepa)® (2.10)

where C is the capacitance between the tip and the sample surface, z is the distance between the
tip and the sample, and V,,4 the contact potential difference, linked to the difference in work
functions:

AW
chd — 7 (211)

where AW is the difference in the work function and e is the electron charge [94]. In this project,
the KPFM was used to investigate the electrical properties of laser-written samples and detect

any changes in doping concentration in those regions.

2.4.7. X-ray Diffraction

X-ray diffraction (XRD) is a powerful technique for investigating the crystal structure and
properties of materials. It relies on the principle of constructive interference of X-rays as they
interact with atomic planes in a crystal. When X-rays encounter the lattice, they scatter. Due to
the periodic arrangement of atoms, constructive interference occurs at specific angles, forming a
distinctive diffraction pattern.

According to Bragg’s law:

2dsin 6 = ni (2.12)
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where d is interplanar spacing, 0 is the angle between the incident X-ray beam and the crystal
plane, n is an integer representing the order of the diffraction peak, and A is the X-ray wavelength.
Measuring these diffraction angles and intensities reveals the crystal’s atomic arrangement [104].

The method of XRD involves several steps. First, a crystal is prepared and placed in the path
of an X-ray beam. The X-rays interact with the crystal lattice and scatter in different directions.
A detector, such as a photographic plate or a modern electronic detector, records the pattern
formed by the diffracted X-rays. The diffraction pattern consists of a series of spots or peaks,
which correspond to the scattering of X-rays at specific angles and intensities. These spots can be
analysed using mathematical techniques, such as Fourier transformation, to extract information

about the atomic or molecular structure of the crystal.

2.4.8. Synchrotron X-ray radiation for Material Analysis

A synchrotron is a circular particle accelerator used to generate high-intensity electromagnetic
radiation (the setup shown in Figure 2.10). Free electrons, produced by an electron gun (via a
heated tungsten filament), the generated electrons were collected by an electric field and guided
towards the linear accelerator (LINAC), then accelerated near-light speed. Once this speed is
reached, the electrons are sent to a circular accelerator known as the booster ring. Inside the
booster ring, the electrons move along a circular path and undergo controlled energy stimulation
from radio frequency cavities. This stimulation enhances the energy of the electrons before they
are transferred to the storage ring. The strength of the magnetic field in the booster ring increases

as the electron velocity increases, following the relationship:

my

r=—
qB

(2.13)

where r is the radius of the circular path on which the charged particle travels, m is the mass of
the charged particle, v is the velocity of the particle, g is the charge of the particle and B is the
magnetic field strength.

In the storage ring, electromagnetic dipoles cause the electrons to travel in curved paths.
These electromagnetic dipoles, also called insertion devices, are placed in straight sections of
the storage ring, which apply an alternating magnetic field to induce electron oscillation while
maintaining an overall straight pathway. Then, electrons emit synchrotron radiation. Finally,
the synchrotron radiation reaches the beamline tangential to the storage ring. At the beamline,
radiation is usually (but not always) monochromatic and is focused using X-ray optics on a

sample [158, 233].
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Figure 2.10 Schematic of a synchrotron accelerator: electrons are accelerated in the LINAC, boosted
in the booster ring, and stored at high speed. Bending magnets direct the electron beam, which emits
synchrotron radiation. (Modifications have been made to the Figure taken from [186]

Figure 2.11 Diamond Light Source the UK’s national synchrotron light source.(Figure taken from [127].

The properties of synchrotron radiation depend on the characteristics of the storage ring.
Synchrotron radiation exhibits high intensity, a broad and continuous spectral range from infrared
to hard x-rays, inherent narrow angular collimation, a high degree of polarisation, pulsed time
structure, high brightness resulting from the small cross section of the electron beam, and a
high degree of collimation of the emitted radiation. This phenomenon occurs in an extremely
high vacuum environment and provides stability to the beam. All these characteristics can be
quantitatively determined using quantitative methods [145].

Due to these properties, synchrotron radiation is suitable for studying the crystal structure
of nanomaterials, including symmetry, bonding, unoccupied states densities, bond length, local
disorder, and origin of luminescence from light-emitting materials [192]. In this project, the
Diamond Light Source science facility located at the Harwell Science and Innovation Campus in
Oxfordshire (UK) was used as the synchrotron light source to study the crystal structure of the

laser writing line (Figure 2.11).
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2.4.9. X-ray photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique used to analyse the chemical composition
of the electronic state of the surface of a material (< 10 nm). The XPS is an ultra-high vacuum
technique. It involves irradiating the sample with high-energy X-rays, causing the ejection of

photoelectrons from the atoms of the material surface (see Figure 2.12).

2P

1’14’ o Photoelectron
Photon ‘111 /

O—e 1S

Figure 2.12 Diagram illustrating XPS photoelectron emission from a sample surface under X-ray irradia-
tion.

The kinetic energy and a variation in the binding energy are measured by a hemispherical
analyser; the Fermi level of an electron is dependent on a chemical shift, often referred to
as a variation in the oxidation state or a change of the electronic charge distribution around
the nucleus. This shift arises from variations in the chemical bonding of the element and its

surrounding environment, following the relation

Ep=hv—E,—¢ (2.14)

where E} is the kinetic energy and Ep is the binding energy. It is the difference in energy levels
between the initial and final states after the emission of the photoelectron of the atom; 4 is
Planck’s constant, v is the frequency of the X-ray photon, and ¢ is the work function of the
spectrometer; both are constant for a given spectrometer [110]. The Fermi level is used as the
reference energy level and represents the highest energy electrons that are normally occupied. In
XPS, the sample and spectrometer are connected, so their Fermi levels line up. The work function
¢ is the energy needed to move an electron from the Fermi level to outside the spectrometer.

Since kinetic energy is measured from the vacuum level of the spectrometer, the work function
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must be subtracted to get the correct binding energy. Both 4V and ¢ stay the same for a given
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Figure 2.13 XPS spectrum of Si2 p core-level emission showing two silicon and four oxide peaks (this
Figure taken from [148]).

Chemical shifts reflect changes in the oxidation states or electronic environments. For
instance, levels of p, d, and f will split after ionisation to py /3, p3/2. d3/2, ds )2, f5/2, and f7 5.

The spin-orbit splitting ratio is 1:2 for p levels, 2: 3 for d levels, and 3: 4 for f levels [36].

2.4.10. Secondary Ion Mass Spectrometry

Secondary Ion Mass Spectrometry (SIMS) is a nanoscale surface analysis technique. A high-
energy primary ion beam bombards a solid surface, initiating a collision cascade beneath the
surface (Figure 2.14).

Energy transfers from the primary ions to the surface atoms, breaking bonds and ejecting
particles. This ejection process is known as sputtering. Most of the sputtered particles are neutral,
but about 1% are ionised. Only these ionised particles can be analysed by a mass spectrometer.

The core principle of SIMS involves the high-energy ion beam striking the solid surface,
which leads to the removal and ionisation of secondary ions from the surface of the sample.
The collision cascade theory explains the sputtering and ionisation mechanisms. Using a mass
analyser, an electric field extracts secondary ions from a mass spectrometer, sorting them

according to their mass-to-charge (m/z) ratios. Finally, the separated ions are directed to a
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Figure 2.14 Diagram Illustration of primary-beam collisions in SIMS, leading to sputtered ions and the
creation of a crater (adapted from [191]).

detector, which generates a mass spectrum by plotting the signal intensity of the detected ions
against their m/z ratios [5, 191].

SIMS is a destructive technique because surface erosion occurs during measurements. It
is extremely sensitive to surface contaminants that can interfere with analysis. Even minor
contamination can significantly affect the results. Although SIMS excels at surface analysis, its
depth resolution can be limited, particularly for very thin layers. The sputtering process may
also cause layer mixing, decreasing depth accuracy. Furthermore, SIMS requires a high vacuum
environment, restricting the samples that can be analysed and complicating preparation and

handling [162].

2.4.11. Electrical Characterisation Measurements ((I-V) Measurements)

The electrical properties of semiconductors are determined by their ability to conduct an electric
current which is influenced by parameters such as doping concentration, carrier mobility, and
temperature. Resistance, a fundamental electrical characteristic, measures the extent to which a
material impedes the flow of electric current. The concentration of charge carriers (electrons and
holes) in semiconductors affects resistance, and this concentration can be controlled by doping.
Doping involves the addition of impurities to a semiconductor to increase the concentration of

electrons (n-type) or holes (p-type), thereby reducing the resistivity of the material.
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The two-probe method is commonly used to measure the resistance of a semiconductor
(Figure 2.15). This technique consists of applying an electrical current between two probes. A
current is passed through the sample through one pair of contacts, while the voltage drop is
measured across the same pair of contacts or another. Although straightforward, the two-probe
method can be affected by the contact resistance between the metal probes and the semiconductor,
leading to inaccuracies in resistance measurement. The quality of contacts and calibration are
essential. The method allows measuring the resistance of an object with known geometry,

limiting the comparison of results for devices of different sizes [118].

O,

Two Probes

| 1/
The Sample

Figure 2.15 Two probe method for measuring electrical resistance.

In this study, electrical measurements were performed using a Cascade Microtech probe
station and an Agilent BISO0A semiconductor analyser. Tungsten probe tips (with 10 umradius)
contacted the sample. Current measurements spanned voltages from —2V to +2V in 50 mV
increments, under nitrogen atmosphere and under dark conditions.

I-V curves at different temperatures were obtained at the probe station using a thermal chuck
system (Model ETC-200 L, ESPEC, Japan). The samples were connected to the probe station,

and the current-voltage curves were collected.

2.4.12. Temperature Dependence of Electrical Properties in Semiconductors and Porous

Silicon

PS is created by electrochemical etching of silicon (a semiconductor). Semiconductors is a
fundamental material in modern electronics, and the electrical properties for both PS and silicon
are sensitive to temperature. Understanding how temperature affects their conductivity, carrier
mobility, and resistance is critical to improving device performance in various applications.
Although the temperature dependence of semiconductors has been extensively studied, PS
presents additional complexity because of its porous structure and surface states. Temperature
affects the concentration and mobility of charge carriers in semiconductors. For intrinsic

semiconductors, the number of thermally generated electron-hole pairs increases exponentially
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with temperature. Carrier concentration (n;) can be expressed as:

E
n; =AT>"“exp ( 2kBT) (2.15)

where E, is the bandgap energy, kg is Boltzmann constant, and T is the temperature. A is a
constant that depends on the properties of the semiconductor, such as the effective density of

states in the conduction band (N¢) and the effective density of states in the valence band (Ny ):
A = NcNy (2.16)

Where N¢ is the effective density of states in the conduction band:

3

2em*kpT \ 2

Ne=2 (M> 2.17)
h2

where m;, is the effective mass of electrons, and % is Planck constant,and Ny is the effective

density of states in the valence band:

3
2amikpT \ 2
Ny =2 (—h’; b ) (2.18)

where m}k, is the effective mass of holes [207].

Temperature has a more nuanced effect on extrinsic semiconductors, which are doped with
impurities that introduce free charge carriers. At low temperatures (the freeze-out region),
thermal energy is insufficient to ionize the dopant atoms, resulting in a low carrier concentration.
As the temperature increases to moderate levels, these dopant atoms become fully ionized,
and the semiconductor enters the extrinsic region, where conductivity is primarily determined
by dopant concentration. At higher temperatures, however, thermally generated carriers can
outnumber those introduced by the dopants, further affecting the overall conductivity [197].

The electrical properties of PS, prepared by electrochemical etching of silicon, have gained
interest as a result of its low conductivity compared to the conductivity of the substrate. Since
the surface area and porosity of PS are large, the charge carriers will be trapped in the surface
defects, called charge traps; as a consequence, conductivity will decrease [123].

Models developed to explain the temperature-dependent electrical conductivity in porous
silicon (PS) often assume that conduction occurs only once a continuous network of silicon

nanowires is formed. At low temperatures, these nanowires remain partially disconnected,

resulting in low conductivity. As the temperature increases, more interconnections develop
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among the nanowires, increasing conductivity [194]. Furthermore, at higher temperatures, some
carriers escape from traps via a Poole-Frenkel field-assisted emission mechanism, which lowers
the energy barrier for thermal emission [59]. This additional release of carriers further boosts

conductivity. Such thermally activated behavior can be described by an Arrhenius-type model:

E
0 = 0pexp (—ﬁ) (2.19)

where oy 1s a pre-exponential factor, E, 1is the activation energy required to release trapped
carriers. In this project, I-v measurement (Section 2.4.11) has been done in the temperature

range of 2837273 K to study the electrical properties of the laser-irradiated area.

2.5. Conclusion

This chapter presents a comprehensive overview of PS, beginning with the electrochemical
etching of silicon wafers and culminating in detailed characterisation and laser irradiation
studies. Multiple techniques, including SEM, FTIR, Raman (including SERS), AFM, and KPFM,
were employed to explore the microstructure, chemical bonding, and electronic features of
PS. Advanced methods such as X-ray diffraction, synchrotron X-ray analysis, XPS, and SIMS
further enabled insight into the crystallographic, compositional, and surface properties of both
unprocessed and laser-processed PS.

The investigation also included the use of a continuous-wave CO, laser to modify selected
regions of PS samples. Different power levels and scanning speeds were tested to study changes
in surface morphology and potential alterations in material properties. Electrical I-V measure-
ments, performed over a range of temperatures, provided data on the resistivity and conduction
mechanisms. Additionally, KPFM was used to examine whether laser irradiation might affect
doping concentration in the laser-irradiated areas, although no definitive conclusions about
doping changes were drawn here.

Overall, the chapter underscores the versatility of porous silicon as a platform for laser-based
modification, highlighting the value of multitechnique characterisation to capture morphological,
chemical, and electronic nuances. These approaches lay the groundwork for further investi-
gations into how laser processing may influence doping levels, surface chemistry, or device
performance, indicating a broad spectrum of potential applications in sensors, microelectronics,

and optoelectronic components.
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3.1. Introduction

PS has become a significant material due to its unique optical [153], electrical [143] and structural
properties [21], which generate considerable attention for a wide range of applications in fields
such as optoelectronics, sensors [68] and biomedical devices [139]. The transformation of
crystalline silicon into a porous structure through different fabrication techniques and procedures
creates opportunities for customising the properties of the material for specific applications.
The controllable porosity and thickness of the PS layer significantly influence the performance
and applicability in numerous domains. Electrochemical etching is a widely used method for
producing PS due to its cost effectiveness and ease of implementation [185]. Silicon is anodised
in hydrofluoric acid under controlled current densities and etching times. Management of PS
characteristics is carried out by modifying the density and duration of the oxidation current,
which directly influences its thickness and porosity.

In this chapter, the effect of modification of the electrochemical process parameters on the
structural properties of PS was analysed using techniques such as gravimetric methods, AFM
and SEM. Surface chemistry influences those final characteristics of PS. FTIR spectroscopy
and Raman spectroscopy are critical techniques for characterising the chemical bonding and
vibrational features of the PS surface. In addition, XPS provides details about the chemical
composition of the material. In this chapter, these characterisation methods were further explored
to improve understanding of the structural and surface modifications occurring during PS
formation.

AFM is widely used to investigate the surface structure of PS, providing significant in-
formation on the roughness and shape of the material at the nanoscale. Using FTIR, Raman
and XPS analysis, AFM provides a deep understanding of the connection between fabrication
conditions and the resulting properties of PS, supporting the optimisation of the material for

specific applications.
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3.2. Cleaning the Surface of the Substrate

Cleaning the surface of the silicon substrate is an essential step to eliminate organic and inor-
ganic contaminants that could negatively impact subsequent electrochemical etching and laser
processing. The substrate was cut into pieces approximately 1 cm x 1 cm, and the back surface
was lightly abraded with sandpaper to prepare it for further processing. Figure 3.1a shows
microscope images of the sample after cutting, while Figure 3.1b shows microscope images of
the sample after polishing.

In the initial cleaning stage, the silicon pieces were immersed in acetone for five minutes
to dissolve the dirt residues, followed by drying with nitrogen gas (Figure 3.1c). The silicon
was then immersed in a piranha solution composed of sulfuric acid and hydrogen peroxide in
a 4:1 ratio to remove any remaining organic contaminants [179]. After 20 minutes, the silicon
pieces were thoroughly rinsed with deionised water to remove traces of the piranha solution.
Finally, the samples were dried with nitrogen and a gallium-indium eutectic was applied to
the rear surface (Figure 3.1d). It is important to note that even after these cleaning steps, the
surface of the silicon substrate can still become contaminated with dust and other particles. This
highlights the critical importance of thorough and meticulous cleaning procedures to ensure that
the substrate is properly prepared for subsequent processes. Ensuring a clean surface is essential
for achieving optimal results in etching and laser processing.

As shown in Figure 3.1, it was evident that the contamination on the silicon substrate was
not due to any of the materials used in the cleaning or drying processes. After several attempts to
address this issue, a new method was developed for this project to remove all contaminants from
the surface effectively. This approach involves wiping the substrate surface with a cotton bud
soaked in acetone after cutting and abrading the back surface with sandpaper before the piranha

cleaning step, as shown in Figure 3.2d.
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(a) Silicon wafer after cutting. (b) Silicon wafer after polishing.

(c) Silicon wafer after cleaning with ace- (d) Silicon wafer after cleaning with pi-
tone. ranha solution.

Figure 3.1 Microscope images showing the Si substrate surface after cutting and polishing without using
a cotton bud: a) silicon wafer after cutting, b) silicon wafer after polishing, c) silicon wafer after cleaning
with acetone, d) silicon wafer after cleaning with piranha solution.

(a) Silicon wafer after cutting (b) Silicon wafer after polishing.

(¢) Silicon wafer after cleaned with ace- (d) Silicon wafer cleaned with cotton
tone. swab dipped in acetone.

Figure 3.2 Microscope images illustrating the Si substrate surface before and after cutting and polishing
using cotton swab: a) silicon wafer after cutting, b) silicon wafer after polishing, c) silicon wafer after
cleaned with acetone, d) silicon wafer cleaned with cotton swab dipped in acetone.
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3.3. Electrochemical Etching for Formation of Porous Silicon

To create the PS layer, the boron-doped p-type silicon wafer (100) (1 — 10 Q.cm, PI-KEM,
Tamworth, UK) was cut to 1 cm x 1 cm chips using a diamond scribe. The unpolished surface
of the wafer was then treated with sandpaper in preparation for applying a coating of gallium-
indium eutectic to enhance the back connection between the Si chip and copper plate. After
this, the chips were soaked in acetone for five minutes and the shiny surface was wiped with
acetone-soaked cotton buds to remove grease. Subsequently, a piranha etch (4:1) (H,SO4 30%
w/w H>03(aq)) was applied for 20 minutes to remove organic and inorganic contaminants. The
chips were then rinsed multiple times with deionised water to ensure that no piranha etch solution
remained. Subsequently, the gallium-indium eutectic was applied to the sanded surface. The
chips were then placed with the shiny side facing in an electrochemical cell and etched using a

solution of hydrofluoric acid (with a concentration of 40%) and absolute ethanol in a 1:1 ratio.
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Figure 3.3 Schematic cross-section of Teflon electrochemical cell with the dimensions given in mm.

Figure3.3 shows the cross sections of the two parts of the electrochemical cell with the
dimensions given in mm. Both assemblies were fabricated from polytetrafluoroethylene (PTFE).
PTFE was chosen because it is resistant to HF. Assembly 1 consists of a cylindrical hole of 18 mm
diameter and 11 mm height. The cylindrical hole has diagonal lines representing an internal
thread of 8 mm. A copper plate was placed at the base of the PTFE connected to a copper wire
that exits through a 1 mm diameter hole drilled in Assembly 1 to allow connection to the external
circuit. Assembly 2 has a diagonal line that displays the external thread 8 mm. The exact size is

the internal thread of Assembly 1. The two parts were securely attached using the thread. The
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electrolyte solution of HF/ethanol is housed in Assembly 2 by a cylindrical hole with a diameter

of 10 mm and a height of 24 mm (volume 2 mL). A Viton O-ring with an outer diameter 10 mm

and an inner diameter § mm was installed in a radial groove that is 0.5 mm deep and 1 mm broad

at the top end of Assembly 2. The Viton was chosen because of its resistance to HF.

The following method was employed for anodic electrochemical etching:

1. The Si chip was placed on the copper plate in Assembly 1 (clean side facing up), ensuring

the top surface was clean and not contaminated.

. Screw Assembly 2 and Assembly 1 together and keep the assemblies upright. To complete
the electrochemical cell assembly as revealed in Figure 3.3, Assembly 2 was spun clock-
wise to push the silicon wafer on the O-ring against the copper anode to ensure contact

once Assembly 1’s inner thread and Assembly 2’s internal thread made contact.

. Deionised water was used for a five minute leakage test. The electrochemical cell im-
penetrability was then confirmed. A hydrofluoric acid (40% concentration) solution
(HF: ethanol) (1:1) was prepared and transferred to the electrochemical cell using a plastic

pipette.

. The tungsten wire is used as a cathode in this electrochemical cell (immersed in
HF/ethanol). A loop was made at the end of the wire to ensure an even distribution
of the electric current during etching. The etching process was begun at room temperature

using an electric bias for a fixed time.

. Upon completion of the etching, the HF/ethanol electrolyte was replaced with deionised
water. The sample was first laterally washed with HF to remove the eutectic, then washed
with deionised water (type I with a nominal resistivity of > 18.2 MQ.cm from a Millipore
water system was used throughout). The chip was dipped in ethanol to remove the hy-
drofluoric acid residue from the porous chip and to remove the residual species in the pores.
Finally, it was washed with hexane because hexane has a lower surface tension, which

helps prevent the walls of the pores from being damaged by pressure (see Section 3.4).

Figure 3.4 is an image of the Teflon cell used in the electrochemical etching of silicon. Figure 3.4 a

shows the two assemblies are fastened with the wire to connect to the external circuit, where

Figure 3.4 b) shows the two assembled disconnect, the O-ring attached to Assembly 2, and the

copper plate rests on the bottom of the groove of Assembly 1 to connect the back electrode.
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Figure 3.4 a) Teflon etch cell and copper wire. Copper wire be connected to the external circuit. b)The
rubber o-ring seals the HF solution inside the vessel and copper contacts the back electrode.

A range of 1 to 10 mA as anode current was applied for 1 to 100 minutes in the etching
process to avoid cracks and obtain a uniform thickness of the created PS layer [240]. After
being allowed to dry, different methods were exploited to characterise the samples, regardless of
whether the analysis was microscopic (optical microscope, SEM and AFM) or spectral (FTIR

and Raman).

3.4. Rinsing and Drying a Porous Layer

After anodisation, a significant amount of toxic substances remain in the sample, including
electrolyte (HF) and by-products such as silicon tetrafluoride and hexafluorosilicic acid . Consid-
ering the subsequent chemical reaction between H,SiFg and water, this process can lead to the
formation of metasilicic acid . Metasilicic acid can potentially undergo polymerisation, resulting
in the formation of a less soluble gel known as polysilicate. Over time, this gel can solidify,
effectively trapping any remaining fluoride species [130]. Such polymeric species were not
observed at the applied current densities.

The anodised sample was rinsed with water. However, because of the inherent hydrophobic
nature of the sample, water cannot enter the pores. Therefore, it is recommended to rinse the
sample with alcohol before drying [131]. The PS layer exhibits a coloured reflection when wet,
but collapses when exposed to air. During air drying, capillary forces arise from the evaporation
of fluids within the pores, potentially leading to a breakdown of the microstructure of the material

[20]. Figure 3.5 a is the photograph of the sample surface showing colour inhomogeneity
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3.4 Rinsing and Drying a Porous Layer

that indicates cracks in the PS layer, which is visible in the microscope image Figure 3.5 b.
Figure 3.5 c is a cross-section image using SEM that shows the peeling of parts of the PS layer
due to cracks. If the chip was washed with water after etching and then left to dry in the air, due
to the high surface tension of water and the large force exerted by the meniscus on the porous

structure during drying, the porous film will disintegrate (Figure 3.5).

Figure 3.5 a) Photograph, b) optical microscope image, c) SEM image of the PS layer showing the
cracking on the PS layer during air drying.

The pentane/hexane drying method was used to avoid cracking and reduce instability in
the PS layer. The principle of this method is to exchange the aqueous medium that fills the
pores with a low surface tension organic solvent. However, this cannot be done in a single step
because water and hexane are not miscible. First, the water is exchanged in the pores for ethanol
because these two are miscible. After that, ethanol is exchanged for hexane because those two
solvents are miscible. Hexane has a much lower surface tension (17.91mN/m (25°C)) than
ethanol (22.39mN/m (25°C)) [41]. This method has been shown to reduce PS cracking during
drying [157]. Figure 3.6 a, is a photograph of the surface of the sample showing the homogeneity
of the surface, indicating the absence of cracks in the PS layer, which is clearly shown in the
microscope image (Figure 3.6 b). The cross-sectional image using SEM (Figure 3.6 c¢) shows
the PS layer without cracks. The dark areas at the bottom represent the silicon substrate; the PS

layer is above it.

a)

g

r.]
8

Figure 3.6 a) Photograph, b) optical microscope image, ¢) SEM image of the PS layer after the pentane
drying method.
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It is vital to mention an important point that plays a significant role in obtaining a layer
of uniform, crack-free PS, which is the absence of any solution from the previous stage. This
signifies the absence of residual HF when the sample is washed with water, the absence of water
residues when the sample is immersed in ethanol, and the absence of ethanol residues in the final
stage when the sample is immersed in hexane.

The optimal immersion time for each stage of the process was carefully evaluated. Fig-
ure 3.7 presents a photograph of the surface of a sample etched for 20 minutes at a current of
5 mA. The sample was immersed in three different liquids for equal durations of 15, 10, and
5 minutes, ensuring that the immersion time in each liquid was the same at the same stage.
Figure 3.7 a) and b) after washing the sample for 15 and 10 minutes, respectively, some cracks
appear in the PS layer, while the surface appears homogeneous and free of cracks when the
sample is washed for five minutes Figure 3.7 c¢). A clean and crack-free PS layer is crucial for
safe laser writing. Cracks and contaminants in the porous silicon layer can cause laser light to

scatter, compromising the safety and effectiveness of the process.

Figure 3.7 a), b) After immersion for 15 and 10 minutes, respectively, cracks were found due to the
inhomogeneous surface colour. c)After immersion for 5 minutes, the surface homogeneity appears,
indicating no cracks in the PS layer.

3.5. The Thickness and Porosity of PS

The geometry of PS, including the size, shape, thickness and porosity of the pores, is influenced
by both the parameters of the silicon substrate (type of impurities [15], crystal orientation [72],
and resistivity [11]) and the etching conditions (including the HF concentration [114], current
density [164] and etching duration [18]) [101]. The goal is to achieve a stable PS layer with
small pores (20-100 A), which are suitable for laser writing. Using a p-type silicon substrate
offers a significant advantage, as it eliminates the need for illumination during etching (required
for n-type silicon) and produces smaller pores compared to n-type silicon, which typically has

pore sizes of 100-1000 A [150].
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This section focusses on investigating the etching conditions and evaluating the impact of
the etching current and duration on the thickness and porosity of the PS layer. The samples
were prepared by anodic etching of p-type crystalline silicon wafers (100) (1-10 Q-cm) in
hydrofluoric acid (40% concentration) and absolute ethanol in a 1:1 ratio. The gravimetric
method and cross-sectional SEM images were used to measure the thickness of the PS layer,
while porosity was determined using the gravimetric method and AFM surface images. Ensuring

the stability of the PS layer was crucial for the subsequent stage, where laser writing was applied.

3.5.1. Effects of Anodising Current Density on the Thickness and Porosity of PS

The anodising current density significantly influences the structural properties of the resulting
porous layer, including the thickness and porosity. The effect of the anodisation current density
on the thickness and porosity of the PS layer was studied wildly [164, 43]. To study the effect of
the anodising current density on the thickness and porosity of PS, the varied anodising current
(1, 2, 3, 4 and 5 mA) was applied once by etching all samples to a constant value of 100
Coulomb and once at a constant time of 20 min. The porosity and thickness of the PS samples
were determined using the gravimetric method (equation 2.4 and equation 2.3). All the etching

conditions and the resulting PS layer characteristics are summarised in Figure 3.8 and Figure 3.9.
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Figure 3.8 Dependence of PS thickness and porosity on anodising current density on a fixed electric
charge for 100 C.
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Figure 3.9 Dependence of PS thickness and porosity on anodising current density at a fixed etching time
for 20 min.

The thickness and porosity of the PS layer increased linearly with current density [113]. The
direction of porous growth strongly depends on the orientation of the substrate crystal, the type
of doping, and the direction of the electric field [39]. In p-type silicon [100], the porous growth
is perpendicular to the surface toward the interface between the PS layer and the silicon wafer
in the direction of (100) if the structure is [100] [189]. The nature of the bonding for atoms at
hydrogen-terminated (111) and (100) surfaces is responsible for orientation-dependent reactivity.
On hydrogen-terminated surfaces (111), the low polarity of the Si-H bond and the fact that F-
is sterically inhibited from approaching Si atoms render the hydrogen-terminated surface (111)
stable to etching [81]. The steps and edges are removed, and the result is (atomically flat) Si(111)-
H. In contrast, the hydrogen-terminated surface (100) is more complex with monohydride and
dihydride species, and etching proceeds more rapidly in this direction. However, as the anodic
current density increases, the etching rate will increase towards the substrate, affecting the
thickness of the PS layer. The relationship between thickness and anodising current density was

confirmed by measuring thickness from SEM images (Figure 3.10 and Figure 3.11).
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Figure 3.10 Comparison between measuring the thickness of the PS layer using the gravimetric method
and from the SEM images with the current density at a fixed electric charge of 100 C. The correlation
coefficient between data from gravimetric and data from SEM is 0.9, reflects a high level of agreement
between the two methods
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Figure 3.11 Comparison between measuring the thickness of the PS layer using the gravimetric method
and from the SEM images with the current density at a fixed time of 20 minutes. The correlation coefficient
between data from gravimetric and data from SEM is 0.6 this suggests a moderate linear relationship
between the two data sets. It is not as strong as 0.9 but still indicates that the results from the two methods
are related.
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The stability and uniformity of the PS layer are affected by different anodising conditions
(anodising current or anodising time), as the PS layer shows instability if the sample thickness
exceeds 50 um [40]. Figure 3.12 shows the effect of the oxidation current on the stability and
uniformity of the PS layer. Structurally, cracking is less likely to occur in higher anodising
currents. The porosity refers to the amount of silicon removed during the anodisation compared
to before etching. If the thickness of the porous layer is increased, this indicates the removal of a

more significant amount of silicon, thus increasing porosity [205].

(c) SmA.

Figure 3.12 A PS layer formed at different anodising currents at a constant charge (100 C). a) Sample
etched with 1 mA showing visible signs of cracking and flaking on the surface. b) with 4 mA applied,
clusters of PS are formed. c) the PS layer is more homogeneous and uniform when 5 mA is applied.

3.5.2. Effect of the Duration of Electrochemical Anodisation on Thickness and Porosity of

Porous Silicon

The relation between the duration of electrochemical anodisation at a constant current density
and the thickness and porosity of the PS layers was investigated. The first sample was etched for
20 minutes; the second sample was etched for 30 minutes, and the etching time was increased

by 10 minutes as each sample was prepared until it reached 100 minutes. The etching current
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density was constant at approximately 63.6 A/m?. Porosity and thickness were defined using
gravimetric analysis (Section 2.4.1). The fluctuation porosity between 80% and 95% is shown in

Figure 3.13.
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Figure 3.13 The variation of porosity and thickness with etching time at fixed etching current density

Increasing the etching time causes an increase in porosity. The size of the silicon structure
decreases as the anodisation period increases on the surface, reducing as the anodisation period
increases [18]. In addition, the increase in the etching time leads to an increase in the diameter
of the pores (D) and a reduction in the inter-pore distance (porous wall) (W) (Figure 3.14).
During the continuous electrochemical dissolution process, the dissolution also started in the
(111) direction, forming side branches from the primary pore due to additional holes [163]. The
continuous flow of the electrolyte leads to a gradual decrease in HF concentration from the
surface to the PS/Si interface, resulting in a decrease in porosity at the surface and a decrease in
porosity with depth [117].

The thickness (T) of the PS layer was calculated using the gravimetric method using equa-
tion (2.4). The results, illustrated in Figure 3.13 shows that the thickness increases linearly
with the extension of the etching time. When the sample is exposed to etching for a longer
period, the etching current density increases to maintain the same total charge (Q =1 x t, where
the Q is the charge measured in coulombs (C), I is current and ¢ is time) for each cycle, this
is consistent with the principle that increasing the current density helps counteract changes at

the silicon-HF interface, ensuring that the electrochemical reaction proceeds efficiently. The
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Figure 3.14 Diagram illustrating the diameter and wall of the pore.

increased current density amplifies the rate of the electrochemical reaction at this interface,
enhancing the dissolution of silicon in hydrofluoric acid and resulting in a noticeable increase in

the thickness of the PS layer [154, 132].

3.6. Porous Silicon Colour

Silicon wafers have a grey colour, where the colour of PS can vary depending on its structure
and the substances trapped within its pores. The reduced refractive index and optical interference
between the underlying bulk silicon and PS result in vibrant colours throughout the visible
spectrum [33]. Figure 3.15 shows a PS sample under fluorescent conditions. Thickness affects
the interference of light reflected from both the top and bottom surfaces. This interference
determines the apparent colour in reflectance or fluorescence. The fluorescent colour emitted is

determined by the wavelength of light that undergoes constructive interference, controlled by:

2nefr 1 cOs 0 = mA

where A is the wavelength of the observed light, neg is the effective refractive index of the
PS layer, # is the thickness of the PS, m is the interference order (integer) and 0 is the angle of
observation [135]. Thicker layers shift constructive interference towards longer wavelengths,
resulting in redder reflection. Thinner layers increase shorter wavelengths, resulting in a bluer
reflection [174].

The analysis of colours has shown that for thicknesses up to 500 nm, the interference colour
is directly proportional to the thickness and porosity of the PS layer [159]. The colour of the PS
layer is also affected when the silicon layer is exposed to an ambient atmosphere saturated with

vapours of different organic solvents [27].
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Figure 3.15 Photographs showing the colours of a PS sample of 1 cm diameter and 6um thickness under
different light sources. a) Colour under a yellow LED lamp ( 5 to 7 watts). b) The sample emits orange
light when illuminated by a 365 nm hand-held UV lamp

3.7. Atomic Force Microscopy (AFM) as an Alternative Method to The Gravimetric
Method

The accuracy of the gravimetric method to measure the thickness and porosity of the PS layer
is relatively poor when the layer thickness is more than 200 nm, and the area of the removed
silicon is 1 cm?2. The error rate can easily reach 100% [120].

Therefore, an alternative method must be found to measure thickness and porosity. This
could be a visual method, since SEM images were used to measure the thickness of the porous
layer, or a numerical method such as AFM image analysis [7, 149]. However, using AFM images
to determine thickness can be challenging due to the limited length of the AFM silicon cantilever,
which is less than 6 um and thus unsuitable to accurately calculate the thickness of the PS layer
(Figure 3.16).

In the current study, ImageJ software was used to determine the porosity of PS. When
applying this method, it is crucial to choose an appropriate threshold that is not low because that

would lead to the ignore of some pores at a slight depth from the surface (Figure 3.17).

ABI@PI HT

Substrate:
P-Type Silicon Wafer

Figure 3.16 The diagram shows the limitations of AFM in measuring the thickness of the PS.
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Figure 3.17 The Figure illustrates the importance of the threshold position during porosity measurement.
1) The measurement will cover most pores if the threshold is close to the surface. In contrast,2) and
3) The threshold is located far from the surface of pores and missed some of the pores in the porosity
measurement. Thus, the further away from the surface, the greater the error in the porosity measurement.
(SEM from [203]).

AFM images were used to measure the porosity of samples prepared with an anodising
current of 63.7 A/m? and an etching time of 20 min. The value of porosity calculated using
AFM images was 60 %. The porosity value calculated using the gravimetric technique was
around 82 %. The experimental error was calculated using equation (3.1) and was found to equal

36 %.
POI‘OSlty gravimetric POI‘OSlty AFM

= x 100% 3.1)

Porosity 4z,
where Porosity gravimetric and Porosity apwm are the values of the porosity of PS determined using

the gravimetric method and AFM, respectively.

3.8. Surface Chemistry of Porous Silicon

Surface chemistry is essential to determine the properties and performance of the material. The
porous material has the potential to act as a template or host for other substances, such as carbon,
metals and magnetic nanoparticles. The main reactions in porous Si lead to the formation of
Si-0, Si-C, Si-N, or Si -meta surface bonds. Critical reactions include Si-O or Si-C bonds, as
they allow the bonding of functional molecules, such as drugs, proteins, targeting agents or
biological sensor molecules, to PS surfaces [33].

The absorption mode of FTIR was employed to investigate the surface chemistry of PS
samples before and after exposure to humid air at room temperature. After the PS was formed,

the FTIR spectra were immediately taken after the sample was dried. The lifetime of PS oxidation
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was determined by studying the change in the FTIR spectrum when the measurement was taken
over 30 days by exposing the sample to air, resulting in oxidation at room temperature.

An infrared spectrum (Shimadzu IRAffinity-1S) with a wavelength of CW 632.8 nm was
used. The measurements were performed under a continuous flow of atmospheric nitrogen to
decrease the humidity in the atmosphere because the water vapour strongly absorbs in the infrared
region, which can cause unwanted peaks in the spectrum. Absorption curves versus wavenumber
for freshly formed PS, after 15 days and after 30 days from 400 cm~! to 3000 cm~!, shown in
Figure 3.18, and in Figure 3.19. The freshly prepared PS shows well-defined silicon-hydrogen
(SiH; scissor mode) at 910 cm~! (Figure 3.18). The appearance of SiH, deformation mode at
662 cm~! [111] (Figure 3.18), and the absorbance in the wavenumber range 2087-2138 cm™! is
attributed to SiHy (x =3, 1, 2) stretching modes [12] (Figure 3.19). In addition, the absorption
peak at 624 cm™~! is associated with the Si-H wagging bond (Figure 3.18), are an indication of
the formation of PS.

Changes are seen over 30 days. The first change observed in the FTIR spectrum after the
sample is exposed to air at room temperature is the growth of a peak in 470 cm~! (Figure 3.18).
This is assigned to an out-of-plane rocking mode of the Si-O-Si group. The intensity increased
as the exposure time increased [134]. Further evidence of oxidation was observed in the changes
in the SiHx modes, as indicated by a decrease in the intensity of the SiHy stretching modes. This
was accompanied by the detection of a broad absorbance band around 2110 cm™! [138] and the
appearance of SiHy absorption peaks to clarify the physical observation (Figure 3.19). The main
vibration modes occur at a wavenumber of 1072, 1110, and 1163 cm~!. The signal observed at a

wavenumber of 1072 cm™!

corresponds to the stretching vibrations of the Si-O-Si bridges in
the SiOx compound. The peak observed at 1110 cm™! results from the asymmetrical strained of
the Si-O-Si bonds. The intensity at 1072 and 1163 cm™ " increased with the degree of oxidation.
These frequencies are related to the highly stressed Si0; -Si interface or defective silicon oxide
on the surface of the PS. However, these modes are the symmetrical and asymmetric vibration
modes of the Si-O-Si bridges [6].

Based on these results, it is concluded that the oxidation of PS at room temperature is

considerable, and attention should be given to ensuring long-term oxidation stability.
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Figure 3.18 FTIR spectra were taken for three different stages of surface modification: (a) freshly prepared
PS, (b) oxidised PS after 15 days, and (c) oxidised PS after 30 days. The spectra indicate the growth in
asymmetric Si-O-Si stretch modes, bulk oxide modes, and oxidised silicon-hydride deformation modes
formed by surface oxidation.
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Figure 3.19 The development of oxidised silicon hydride extension bands indicates oxidation. There is a
continuous growth of oxidised silicon hydride expansion bands over time.

Raman spectra can help determine the degree of crystallinity, the size of the nanocrystal, and
the presence of amorphous phases, providing essential information on structural transformations
and material quality [213].

Variations in the Raman spectrum of PS have often been attributed to contributions from both
crystalline silicon and amorphous silicon. Typically, amorphous silicon displays a broad peak
around 480 cm™~!, which contrasts sharply with the well-defined peak of crystalline silicon [213].
This shift and broadening of PS spectra is mainly attributed to the large surface area-to-volume
ratio in PS, which promotes the formation of interfaces between crystalline silicon and silicon
oxides. The formation of silicon oxides was shown to occur more rapidly in the amorphous
regions of PS than in crystalline silicon, resulting in Raman spectra that exhibit characteristics
associated with amorphous phases [44].

Additionally, as the size of the nanocrystals within the PS decreases, a shift in the Raman
peak toward lower frequencies relative to the bulk crystalline silicon is observed [239]. This

shift is caused by phonon confinement, where wave vectors extend beyond the Brillouin zone
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when the crystal sizes drop below 100 A. In such nanoscale crystals, the restricted movement
of phonons alters the vibrational modes, resulting in a red shift in the Raman signal. This
phenomenon is demonstrated by the phonon confinement model, which has been extensively
used in theoretical analyses to explain the impact of reduced crystal size on the Raman spectra
of PS [14]. As nanocrystals decrease in size, their vibrational properties diverge from those of
bulk silicon, explains the observed changes in the spectra [200, 69].

For this study, the nature of PS and the structural transformations in crystalline silicon were
evaluated using Raman scattering. Raman measurements were conducted using a LabRAM HR
Evolution confocal microscope spectrometer with a DPSS 532 nm laser. The laser power at the
sample was carefully controlled to prevent overheating. In Raman scattering, a fraction of the
monochromatic laser’s energy is used to induce lattice vibrations. The residual energy is emitted
as a photon with energy slightly lower than that of the incident photon, creating a Raman shift.

Figure 3.20 shows the normalised intensity (the measured intensity divided by its maximum
value) on the X-axis and the Raman shift on the y-axis. The Raman spectrum of crystalline
silicon, shown by the solid black line, features a sharp and symmetric peak. This results from
well-defined lattice vibrations, because the long-range atomic order in bulk silicon is preserved,
minimising defects and disorder. The narrow peak at 521 cm~! with a FWHM of 2.7 cm™! is
attributed to optical phonons in Si-Si bonds of the bulk crystal [44].

In contrast, the Raman spectrum of PS, represented by the red dashed line in Figure 3.20,
exhibits a peak with FWHM broader than that of crystalline silicon. This broadening can be
linked to a decrease in the crystalline dimensions within PS, which reduces the coherence length
of the phonons. As the crystalline dimensions decrease, the phonon confinement effects become
more pronounced, particularly for phonons propagating perpendicular to the smaller crystal
dimensions. This generally results in a redshift of the Raman peak because of altered phonon
behaviour. However, in this case, the absence of a significant redshift may indicate that the PS
layer retains relatively large nanocrystals or possesses minimal structural disorder, both of which
would reduce the extent of phonon confinement and preserve vibrational characteristics similar to
bulk silicon. Additionally, phonons travelling along the longer dimensions of the microcrystals
may retain frequencies close to those of crystalline silicon, further contributing to the lack of
noticeable redshifting.

Studies using high-resolution electron microscope (HREM) images have disproven the theory
that the Raman spectrum in PS is purely due to amorphous silicon. HREM confirmed the
presence of microcrystals, as indicated by lattice fringes [77]. Therefore, the Raman spectrum of

PS can be understood by focussing on the coherence length of phonons and the microcrystalline
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structure, as shown in Figure 3.21, which illustrates the possible coherence lengths of phonons

in relation to the dimensions of pores.
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Figure 3.20 Raman spectra of crystalline silicon (c-si) (black solid line) and PS (red dash-dotted line).
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Figure 3.21 The expected coherence length of phonons within a plane that is perpendicular to the direction
of the pores (this Figure taken from [69]).
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3.9. The Surface Structure of Porous Silicon

The PS layer formed by electrochemical etching consists of a network of silicon particles in the
nanometre range, separated by voids. Consequently, the surface of PS has mechanical roughness
that facilitates the study of its morphology [149]. After PS preparation, AFM (section 2.4.5) in
contact mode was used to image the surface structure of the samples.

According to the International Union of Pure and Applied Chemistry classification of pore
size [175], pores with diameters less than 2 nm are of the micro type, 2-50 nm are of the
meso type and more than 50 nm are of the macro type. Figure 3.22 shows a pore diameter of

approximately 40 nm.
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Figure 3.22 Pore size determination from AFM line profile. The horizontal distance between two vertical
lines of the same colour indicates the width of a single pore. The average of these distances is used to
estimate the pore size of the porous silicon sample.

Figure 3.23a shows the surface of the PS layer illustrating many uniformly distributed holes
on the surface of the PS layer grown on the sample of p-type c-Si (100) (Figure 3.23c). The
surface of the c-Si sample had complete etching, which formed numerous tiny pores across
the thin wall. The PS layer has a higher surface roughness with a root mean square (RMS) of
1.48 nm within a sample size 6 um X 6 um compared to the silicon wafer showing a surface

roughness at an RMS of 0.37 nm within a sample size 6 um x 6 um (Figuuer 3.23d).
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Figure 3.23 AFM images of PS and silicon wafer: (a) 2 um x 2 pum PS morphology. b) 6 um x 6 pm
topography images of PS. ¢) 2 um x 2 um silicon wafer morphology. b) 6 um x 6 um topography images
of silicon wafer

3.10. Chemical Composition

The chemical composition of the surface has a impact on the optical properties of the sample.
The chemical composition of the sample surface was investigated using XPS. When an X-ray
hits a material, the atoms within the material become excited and release electrons. The kinetic
energy of these electrons can be measured to determine the strength of the chemical bonds within
the material. This is done by measuring the energy required to remove an electron from an atom,
called the binding energy. The measurement was taken after writing the PS with a laser and
again after partially etching the sample in HF acid diluted with water (1:2) for 10 seconds to
remove the silicon oxide layer. Al Ky XPS with a spot diameter of 400 um was used to emit the
X-rays, and the analyser mode used was a CAE constant energy analyser with a pass energy of

200.0 eV. Data were processed using the CasaXPS computer programme.
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Figure 3.24 A widespread XPS spectrum of HF etched porous Si for 20 min at current density of
63.6 A/m?.

Figure 3.24 shows the XPS spectrum of HF etched porous Si for 20 min at current density
63.6 A/m?. The spectrum shows silicon dioxide and silicon with small concentrations of carbon.
Figure 3.25 compares the XPS survey for the sample before and after etching. Generally, the

O/Si ratio in the etched sample is greater than in the unetched sample [124].
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Figure 3.25 a) The Si 2p XPS. The spectrum of the PS sample is shown as oxidised (b), which is the
corresponding spectrum after etching porous Si in dilute HF to remove the SiO layer. The spectrum is
shown as oxidised and elemental peaks in the porous layer.

The PS spectrum (Figure 3.25a) shows the Si 2p spectra of the etched PS sample with a peak
at 103 eV that corresponds to the formation of Si-O bonds. The second spectra of PS Si 2p, after
partly etching to remove the SiO;, are shown in Figure 3.25b. This was done to determine the
phase composition of the porous layer. Si 2p spectra for pure silicon were obtained, proving that

PS samples consist of two components: pure silicon with a peak at 99.3 eV and Si0, [51].
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3.11. Conclusions

This chapter focused on the comprehensive characterisation of the PS layer, employing a range
of techniques to evaluate its structural, morphological, and chemical properties. The gravimetric
method revealed that the thickness and porosity of the PS layer increased linearly with the density
of the oxidation current. While porosity remained relatively unaffected by etching time, the
thickness showed a direct linear relationship, with longer etching times producing thicker porous
layers. These findings were corroborated by AFM and SEM imaging, which provided detailed
information on the morphological nature of PS.

AFM images were also used to quantify porosity and analyse the surface morphology of
PS etched in HF for 20 minutes at 5 mA. Furthermore, UV radiation experiments confirmed
the integrity of the sample, as exposure of a 6.4 um thick porous layer to UV light resulted in a
characteristic orange colour, indicative of its stable optical properties.

Spectroscopic techniques, including FTIR and Raman spectroscopy, were employed to study
the crystal structure and vibrational properties of PS. Notably, exposure of the PS layer to air,
humidity, and laser interaction led to the formation of a silicon oxide layer on the surface. FTIR
and XPS analyses successfully tracked the oxidation process and provided a detailed chemical
composition of the material.

These findings provide valuable information on the structural and chemical behaviour of
PS under varying conditions. The ability to tailor porosity and thickness through controlled
etching and oxidation processes highlights the potential of PS for applications in optoelectronics,

sensing, and other advanced technologies.
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Chapter 4. Consolidation of Porous Silicon Using CO, Laser

4.1. Introduction

In the previous chapter, the methods used to characterise the PS layer and analyse its crystalline
and chemical structures were discussed in detail. The findings revealed that the optical and
physical properties of the PS layer are strongly influenced by its crystalline structure and surface
chemistry, which can be tailored through variations in the etching parameters, such as the etching
current and the etching duration [3].

This chapter investigates how low-power (5-10 W) continuous-wave (CW) CO; laser pro-
cessing affects the physical, structural, and chemical properties of the PS layer. By systematically
varying irradiation parameters, including laser power density and duration (controlled via stage
traversal speed), the study aims to understand the interplay between laser-induced heating and
the resultant material modifications. In this power regime, the result shows that the material is
not melted but is heated to the extent that it consolidates.

A combination of imaging techniques, optical microscopy, SEM and AFM, was employed
to evaluate structural changes, while Raman spectroscopy provided molecular-level insights
into chemical transformations. These analyses collectively shed light on the mechanisms of
thermal processing and the tunability of PS properties under controlled laser irradiation, laying

the groundwork for potential applications in optoelectronics, sensing, and other fields.

4.2. Thermal and Optical Properties of Silicon and Porous Silicon

PS exhibits a thermal conductivity (k) substantially lower than that of bulk crystalline silicon,
ranging from 0.2 to 0.5 W m™' K~! compared to approximately 130 W m™! K-! for bulk silicon
[193, 232]. This reduction is attributed to the porous structure, which disrupts heat transfer
by introducing interfaces and voids that scatter phonons, thereby reducing thermal transport
efficiency [67]. Consequently, heat generated in the irradiated regions of PS is less efficiently

dissipated, leading to localised hot spots [61]. These effects are exacerbated by structural defects
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and impurities within the pores [84], which enhance absorption at specific wavelengths, such as

10.6 pum.

Absorbance
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Figure 4.1 FTIR spectrum of porous silicon showing the characteristic absorption peak at 10.6 pm (943.4
cm™!), corresponding to the wavelength of the CO, laser used for irradiation.

The absorption mechanism of the CW CO, laser (10.6 um wavelength, 943.4 cm™! wavenum-
ber) in PS is clarified through its FTIR spectrum (Figure 4.1), which displays a significant
absorption peak at the laser resonance wavenumber. This absorption results from two synergistic
processes: free-carrier absorption and the excitation of resonant lattice vibrations. Infrared
photons are first absorbed by free carriers (electrons or holes) within the silicon matrix, transmit-
ting kinetic energy to them. Subsequently, these carriers transfer energy to the lattice, causing
localised heat generation. The 943.4 cm™ band corresponds to the vibration modes of silicon
lattice bonds, possibly affected by surface-terminating species such as Si-O or Si-H, which are
common in PS due to its high surface-to-volume ratio. The nanostructured morphology of PS
enhances these effects: it is interconnected pores and surface defects increase the free carrier
density by quantum confinement and trap states, while the disordered lattice promotes phonon
localisation, reducing thermal conductivity and enhancing energy retention. In addition, light
trapping within the porous structure by multiple internal reflections extends the effective ab-
sorption path, enhancing the photon-phonon interaction. The combination of these mechanisms,
augmented by impurities and structural heterogeneity, leads to effective localised thermalisation,

essential for applications that require spatially controlled heating [1].
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4.3 Heat Distribution in The Porous Silicon Layer

Localised hot spots form in regions where the temperature significantly exceeds that of the
surrounding material. These hot spots arise from photon-structure interactions, where the porous
morphology restricts heat dissipation because of the reduced thermal conductivity of PS. This
concentrated heat intensifies vibrational and thermal activity, leading to an uneven temperature
distribution and potential structural modifications or phase changes. These phenomena are critical

for understanding the structural transformations associated during laser-induced consolidation.

4.3. Heat Distribution in The Porous Silicon Layer

A model was created to analyse the heat dispersion in the PS layer undergoing laser processing.

T k.

Equation 4.1 is the heat conduction equation. It describes the temperature distribution 7' (K)
in a material over time ¢, where k is the thermal conductivity, p is the density of the material,
C is the specific heat capacity and ¢, is the rate of volumetric heat generation, representing the
amount of heat generated per unit volume of the material. The ¢, is given by ¢, = al, where o
is the inverse absorption length, and / is the intensity of light at position r, z, where r is the radial
distance from the focus, and z is the depth below the surface of the sample.

Assuming a Gaussian beam focused at the surface of the sample,

I=1I <%> 2exp (—ﬁ) exp(—az) 4.2)

where exp (—az) is attenuated by a factor due to absorption within the sample. ®(z) is expressed

in terms of the beam waist @y as,

o(z) = woy] 1+ (i>2 4.3)

ZR

and the Rayleigh range is zg = nwgn /A where n is the refractive index and A is the wavelength.
The calculation can be easily updated if a more appropriate expression for the intensity is
available than the equation (4.2), which assumes that the only effect of absorption is to attenuate

the intensity independent of r.
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Equation 4.1 may be cast in a more convenient form after defining the dimensionless variables:

u=T/To, R=r/wy, Z=1z/wo, and T =t /At. The Equation 4.1 then becomes

du kAt 5 oAt ( Wy )2 ( 2R?
exp
0(2)

2VR,Z u =

3 oCar = oCho 2) exp (—amyZ) (4.4)

- 0(2)

Equation 4.4 was discretised on an exponentially expanding grid in the R and Z directions

with the boundary conditions,

d
é =0 : no heat lost to the surroundings above the sample. 4.5)
Z=0
du :
— = 0 : radial symmetry. (4.6)
IR [p_g
u—1l:a8R—>oco0rZ — oo “4.7)

The initial condition is taken as a uniform sample temperature of u = 1. Equation (4.4) was
solved by a fully implicit finite difference scheme using the method of successive over-relaxation
to solve the elliptic equations at each time step on a R, Z grid of 100 x 100 points. This grid size

was found to be sufficient to converge the temperature values to approximately 1%.

Optical and material parameters

Only three parameters are needed for the Gaussian beam model used to describe the irradiation:
o, the beam waist. n the refractive index and « the inverse absorption length. The beam waist
can be estimated as half of the spot diameter. The optical properties of porous silicon are taken
from the literature [105, 67]. The thermal conductivity of porous silicon is much lower than that
of single-crystal silicon by several orders of magnitude [9, 67]. A range of different values was
tried, from the bulk silicon value of 130 Wm ! K1 t0 0.1 Wm~! K~!. The density of silicon
was adjusted for porosity, but the specific heat capacity (0.71 J g=! K1) of bulk silicon was used
because this should be approximately independent of porosity. Finally, the beam power at sample

Lneas Was measured for the 10.6 um laser on the confocal microscope and used to determine 1.

* 2r2 ﬂwg
Dneas = 277:10/ eXp| ——= rdr = ——1I (4.8)
0 ; 2
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4.3 Heat Distribution in The Porous Silicon Layer

Limitations and assumptions of the model

* The beam profile is assumed to remain Gaussian as it penetrates the PS.

* Suppose that the beam is focused so that the beam waist coincides with the top of the PS

layer.
* Two-photon absorption effects are ignored.

* The porosity of the PS layer is not precisely known. This means that there is also

uncertainty in the optical parameters of PS.

* The precise doping concentration of the silicon substrate is unknown, as the resistance of

the substrate ranges from (1 — 10 Q.cm).
* Assumption that no heat is lost to the air above the sample.

* The PS layer is assumed to be homogeneous, which simplifies heat conduction modelling

and aligns with the uniform etching process used during fabrication.

The temperature increases steadily and reaches a stable state determined by the balance between
absorption and thermal diffusion away from the focal point at R =0, Z = 0. Figure 4.2 shows a
graph of the temperature in focus against time for a beam waist of 235 yum, a thermal conductivity
of 0.1 Wm~! K~!, and an inverse absorption length of 10°> m~!. The temperature 7 is normalised
by an initial temperature of Tp = 293 K. The beam power integrated into the sample was set to
the measured value of 5 W and 15 W in steps of 5 W. Based on the porosity measurement in the
last chapter, the porosity of the layer was estimated as 80%, and it was assumed that the depth of
the layer was large. The steady-state temperature profile in the porous silicon layer (at 500 us) is

shown in Figure 4.2.
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Figure 4.2 Normalised temperature u = %0 against normalised time 7 = ¢ /Ar at the focus of laser power

5 W and 10 W. The laser beam of A=10.6 um on a porous silicon layer k = 0.1 Wm~'K~!. The beam
waist was 235 um.

The values chosen for this simulation include realistic optical parameters and realistic thermal
conductivity, although perhaps at the low end of the data range for porous silicon [67]. Notably,
the temperature rises to 703 K and 1113 K for 5 W and 10 W laser powers, respectively. The
simulation shows that when PS is processed by a laser at a power of up to 10 W, the temperature

reaches 1113 K, lower than the melting point of the bulk silicon (1687K)[104].
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Figure 4.3 Cross-sectional temperature profiles in porous silicon layer during CO; laser processing.

Figure 4.3 shows the temperature distribution profiles for CW CO; laser irradiation on PS at
5 W and 10 W revealing the distinctive thermal behaviours influenced by the interaction of laser

power, material structure, and heat dissipation processes. At S W irradiation, the peak normalised
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4.3 Heat Distribution in The Porous Silicon Layer

temperature (7 /Tp) reaches approximately 2.4 at the beam centre (r/ @y = 0), decaying smoothly
to T'/Tp ~ 1.0 at a radial distance of r/@p =~ 1.0. This profile indicates an effective radial heat
distribution that is constrained by the inherently low thermal conductivity of PS (0.2 to 0.5 W
m™' K1) [193, 218], this is the result of phonon scattering at the pore interfaces and defects [46].
In contrast, the 10 W laser provides a significantly higher peak temperature (7' /Ty ~ 3.5) at the
centre of the beam, with a sharper radial decay to 7' /Ty =~ 1.0 at r/ @y = 1.0. This narrower, more
intense heating zone underscores the nonlinear relationship between laser power and thermal
accumulation [109], influenced by increased photon-phonon coupling and free-carrier absorption
at high-energy densities.

The depth-dependent temperature profiles further distinguish the two regimes. For the 5 W
case, the temperature at a depth of z/ @y = 0.025 remains moderate (7' /Ty ~ 1.2), indicative
of limited subsurface heating and effective lateral dissipation. At 10 W, however, the steeper
thermal gradient (7' /Tp = 1.5 at the same depth) demonstrates a deeper penetration of energy and
reduced heat dispersion, probably resulting from the intensification of the phonon localisation by
the structural disorder. The porous network allows photon trapping through multiple internal
reflections, which enhances absorption at higher power, increasing the effective interaction path
and intensifying localised thermalisation [38].

The difference arises from the distinct PS morphologies. At 10 W, the higher power density
increases the absorption of the free carrier and causes nonlinear effects, including defect-assisted
multiphonon processes. The voids and impurities in the porous structure concurrently reduce
thermal conductivity, developing a self-reinforcing cycle of heat retention. This differs from the
5 W regime, in which reduced energy deposition allows for a more gradual redistribution of heat,
thus minimising the risks of thermal runaway.

The results of the materials vary accordingly. The 5 W irradiation regime, characterised by
moderate and uniform heating, is appropriate for applications necessitating controlled surface
modifications, including oxidation or annealing, while preventing structural degradation. The
10 W regime extreme localised temperatures (7 /Ty > 3) present a risk of phase transitions or
melting at the pore interfaces, which may lead to microcracking or delamination as a result of
differential thermal expansion. These conditions are beneficial for processes such as laser-induced

consolidation, where precise energy deposition is essential for pore closure or densification.
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Figure 4.4 Temperature—distance profiles for 5 W and 10 W CW CO,, laser irradiation on PS.

Figure 4.4 illustrates the temperature-distance profiles for CW CO; laser irradiation on
porous silicon at 5 W and 10 W. In particular, for both power levels, the normalised temperature
(T /Tp) remains significantly elevated within r/ @y < 1.5, indicating a confined region of heat
accumulation. Under 5 W irradiation, the temperature gradually decreases from a moderate peak
at the beam center (r/ @y = 0) to ambient levels by r/ @y = 1.0. This broad and uniform thermal
profile reflects the low thermal conductivity of PS owing to effective phonon scattering at the
pore interfaces and supports controlled surface modifications such as oxidation or annealing
without inducing structural damage.

In contrast, the 10 W profile exhibits a sharper temperature gradient, with a higher peak
(approximately 7'/Tp = 3.5) in the centre and a rapid decay to the baseline by r/ @y = 1.0. This
more intense localised heating is consistent with the enhanced photon—phonon coupling and
defect-assisted absorption at elevated power levels. The porous network further amplifies energy
deposition through multiple internal reflections, increasing the risks of microcracking or phase
transitions if the energy is not carefully managed.

Overall, these observations emphasise that while moderate laser power produces a broad,
evenly distributed thermal field conducive to precision processing, higher power intensities lead
to more confined and intense heating, necessitating meticulous calibration to avoid thermal

runaway and structural degradation.
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4.4. Experimental Procedure and Analysis

Initially, the PS sample was created by electrochemical etching with a current of 5 mA for 20
minutes. The resulting PS layer had a thickness of approximately 6.5 um. The setup shown in
Figure 2.3 was used for laser processing. The PS sample was mounted on a holder perpendicular
to the X-Y stage holder, positioned 10.16 cm from the lens to ensure optimal beam focus. The
laser beam, operating at 5 W power, was directed onto the PS surface. The stage was programmed
to move along the x-axis at an initial speed of 50 um/s, producing a laser-written line on the PS.
Subsequently, the sample was raised by 1 mm along the z-axis to avoid overlap. The platform
was reset to its starting position along the x-axis. The process was repeated at progressively
slower speeds of 20 um/s, 10 um/s and 5 um/s.

Slower stage speeds increased the localised laser exposure time, enhancing thermal energy
deposition per unit area. This resulted in four distinct lines on the PS sample, each corresponding
to a specific speed and exposure duration.

These lines were examined using microscopic and spectroscopic analysis. The process was
repeated in the PS sample using a higher power (10 W). Figure 4.5 shows that the laser-writing

lines have a texture and a colour different from the surrounding PS.

(a) Laser power 10 W at speed 50 um/s (b) Laser power 10 W at speed 20 pum/s

100:m

(c¢) Laser power 10 W at speed 10 um/s (d) Laser power 10 W at speed 5 um/s

Figure 4.5 Optical microscope images for porous silicon exposed to CO, laser at power 10 W using
different speeds.
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4.5. Laser-Induced Thermal Consolidation of Porous Silicon

As the material is heated, the nanoporous structure experiences softening of the pore walls due
to increased atomic mobility and reduced mechanical stability [210]. Structural reorganisation
induced by elevated temperatures drives the consolidation of PS under thermal exposure [178].
Thermal activation increases viscous flow and localised sintering in the nanostructured silicon
matrix, resulting in wall thickening, pore collapse, and a subsequent decrease in overall poros-
ity [222]. The process involves densification, where the PS layer shifts from a high-surface-area
morphology to a more compact, continuous phase. Laser irradiation acts as a focused thermal
source, allowing rapid energy deposition that specifically changes the PS microstructure. The
transient thermal gradients produced during laser writing improve non-equilibrium phase trans-
formations, with consolidation confined to the irradiated areas because of the spatial precision of

the energy input (Figure 4.6a).

82



4.5 Laser-Induced Thermal Consolidation of Porous Silicon

Porous silicon region

| Laser writing line
on s R -4..l_| : I_l

e b sl

Si wafer

Laser writing
line

Si wafer

(b)

Figure 4.6 SEM image for cross-section shows the difference between the thickness of PS and laser
writing line (laser power SW).

Analysis of the laser-processed PS layer using SEM demonstrated apparent morphological
differences between consolidated and unprocessed areas. Cross-sectional imaging demonstrated
areduction in layer thickness from approximately 7 um in native porous silicon to 4 um within the
laser-written line (Figure 4.6b). The observed disparity is directly connected to the densification
mechanism when pore collapse and material redistribution lead to a reduction in void volume
and an increase in packing density. The consolidated zone showed a uniform microstructure
with reduced pore connectivity, in contrast to the interconnected porosity of the unprocessed PS.
The observed structural changes indicate that laser-induced thermal effects facilitate localised
consolidation, offering a method of developing density gradients in silicon-based substrates for

applications requiring spatially modulated optoelectronic or mechanical properties.

83



Consolidation of Porous Silicon Using CO; Laser

Unfortunately, the resolution of SEM does not allow for the study of the sample’s surface

morphology, so the structure was studied using AFM.

4.6. Structural Characterisation of Consolidated Porous Silicon

Optical microscope images of PS after CO; laser processing (Figure 4.5) show marked changes
in both colour and texture. These changes appear as consolidated regions within the PS layer,
visually distinct from unprocessed areas (Figure 4.6). The increased temperature from laser
exposure improves crystallisation, causing adjacent pores to merge and their separating walls to
thicken [181].

Figure 4.7 presents an AFM image of a laser-written line on a 6 um x 6 um PS sample,
where the average pore diameter has increased to 67 nm, substantially wider than the 41 nm
observed in the unprocessed PS. These larger pores, coupled with thicker pore walls, underscore
the structural reorganisation induced by laser processing. Furthermore, Figure 4.8e provides a
three-dimensional AFM image that illustrates this consolidation effect.

Laser processing also reduces surface roughness. As shown in Figure 4.8f, the laser-processed
surface exhibits an RMS roughness of 0.72 nm over a 6 umx 6 um area, which is considerably
lower than the 1.48 nm measured for unprocessed PS (Figure 4.8d), yet still higher than the
0.372 nm of bulk silicon (Figure 4.8b). Collectively, these findings highlight the dual effects of
CO, laser processing: pore merging and wall thickening, leading to a consolidated network, and

significant smoothing of the PS surface.
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Figure 4.7 The coloured dots on the line in the upper Figure represent the pore size (the lines in the down
Figure) after laser writing at power 10 W as determined from the AFM image.
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Figure 4.8 AFM images of porous silicon, silicon, and laser writing lines at a power of 10 W: (a) 2 um X
2 um silicon morphology; (b) 6 um x 6 um topography image of silicon; (c) 2 um X 2 um porous silicon
morphology; (d) 6 pm X 6 um topography image of porous silicon; (¢) 2 um x 2 pm laser writing line
morphology; (f) 6 um x 6 um topography image of the laser writing line.
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4.7 Raman Spectrum of the Consolidation Porous Silicon.

4.7. Raman Spectrum of the Consolidation Porous Silicon.

The application of a CW CO, laser to PS leads to changes in the structural and optical properties
of the material. Raman spectroscopy is a crucial technique for investigating these changes,
providing valuable insights into the phonon behaviour of PS after laser exposure. By analysing
the Raman spectra, one can assess the crystallinity, nanocrystal size, and presence of amorphous
phases, thereby defining structural transformations and material quality.

PS samples were fabricated by electrochemical etching of a p-type silicon wafer (1 —
10 Q.cm). Etching was performed by applying a current of 5 mA for 20 minutes. The thermal
threshold for laser-induced melting of porous silicon decreases from 35 to 11 mJ/cm? as porosity
increases from 45% to 82% [209]. This thermal sensitivity influences the size of the pores and
the thickness of the wall. The heating effects of the laser can be precisely controlled by adjusting

the laser power and irradiation duration, enabling fine-tuning of the material’s properties.

4.7.1. Effect of Laser Power on Raman Spectrum

To investigate the impact of laser power on the Raman spectra, PS samples were processed to
5 W and 10 W laser irradiation at various stage speeds (50, 20, 10 and 5 um/s). Figure 4.9a and
Figure 4.9b show the normalised Raman spectra for crystalline silicon, unprocessed PS, and
laser-processed PS under different combinations of power speeds. All spectra were normalised to
their maximum intensity, facilitating effective comparison by removing variations unrelated to the
material. The reference spectrum for crystalline Si (solid black line) shows a sharp, well-defined
peak at around 520 cm!, which corresponds to the characteristic phonon mode of silicon [137].
In contrast, the unprocessed PS spectrum (dashed red line) has a broader, lower intensity peak,
reflecting its porous structure and a higher proportion of disordered silicon regions [98]. When
PS is exposed to laser radiation, the Raman peak starts to narrow and becomes almost symmetric
near the 520 cm™! position. This observation suggests that local annealing or recrystallisation is
occurring within the porous network, effectively increasing the crystalline fraction of silicon.
The changes become stronger with an increase in laser power (from 5 W to 10 W) or a
decrease in stage speed (from 50 um/s to 5 um/s), suggesting that the total energy delivered per
unit area is important for providing structural reorganisation. Increased power or reduced speeds
result in improved heating and longer reaction durations, which supports further crystallisation or
densification [119]. There is a slight shift in peak position, and there are changes in the FWHM
of crystalline silicon versus laser-processed PS signals. That can further quantify the degree

of structural transformation. A narrower, more defined peak implies a reduction in disorder
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and a higher concentration of well-ordered crystal domains. These spectra provide evidence of
increased crystallinity in PS after laser processing.
Overall, the Raman data confirm that laser processing alters the crystalline and porous

characteristics of PS.
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Figure 4.9 The Raman peaks with two samples (laser power 5 W and 10 W). Laser writing used different
speeds 50, 20, 10 and 5 pm/s.

4.7.2. Effect of Laser Writing Speed on Raman Spectrum

The laser writing speed plays a crucial role in determining the structural and optical properties of
PS. Reducing the scanning rate results in an extended laser-substrate interaction, which increases
the creation of heat in the material. The thermal input helps with partial densification and
recrystallisation of the porous network, as demonstrated by the changes observed in the Raman
spectra.

Figure 4.10 compares normalised Raman peaks of PS for two laser powers (5 W and 10 W)
at writing speeds of 50, 20, 10, and 5 um/s. At slower speeds, the characteristic peak near
520 cm! approaches the sharper profile of the bulk silicon, indicating a higher crystalline
fraction. In contrast, accelerated scanning preserves wider peaks similar to those of unprocessed

PS, indicating a more disordered and porous structure.
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Figure 4.10 Raman peaks for laser writing at different speeds (50, 20, 10, and 5 pum/s) for each laser
power: 5 W and 10 W.

Figure 4.11 provides additional evidence through the Voigt fitting. In sub-Figure 4.11a,
the Raman peak of the bulk silicon is accurately modelled using a Voigt function with a fixed
Lorentzian linewidth I' = 2.7 cm™! [80]. Applying this fixed parameter to the laser-processed PS
spectra (from sub-Figure 4.11b to sub-Figure 4.111) highlights how the shape of the material
lines evolves under different thermal conditions. Slower writing speeds and higher laser powers
produce a narrower overall profile, reflecting enhanced crystallinity. Moreover, any slight shifts

in the peak position may indicate localised strain induced by the laser process.
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Figure 4.11 Voigt Fit Analysis: (a) Voigt fit of the bulk silicon Raman spectrum using a linewidth
parameter of ' =2.7 cm’!. (b), (c), (d), and (e) show the Voigt fitting of Raman spectra for laser-written
lines at a power of 5 W, processed at different speeds: 50, 20, 10, and 5 um/s, respectively. (f), (g), (h),
and (i) represent the Voigt fitting of Raman spectra for laser-written lines at a power of 10 W, processed at
the same speeds (50, 20, 10, and 5 pm/s).

The FWHM plot (Figure 4.12) quantifies these observations. For each laser power, the
FWHM increases with increasing scan speed, confirming that rapid scanning reduces the net
thermal exposure and limits the reorganisation of the material into a denser, more crystalline
state. Notably, the 10 W data show a steeper climb in FWHM, emphasising that higher power
intensifies the interplay between speed and local heating. These findings collectively demonstrate
how judicious control of laser parameters can tune the microstructure and optical response of

porous silicon for advanced applications.
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Figure 4.13 Comparison of initial porosity among porous silicon samples before to laser processing.

The FWHM plot (Figure 4.12) shows a slight crossing between the 5 W and 10 W data sets,
indicating differences in the initial porosity or microstructure (Figure 4.13). These differences
can overshadow the simpler assumption that higher power invariably leads to a narrower FWHM.
In certain speed regimes, the nominally higher-powered sample exhibits a broader FWHM if

its baseline microstructure does not support effective heat distribution or stable consolidation.
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In contrast, at slower speeds, the higher power of the same sample leads to a more pronounced
narrowing. Taken together, these observations underscore that both the laser power and the
intrinsic properties of the porous substrate dictate the extent of thermal reorganisation and,
consequently, the final crystallinity.

In summary, lower laser writing speeds and higher laser powers strongly affect the material
by raising local temperatures, reducing porosity, and enhancing crystallinity in the processed
regions. These effects are consistently observed across various experimental results, with slower
speeds and higher powers leading to more pronounced structural changes. The interaction
between laser speed and power underscores their importance as critical parameters for tailoring

the structural and optical properties of porous silicon.

4.8. Conclusion

The study showed the effects of the CW CO; laser writing on PS, which depend on the laser
power and writing speed. Reducing the laser writing speed increased the exposure time, resulting
in higher localised heating. The significantly lower thermal conductivity of porous silicon
compared to crystalline silicon led to uneven heat distribution and limited heat dissipation. This
created localised hot spots within the laser-irradiated regions, which enhanced crystallinity.

Modelled temperature profiles indicated that increasing the laser power could elevate tem-
peratures to just below the melting point of silicon, explaining some of the observed structural
changes. SEM revealed a decrease in material density along the laser-irradiated lines, signifying
the consolidation of the porous structure. Longer laser exposure times, achieved through reduced
writing speeds, resulted in greater heating, which increased the thickness of the pore walls and
enhanced the crystallinity of the PS layer.

Moreover, the temperature rise led to an expansion of the pore diameters, as confirmed by
AFM topographic analyses of the laser-processed areas. Raman spectroscopy further validated
these findings, demonstrating a spectral shift and narrowing, indicating a structural transition
toward crystalline silicon. The decrease in the FWHM with slower writing speeds further
supported the improvement in crystallinity.

The results underscore the critical role of laser-induced thermal effects in driving the con-
solidation of porous silicon. The reduction in porosity and enhancement of crystallinity, as
evidenced by Raman spectroscopy and AFM, demonstrate that the consolidation process can

effectively alter the structural and optical properties of porous silicon. The expansion of silicon
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nanowires, as observed in the laser-processed regions, highlights the potential for fine-tuning
material properties through controlled laser parameters.

The findings of this study demonstrate that the CW CO; laser processing is a versatile tool to
induce consolidation in porous silicon. By carefully controlling laser parameters such as power
and writing speed, it is possible to tailor the structural and optical properties of PS, making it
suitable for applications in optoelectronics, sensing, and nanotechnology. Future work could
explore higher laser powers, alternative wavelengths, and other material systems to further

expand the scope of this technique.
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Chapter 5. Laser Induced Melting and Recrystallisation of Porous Silicon

5.1. Introduction

It was previously explained that when a CW CO; laser is applied to a PS layer, localised heat
zones are formed. This localised heating raises the temperature, resulting in the thickening of
the pore walls and the expansion of pore sizes, ultimately leading to the consolidation of the
laser-processed PS layers.

The absorption of laser energy induces localised heating, which significantly alters the optical
and structural properties of PS. These changes include thermal expansion, stress development,
and, in some cases, fracture of the silicon structure. Consolidation through controlled laser
parameters enhances the uniformity and crystallinity of the PS layer, making it suitable for
advanced applications such as optoelectronic devices [226] and biosensors [47].

In contrast, when the PS layer is exposed to temperatures near or exceeding the melting point
of silicon (1687 K), it undergoes pronounced transformations. These include a significant and
reversible improvement in optical absorption in oxidised PS layers, attributed to a thermally
induced decrease in the band gap and an increase in Si-Si bonding states [108, 2]. Furthermore,
exposure to high temperatures affects the morphology of PS, leading to notable changes in
the Raman and photoluminescence (PL) spectra. These spectral modifications highlight laser-
assisted surface interactions that influence the structural and chemical characteristics of the
material [165, 181].

This chapter focusses on the effects of temperatures exceeding the melting point of silicon.
By examining the thermal processes initiated by CW CO, laser irradiation, the study investigates
how elevated temperatures drive structural, morphological, and chemical transformations in
porous silicon. Understanding these thermally induced changes provides critical insight into the
mechanisms of consolidation and material refinement under extreme conditions. The discussion
explores how these elevated temperatures contribute to the crystallisation and densification of

the PS structure, while also highlighting potential limitations such as stress and fracture.
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5.2. Heat Distribution and Phase Transitions in Porous Silicon Under Laser Irradiation

The preceding chapter (Section 4.3) analysed the distribution of heat within a PS layer at a
low-intensity laser. Several interconnected factors, including porosity, thermal conductivity, and
laser intensity, influence the thermal distribution. Each of these components significantly affects
the distribution and deposition of heat within the porous silicon, eventually affecting its thermal
behaviour during laser exposure.

Porosity, which denotes the volume of a void within the silicon, affects the heat conductivity.
With an increase in porosity, the thermal conductivity of the material decreases, which limits
the ability of porous silicon to transfer heat effectively. The decrease in thermal conductivity
arises from air-filled voids, which disrupts the pathways for phonon transport, the primary
mechanism of heat conduction in semiconductors. Structural alterations result in localised heat
when the material is exposed to laser radiation [116]. The low thermal conductivity of the
material, combined with the thermal barriers created by its uniformly distributed pores, produces
a distinctive pattern of thermal confinement. By increasing the laser intensity, the porous silicon
undergoes a significant temperature rise, reacting to the energy input. The simulations shown
in Figure 5.1 demonstrate that at laser power levels ranging from 15 W to 30 W, the internal
temperature of the PS layer could exceed the melting point of crystalline silicon(1687 K) [176].
The transition from solid to liquid at high temperatures is important because melting can change
the structure of the material and possibly lead to the collapse of the porous network.

When the laser power P nears 30 W, the temperature increases, potentially exceeding the
boiling point of silicon of 2628 K [42], as shown in Figure 5.1 At this point, significant
phase changes, such as vaporisation, can occur within the porous silicon, resulting in structural
alteration or potential failure if the material is unable to disperse heat swiftly enough. This
behaviour underscores the sensitivity of porous silicon to laser intensity, where incremental
power increases can lead to significant thermal alterations and phase transitions.

Figures 5.2a to 5.2d shows the temperature distribution profiles of a CW CO; laser irradiating
PS at 15 W, 20 W, 25 W and 30 W, highlighting distinct thermal responses at progressively
higher powers while sharing the feature that (T'/Tp) returns to unity at r/wy = 1.0 for each case.
At 15 W, the peak normalised temperature at the beam centre (r/@y = 0) approaches about
5 before dropping to the baseline of the ambient by one radius of the beam. This moderate
increase suggests that, although phonon scattering at the pore interfaces [193] restricts the flow
of radial heat, there is sufficient dissipation to prevent large-scale heating beyond r/ @y = 1.0.

At 20 W, the central peak reaches approximately 7' /T ~ 6, again decaying to 7' /Tp = 1.0 by the
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beam radius. These observations are consistent with established findings that increased power
intensifies photon—phonon coupling, yet the low thermal conductivity of PS (0.2-0.5 W m™! K!)

concentrates heat near the beam core [234, 37].
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Figure 5.1 Normalised temperature u = Tlo against normalised time T = 7 /At at the focus of laser power
15 W, 20 W, 25 W, and 30 W. The laser beam has a wavelength A = 10.6 um on a PS layer with thermal
conductivity k = 0.1 Wm~'K~!. The beam waist was 235 um.

In the higher-power regimes, 25 W and 30 W exhibit more pronounced localised heating
in the centre, with T /T values of approximately 8 and 9, respectively, before converging to
the baseline within /@y = 1.0. This reflects enhanced free-carrier absorption and multiphonon
processes triggered by larger energy densities, as structural voids in the PS matrix promote
recurrent photon trapping [37]. Despite the intense thermal zone, the ambient boundary at
r/ @y = 1.0 remains a clear demarcation, suggesting that the heat is largely confined within the
beam footprint and does not propagate further radially.

Depth-dependent temperature maps corroborate the trend of deeper subsurface heating at
higher powers. At 15 W, the region around z/@y ~ 0.025 retains a moderate temperature
(T /Ty < 2.0), implying that a significant portion of heat disperses radially near the surface.
In contrast, steeper gradients at 20 W and beyond indicate more substantial penetration of
energy, raising concerns about localised thermal runaway and structural changes, especially

when defect-rich pore networks slow heat conduction. Nevertheless, these higher temperatures
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can be harnessed for applications like laser-assisted sintering or densification, provided that

the rapid rise does not induce microcracking or delamination caused by differential thermal

expansion.
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Figure 5.2 Temperature distribution of a CO; laser in a porous silicon layer for varying laser powers.

Overall, although the maximum centre temperature increases significantly with power, each
profile reverts to T /Ty = 1.0 by r/wy = 1.0, indicating a sharp thermal boundary defined by the
radius of the laser beam. The interplay of PS porosity, phonon scattering, and multiple internal
reflections ensures that heating remains confined within a limited radial domain, permitting
precise thermal modifications at the beam core without extensively affecting the surrounding
material.

The temperature—distance profiles in Figure 5.3 illustrate how PS responds to 15 W, 20 W,
25 W, and 30 W CW CO; laser irradiation. For all four power levels, the normalised temperature

(T /Tp) remains significantly elevated within r/ay < 1.5, reflecting a localised heat zone that
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intensifies with increasing laser power. At 15 W, T /Ty peaks around 5 near the centre of the
beam (r/ my = 0) and drops back to 1.0 at approximately r /@y = 1.5. This relatively broad decay
aligns with the characteristic low thermal conductivity of PS, where phonon scattering at pore
boundaries promotes radial heat dispersion without allowing extreme hotspots.

By contrast, the 20 W curve exhibits a higher central temperature around 7' /Ty = 6.6, coupled
with a more pronounced drop by r/my = 1.5. This finding suggests that increasing power
intensifies free carrier absorption and photon-phonon coupling, while the porous architecture
still constrains the main heat zone within 1.5 beam radii. The 25 W and 30 W profiles reach even
steeper peaks of roughly 7' /Ty = 8 and 9.5, respectively, underscoring the nonlinear effect of
higher energy density. Although the temperature returns again to the baseline beyond r/ @y = 1.5,
the significantly hotter core increases the potential for thermal stress, microcracking, or phase
transitions, in line with prior observations that such elevated temperatures can cause localised

damage if not carefully managed.
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= Laser power 25 W
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Radial distance / beam waist
Figure 5.3 Temperature—distance profiles for 15, 20, 25 and 30 W CW CO;, laser irradiation on PS

Together, these curves reveal how power scaling affects the interplay between heat retention
and radial dissipation in porous silicon. Although moderate power levels (15 W-20 W) may
support controlled surface modifications or mild annealing without significant structural risks,
pronounced heating at 25 W-30 W could facilitate laser-assisted consolidation, densification or

melting-recrystallisation - although with an increased likelihood of thermal runaway near the
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centre of the beam. Consequently, tailoring the laser power to remain within safe temperature
thresholds is essential for achieving the desired outcome, whether for uniform surface processing

or for aggressive restructuring within a confined focal region.

5.3. Microscopic and Optical Changes in Porous Silicon After Laser Exposure

The PS sample was fabricated by electrochemical etching a 1 cm x 1 cm p-type silicon wafer
with (100) orientation and resistivity of 1-10 Q- cm, using a current of 5 mA for 20 minutes.
After cleaning and drying the sample, CW CO; laser irradiation was applied at intensities ranging
from 8.65 x 107 to 1.73 x 10~* W/um?, corresponding to laser powers from 15 W to 30 W
in 5 W increments. This irradiation was performed at various stage speeds (50, 20, 10, and
5 um/s) to vary the duration of the exposure, producing four distinct lines on the surface of
the PS. Microscopic analyses revealed structural and colour changes after laser irradiation, as
shown in Figure 5.4, along with the disappearance of UV light illumination in irradiated areas

(Figure 5.5).

(a) Laser power 15 W at speed 50 um/ s (b) Laser power 15 W at speed 20 um/ s

(c) Laser power 15 W at speed 10 um/ s (d) Laser power 15 W at speed 5 um/ s

Figure 5.4 Optical microscope images for porous silicon exposed to CO; in power 15 W (I=8.65 x
107> W/um?) using different speeds.
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"

"

(a) Sample before laser writing. (b) Sample after laser writing

Figure 5.5 Photographs of a porous silicon sample, 1 cm in diameter and about 7 pm thick, illuminated
under UV light sources: a) The sample emits orange light. b) The laser-writing line does not emit orange
light.

5.4. Thermal Effects and Melting of Porous Silicon Under Laser Irradiation

Simulation of the temperature distribution for laser power above 15 W shows that the temperature
exceeds the melting point of silicon. This significantly changes the crystal structure of PS, as
evident in the microscope image (Figure 5.6a). Additionally, laser irradiation of PS at this stage
leads to notable densification in the irradiated region, reducing the thickness of the silicon layer
from approximately 7 um to 2 um after irradiation (Figure 5.6a). This final thickness is less
than that observed after laser exposure during the consolidation stage, which was approximately
4 um (Figure 4.6). These results indicate that laser-induced melting significantly modifies the PS
layer [50].

Poraiic silicon PSlayer Laserwritingline

Laser writing

Porous silicon

(a) Microscope image of PS irradiated with increased (b) SEM cross-section image of the PS layer show-
laser power ing the laser-irradiated region

Figure 5.6 Crystal structure variation in porous silicon after CW CO; laser irradiation with increased
power
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Due to the limited resolution of SEM images, it is challenging to clearly visualise changes in
the crystal structure, such as variations in the pore diameter or wall thickness between pores. To

address this, an AFM was used to image the sample surface and monitor these structural changes.

5.5. Impact of Laser-Induced Melting on Porous Silicon Surface

Figure 5.7 presents three-dimensional AFM images and the corresponding topographical maps
of P for several states: pristine PS, consolidated PS, and laser-melted (molten) PS, along with a
reference silicon wafer. In particular, the RMS roughness for the molten PS sample was measured
on a Si0O; layer that formed along the laser writing line as a result of the laser irradiation. Both the
consolidated and laser-melted samples exhibit comparable low surface roughness. Specifically,
the molten PS sample shows an RMS roughness of approximately 0.8 nm over a 6 um x 6 um
area (Figure 5.7e), which is very similar to the 0.72 nm RMS roughness observed for the
consolidated PS sample (Figure 5.7d). Furthermore, the 3D topography of the molten PS
(Figure 5.7f) reveals a surface quality that closely resembles that of the silicon substrate, whose
RMS roughness is as low as 0.37 nm over a 6 um x 6 um area (Figure 5.7g). These results
indicate that the laser-induced melting process, which produces a SiO; layer along the laser
writing line (this will be discussed in detail later), effectively smooths the PS surface, achieving
a finish nearly comparable to that of the original silicon wafer. This outcome is particularly
promising for high-performance microelectronic and optoelectronic devices that require minimal

surface roughness.
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Figure 5.7 AFM images of porous silicon, showing laser writing lines at 10 W, 20 W, and 30 W: (a)
2 um x 2 um morphology of the laser writing line at 10 W; (b) 6 um x 6 tm topography image of the
laser writing line at 10 W; (c) 2 um X 2 um morphology of the laser writing line at 20 W; (d) 6 um x 6 um
topography image of the laser writing line at 20 W; (e) 2 um x 2 pm morphology of the laser writing line
at 30 W; (f) 6 um x 6 um topography image of the laser writing line at 30 W; (g) 2 um x 2 tm morphology
of Si substrate; (h) 6 tm x 6 um topography of Si substrate.
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5.6. Raman Spectroscopic Analysis of Melting and Structural Changes in Laser-Processed

Silicon

AFM images revealed variations in surface morphology between unprocessed PS and regions
subjected to low-power laser irradiation. Additionally, morphological differences were observed
between areas processed at the melting stage of laser irradiation and those processed at the
consolidation stage, highlighting variations in crystal structure across these regions. Raman
spectroscopy is one of the most effective methods for studying structural changes because of its
non-destructive and contactless characteristics.

Figures 5.8a and 5.8b present the Raman spectra obtained when a laser was applied at
intensities of 2.2 x 107> W/um? and 3.0 x 10> W/um?, corresponding to laser powers of
15 W and 20 W, respectively. These measurements were conducted at varying speeds, where
the exposure time increased as the laser writing speed decreased. The Raman peak for silicon
exhibited a sharp and strong signal at 520 cm™! with a symmetric line shape. Upon laser
application, the Raman peak displayed a redshift (indicating a decrease in the frequency of
phonons interacting with the incident photon) of approximately 1 cm™!. Furthermore, a secondary
peak appeared at a higher wavenumber, around 524 cm™!, as the exposure time increased.

The redshift could occur due to several factors: strain effect [201], doping [24], temperature
effects [71], phase transitions [71], and defects [24]. These factors can interact complexly,

resulting in the observed red-shift behaviour in the Raman peak of silicon.
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Figure 5.8 Raman spectra of two samples processed with laser powers of 15 W and 20 W, using laser
writing speeds of 50, 20, 10, and 5 um/s.

It is evident from Section 4.2 that exposure of the sample to CW CO, laser creates localised
hot spots, leading to the creation of tensile stress, which in turn causes the observed redshift [73].

The possibility of silicon dioxide (SiO,) formation due to laser writing cannot be excluded.
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This deformation at the interface between Si and SiO, contributes to the observed effects. The
symmetry on the Raman peak is an indicator of recrystallisation [151]. Additionally, tensile
strain caused by boron doping disrupts the silicon lattice structure, influencing vibrational modes

and contributing to redshift [182].
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Figure 5.9 Raman spectra obtained for laser writing conducted at different speeds (50, 20, 10, and 5 pm/s)
for each laser power: 15 W and 20 W.

The differences in Raman shifts and peak shapes across speeds for each power are shown in
Figure 5.9. The figure emphasises that slower speeds, corresponding to longer laser exposure,
result in more pronounced redshifts due to increased localised heating. Additionally, new peak
growth at high power and low speeds suggests possible structural or phase changes caused by
laser-induced stress. A Voigt fit, combining Gaussian and Lorentzian functions, was used to
analyse the bulk silicon peak with I' = 2.7 cm™! (Figure 5.10). A similar Voigt fit was applied to

the Raman peaks for 15 W and 20 W at slower speeds (where a secondary peak appears) using
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' = 2.7 cm™! for both peaks (Figure 5.11). The full width at half maximum (FWHM) for the

bulk silicon of this fit is 2.8 cm™!.
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Figure 5.10 Voigt fitting of Raman shift for Silicon.
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Figure 5.11 Raman fit with two samples (laser power 15 W and 20 W). Laser writing used speed 5 um/s.

Tables 5.1 shows the FWHM and the poison of the Raman peak for silicon substrate and

laser writing at power 15 W using speed (50, 20, 10 and 5 pm/s).
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Condition Peak (cm!) FWHM (cm™)
Si (substrate) 520.2 2.8
Speed 50 um/s 519.4 2.9
Speed 20 um/s 520.2 2.9
Speed 10 pm/s 520.1 29
Speed 5 um/s, Peak 1 519.2 3.1
Speed 5 um/s, Peak 2 524.4 6.0

Table 5.1 FWHM and Raman peak wavenumbers for laser power 15 W and silicon substrate

5.7. XRD Study of Silicon Recrystallisation and Stress Induced by Laser Melting

Raman microscopy and SEM images reveal significant variations in the surface morphology of
silicon, demonstrating recrystallisation after high-intensity laser irradiation of porous silicon.
XRD is a powerful technique for investigating crystal structures and assessing the degree of
crystallinity within a sample. Figure 5.12 presents an XRD profile showing the relationship
between XRD intensity and d-spacing for both silicon substrates and laser-processed regions.
A Gaussian function was used to fit the XRD peaks. The d-spacing for the unprocessed silicon
substrate is 1.048 A, whereas for laser-processed regions, it is 1.043 A. This reduction in d-
spacing for laser-processed regions indicates the presence of compressive stress, which arises
from the reduced interplanar spacing within the crystal lattice. Furthermore, the symmetric shape
of the peak suggests that the stress is homogeneously distributed [215].

The intensity of XRD peaks provides critical insight into the structural characteristics of
the material, including crystallinity, phase composition, and the presence of defects or hetero-
geneities. High intensity peaks correspond to highly ordered crystalline structures, indicating
fewer structural defects [79].

The FWHM of XRD peaks serves as an important indicator of material properties such as
residual stress, crystallite size, and microstrain. Generally, FWHM is positively correlated with
residual stress; higher stress levels lead to broader peaks [221]. However, thermal processing,
such as laser-induced heating, can alleviate internal stresses, reduce defects, and increase
crystallite size. This relaxation process sharpens the XRD peaks, resulting in reduced FWHM

values [49]. According to the Scherrer equation (Equation 5.1), the crystallite size is inversely
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proportional to the FWHM. As crystallite size increases due to recrystallisation during laser

processing, the corresponding reduction in FWHM reflects improved material order [146].
KA
= 5.1
B cos 6 .1
Here, d represents the crystallite size, K is the Scherrer constant, 8 is the FWHM, A is the

wavelength of the X-rays and 0 is the diffraction angle.
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Figure 5.12 XRD profile for laser writing and silicon substrate (intensity as a function of d-spacing).
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Figure 5.13 a) XRD pattern of silicon substrate. b) XRD pattern of laser writing. The axes are numbered
by pixel number

Figures 5.13a and 5.13b show the XRD patterns for a silicon substrate and laser-written
silicon, respectively. The silicon substrate exhibits a sharp, bright, and symmetric diffraction
spot, indicating a highly ordered single-crystalline structure characteristic of the diamond-cubic
lattice. Likewise, the laser-written silicon pattern displays a similarly sharp diffraction spot
aligned with the substrate orientation, confirming epitaxial growth. To verify this alignment
quantitatively, the angle of the diffraction spot was measured from the center of the pattern
using Gwyddion. The measured angle matches the crystallographic orientation of the substrate,
demonstrating that the original single-crystal structure of the substrate is retained after laser
writing.

In contrast, the XRD pattern for the laser-written silicon displays a single sharp diffraction
spot without any observable diffuse scattering. This indicates a highly ordered crystalline

structure with strongly preferred orientation. The absence of diffuse scattering further highlights
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the recrystallisation process induced by laser writing, demonstrating its capability to transform

porous silicon into a more ordered and crystalline state.

5.8. Oxidation Dynamics in Porous Silicon Induced by Laser Melting: XPS and Raman

Analysis

XRD analysis of laser-written results indicates recrystallisation of silicon within the PS layer
after exposure to a high-intensity laser. To further interpret the Raman spectra, which exhibit
redshifts and the growth of new peaks, to identify the sources of stress, XPS was performed to
determine the chemical composition of the laser-written surface.

Figure 5.14 displays the XPS spectrum of the laser-written region. The prominent peak at
103.35 eV is attributed to SiO, [208], while no silicon peak is observed, indicating complete
oxidation of the surface. The formation of a silicon oxide layer is expected due to CO, laser-

induced oxidation [28].
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Figure 5.14 XPS spectra of porous silicon sample exposed to high-intensity CO, laser.

To remove the SiO; layer, the sample was etched in a dilute HF solution without applying
an electric current. Although silicon, with its strong covalent Si—Si bonds, remains inert to HF,
S10,, with its weaker Si—O bonds, is susceptible to chemical attack. As a result, HF selectively
dissolves SiO, without affecting the underlying silicon.

Figure 5.15a shows that after etching the sample in dilute HF acid for 30 seconds, the silicon

oxide layer was only partially removed. Therefore, further etching was required to completely
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dissolve the oxide layer and reveal the underlying composition. Figure 5.15b shows two peaks at
99.3 eV and 103.35 eV, attributed to Si and SiO,, respectively [208]. These findings confirm that
high-intensity CW CO, laser exposure induces recrystallisation of silicon, consistent with XRD

and Raman results, while also forming a silicon oxide layer.
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(a) XPS spectra after etching the sample in dilute HF acid for 30 seconds.
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(b) XPS spectra after etching the sample in dilute HF acid for three hours.

Figure 5.15 XPS spectra of porous silicon samples exposed to high-intensity CO, laser after etching in
dilute HF acid.
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Notably, the redshift and the development of peaks at higher wavenumbers in the Raman
spectra observed after laser exposure (Figure 5.16) disappeared after the removal of the SiO,

layer. This highlights the influence of the silicon oxide layer on the Raman spectral features.
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Figure 5.16 Raman spectra of laser writing at high intensity before (solid lines) and after etching SiO; for
three hours (dashed lines).

Table 5.2 present the Raman peak wavenumber and FWHM of the PS laser-irradiated regions
at various scanning speeds, measured before and after etching. The data reveal that the redshift
observed in the Raman spectra prior to etching was eliminated following removal of the Si0,
layer. Additionally, the spectral peaks became sharper and more defined after etching, as
evidenced by the reduced FWHM values, indicating a decrease in lattice strain and improved

crystallinity.
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Before Etching After Etching
Condition Peak (cm!) FWHM (cm’!) Peak (em!) FWHM (cm!)
Si (substrate) 520.5 33 520.5 3.3
Speed 50 um/s 519.9 3.7 520.8 3.5
Speed 20 um/s 519.9 3.9 520.8 3.8
Speed 10 um/s, Peak 1 520.3 3.9 520.7 3.7
Speed 10 um/s, Peak 2 526.3 4.6 - -
Speed 5 um/s, Peak 1 520.3 3.6 520.9 3.6
Speed 5 um/s, Peak 2 526.6 4.9 — -

Table 5.2 FWHM and Raman peak wavenumbers for laser power 20 W and silicon substrate, before and
after etching

5.9. Conclusion

In this chapter, the effects of the CW CO, laser interaction with PS were thoroughly investigated.
The study demonstrated that laser exposure induces significant morphological, structural, and
chemical changes in PS.

Laser exposure led to densification of the PS layer, significantly reducing its thickness, as
observed in SEM images. AFM analysis revealed that the regions exposed to the laser exhibited
a smooth and soft surface, with the disappearance of pores attributed to the melting of silicon.
These changes suggest a transformation of PS into a more compact and uniform material.

The heat generated during the laser interaction was highly localised, resulting in substantial
temperature increases sufficient to melt and vaporise silicon. This localised heating is advanta-
geous for precision applications as it minimises thermal effects in adjacent areas.

Raman spectroscopy revealed redshifts and peak broadening, indicating tensile stress and
potential phase transitions in the silicon structure. XRD analysis confirmed recrystallisation
of silicon, with changes in d-spacing suggesting compressive stress. further corroborating the
structural transformations observed.

XPS analysis identified the formation of a silicon oxide layer on the laser-modified surface,

which could be selectively removed using dilute HF acid to reveal the underlying silicon. This
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highlights the potential for controlled surface modification and chemical tailoring of PS using
laser technology.

These findings provide valuable insights into the potential applications of laser-modified PS
in advanced technologies, including microelectronics, optoelectronic devices, and sensors, where
precise control over thermal and structural properties is critical. Future research could focus on
optimising the laser parameters to further refine the material properties and expanding the study

to explore additional functional applications of laser-modified PS.
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Chapter 6. Electrical Characterisation of The Melting Porous

6.1. Introduction

The previous chapter investigated the effects of oxidation on Raman scattering resulting from
laser-induced melting of PS. Building on this, the present chapter examines the structural and
spectroscopic changes resulting from the melting and recrystallisation processes. Specifically,
this chapter explores how these processes influence the Raman scattering behaviour, with a
particular emphasis on understanding the mechanisms behind the observed surface-enhanced
Raman scattering (SERS).

Upon exceeding the melting point of silicon by laser irradiation, the laser-irradiated region
appeared black, as shown in Figure 5.6a. After the oxide layer was removed, the irradiated region
remained black (Figure 6.1), confirming that the silicon dioxide layer is not responsible for the
black colouration. XPS spectra did not reveal the presence of any elements that could explain the
black appearance (Figure 5.15). To investigate the origin of the dark colouration, which could
not be resolved using SEM, the surface morphology was analysed using AFM. Additionally,
current-voltage (I-V) curve measurements were performed to evaluate the electrical properties
of the regions, while Kelvin Probe Atomic Microscopy (KFAM) was employed to map surface
potential variations. Together, these analyses provide a comprehensive understanding of the

structural, electrical, and spectroscopic changes induced by laser melting and recrystallisation.

Figure 6.1 microscope image of the laser-irradiated region after the oxide layer was removed. The dark
appearance indicates that the black colouration is not solely due to silicon dioxide.
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6.2. Effects of Melting and Recrystallisation on Raman Scattering

Figure 6.2 shows the Raman spectra for both the laser-exposed region (red curve) and the
silicon substrate (black curve). In both spectra, the principal peak near 520 cm™! corresponds to
the first-order Raman mode of crystalline silicon, indicating that the dominant phase remains
crystalline in both regions. However, the laser-processed area exhibits a significantly higher
intensity and a modest broadening of this peak. Such broadening commonly arises from either
nanocrystalline domains or lattice strain introduced by the rapid melting and recrystallisation
process. In addition, smaller crystallites can induce quantum confinement effects, shifting and

broadening the phonon modes in the Raman spectrum [64, 106].
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Figure 6.2 Raman spectra of the silicon substrate (black) and laser-irradiated region (red), showing
enhanced Raman intensity in the laser-irradiated region due to surface modifications

Beyond these structural changes, the pronounced enhancement of the Raman signal in the
laser-exposed region is indicative of surface-enhanced Raman scattering (SERS) mechanisms.
In conventional SERS, the presence of metallic nanostructures or other plasmonic materials
generates strong localised electromagnetic (EM) hot spots, dramatically amplifying the Raman

cross section. In this case, two primary factors may contribute to SERS:

1. Nanostructured surface morphology.

Laser-induced etching and subsequent melting/recrystallisation processes can form rough
surfaces, pores, nanoshells, or other topographical features. These surface nanostructures

create localised regions with high electromagnetic fields when illuminated. Molecules
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(including residual electrolyte adsorbates or ambient contamination) situated near these
(hot spots) experience a strong enhancement of the electric field, thus producing higher

Raman signals [198].

2. Boron rich regions and plasmon-like effects.

The initial electrochemical etching process may partially deplete silicon at the surface,
leaving behind regions enriched in boron. Upon laser melting and fast solidification,
boron can become highly concentrated (or more uniformly distributed at high levels)
near the surface. Heavily-doped semiconductors, particularly when dopant concentrations
approach or exceed the metallic / insulator transition, can support localised plasmon-
like resonances in certain spectral regimes. Although classical (metallic) plasmons are
typically associated with noble metals, heavily doped silicon can similarly exhibit free
carrier resonances that enhance local EM fields [155]. As a result, areas enriched in boron
formed by laser processing may act as pseudo plasmonic domains, further strengthening

Raman scattering [219].

Together, these effects, including the morphological modification plus dopant-related
plasmon-like behaviour, can explain the observed increase in Raman intensity. The surface
roughness amplifies the electromagnetic contribution to SERS, while boron enrichment boosts
the local free carrier density, creating additional hot spots and enhancing light-matter interactions
on the laser-processed surface. These findings confirm that laser-induced morphological and
dopant modifications can strongly influence optical and electrical properties, a theme further

explored in the following sections.

6.3. Electrical Characterisation of Laser-Processed Porous Silicon after Etching

The spectroscopic results indicate that laser-induced morphological and dopant-related modi-
fications significantly amplify the Raman signal. However, it is important to understand how
these variations affect the electrical characteristics of silicon. Specifically, changes in dopant
concentration and structural imperfections can strongly affect charge transport. To investigate
these effects, current-voltage (I-V) measurements were conducted in the same laser-processed
areas. A two-probe setup (Figure 6.3) was used to demonstrate the effects of laser processing on
electrical conductivity and to discover the relationship between structural modifications, doping

enhancement, and electrical performance.
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Figure 6.3 Photograph of the two-probe used for the I-V measurements on laser-processed PS.

Figure 6.4 shows that all curves are approximately symmetric around V = 0 and do not
exhibit rectifying (diode-like) behaviour [82], indicating primarily ohmic conduction. In a
two-probe setup, any significant barriers (such as Schottky contacts) would appear as strong

non-linearities or asymmetries [230], which are not observed here.
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Figure 6.4 Current—voltage (I-V) curves at different laser scan speeds at laser power 30 W.

Since the laser power remains constant, the scan speed is the only variable. Figure 6.5 shows
that slower scanning (longer exposure) leads to a significant decrease in resistance, indicating an
improvement in conductivity. In contrast, faster scans result in comparatively minor conductivity
changes. At slower speeds, more extensive boron redistribution or surface enrichment can occur
during melting and recrystallisation, which increases the density of free carriers (holes in this

case ) and potentially forms conductive nanostructures or grain boundaries. These structural
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modifications lower the overall resistance. In contrast, at higher scan speeds, there is insufficient
time for extensive dopant redistribution or microstructural reorganisation, so the electrical
properties of the sample remain nearer to their initial condition, leading to less pronounced

enhancements in conductivity.
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Figure 6.5 Resistance versus scan speed.

6.4. The Temperature Dependence of Electrical Properties

Temperature has a profound influence on the electrical properties of semiconductors, particularly
those with dopants or structural modifications [160]. In this study, the current-voltage (I-V)
response of laser-modified PS in a temperature range of 20 °C to 100 °C was studied. The
objective was to understand the evolution of thermally activated conduction channels and to find
any unique characteristics delivered by the laser process.

A sample featuring laser-written lines at 10 um/s speeds was placed on a temperature con-
trolled stage in a continuously flowing nitrogen atmosphere to prevent oxidation or contamination,
thus ensuring cleaner, more stable and more reproducible temperature-dependent electrical data.
After each temperature setpoint was reached, the sample was allowed several minutes to equi-
librate before the I-V curves were recorded. A two-probe method was used, with the same
probe spacing maintained throughout, ensuring that any observed changes in conduction were
primarily related to temperature rather than geometric factors. Room-temperature measurements

confirmed that the electrical contacts were ohmic.
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Figure 6.6 I-V curves of the laser withe scan speed 10 um/s modified PS at different sample temperatures.

Figure 6.6 shows the I-V curves obtained between 20 °C and 100 °C. The I-V curves exhibit
a progressive decrease in slope as the temperature increases, indicating an increase in resistance
with increasing temperature. This suggests that charge carrier mobility is temperature-dependent
and is being increasingly hindered as thermal effects become more pronounced. This is probably
caused by an increase in scattering events [229]. The linearity of the -V curves across the
measured voltage range suggests that conduction follows an Ohmic response in this regime,
meaning that there are no strong rectifying or non-linear transport effects within the investigated
voltage window [30].

In the Drude model, electrical conductivity (o) of a material is expressed as:

where n is the concentration of the charge carrier, e is the elementary charge, 7 is the mean
free time between scattering events (relaxation time), and m™ is the effective mass of the charge
carriers [48]. Since the material under investigation is extrinsic at these temperatures, the carrier
concentration n is expected to remain relatively constant [147]. However, the mean free time T
decreases with increasing temperature due to enhanced phonon scattering, leading to a reduction
in carrier mobility and, consequently, an increase in resistance, consistent with observations in

the I-V data [22].
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Figure 6.7 Resistance (R) versus temperature (T) for laser scanning speeds of 10 um/s.

To quantify the I-V data, the resistance near V = 0 was extracted. Figure 6.7a shows the
relationship between resistance R and temperature T. The data indicate various regimes rather
than a basic monotonic increases, the resistance follows a linear trend up to approximately 60 °C,
which is characteristic of metallic behaviour. Beyond this point, the resistance exhibits a deviation
from linearity, suggesting the emergence of additional conduction-limiting mechanisms.

This behaviour can be explained using the Matthiessen rule, which states that the total

resistivity (p) of a material is the sum of different contributions to the scattering:

P (T) = pimpurity + pphonon (T) + pgrain boundary (T) =+ Pcontact (T)

where Pimpurity 18 the temperature-independent contribution of the ionised dopants and defects,
Pphonon (T') is the temperature-dependent resistivity due to phonon scattering, Pgrain boundary (7')
accounts for structural barriers to charge flow, and peontact (T') represents additional resistance
from the metal-semiconductor interfaces [52].

In the linear regime (below 60 °C) (Figure 6.7b), the resistance behaves according to
the Drude model for a simple metal. In this case, the impurity scattering is approximately
temperature-independent at ambient temperature, but the phonon contribution is directly pro-
portional to temperature. The grain and contact resistances would be expected to decrease as
temperature rises, therefore they do not appear to be significant. Overall, a linear increaes of
resistance with temperature is expected at ambient temperature for metal-like behaviour. Such an
interpretation is also consistent with the KPFM data (Figures 6.8and 6.9 below) and the observed
Raman enhancement (Figure 6.2).

However, beyond 60 °C, the deviation from linearity suggests the emergence of additional

resistive mechanisms. One possible explanation is the increased influence of phonon scattering.
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At higher temperatures, the phonon population grows non-linearly, leading to more frequent
electron-phonon interactions, which impede charge carrier mobility. As a result, resistance
increases faster than observed in the lower temperature regime, according to Matthiessen’s
rule [62].

Another contributing factor could be changes in contact resistance. Metal-semiconductor
interfaces are particularly susceptible to thermal degradation, which can lead to variations in
Schottky barrier height or diffusion-related modifications in contact resistivity. These changes
introduce additional resistance at the electrode-material junction, further exacerbating the devia-
tion from the initial linear trend [112].

Additionally, microstructural and grain boundary effects may play a role in the increase in
observed resistance. In polycrystalline or porous materials, elevated temperatures can induce
thermal expansion, which alters the arrangement of grains and boundaries. Dopant redistribution
at these interfaces can further influence charge transport, modifying conductive pathways, and
introducing additional scattering events that contribute to increased resistivity [170].

Another possible mechanism is carrier freeze-out at the interface states. At high temperatures,
surface states or charge-trapping effects may lead to local carrier depletion, reducing the number
of available charge carriers and thereby increasing resistance. This effect is particularly relevant
in materials with significant surface roughness or defect states, where localised charge trapping
can alter conduction characteristics and further contribute to the nonlinear increase in resistance

beyond 60 °C [141].

6.5. Work Function Mapping of Recrystallised Silicon

KPFM is known as a powerful mode of AFM for defining local surface potentials (or contact
potential differences) at a micrometre-scale resolution. It is used to identify electrostatic inter-
actions between a conductive tip and the sample. By generating a feedback loop that removes
the tip-sample potential difference, a spatially defined work function map of the surface can be
generated.

This technique is especially relevant when doping or morphological modifications create
local variations in electrical properties. Previous measurements indicated that laser irradiation at
varying scanning speeds affects the crystallinity and dopant distribution of silicon, leading to
changes in temperature-dependent conductivity and total resistivity. Although a strong link was
established between reduced laser scan speeds and enhanced electrical conduction, direct visual

evidence of dopant or defect distributions on the microscale was not previously demonstrated.
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KPFM was therefore used on the laser-irradiated samples to identify regions with varying
surface potentials that reflect local doping levels, chemical composition, or defect states. This
localised mapping enhances earlier macroscopic conductivity data and offers a further under-
standing of how extended laser exposure may lead to dopant enhancement, defect formation, or
other structural alterations. If a mixed or inhomogeneous potential distribution is seen in the
KPFM images, it would support the idea that slower laser scans lead to more significant doping
or crystallinity alterations, consistent with the findings from the temperature-dependent electrical

tests.

-700.0 mV

Potential 4.0 um

Figure 6.8 KPFM surface potential map of the laser-irradiated silicon sample at a scanning speed of
5 um/s.

Figure 6.8 shows the KPFM map for the sample exposed to the lowest laser scanning speed
of 5 um/s. The colour scale represents the local surface potential, varying from around —700 mV
(dark regions) to +700 mV (bright regions). The image indicates a population of bright regions
interspersed with darker regions, indicating considerable local changes in the work function and

electronic properties.
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Figure 6.9 AFM and KPFM analyses of the laser-irradiated silicon sample

Figure 6.9a is an AFM measurement of the same region as KPFM 6.9b. AFM reveals
noticeable morphological changes in the laser-written area, often manifesting as slight elevations
or texture variations. In addition, the contact potential difference (CPD) in Figure 6.9c shows a
wide range in contact potential difference, extending from approximately —700 mV to 4700 mV,
which suggests significant shifts in the local Fermi level or band bending at the surface. The
elevated or restructured regions observed in the AFM topography often align with higher CPD
values in the KPFM map, indicating that prolonged laser exposure can induce both morphological
and electronic modifications in the silicon surface. These findings strongly correlate with
improved electrical conduction measured at slower scan speeds, reinforcing the notion that
enhanced dopant incorporation or defect restructuring occurs under extended laser—material
interaction.

These results are consistent with previous temperature-dependent conductivity measurements,

confirming that samples processed at lower speeds exhibit improved electrical conduction. The
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KPFM data suggest that local doping or surface chemistry undergoes substantial modification,
possibly as a result of extended interaction between laser and material. The brighter areas might
indicate areas of increased hole concentration or boron enrichment, while the darker regions
could indicate less doping levels or defect-rich domains.

Overall, these results indicate that longer laser exposure on the silicon surface enhances
dopant distribution and/or modifies crystallinity, which agrees with the increased conductivity
noted in the temperature-dependent measurements. The KPFM image shows that longer laser
exposure creates locally different surface potentials, thereby confirming the concept of higher
dopant penetration or structural restructuring. The conclusion that slow-speed laser processing
provides inhomogeneous but generally more conductive regions comes from the relationship

between the KPFM potential map and previously measured electrical conductivity.

6.6. Charge Carrier Concentration in Laser-Processed Silicon

To evaluate the impact of laser processing on dopant concentration, SIMS was performed on both
the unprocessed PS region and laser-processed regions. An analysis of these depth profiles offers
insight into the impact of laser irradiation on dopant incorporation, redistribution, or activation.
The SIMS data are linked with KPFM and I-V electrical measurements to find out if the observed

trends correspond to fluctuations in surface potential and enhancements in conductivity.
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(a) SIMS depth profile for the silicon substrate after etched PS.

Figure 6.10 SIMS depth profile for the etched silicon substrate alongside the microscope image of the
measurement Spot.
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The SIMS depth profile for the unprocessed substrate (Figure 6.10a) indicates a high boron
concentration at the surface ( 10!7 atoms/cm?), which decreases rapidly within the first 0.5 pm
before stabilising at approximately 103 atoms/cm? at greater depths. This trend is consistent
with the expected doping profile of a p-type silicon wafer with a resistivity of 1 — 10 Q.cm,
which confirms the intrinsic dopant distribution within the material. The ?8Si signal remains

020

stable (around 10?° atoms/cm?) throughout the depth range, indicating the uniformity of the

silicon matrix.
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Figure 6.11 SIMS depth profile for the etched laser processed area alongside the microscope image of the
measurement spot.

The SIMS profile for laser-processed regions (Figure 6.11) shows a similar concentration
of boron and a depth-dependent decay, with no significant increase in dopant incorporation
compared to the unprocessed substrate. However, greater fluctuations in boron concentration
beyond 0.5 um may indicate localised variations in dopant distribution or structural modifications
induced by laser processing.

Although SIMS does not indicate a significant increase in boron concentration, I-V measure-
ments demonstrate improved conductivity in laser-processed regions. This suggests that laser
irradiation influences charge carrier behaviour, likely through dopant activation or structural
modifications. Similarly, KPFM mapping has revealed variations in surface potential across
laser-processed areas, which may be attributed to dopant redistribution, defect formation, or

crystallinity changes.
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Several limitations must be considered when interpreting these results. SIMS measures the
total boron content but does not determine the fraction of boron atoms that contribute to electrical
conduction. The finite depth resolution of SIMS may obscure sharp concentration changes,
particularly if dopant redistribution occurs at the nanometre scale. Sputter artefacts can broaden
the boron profile, potentially masking small-scale redistribution effects. Additionally, fluctuations
in boron concentration beyond 0.5 um may arise from measurement noise at low dopant levels
rather than true compositional variations. Post-laser oxidation or surface contamination may also

alter secondary ion yields, affecting detection accuracy.

6.7. Morphological Transformations of Recrystallised Silicon

Previous SIMS, KPFM, and I-V measurements described dopant distribution, surface potential
variations, and electrical conductivity in laser-processed regions. However, none of these methods
directly explained the black colouration observed in certain areas after laser exposure. Since
surface morphology strongly influences optical absorption, AFM was applied to determine
whether laser processing induced significant surface roughening, potentially leading to enhanced
light trapping and reduced reflectivity, characteristic of black silicon formation.

AFM analysis was performed after the S10, layer was etched in dilute HF to confirm that the
observed surface features were related to laser-induced modifications rather than oxide-related
artefacts. The investigation focused on comparing surface roughness and morphological changes

before and after etching, particularly in regions where black silicon formation was suspected.

Laser prossed

. 4 —_—
20 Height Sensor 4.0 um

(a) 3D Image etched sample morphology. (b) Etched sample topography.

Figure 6.12 AFM images of black Silicon PS region (a) 20 um x 20 yum laser writing line morphology;
(b) 20 um x 20 um topography image of the laser writing line.
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AFM imaging demonstrates a significant transformation in surface morphology after laser
processing and etching. The three-dimensional AFM map (Figure 6.12a) shows the different
surface textures of black silicon and porous silicon. The black silicon zone displays tightly
arranged pyramidal structures, whereas the porous silicon appears to be comparatively smoother.
The corresponding two-dimensional topography map (Figure 6.12b) further emphasises the
distinct structuring, showing the increased surface roughness in laser-processed regions. These

images confirm that laser exposure has significantly modified the surface, forming a morphology

L]

that enhances optical absorption.

-1.5 pm
Height 2.0 ym Height 4.0 um
(a) Non-etched sample roughness. (b) Etched sample roughness.

Figure 6.13 Comparison of surface roughness between non-etched and etched samples, highlighting
morphological differences.

A direct comparison between the non-etched and etched samples further demonstrates the
structural transformation. The AFM height map of the non-etched sample (Figure 6.13a) shows
a relatively smooth surface with an RMS roughness of 2.11 nm over a 10 um x 10 um area,
showing no surface structure. In contrast, the etched sample shows a considerable increase in
roughness, reaching 314.8 nm over the same scan area, as shown in Figure 6.13b. This substantial
difference indicates that the oxide layer initially covered the laser-induced microstructures, which

became fully exposed only after etching.
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6.7 Morphological Transformations of Recrystallised Silicon

Height Sensor 880.0 nm

Figure 6.14

An in-depth analysis of individual black silicon features provides additional insight into their
high-aspect ratio morphology. Figure 6.14 shows that the structures show an average base width
of about 1.8 um and a height that exceeds 1.3 pum, resulting in distinct pyramidal microstructures
that improve optical absorption.

The black colouration of the laser-processed regions correlates directly with the increased
surface roughness observed in the AFM measurements. The densely pyramidal microstructures
modify the optical response of the surface in multiple ways. First, they enhance light absorp-
tion by increasing the probability of multiple internal reflections, causing incident light to be
repeatedly scattered and absorbed rather than reflected. Second, the roughened black silicon
surface disrupts coherent reflection, preventing specular reflection, which is characteristic of
smooth silicon. A polished silicon surface generally reflects 30—40% of incident light, resulting
in a metallic sheen, while the structured black silicon region scatters light in various directions,
greatly decreasing overall reflectivity. Finally, the development of high-aspect-ratio features
enhances broadband optical absorption, reducing reflectivity over a broad spectral range.

AFM analysis confirms that laser processing led to the creation of pyramidal structures with a
high aspect ratio, which considerably increased surface roughness. This transformation explains
the black colouring observed in laser-processed regions, as the structured surface improves light
trapping, reduces reflectivity, and increases absorption, all important properties of black silicon.
These results strongly suggest that the effect is primarily morphological rather than chemical,
since previous studies in SIMS, KPFM, and I-V did not show chemical changes that may explain

the black appearance.
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6.8. Hypothesis: Boron Enrichment and Enhanced Conductivity

The results obtained in this study provide partial confirmation of the hypothesis that HF etching
of silicon to form PS promotes boron enrichment at or near the surface, which is subsequently
reorganised by laser melting and recrystallisation to form a boron-rich network. This network, in
turn, is posited to enhance the electrical conductivity of the material. Several lines of experimental
evidence support this notion. First, AFM imaging reveals notable surface restructuring, consistent
with a mechanism by which boron, left behind by selective silicon removal in HF, becomes
locally concentrated as the silicon matrix is re-etched or melted. Secondly, KPFM mapping
indicates pronounced variations in surface potential that would be expected if higher doping
levels or doping activation were present at the surface. Lastly, [-V measurements show improved
conductivity in these laser-processed regions, aligning with the concept that boron is both
accessible and activated by the melting—recrystallisation cycle.

However, SIMS depth profiling did not detect a marked increase in overall boron concen-
tration, underscoring the complexity of the hypothesised mechanism. It is possible that boron
enrichment occurs in regions too thin or localised for conventional SIMS resolution, or that
dopant activation rather than net dopant addition is the driving factor. In addition, other structural
evolutions, such as improved crystallinity, reduced defect densities, or the creation of conductive
pathways along grain boundaries, may also contribute to the observed rise in conductivity. The
balance of evidence thus supports the view that HF etching and subsequent laser-induced melting
create conditions under which boron can be redistributed or activated at the surface, even if
large-scale dopant concentration increases are not observed.

Further clarification may be achieved by more targeted techniques (for example, nanoSIMS
or TEM-EDX mapping) designed to resolve dopant distributions at the nanometre scale. Never-
theless, the current results support the idea that selectively etched PS, followed by laser melting
and recrystallization, creates a surface environment that improves electrical performance partly

because of boron activation and local enrichment.

6.9. Conclusion

This chapter investigated the structural, spectroscopic, and electrical modifications induced by
laser processing in PS. An interesting observation was the persistent black colouration of the
laser-irradiated areas, previously considered to be oxidation. However, AFM analysis confirmed

that the colouration resulted mainly from surface roughening and the formation of high-aspect
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ratio pyramidal microstructures. These structures enhanced light trapping and reduced reflectivity,
leading to the observed optical changes.

Raman spectroscopy provided further insight into the crystallographic transformations,
revealing peak broadening and shifts indicative of nanocrystalline domain formation and lattice
strain. The enhanced Raman signal indicated SERS effects associated with modifications in
the silicon surface structure. Despite these changes, SIMS depth profiling indicated that laser
processing did not introduce additional dopant incorporation, but likely influenced dopant
redistribution and activation, which contributed to electrical modifications.

The KPFM results offered crucial proof that the surface potential fluctuation is connected
to the observed changes in electrical behaviour. The laser-processed areas demonstrated lo-
calised modifications in surface potential, supporting the hypothesis that dopant activation and
crystallinity modifications influenced charge carrier behaviour. The observed changes were in
agreement with the V measurements, which indicated increased conductivity in the irradiated
areas, supporting that surface restructuring and potential redistribution contributed to improve-
ments in electrical performance.

Overall, this chapter provides a comprehensive understanding of how laser-induced melt-
ing and recrystallisation impact both the morphology and electrical properties of silicon.The
combined results of AFM, Raman, SIMS, and KPFM analysis demonstrate that CO, CW laser

irradiation modifies the silicon surface at the nanoscale and influences its electrical properties.
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Chapter 7. Conclusions and Future Directions

7.1. Thesis Conclusion

This thesis has thoroughly investigated the transformative potential of CW CO, laser processing
in modifying the structure and properties of PS. The research initially involved fabricating
PS through electrochemical etching, carefully controlling key parameters such as pore size,
thickness, porosity and surface chemistry. Detailed characterisation using SEM, FTIR, AFM
and XRD confirmed the successful formation of reproducible and uniform porous silicon layers,
providing a critical baseline for evaluating subsequent modifications induced by laser irradiation.

The main focus of this thesis was the controlled application of CW CO, laser processing
to induce significant phase transitions and structural transformations within PS. Systematic
experimentation that varied the laser power and scanning speed enabled precise control over the
recrystallisation process. Raman spectroscopy was instrumental in elucidating these structural
modifications, highlighting enhanced Raman signals indicative of improved crystallinity and
the occurrence of nanostructural changes. The observed Raman spectral enhancements and
characteristic shifts strongly suggested SERS effects resulting from laser-induced alterations in
the silicon surface morphology and crystallinity.

Despite to initial expectations, SIMS depth profiling did not confirm an increase in dopant
concentration due to laser processing. However, SIMS analysis indicated significant redistribu-
tion of dopants and possible activation, leading to improved electrical characteristics. KPFM
provided additional insight, demonstrating changes in surface potential distribution consistent
with enhanced dopant activity and improved charge-transport properties.

Electrical characterisation through I-V measurements supported these findings, revealing
a marked improvement in conductivity in laser-treated regions. This enhancement is primarily
attributed to the observed structural recrystallisation and dopant activation rather than a direct
increase in dopant incorporation. Additionally, morphological analysis by AFM and SEM
confirmed the densification and structural refinement of the laser-modified porous silicon. These

structural changes improved the electrical properties.
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The comprehensive set of experimental outcomes presented in this thesis clearly demonstrates
the effectiveness of CW CO; laser irradiation as a versatile tool for precisely engineering
structural and electrical properties of porous silicon. This work has provided valuable new
insights into the mechanisms underlying laser-induced phase transitions, highlighting its potential
for advanced applications in optoelectronics, microelectronics, and sensing technologies. By
correlating the detailed morphological, structural, and electronic analyses, this research has
significantly advanced our understanding of the interactions between laser processing and porous
silicon.

Electrical measurements further support the efficacy of the laser processing technique. I-V
analyses demonstrated a marked improvement in conductivity for the laser-irradiated samples.
The observed enhancements in electrical performance are attributed to the improved charge trans-
port mechanisms that result from a more ordered crystalline structure and a higher concentration
of dopants. In addition, KPFM provided complementary evidence by mapping variations in
surface potential that align with enhanced doping levels. The convergence of these different
characterisation methods reinforces the conclusion that the CW CO, laser processing effectively

modifies both the microstructure and the electronic properties of porous silicon.

7.2. Future Work

While the results are promising, there is still work to be done. Future research should focus on
fine-tuning the CO, laser process to achieve more consistent modifications across the porous
silicon. This means further optimising the laser power, scanning speed, and exposure time to
reduce surface irregularities and maximise electrical performance. Additionally, testing the
long-term stability of the modified material under real operating conditions will be crucial.
Another important direction is to integrate laser-processed porous silicon into actual device
prototypes. By doing so, we can better assess its performance in practical applications, whether
in microelectronics, optoelectronics, or sensor technologies. Although SIMS analysis in this
study did not confirm an increase in the concentration of boron, future work should explore
alternative or complementary techniques to investigate this aspect further. Techniques such
as high-resolution Time-of-Flight SIMS, atom probe tomography (APT), or electron energy
loss spectroscopy (EELS) in transmission electron microscopy (TEM) may offer the enhanced
sensitivity and spatial resolution required to detect subtle changes in the boron distribution.
Further investigation into the role of boron enrichment in enhancing conductivity could lead to

better material models and more refined processing strategies.
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7.2 Future Work

In summary, the insights gained in this thesis provide a strong foundation for future studies
aimed at transitioning from laboratory research to real-world applications in next-generation

silicon-based technologies.
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Appendix A. Heat Distribution in The Porous Silicon Simulation

import numpy as np

import matplotlib.pyplot as plt
from numba import jit, prange
import numpy as np

import matplotlib.pyplot as plt

# Constants

PI = np.pi

def save_data_txt(data, filename):
with open(filename, ’w’) as file:
for item in data:

file.write(str(item) + ’\n’)

# Function for plotting 2D heatmap
def plot_heatmap(r, z, u, xlabel="", ylabel=""):
plt.figure(figsize=(10, 7))
X, Y = np.meshgrid(r, z)
plt.contourf(X, Y, u.T, 20, cmap=’magma’) # Transpose u for correct orientatio
plt.colorbar(label=’Temperature (u)’)
plt.xlabel (xlabel)
plt.ylabel(ylabel)
plt.title(’Temperature Distribution’)

plt.show()

# Function for plotting 1D data (temperature vs. time)

def plOt(X, y’ Xlabe1="", ylabel="");
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plt.figure(figsize=(8, 5))

plt.plot(x, y)

plt.xlabel(xlabel)

plt.ylabel(ylabel)

# plt.title(’Temperature Change Over Time’)
# plt.legend()

plt.grid(O)

plt.show()

w0 = 2.35e-4 # Beam waist (m)

lambda_ = 1.06e-5 # Wavelength (m)

nr = 3.67 # Refractive index of silicon

por = 0.8 # Porosity

TO = 293.0 # Initial temperature (K)

kT = 0.5e-1 # Thermal conductivity (W/mK)

asym = 1.0 # Axial to radial thermal conductivity ratio

cp = 0.710 # Specific heat capacity (J/gK)

dens = 2.33e6 # Density (g/m®)

inp = input("Enter the measured laser power (W):")

if inp:

I_meas = float(inp)
else:

I_meas = 2.5el

abv = 8.59e4 # Inverse absorption length (1/m)
zd = 0.0 # Depth below surface (units of w0)

beta = 0.0e-6 # Two-photon absorption coefficient

# Grid parameters

dr

Il
o

.01
Rmax = 4
dz = 0.0004

Zmax = 0.028
omega = 1.990 # Overrelaxation parameter

dt = 2.0e-5 # Time step (s)
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maxits = 10000 # Max iterations for SOR

eps = 1.0e-5 # Precision for relaxation method

# Grid setup

imax = 100
jmax = 100
tmax = 500

r = np.zeros(imax)
z = np.zeros(jmax)
u = np.ones((imax, jmax))

q = np.zeros((imax, jmax))

# Compute IO from the measured laser power, I_meas
I0 = 2.0 * I_meas / (np.pi * (WO ** 2))
print (I0, ’W m~-27)

# Compute dimensionless groups
gh = (kT * dt) / (dens * (1.0 - por) * cp * (WO **x 2))

print(gA, ’Dimensionless diffusivity’)

gB = (abv * I0 * dt) / (dens * cp * TO)

print(gB, ’Dimensionless factor for volumetric heat - 1 photon’)

gBB = (beta * IO * IO * dt) / (demns * cp * TO)

print(gBB, ’Dimensionless factor for volumetric heat - 2 photon’)

gC = (np.pi * wO * nr * (1.0 - por)) / lambda_

print(gC, ’Dimensionless Rayleigh range, ZR’)

gh = (abv * w0) * (1.0 - por)

print (gD, ’Dimensionless inverse absorption length’)

# Exponentially expanding grid generation

r_exp = (np.log((Rmax / dr) + 1)) / (imax - 1)
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z_exp = (np.log((Zmax / dz) + 1)) / (jmax - 1)

for i in range(imax):

r[i] = dr * (np.exp(r_exp * i) - 1)

for j in range(jmax):

z[j] = dz * (np.exp(z_exp * j) - 1)

# Compute the heat term due to absorption of a Gaussian beam
for i in range(imax):
for j in range(jmax):
zqtemp = 1.0 + ((z[j] - zd) / gC) *x 2
qli, j] = gB * (abv / ((abv + beta * I0) * np.exp(gD * z[j]) - beta * I0)) * np.
qli, j] += gBB * (abv / ((abv + beta * I0) * np.exp(gD * z[j]) - beta *x I0)) * 1

# Setup fully implicit difference equation coefficients
a = np.zeros((imax, jmax))
b = np.zeros((imax, jmax))
¢ = np.zeros((imax, jmax))
d = np.zeros((imax, jmax))
e = np.zeros((imax, jmax))

f = np.zeros((imax, jmax))

for i in range(1, imax - 1):
for j in range(l, jmax - 1):
rtemp = 2 / (r[i + 1] - r[i - 11)
ztemp = 2 / (z[j + 1] - z[j - 11)
rt1 =1/ (rli + 11 - r[i])
/ (cli]l - rli - 1D
ztl =1/ (z[j + 1] - z[jD
/ (z[j] - z[j - 11)

rt2 = 1

zt2 = 1

ali, jl = gA x (rtemp * rt1 + (1 / r[i] / (r[i + 1] - r[i - 1])))
bli, j] = gA * (rtemp * rt2 - (1 / r[i]l / (r[i + 1] - r[i - 11)))
cli, j] = asym * gA * ztemp * ztl
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d[i, j] = asym * gA * ztemp * zt2

eli, j1 = -(ali, j1 + bli, j1 + c[i, j1 + ali, j1) -1

fli, j]

-uli, j1 - qli, j]

@jit (nopython=True, parallel=True)

def solve_heat_equation(u, q, a, b, ¢, d, e, f, maxits, eps, omega, tmax,

np.zeros (tmax)

torigin = np.zeros(tmax)

for k in range(tmax):

n=1
pstop = 0
for i in range(1, imax - 1):
for j in range(l, jmax - 1):
fli, j1 = -uli, j1 - qli, jI

while pstop ==

n+=1

change = 0.0

ul:, 0] = ul:, 1] % Boundary condition
ul0, :] = ull, :] % Boundary condition

for i in range(1l, imax - 1):
for j in range(1, jmax - 1):

before = uli, jl

imax, jma

resid = ali, j1 * uli+1, j1 + bli, j1 * uli-1, j1 + c[i, j] * u

uli, jl = uli, jl - omega * resid / eli, j]
after = uli, j]
change += abs(after - before)
if change < eps:
pstop =1

elif n > maxits:

pstop =1
else:
pstop = 0
tlk] = k+1

torigin[k] = u[0, 0]
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return u, t, torigin

# Execute the calculations

u, t, torigin = solve_heat_equation(u, q, a, b, c, d, e, f, maxits, eps, omega, tmax, in

plot_heatmap(r, z, u, ’Radial distance / beam waist’, ’Depth / beam waist’)
plot(t, torigin, ’Normalised time ( t/dt )’, ’Normalised temperature( T/T0)’)

plot(r, ul:,0], ’Radial distance / beam waist’, ’Normalised temperature( T/T0)’)

save_data_txt(u, "ul={I_meas}.txt")

save_data_txt(r, "rI={I_meas}.txt")

save_data_txt(z, f"z with I={I_meas}.txt")

save_data_txt(t, "time.txt")

save_data_txt(torigin, "temperature_origin.txt")

data = np.stack([t, torigin])

print(data.shape)

np.savetxt (f"Heat Distribution with I={I_meas}.txt", np.round(data.T, 2), fmt="7%.2e", de
data = np.stack([r, ul[:,0]])

np.savetxt(£f"Plot3 with I={I_meas}.txt", np.round(data.T, 2), fmt="%.2e", delimiter=",'
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