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In this work, we fabricated and studied wet chemically thinned H-
terminated silicon substrates decorated with plasmonic AuNPs. The
goal of this research was to pursue a deposition method that consis-
tently generated AuNP submonolayer structures on an H-terminated
silicon surface. Drop-casting, spin-coating and dip-coating deposition
methods of AUNPs on both pristine and thinned silicon substrates were
employed and compared. Thinned silicon substrates were produced via
wet chemical (KOH) etching to thicknesses down to 50 um. The AuNPs
were produced via pulsed laser ablation in liquid (PLAL) and span in the
<50 nm range. The dip-coating method yielded the most consistent and
reproducible AUNP submonolayer formations. Both HoO and THF were
used and studied as solvents for the AuNP depositions. THF-based
solutions produced spread out and uniform depositions. Dip-coating
depositions using a THF-based solution synthesised under PLAL for
90 minutes yielded the highest surface coverage (38%) of all the depo-
sition methods studied.
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Resumo

Causticacao quimica, terminagéao em H, PLAL, nanoparticulas de ouro,
plasmoénica

No presente trabalho, fabricamos e estudamos substratos de Si quimi-
camente causticados com terminacao de hidrogénio decorados com
nanoparticulas de ouro plasmoénicas. O objetivo desta investigacao
€ perseguir um método de deposi¢ao que crie consistentemente es-
truturas sub-monocamada de nanoparticulas de ouro numa superficie
de Si terminada com hidrogénio. Foram empregues e comparados 0s
métodos de drop-casting, spin-coating e dip-coating em substratos de
Si ndo processados e quimicamente causticados. Substratos quimica-
mente causticados foram produzidos pelo método de ataque quimico
por KOH, produzindo substratos com espessuras inferiores a 50 um.
As nanoparticulas de ouro foram produzidas via pulsed ablation in lig-
uid (PLAL) e tém dimensdes na gama de <20 nm. O método de dip-
coating produziu as estruturas sub-monocamada de nanoparticulas de
ouro mais consistentes e reprodutiveis. H20 e THF foram usados € es-
tudados enquanto solventes para as deposi¢cdes de nanoparticulas de
ouro. As deposicdes por dip-coating com THF enquanto solvente sin-
tetizadas por PLAL durante 90 minutos produziram a maior cobertura
de superficie (38%) de todos os métodos estudados.
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Chapter 1

Introduction

From optical sensors to solar energy, integrated circuitry and high-end optic elements, silicon
is one of the most relevant materials for electronics and optoelectronics applications [1, |2]. In
the field of solar energy, thin silicon systems are of great interest due to the reduced diffusion
length required for photogenerated electrons and holes to be collected.

The global solar capacity doubled in 3 years from 2018 to 2021, and is expected to more
than double again today’s output by 2025. It is the fastest growing renewable energy, having
had 302 GW of capacity installed internationally in 2021. In Europe, the EU climate goals
are propelling the renewable transition, with 25 of the 27 member states projecting to install
more solar power in 2022 than in 2021 [3]. Demand for renewable energy sources continually
increases due to environmental pollution and resource depletion consequent of use of fossil fuels.
Among the various renewable energies, the solar cell technology has been widely adopted due
to advantages such as the low maintenance cost and ease of use. One of the largest drawbacks
of solar cell technology has been the low energy conversion efficiency arising from optical loss.
Thus, numerous studies have been conducted to devise ways to improve solar cell efficiency,
with multiple solutions found in recent decades.

There are multiple types of silicon junctions that can be employed for the creation of a
functional solar cell. One of these junctions is the Schottky junction. A simple Schottky
junction is composed by two components: a metal electrode and a doped semiconductor. It
induces charge separation due to the difference between the Fermi level of the metal and the
conduction band of the semiconductor, which creates an abrupt potential difference at the
junction. Charge carriers traverse this junction through to generate electrical current, as we
show in figure [1.1

E ) ‘
metal radiation T
©
f
qVp,
______ L.

Figure 1.1: Energy bands diagram and charge transport of a Schottky junction under radiation
exposure.

Over the last few years, various light-trapping techniques have been implemented in solar



cells to increase light absorption within a semiconductor layer that is much smaller compared
to the material’s absorption length [4, 5]. The optical thickness of an active absorber layer
can be increased several times by using light-trapping structures while the physical thickness
remains unchanged. This can enhance solar cell efficiency as photo-generated charge carrier
collection is improved with little constraints regarding diffusion lengths [6], which allows for thin
and efficient solar cells. The most widely used light trapping approaches using nanostructures
include periodic grating structures [7], photonic crystal structures (8], nanowires [9,|10], random
scattering surfaces [11], and plasmonic structures |12, 13].

The field of plasmonics investigates the interactions between light and metal-dielectric in-
terfaces. It devotes major efforts into the study of coherent electron oscillations triggered by an
electromagnetic wave travelling along a metal-dielectric interface. Surface plasmon resonance
(SPR) is the interaction between electromagnetic waves and free electrons in metal. There are
two modes formed by such electron oscillations. One is the surface plasmon polariton (SPP),
which can propagate along the metal-dielectric interface as shown in Figure SPPs propa-
gation distance is in sub-centimetre range due to losses deriving from electron scattering [14].
The other one is the localized surface plasmon resonance (LSPR), which is confined in a small

hv
dielectric

A=
W metal

Figure 1.2: Diagram of the propagation of a surface plasmon polariton (SPP) along a metal-
dielectric surface.

volume neighbouring a nanoparticle or nanostructure. In figure [1.3] we show the electric field
around metal nanoparticles under LSPR. Incident light excites the conduction band electrons of
a nanostructure with a size equal or smaller than the incident wavelength generates an LSPR.
The frequency at which LSPR occurs strongly depends on the size, geometry, composition, di-
electric environment and separation distance of the nanostructures |13} |15]. This phenomenon
can remarkably increase the intensity of the electromagnetic field around the metal nanoparticle
[16]. Typical applications of plasmonics include bioimaging [17], sensing [18], surface-enhanced
Raman scattering [19], chemistry dynamics [20] and photovoltaics [21].

As of today, multiple metal nanostructures with plasmonic enhancement properties have
been studied, such as Au |23} [24], Ag [25, 26], Cu [27, 28], through both simulation and ex-
perimentation. Similarly, extensive research has been dedicated to the synthesis and deposition
of these metal nanostructures on silicon, such as DC sputtering followed by annealing [29,
30], atomic layer deposition [31], nanosphere lithography [32], polyol process [33], 9], transfer
printing [34], solid state dewetting [35], pulsed laser ablation in liquid (PLAL) |36, |37], among
others. The PLAL method allows for a facile and efficient way of fabricating nanostructures in
liquid suspensions, as it does not require vacuum, as well as does not have chemical precursors
or functionalization agents that could remain in trace amounts in the dispersion. It allows for
the dispersion of bare (non-functionalized) nanoparticles, which is convenient for efficient charge
transport across the nanoparticle boundaries. More specifically, gold nanostructures are of great
interest for electronic and optoelectronic applications, such as the performance enhancement of
ultrathin photovoltaics [30] or the spontaneous emission enhancement via gold nanoantennas
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Figure 1.3: (a) Electric field neighbouring a metal nanoparticle under localized surface plas-
mon resonance (LSPR). (b) Electric field neighbouring two metal nanoparticles under LSPR.
Adapted from .

Bg).

By increasing the absorption via light-trapping and plasmonic methods, it is possible to
thin the active layer while maintaining cell efficiency. Methods to thin silicon can be labelled as
mechanical or non-mechanical. The most well-established mechanical methods to thin silicon are
mechanical grinding and chemical-mechanical polishing (CMP) . Mechanical grinding
consists of using one or multiple diamond embedded wheels to remove material from the surface
of the target. It has a fast removal rate, but it can create several defects on the surface and
subsurface lattice. CMP consists of the same process (grinding with diamond embedded wheels)
to remove material from the silicon surface complemented by on-surface chemical treatment.
CMP achieves very flat surfaces and low total thickness variation values (TTV) . The most
well-established non-mechanical methods to thin silicon are plasma dry etching and wet chemical
etching. Plasma dry etching consists of the removal of silicon by the bombardment of ions that
subsequently dislodge portions of the material from the exposed surface. Wet chemical etching
is based in the removal of silicon atoms from the surface via a chemical reaction between a
solution (etchant) and the silicon surface. Both wet chemical and plasma dry etching methods
can perform anisotropic etching, that is, etchant attacks preferably a crystal plane with a specific
orientation. This property is used for the generation of high aspect ratio nanostructures such
as pyramids , holes and trenches .

In thin silicon structures, the interface has a crucial role in the physics of the device and
the defects become increasingly more critical for the energy conversion efficiency, which may
be sharply reduced due to large interface recombination losses. The interface recombination
velocity, which influences the efficiency of solar cells, is mainly affected by the density and
type of interface states. These states result from silicon dangling bonds with different back-
bond configurations. Passivation methods are used to inhibit unwanted oxide formation and
better the performance of the interface. Wet chemical treatments are frequently used to achieve
H-terminated silicon, which have better interface electronic properties .

In this work, we aim to fabricate and study chemically thinned H-terminated silicon sub-
strates decorated with plasmonic AuNPs. In chapter [l we covered current synthesis and depo-
sition techniques of metal nanoparticles, followed by an overview on silicon thinning techniques.
In chapter [2], we will focus on the experimental techniques we used to fabricate both thinned
H-terminated silicon and to synthesize and deposit AuNPs. We will also present the techniques
and equipment employed to gather our results. In chapter |3 we will show the results obtained
experimentally and subsequently analyse them. We aim to achieve a surface coverage AuNPs
that allows for the creation of a percolated mesh. Lastly, in chapter [f] we present the conclusion
of our work and address possible approaches and suggestions to be developed in the future.



Chapter 2

Experimental Background

In this chapter, we present the experimental procedures used for both silicon wet etch-
ing and gold nanoparticles production. We also approach the methods used for imaging and
characterization of our samples.

2.1 KOH etching of silicon

One way of thinning silicon from silicon wafers is to use wet chemical etching. Wet chemical
etching consists of the removal or dissolving of material from a substrate when immersed in a
liquid etchant solution. The wet etching process can be either isotropic or anisotropic. In an
isotropic process, the etchant attacks all crystal planes of the sample similarly, regardless of their
orientation. On the contrary, in an anisotropic process, the etchant attacks preferably a crystal
plane with a specific orientation. This etchant will ensure that the attack occurs preferentially
in a predetermined direction. Since we want to manipulate silicon thickness, while leaving
the other dimensions of the sample intact, we want to use an anisotropic etchant. We can
achieve this if we choose an etchant with a predominant attack direction to the surface of the
wafer. Tetramethylammonium hydroxide (TMAH) [46] and potassium hydroxide (KOH) [47]
are frequent picks when it comes to anisotropic etching of silicon. The tetramethylammonium
ion is toxic, and when in contact with the human body, it may affect nerves and muscles [48].
Being much safer to manipulate, and with similar results as TMAH, we chose KOH as our
etching agent.

When immersed in a strongly aqueous alkaline media such as KOH, crystalline Si can be
etched via the following equation,

Si+20H™ +2H,0 — Si(OH)4 + Hy — SiO2(OH)2*™ + 2H,

Hydrogen plays an important role in how the etching reaction occurs. As it is produced, it
accumulates in tiny bubbles that remain bonded to the surface for a certain period of time. The
etch rate of silicon is different regarding the plane which is being etched. The dependence of
the etch rate of silicon in KOH on the orientation has been measured at different concentrations
and temperatures by Herr [49], Sato [50], Seidel [51], Kendall [52], among others. It has an etch
rate anisotropy ratio of about 290:160:1 for [110]:[100]:[111] at 30 wt% and 70 °C[50], changing
significantly for other conditions.

Different morphologies arise from etching different planes of silicon after anisotropic etching.
The most characteristic feature of Si[100] is the formation of pyramidal hillocks. Pyramids are
formed from the top down, in a mechanism where hydrogen bubbles mask the surface and
prevent the etching from occurring at the very point of contact. In figure we show a
diagram representing the pyramid formation process on the surface of silicon. The etching
continues around the contact point of the hydrogen bubble, creating four inclined facets with
the [111] plane. This four facets form the pyramids typically seen on the etched silicon surface.
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Figure 2.1: Diagram representative of the pyramid formation process by hydrogen bubble mask-
ing.

Shallow pits can also be seen in etched [100] silicon. These pyramids can be applied on mono-
crystalline silicon solar cells for the purpose of light absorption optimization [53]. Etched Si[110]
forms channels and perpendicular trenches with {111} side-walls [54], which can be used as e.g.
micro-channels in micro-mechanics and micro-fluidics [55].

The etching rate of silicon by KOH is increases with increasing temperature. The surface
density of pyramids also increases with increasing temperature. The surface density of pyramids
decreases with increasing etchant concentration [56]. Pits can be removed by increasing the
concentration of the etchant. Pyramid formation has been also correlated to both water quality
and etchant purity [57]. Small concentrations of metal impurities in solution (ppm or even ppb
levels) are known to induce pyramid formation [58]. For a chosen concentration and surface
orientation, the etch rate R follows an Arrhenius behavior as a function of temperature T

-E,
R = Rpexp <k3T> (2.1)

where kg = 8.617 x 107° eV/K is the Boltzmann’s constant, F, is the activation energy of
the atoms on the silicon surface and Ry is an experimental constant. Based on the reported
literature, we set the KOH concentration for the wet silicon etching of the experiments further
described to be 20%wt. This concentration provides an etching chemistry that optimizes the
silicon etching rate.

Surfactants can be used to improve surface and facets flatness during silicon etching. They
prevent the proliferation of hydrogen bubbles, therefore minimizing the masking agents at the
surface of the sample [57]. Although not used in our work, isopropyl alcohol is a typical sur-
factant pick, providing good results at low concentrations. Etching under anodic bias can also
improve flatness and suppress the formation of pyramidal structures on the surface of the sample
[59].

The combination of wet etching and ultrasonic treatment can significantly improve the etch-
ing quality due to the cavitation effect. The formation of cavitation can disable the attachment
between Hsy bubbles and etching surface, which can promote the reaction between etching sol-
vent and silicon atoms at the surface of the sample. Vibrating of cavitation bubbles can produce
high-speed micro jets which promote stirring of the etching solution and reduce temperature
inhomogeneity, contributing to a more uniform etching rate [60].

In our work, it is important for the etched silicon substrate to be as flat as possible, in order
to replicate the morphology of up and coming devices such as thin silicon solar cells and to
promote the formation of percolated AuNP nanostructures on its surface.

2.2 Pulsed laser ablation in liquid

Pulsed laser ablation in liquid (PLAL) is a nanostructure generation method which uses a
high-intensity focused pulsed laser beam to extract and ablate nanostructures from a source



material . PLAL is a very efficient and facile way to obtain suspensions and colloids of
nanomaterials in multiple solutions. In figure we show a schematic representation of a
PLAL setup.
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Figure 2.2: Schematic representation of the functioning of an experimental PLAL setup.

In our work, we used PLAL to create gold nanostructure HoO and THF dispersions from a
solid gold target. The system employed in our research consisted of an 1064 nm Nd:YAG laser
with a frequency doubler, resulting in an output wavelength A of 532 nm (green light). The
laser is Q-switched, having a frequency f of 10 Hz and a tunable beam length varying between
240 ps and 180 ps.

2.3 Fourier-transform infrared (FTIR) spectroscopy

Fourier-transform infrared spectroscopy (FTIR) employs infrared (IR) radiation to probe
the optical properties of molecules in a solid, liquid or gas. This technique acquires an optical
interferogram and using a mathematical process known as Fourier transform, it converts the
interferogram into an infrared spectrum of absorption, reflection or emission. FTIR is frequently
used for the identification of organic, inorganic, and polymeric materials.

In figure we show a schematic representation of an FTIR spectrometer. FTIR spec-
troscopy measurements are obtained in the time domain. This interference pattern obtained is
called an interferogram. The interferogram, a time-domain signal, can be converted into the
frequency domain via a Fourier transform (FT), yielding the familiar single beam spectrum.

In our work, we used FTIR spectroscopy to measure transmittance spectra of silicon sam-
ples treated with KOH. From these spectra, it was possible to extract info regarding sample
thickness, as shall be analysed in chapter 3] The system used was a Bruker Vertex 80 FTIR
spectrometer [62].
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Figure 2.3: Schematic representation of an FTIR spectrometer. Adapted from [61].

2.4 UV-Vis-NIR spectroscopy

UV-Vis-NIR spectroscopy is a powerful technique to determine optical properties such as
transmittance, absorbance and reflectance of matter samples. It uses visible light (Vis), ul-
traviolet (UV) and near-infrared (NIR) light to perform the study of the sample. The visible
(Vis) region comprehends the 380-750 nm spectral range. The ultraviolet spectrum (UV) ranges
from 10-380 nm although the range typically used in these measurements is 200-380 nm. The
near-IR (NIR) ranges from 750-3300 nm. In our studies, the spectral range of the UV-Vis-NIR
measurements is 250-900 nm.

UV-Vis-NIR absorbance spectroscopy can be applied on colloidal AuNPs solutions to indi-
rectly calculate the average particle size based on the wavelength position of the maximum of
an absorbance band. This absorbance band is related to a surface plasmon resonance (SPR)
[63]. These oscillations then propagate parallel to the metal surface. A nanoparticle will ab-
sorb most effectively the incoming light with the wavelength matching its resonant peak. The
resonant peak wavelength depends on the particle size. Haiss et al. obtained a fit that related
the diameter (d) with the peak absorbance wavelength (Apeqr) of particles with d between 35
and 100 nm, according to the following equation,

In <)\peak - A0>
d= Ly (2.2)

Lo

with A\g = 512 nm, L; = 6.53 nm and Ly = 0.0216 nm~! being fitting parameters [64]. Later,
Khlebtsov et al. gathered an extensive amount of experimental data from previous papers,
including the one from Haiss et al., and obtained an averaged calibration curve for the diameter
of gold nanoparticles (d) as a function their peak absorbance wavelength (Apeqr) described by
the following equation,

3+75x107°X4, X <23
d= X -17-1
0.06

X = Appar — 500 2.3
, X >23 peak 23)

where all quantities are expressed in nanometers [65]. This equation should be considered as
an empirical generalization of a large volume of experimental data.

In a solid sample, light is scattered and reflected in different ways according to roughness of
the surface. High surface roughness typically means a more diffuse reflection, causing a weaker
detected signal. UV-Vis-NIR reflectance spectroscopy can be used to qualitatively analyse the



roughness of a sample attacked with KOH through the analysis of its reflectance spectrum and
comparing it relatively to the intensity of a pristine and flat sample.

The equipment used for the reflectance studies is a Shimadzu UV-2100PC [66] double beam
spectrometer, set up in the range 900-250 nm. The UV-2100PC detects specifically the specular
reflection of light.

2.5 Dynamic Light Scattering

Dynamic Light Scattering (DLS) is a rapid and non-invasive technique that measures the
Brownian motion of particles in a dispersion for the determination of their hydrodynamic size.
The hydrodynamic size, dp, measured by DLS is defined as the size of a sphere that diffuses
at the same rate as the particle being measured. This theoretical sphere is comprised by the
core particle complemented by what may be bound to its surface, for example, ions or adsorbed
polymers. In a dispersion, the diffusion of particles causes the intensity of light scattered to
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Figure 2.4: Schematic representation of the functioning of a DLS instrument. Adapted from
[67].

In figure we show a typical DLS measuring setup. A laser beam is pointed towards
a sample dispersion that is to be analysed and detected light scattered from the randomly
diffusing particles combines to create a speckle pattern. The intensity signal will change over
time, as the particles continue to diffuse. DLS analyses the variation of the speckle pattern over
time through autocorrelation. The larger the particles being measured, the slower they diffuse,
and the longer it takes for a complete loss of the correlation between two distinct signals. For
small particles, which undergo rapid diffusion, the correlation of the signal will decay rapidly.
The autocorrelation function allows for the extraction of the translational diffusion coefficient,
A. These are employed in the Stokes-Einstein equation,

kT
- 3mA

dy (2.4)

where k = 1.38 x 10723;j K1, T is the absolute temperature and 7 is the viscosity of the
solvent. Using DLS, we can quickly measure the size distribution of all particles in a dispersion.
Clusters of particles and individual particles are not discerned through the DLS technique, so
it is always important to have a critical perspective on the character of the structures measured
in suspension.

In our work, it was used the Zetasizer Nano ZS system by Malvern Panalytical [68].



2.6 Scanning electron microscopy

Scanning electron microscopy (SEM) is a technique in which an electron beam is produced
and directed towards a sample, producing different types of interactions whose signals are
observed by detectors mounted on the microscope at energies typically up do 40 kV. A simple
SEM design is composed of an electron gun to emit an electron beam, a set of condenser lens to
focus the beam, deflections coils to direct the beam, a sample holder, and a set of detectors to
collect the signal resulting from electron-specimen interactions. In figure [2.5] we show a scheme
of a simple SEM instrument.
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Figure 2.5: Schematic representation of the functioning of SEM and TEM. Adapted from [69).

Secondary electrons, back-scattered electrons and characteristic X-rays are the signals typ-
ically collected in an SEM system. Secondary electrons are ejected from conduction or valence
bands of the specimen atoms by inelastic scattering interactions with beam electrons. These
are typically used to obtain images of the surface morphology of a sample. Back-scattered
electrons (BSE) are high-energy electrons that are reflected or back-scattered out of the speci-
men interaction volume via elastic scattering interactions. Signal collected with BSEs provides
better atomic mass contrast when compared to secondary electron signal, although with lower
topographic detail. Characteristic X-rays are a consequence of electrons being removed from
the inner shell of the atoms by the incoming electron beam. Each atom has its own X-ray
signature, thus analysing the characteristic X-ray signal allows the inference of the elements
in the sample composition. This technique is commonly referred as energy-dispersive X-ray
spectroscopy (EDS), and is used multiple times across the present study to extract information
regarding the composition of the samples.

It is fundamental that the sample has conductive properties. In this way, the electrons
incoming from the beam flow through the sample and do not accumulate and in this way do
not affect the quality of the image acquisition. Making use of the SEM topographic contrast,
we employed it for the purpose of analysing the of structure/morphology on the sample’s sur-
face. The use of EDS allowed us to analyse the chemical composition of the surface and its
distribution. In our work, we used the Tescan VEGA 3 system [70].



2.7 Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique based on the transmis-
sion of highly energetic electrons through a specimen to form an image. The image is formed as
a consequence of the interactions of the electron beam with the specimen material. The electron
beam source technology and optical system is in many ways similar to that of an SEM. On the
other hand, the imaging sensor can be a fluorescent or a sensor such as a scintillator attached to
a charge-coupled device. Due to the higher energy of the electrons, and consequently smaller de
Broglie wavelength, TEM is capable of imaging at a significantly higher resolution than SEM.
In figure we show a schematic representation of a typical TEM system.

A particular type of TEM system is the scanning transmission electron microscopy (STEM).
Both have similar optics, but while in TEM the electron beam is collimated and hits the sample
perpendicularly, in STEM the beam is focused into a small focal point and rasters the surface
as the signal is collected. In our work, we used a Hitachi HD-2700 scanning transmission
electron microscopy (STEM) [71]. STEM was used to produce high-resolution images of gold
nanoparticles in order to assess their size distribution and morphology.

2.8 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a high-resolution microscopy that allows to dissect mate-
rial properties at the nanoscale, with the advantage of easy accessibility to the material and low
preparation required. AFM uses a cantilever with a very sharp tip, to the order of nanometers,
with which the measurement is made. This tip is brought up close to the sample of interest
and allows for imaging of the topography of the sample. For distances greater than 10 nm,
the electrostatic and magnetic forces are predominant. The cantilever will be sensible to per-
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Figure 2.6: Schematic representation of the functioning of AFM. Obtained from [72]

turbations on the surface of the sample. Its movement is measured through the detection of a
laser beam which is reflected off the cantilever top. The variations of the deflection angle are
tracked by a photodiode and translated into topographic information of the sample. Figure
[2.0] represents a scheme of the functioning principle. The imaging method can be one of three
types: contact mode, tapping mode and non-contact mode. In non-contact mode, the cantilever
oscillates up and down at a reasonable distance from the sample, guaranteeing the preservation
of the tip and the sample. Due to the presence of gold nanostructures in the samples studied in
the present work, non-contact mode was used for AFM measurements. The software used for
AFM analysis is XEI, developed by Park Systems [73].
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Chapter 3

Experimental data and discussion

We present and discuss the results of KOH etching of silicon substrates, synthesis of AuNPs
suspended in a liquid solution and their deposition onto both pristine and etched silicon sub-
strates.

3.1 Thinning of silicon

In this section, we report the procedures and corresponding results of the thinning of silicon
using wet chemical etching with KOH. The etching experiments were carried out with p-type
(5 — 10 Qecm ™) Czochralski-grown Si wafers oriented along [100] direction with a thickness of
279 pm, given by the supplier (Siegert Wafer GmbH). Prior to each etching experiment, each
sample went through a thorough cleaning process inside a fumehood. In this, a 1 X 1 ¢cm sample
is subject to a 5 minute acetone (>99.5%, Honeywell) bath under ultrasonic agitation, followed
by an ethanol (>99.8%, Chem Lab) bath during 5 minutes also under ultrasonic agitation.
Subsequently, the sample is immersed in 5% HF to remove the native silicon oxide from the
surface, being rinsed with DI water after the treatment. This HF immersion also takes away
any fine contaminants that may be resting on the sample surface.

3.1.1 KOH etching cell

At first, a concept was devised that allowed for the predetermination of the area of the
sample to be thinned. Here, we used a homemade etching cell that consisted of 2 pieces: a
bottom piece, where the sample rests during etching, and a top piece, containing a hole in the
center, which is filled with KOH and etches the sample surface [see Figure [3.1(a)]; the top piece
is made of Teflon, so that it resists KOH attack. The bottom piece is made of aluminium, due
to the high heat conductivity of this material. This is desirable because it will rest over a heat
plate (DragonLab MS7-H550-Pro), which will transfer heat to the sample surface and set the
etching temperature to a desired value. The temperature of the experiment is measured via a
Center 307 Type K thermometer placed inside the bottom piece of the cell, using a small hole (1
mm) drilled below the sample surface. A Viton O-ring is placed in between the top and bottom
pieces of the etching cell, so that the KOH is contained and does not leak. It also assures that
KOH does not enter in contact with the aluminium (bottom) piece. Figure [3.1(b) shows the
schematic representation of the experimental setup.

The temperatures of the sample and of the KOH solution are not the same as the tem-
perature set in the heat plate due to heat loss to the surroundings. Also, the temperature of
the KOH solution during etching cannot be easily measured because KOH damages the ther-
mometer. To set a specific temperature on the sample, we must study how the temperature
set on the heat plate relates to the temperature of sample. In a series of studies, we related
the temperature set at the plate with the temperatures measured at the aluminium piece ther-
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Figure 3.1: (a) Photograph of the homemade etching cell and (b) diagram of the experimental
setup using the same etching cell.

mocouple, which we here consider to correspond closely to the silicon sample temperature, and
solution thermocouple. The thermocouple in the Al piece is only 0.5 mm away from the silicon
substrate.

We started by placing a Si substrate in the etch cell and tightly closing it. The etching cell
was empty of any solution. The temperature of the heat plate temperature was set to 70 °C
(time ¢ = 0 min). At ¢t =17 min, the etch cell was filled with water, as a model system of a KOH
solution. Temperature measurements of the aluminium piece Ts; and of the water T, inside
the etch cell were taken every minute until ¢ = 31 min. Figure a) shows the temperature
evolution of both aforementioned points. As can be seen, the temperature converges to a value
of 59 °C and 46 ° for the points under the Si sample and inside the liquid medium, respectively.
The asymptotic behavior of the temperature has been estimated by fitting the following equation
to the experimental data:

T(#) =T —%exp (“;t> (3.1)

where T' is the measured temperature, T is the temperature asymptote, a and b are fitting
paremeters. In another experiment, we set the temperature of the heat plate to 110 °C and
followed the same procedure, with the difference that the empty etch cell was filled with water
at t = 22 min. In Figure b), we show the plot of temperature evolution of both the Tz
(i.e. approximately the Si substrate temperature) and Ti,0. As can be seen, the temperatures
converge to a value of 87 °C and 74 °, respectively.

For the etching experiments, we aimed for a concentration that would maximize the etching
rate. Yun et al. [74] report an etch rate optimal point at roughly 20 wt% KOH. Therefore,
we prepared a 20 wt% KOH solution from a 45 wt% KOH solution (Sigma-Aldrich). Then,
we aimed for an etching temperature of 80 °C, since it is a good compromise between a fast
etch rate and a slow solvent evaporation, and subsequently conducted a KOH etch attack on a
Si substrate. The etching lasted 51 minutes, which ended with KOH disposal and rinsing the
sample with DI water. After etching, the sample surface was visibly rough, without a mirror-like
reflection that it characteristic of a smooth Si surface.

In Figure a), we show an SEM image of the surface of the sample (low magnification).
The circular silhouette is due to the shape of the Viton O-ring placed on top of the sample
during etching and which determines the area of the sample to be etched. Figures [3.3|b), (c)
and (d) show SEM images of the surface of the sample recorded at regions 1, 2 and 3 highlighted
in Figure a). The sample surface has a rough topography and is completely covered with
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Figure 3.2: Time evolution of the temperatures measured in the Al piece (Ta1) and in the liquid
medium (T,0) for a hot plate set temperature equal to (a) 70 °C and (b) 110 °C. Black symbols
are experimental data. The red and blue lines are fits modelled by Equation (3.1)).

pyramid-like structures. In Figure (a), we show an SEM image of the surface zone recorded
in Figure (b) with a higher magnification. Another view of the sample surface is observed
in Figure (b), where we tilted the sample 32.5° over the x axis and recorded an SEM image
emphasizing the side profile of the pyramidal structures.

We believe that during etching the hydrogen bubbles that result from the etching chemistry
remained on the surface for long periods of time, affecting the etching process. The presence of
Hs bubbles on the Si surface during etching should be a direct consequence of the limited space
available inside of the etching cell for these bubbles to easily/quickly escape from the surface.
The prolonged presence of Ho bubbles on the substrate surface prevents the KOH attack on
these zones, as is showcased schematically in Figure[2.1] thus leading to a rough surface topology
after etching. Due to the high roughness of the surface resulting from etching in the cell, we
opted to pursue alternative etching procedures.

3.1.2 Etching by full substrate immersion

As an alternative, we explored the etching by full substrate immersion. This concept was
focused on maximizing the flow of KOH solution around the surface of the sample and in
this way suppress Hs bubble masking. For this, we have experimented with etching the Si
substrates in KOH solution contained in a large chemistry beaker and in this way maximize
the swift exchange of chemical species between the Si surface and the etching solution. In
Figure [3.5] we show the experimental setup of etching by full substrate immersion. Here, Si
samples were held by a 3D-printed polypropylene (PP) sample holder, chemically inert to KOH,
specially manufactured for this process. Other frequent choices for 3D printing, like polylactic
acid (PLA) or acrylonitrile butadiene styrene (ABS), were inappropriate due to their weak
chemical compatibility with KOH. The designed sample holder had 13 slots (1 mm spacing)
that were intended for the samples to fit in vertically. In Figure (a), we show a photograph
the substrate holder piece. Its dimensions are 37.1x50.8x26 mm. This piece was designed to
fit in sample of, at least, 10x10 mm in size, as well as 4 inch Si wafers. In order to reduce
the masking effect by the substrates holder, the size of the claws that held the samples were
minimized and located in places near the border where the samples stand. To improve the
flow of KOH solution during etching, the piece contains several holes on its bottom, below the
samples.

An issue we had to overcome was that PP has lower density than water (the density of our
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Figure 3.3: SEM images of the sample surface after KOH attack in etching cell recorded (a) at
low magnification and (b)-(d) at regions 1, 2 and 3 marked in (a), respectively.
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Figure 3.4: SEM images of the sample surface after KOH attack in etching cell recorded (a)
perpendicular to the surface and (b) with a 32.5° tilt.

amorphous PP is 0.855 g/ cm3). To overcome this, we designed an auxiliary piece, which function
was to press the substrates holder down and not allow it to float. This piece was also made
of PP and was held by a laboratory claw during the experiments. A hole was punched in the
substrates carrier, where the auxiliary piece would fit in. This concept was successful and was
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Figure 3.5: Diagram of the experimental setup of etching by full substrate immersion.

Silicon samples

Figure 3.6: Photographs of (a) sample/wafer carrier designed for the KOH etching of Si samples
and wafers and (b) sample carrier updated with an ultrasonic resilient design.

adopted throughout the rest of the work. Also, during the first stages of experimenting, samples
would become detached from the sample holder due to ultrasonic vibrations. As a result, we
updated a more robust design, presented in Figure (b), that allowed for the simultaneous
etch of four 10x10 mm samples.

As shall be described below, we have experimented with performing the KOH etching both
without ultrasonic agitation and with ultrasonic agitation. In the latter experiments, ultrasonic
agitation was carried out using an ultrasonic bath running at 45 kHz, with an output power
of 30 W. In these experiments, the effect of ultrasonic agitation heated the KOH solution.
To characterize the temperature at which the KOH etching was effectively carried out, we
performed control experiments where we measured the temperature of the ultrasonic bath as a
function of time. For this, we recreated the expected experimental conditions. A beaker was
filled with approximately 100 mL of water and was placed inside a ultrasonic bath machine,
which was in turn filled with roughly 2 cm of water. The temperature was measured with a
Delta Ohm HD 2107.1 thermometer placed inside the water inside the beaker. Figure shows
the measured temperature as a function of time after the ultrasonic machine has been switched
on. As can be seen, the temperature raises from the room temperature value to a value close
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to 50 °C after about 1 hour. The asymptotic behavior of the temperature has been estimated
by fitting Equation (3.1)) to the experimental data (¢>10 min).
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Figure 3.7: Plot of the temperature evolution of the water inside the beaker versus time. Black
dots are experimental data points. The red line is a fit using Equation (3.1)).

The values of the fit parameters are Ty = 54 °C, a = 264 °C~!and b= 37 °C~L.

Taking into account the heating of the etching solution due to the ultrasonic excitation, we
opted to initiate the KOH etching of the samples 60 min after the ultrasonic bath has been
switched on. This interim assures sufficient temperature stability of the etching solution during
the whole etching. We estimate a temperature of the etching solution in our experiments of
T = 50.5+3.5 °C, which corresponds to the temperature interval between temperature measured
at t = 60 min and the estimated asymptotic value of the temperature Ty = 54 °C. To start the
etch attack, the sample carrier with the Si substrates is submerged into the etching solution
(at ¢ = 60 min). In the future, we suggest pre-heating the water before the start of the etching
process, as it is a more time efficient procedure.

Effect of ultrasonication. Figure [3.8 shows SEM images of two KOH-etched samples,
one etched without ultrasonic agitation (top images) and one etched with ultrasonic agitation
(bottom images). Besides ultrasonic agitation, all the other etching conditions were similar:
etching duration of 5 hours; KOH solution concentration of 20 wt%. As can be seen in the
SEM images, pyramidal structures appear on the silicon surface. In both samples, there are
brighter pyramids and dimmer pyramids. The walls of the brighter pyramids face all the same
direction. The dimmer pyramid walls present a 45° rotation relatively to the brighter pyramids.
The orientation of these pyramids is well defined. The non-agitated sample possesses pyramids
with a larger base, compared to the pyramids that appear in the non-agitated sample. Small
particles also appear on the samples surface as bright white features in the SEM images. These
particles are apparently resting on the surface, not integrating the substrate. They have a
higher contrast when compared to the surface, their shape is irregular, they may possess sharp
edges and their orientation is arbitrary. We will address and analyse these particles in more
detail below.

As mentioned above in Section [2.I] several products yield from the etching reaction of
KOH with silicon, namely hydrogen gas (Hs) and dihydroxidodioxidosilicate(2-) [SiO2(OH)2%].
During etching, hydrogen bubbles are generated on the surface. When a bubble remains on
the etched surface, it acts as as a mask and, consequently, the etching reaction is halted at
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Figure 3.8: (a) and (b) SEM images of a Si substrate sample etched without ultrasonic agitation.
(c) and (d) SEM images of a Si substrate etched with ultrasonic agitation.

that point. This phenomenum, repeated many times along the silicon surface, results in the
hillocking of the silicon, via the mechanism presented in Figure 2.} In order to obtain a
smooth and uniform silicon surface, these Hy bubbles must be quickly detached from the surface.
By applying ultrasonic agitation, the bubble detachment from the surface is promoted and,
consequently, the pyramid formation process is dampened as observed for our samples etched
under ultrasonication. KOH etching with ultrasonic bath gave generally better results in terms
of smaller size of surface pyramids and consequently a smoother and flatter Si surface. Therefore,
we opted to apply this method in the remainder of the work.

We have observed that it is very important to clean thoroughly the sample holder (carrier)
before the KOH etching experiments. The cleaning of the sample carrier consisted of an minute
acetone bath followed by an ethanol bath, all under ultrasonic agitation. If cleaning is not
performed, dirt particles will detach from the sample carrier surface into the solution and mask
the surface during etching analogously to Ho bubble masking, causing the surface of the sample
to reveal very large pyramid-like structures which cover most of the substrate.

Effect of etching time. We have analysed the effect of etching time on the thickness
of the etched silicon and on their surface morphology. For this, we have carried out a series
of experiments where the sample preparation procedures (5 min acetone bath followed by an
ethanol bath during 5 min, all under ultrasonic agitation) and etching conditions were the same,
varying only the etch duration. For that, we subjected three samples to the same ultrasonically
agitated KOH etching bath, for a period of 2, 5 and 7.75 hours.
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In Figure 3.9 we show SEM images of the aforementioned three samples. Each row cor-
responds to a distinct sample. Pyramidal structures are present in all samples. However, the
density and size of these pyramids is relatively low, in particular for the samples etched for 2
hours and 7.75 hours. We do not observe any trend on the surface structure morphology as a
function of etching time. No trend of an increase or decrease of pyramid size or surface coverage
by pyramidal structures is observed against etching duration.
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Figure 3.9: Surface morphology of KOH-etched silicon samples during different times of [(a)
and (b)] 2 hours, [(c) and (d)] 5 hours and [(e) and (f)] 7.75 hours at x5K, (f) 7.75 hours at
x 25K.
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To further infer about the quality of the surface of the KOH-etched samples, and also take
conclusions regarding their optical properties, we have carried out studies based on optical re-
flectance. The reason why we study optical reflectance is that it provides qualitative information
regarding the flatness of the surface. The light that hits the surface of the sample either experi-
ences transmission, diffuse reflection or specular reflection. In an etched sample, the roughness
of the surface will reduce the specular reflection and promote diffuse reflection. The higher the
roughness, the lower the specular reflection intensity and the lower the signal observed at the
detector of the spectrometer. Additionally, spectroscopic ellipsometry can be employed in the
future as it provides very precise information regarding surface morphology.

In Figure we show the (specular) reflectance spectra of six samples. Of these, three are
thinned via KOH wet etching and one corresponds to a pristine non-etched silicon reference.
For the sake of comparison, we have also included spectra measured for a sample etched using
the etching cell (same sample as in Figure and measured for a sample etched via the full
immersion method and ultrasonication but using a non-cleaned sample carrier. These spectra
can be divided into two groups: a group of samples with high reflectance constituted by the
three samples and the pristine substrate, and a group of two samples with very low reflectance.
The fact that the samples etched with the full immersion method have a reflectivity very similar
to that observed for the (reference) pristine silicon samples is indicative of the low roughness of
the surface of these samples after etching. These substrates have large areas of the surface not
covered by pyramids, as shown by SEM images in Figures (b), (d) and (e). The other samples
are almost completely covered in pyramids, as shown in Figure 3:3] The reflectance on these
two samples is very low, especially on the sample that underwent etching in the etching cell,
which exhibited pyramids and other structures all over its surface (Figure . Also, we can see
that a 1-hour etched sample under ultrasonic agitation presented high roughness, a consequence
of using an uncleaned sample holder. This issue which was overcome in the following trials by
thoroughly cleaning the sample carrier.
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Figure 3.10: Reflectance spectra recorded for KOH-etched samples and one pristine Si sample.

There are several techniques to measure the thickness of thin materials, based in opti-
cal phenomena (ellipsometry, optical interference), contact probing (atomic force microscopy,
profilometry), high-energy particle scattering (scanning electron microscopy, Rutherford back-
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scattering), among others. To obtain the thickness of the thinned silicon samples, we propose
and employ the technique of optical interference. This technique requires the sample to be flat,
in order to prevent light scattering that will restrict the interference effect. Moreover, both
the front and back surfaces of the sample must be parallel (as in Fabry-Perot interferometry).
Advantages of this method are that it is quick and non-invasive. A drawback of this method is
that it is not very effective in high-roughness samples. When analysing the FTIR transmittance
spectra of thin and flat samples, fringes appear due to the interference between the optic beam
reflected in the front and back boundaries of the sample and optic beam that directly traverses
the sample. The interferometry technique is based on the analysis of the wavenumber difference
between fringes in the optical spectra. Thinner samples originate fringes with more spaced
maxima. This spacing is then used to calculate the distance between the two planes on which
the light beam is reflected off. Since the interference planes correspond to both boundaries of
our sample of study, the distance between them corresponds to the sample thickness. Being an
apolar and covalent material, silicon does not present an FTIR signature. However, it is possibe
to observe absorbance peaks in the sub-2000 cm ™! range. Although they were not on the scope
of our research, the chemical nature of the compounds originating these absorbance peaks can
be the subject of a future work.
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Figure 3.11: FTIR spectra of KOH-etched silicon samples during different times. Values in
parenthesis correspond to sample thicknesses obtained from optical interferometry.

In Figure we show FTIR spectra of six (distinct from the previously mentioned) samples
etched in KOH for different durations. As can be seen, the transmittance of the samples
increases with etching time, which is consistent with the Beer-Lambert law. However, at the
highest etching time (11.5 hours), the transmittance drops significantly, being this drop more
pronounced in the NIR region. This is indicative that, at this etching time, the surface roughness
is increased, promoting diffuse light scattering and consequently curtailing the transmittance of
non-scattered light.

In Figure [3.12) we show sections of FTIR spectra measured for three samples etched during
three different times which show interference patterns. We highlight two maxima of the inter-
ference fringes of one of the spectra. The thickness z of the Si samples can be obtained from
the position of consecutive maxima from

1

- 2n(vy — 11) 32

z
where n is the refractive index of silicon, which we set to 3.415,corresponding to the value

reported for 293 K at 1000 cm ™! , and v; and vy are two adjacent interference maxima
(indicated in Figure [3.12). Knowing the thickness of the original silicon { (279 pm) and the
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Figure 3.12: FTIR spectra of samples KOH-etched for different times and correspondingly
having different thicknesses.

thickness of the etched silicon z, the etch depth is

D=1-z (3.3)

Considering that the etch rate slightly varies over time due to reagent consumption and
product saturation, and taking into account that the etching depth D is expected to be 0 um
for an etching time ¢ = 0 s, we model the etching process as

D =&t + th (3.4)

where & is the etch rate at £ = 0 h and a is etch rate variation over time.
Figure |3.13| shows data corresponding to the etch depth against etch duration of all samples
analysed and the respective quadratic regression with Equation .
The regression has an initial slope & of 36 um/h, and an 8-hour average etch rate of 25.4
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Figure 3.13: Etch depth observed for Si samples against etch time.
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pum/h, which corresponds to an etch rate of { = 0.42 pm/min. Other etching rates obtained in
literature are 0.36 pm/min reported for 7= 50 °C 20%KOH etch without ultrasonic agitation
in or a 0.45 pm/min reported for a 60°C 20%KOH etch with ultrasonic agitation in .
Both studies used profilometry to measure the etch depth D. Our experimental etching rate
follows closely the etching rate values reported in these past experiments.

Surface contaminants. The presence of microparticles on the surface of our KOH-etched
samples, observed in SEM images shown above (Figures and is unexpected, thus we
analyzed these particles in greater detail. Figure (a) shows an SEM image of the surface of
the silicon sample etched for 5 hours with ultrasonic agitation. In this figure, it is noticeable the
emergence of two types of structures on the surface: dimmer structures with a bright point in the
middle and brighter and less regular particles. As we will confirm below, the dimmer structures
are pyramids consequent of the etching process, while the brighter structures are contaminant
particles. In order to understand the nature of these particles and ultimately remove them, we
must study their composition. For this, a multipoint EDS analysis was performed, as shown in
Figure b). For Point 1 and Point 2, we targeted two bright particles. The EDS spectra
yielded a peak pattern corresponding to Fe, as we can see in Figure ). For Point 3, we
targeted a dimmer structure on the surface of the substrate and it showed a single Si peak on
its EDS pattern, confirming that this structure is a pyramid exclusively composed of silicon.
The source of the Fe in the samples was a rusty lab claw.
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Figure 3.14: (a) High magnification SEM image of a 5-hour-etched sample. (b) SEM image of the
same sample highlighting 3 points where EDS was performed. (c¢) EDS spectra corresponding
to the points highlighted in (b).

Once we have obtained the composition of the contaminant particles on the KOH-etched

samples, we set towards the engineering of treatments to remove these particles, without modi-
fying the surface morphology. We considered two different processes as candidates to cleaning.
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One candidate consisted of simply subjecting the sample to acetone (5 minutes) and alcohol
(5 minutes) baths under ultrasonic agitation. Although this is a standard treatment to clean
Si substrates, this treatment was not effective to remove Fe particles. The other candidate
for removing the Fe particles was a method that had the same basis steps as the above one
(acetone and alcohol baths with ultrasonication), with an additional final step, consisting of
an HF etching for 5 minutes. Hydrofluoric acid is a substance that strongly attacks metals
like Fe while should preserve the underlying Si surface structure, due to a slower etch rate of
silicon [77]. In Figure we show SEM images the surface of a KOH-etched Si samples
recorded before (contamined) and after (cleaned) being subject to the Fe microparticle removal
procedure. After the treatment, the presence of Fe particles was considerably reduced and, if
rarely present, had a smaller size relatively to the pre-treated sample. The reduced size of these
particles suggests that with a few more minutes of HF etching, these particles would completely
disappear. Therefore, this procedure should be adopted to remove any trace contamination of
Fe origin.
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Figure 3.15: (a) and (b) SEM images of KOH-etched silicon with Fe microparticles at the
surface. (c) and (d) SEM images of the same sample after acetone and alcohol treatment under
ultrasonic bath, followed by HF dipping.
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3.2 Au nanoparticles synthesis and deposition

Another part of this work consisted in the synthesis and deposition of gold nanoparticles
(AuNPs) on a H-terminated silicon surface. In this way, metal-semiconductor nanointerfaces
are assembled with potentially plasmonic properties on the silicon-gold boundary.

In this Section, we will firstly focus on the method of fabrication of the AuNPs. We employed
pulsed laser ablation in liquid (PLAL) in two distinct solvents: water and tetrahydrofuran
(THF). Then, we will study the depositions onto H-terminated silicon of the resulting AuNP
solutions by means of drop-casting, spin-coating and dip-coating. The results of the depositions
are analysed through of SEM, TEM, AFM and optical spectroscopy.

3.2.1 Synthesis of Au nanoparticles

Here, we used pulsed laser ablation in liquid (PLAL). This method consists in the emission
of short and intense laser pulses directed towards a target immersed in a liquid. The short and
intense laser pulses eject material from the target surface, releasing particles from the target
into the liquid medium [36]. The particle size can vary upon duration of the beam, intensity
of the beam and type of liquid medium (water and THF). In our case, the target was a pure
solid Au disk. To disperse AuNPs in organic solvents (like THF), the AuNPs are frequently
surface functionalized, meaning that an organic molecule (e.g. a thiol) is covalently grafted to
the surface [78]. This functionalization results directly from the synthesis of the AuNPs using
chemical routes or may be added after synthesis using wet chemistry [79].

We chose the PLAL because it enables the production of dispersions of bare (non-functionalized)
AuNPs in organic solvents that can be used to deposit AuNPs onto H-terminated Si surfaces
using solution processing methods. An advantage of PLAL is its effectiveness to consistently
generate Au particles with nanoscale size. This method of synthesis does not require any chem-
ical precursors to generate the AuNPs. This means that the solution is free of trace elements
deriving from the process of synthesising the AuNPs. However, when dissolved in HoO, AuNPs
attract each other and aggregate into large clusters, inconvenient to our purpose. Various meth-
ods have been developed to overcome AuNP aggregation [80, |81]. In our work, the HoO solution
was stabilized with KCI at a concentration of 0.1 mM.

To generate the AuNPs suspended in a solvent, we started by placing the gold target at
the bottom of the beaker. We filled the beaker with the solvent in which the AuNPs would be
dispersed (H2O or THF) to a height of about 20 mm. The gold target is then fully submerged
by the solvent and the beaker is placed in the optical path of a high-intensity laser beam. The
position of the beaker is such that the laser beam hits directly the gold target. Once the setup is
complete, the laser is turned on, starting the ablation of the gold target. In Table we show
the synthesis conditions of all solutions used in our work. Once the synthesis time is reached,
the laser is turned off and the beaker containing the AuNPs solution is removed from the optical
path. The solution is then transferred to small storage containers for further experimenting.
The synthesis parameters of all AuNP dispersions produced and studied within this work are
summarized in Table In Figure [3.16[a) and (b), we show HyO- and THF-based AuNPs
solutions stored in small beakers, respectively.

In Figure[3.17] we show the absorbance spectra of all six distinct AuNP dispersions. The data
are labelled according to Table labels. All absorbance spectra show a peak in the 500-550 nm
region, which corresponds to the SPR of the AuNPs in the dispersions. The wavelength of this
peak (Agpr) can be used to obtain information about the mean size of the AuNPs according
to the relation shown in Equation . The values of Agpr observed for each solution are
summarized in Table 2. Solution A has an SPR peak at 503 nm, assigned to NPs around 10 nm
in diameter. Solution B has a SPR peak at 515 nm, assigned to NPs of around 15-20 nm, but
a shoulder is observed in the optical spectrum, which indicates some aggregation. Solutions C|
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A B C D E F
Liquid medium H,O | THF | THF | THF | THF | THF
Laser parameters

A (nm) 532 | 532 | 532 | 532 | 532 | 532

f (Hz) 10 10 10 10 10 10

Volume (mL) 40 40 40 40 40 40
Liquid column height (mm) | ~20 | ~20 | ~20 | ~20 | ~20 | ~20
Q-switch (us) 240 | 240 | 240 | 210 | 180 | 180
Synthesis time (min) 30 30 30 30 30 90

Table 3.1: Summary of the synthesis conditions of all AuNP dispersions produced.

Figure 3.16: Photographs of solutions (a) A and (b) B.

D, E and F have peaks ranging from 531 nm and 536 nm, as we can see in Table [3.2] assigned
to NPs around 45-60 nm.

To measure sizes of the dispersed AulNPs, another technique used was dynamic light scat-
tering (DLS). A particularity of DLS is that it does not differentiate clusters of AuNPs from
isolated NPs. This means that frequently DLS reports a multimodal distribution of sizes of
particles due to the presence of clustered NPs. The average sizes and corresponding representa-
tivity obtained for all the solutions A-F are summarized in Table[3.3] In solutions A4, B, C and
F, DLS reveals an average particle hydrodynamic diameter of 6 nm, 121 nm, 94 nm and 32 nm,
respectively. Solutions D and F reveal bimodal distributions. In solution D, DLS reveals two
peaks, corresponding to particle sizes of 49 nm and 97 nm. The 97 nm peak has a representa-
tivity of 77%, which suggests that in this solution the AuNPs are mostly clustered into larger
structures. In solution F, DLS reveals two peaks, corresponding to particle (or cluster) sizes of
31 nm and 72 nm with similar representativity.

In order to have a precise and visual representation of the AulNPs size deposited on the sili-
con substrate, STEM measurements were carried out. We studied the AuNPs size distribution
of solutions C, D, F and F' via several STEM measurements. At the time of the STEM measure-
ments, as we will see further ahead in the present document, we had already chosen THF as our
main solvent for the AuNP dispersions, and for that reason, solution A was not studied through
the scope of STEM. In Figure [3:20, we show the distribution of the AuNP diameters obtained
from STEM images. We applied a lognormal curve to fit the obtained data. The STEM results
show that the average AulNP size is approximately 10 nm. The size of the AuNPs remains
constant and seems independent of the Q-switch or synthesis time. By comparing these STEM
results with those obtained through DLS, we infer that the AuNPs agglomerate into (>30 nm)
clusters when suspended in THF.
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Figure 3.17: Absorption spectra of solutions A to F.

A B c | D E F
Aspr (nm) 503 | 515 | 535 | 535 | H31 | 537
Mean diameter (nm) | 3 7 | 53 | 53 | 46 | 57

Table 3.2: Absorbance peak wavelengths and corresponding particle mean diameter (using
Equation 1} of each solution produced in our work.
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Figure 3.18: Plot of the AuNPs size distribution of solutions A and B.
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D E
Peak 1 | Peak 2 | Peak 1 | Peak 2

_ Mean 6.0 | 121.3 | 94.1 | 497 97.2 314 72.3 | 322
diameter (nm)
Fraction 1 1 1 0.23 0.77 0.55 0.45 1

Table 3.3: Average particle diameters and corresponding representativity with the use of DLS
results from solutions A to F.

HD-2700

Figure 3.19: STEM image of AuNPs deposited from a THF-based solution, highlighting their
perimeters.
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Figure 3.20: Distribution of diameters of AuNPs obtained from STEM images.
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3.2.2 Solution-based deposition of Au nanostructures

Deposition from H20O- and THF-based solutions: drop-casting and spin-coating

In Figure 3.21[a)-(d), we show SEM images of a silicon substrate after AuNP deposition
via drop-casting a solution of AuNPs in HoO (solution A of Table 1). The silicon substrate the
standard cleaning procedure described in the beginning of the present chapter. Then, a 120 uL
droplet of solution A was dropped onto the sample surface. The solution was let to rest until
it was completely evaporated over the course of roughly one hour. As can be seen from the
images of Figure [3.21)a)-(d). We observe that the deposition of AuNPs is not uniform. The
coverage of the surface with AuNPs in Figures [3.21)(a) and (d) is relatively high, corresponding
to a fraction of 44% and 66% of the total substrate area. In Figure [3.21[b) and (c), the surface
coverage is nearly negligible, with only very few nanoparticles.

In Figure [3.21)(d1)-(d4), we show four EDS maps for four different elements (silicon, gold,
potassium and chloride), within the area depicted in (d). The silicon signal is very uniform.
There is no shadowing, which indicates that there is not a considerably thick layer of material
(AuNPs) above the surface. The signal for gold is relatively weak and homogeneously distributed
across the surface. The signals of potassium and chloride form an halo. This shape is in
agreement with the SEM image of the area: there is a higher concentration of AuNPs near
the borders of the mapped area and lack of material in the middle. This indicates that a
considerable amount of KCl was deposited on the surface of the sample. For our purpose, we
want the presence of potassium chloride on the surface of the substrate to be minimal or none,
as KCI on the solid state is non-conductive and inhibits charge transport mechanisms. In Figure
3.22(a), we see an SEM image of another region of the same sample. The white vertical strip is
an area where there is a larger accumulation of AuNPs, due to the coffee ring effect [82]. The
green cross in the image corresponds to the point where we measured an EDS spectrum. We
chose a point with lower accumulation of material because it corresponds more closely to the
morphology aimed in this work. In Figure (b), we see the measured EDS spectrum of the
point marked on Figure (a). This spectrum reveals the presence of carbon, silicon, gold,
chloride and potassium.

In Figure [3.23(a) and (b), we show SEM images of a sample deposited with AuNPs via
spin-coating using the HoO-based solution of AuNPs (solution A). For the deposition, a 120
uL droplet of solution A was dropped onto the substrate before each 30-second 800 rpm spin-
coating cycle, for a total of 20 cycles. Across the surface, particles are scarcely present. In
the particular SEM images of Figure there is a large particle (few micrometer size), most
possibly a dust particle, which was used to focus the SEM e-beam on the substrate surface. A
track is visible due to the particles motion during spin-coating. This particle is isolated and
surrounded by a dark stain which is probably a solvent residue. In Figure (c), we show the
measured EDS spectra for this particle. The EDS peaks reveal the presence of calcium, sodium,
sulfur and chloride in the constitution of the particle. Oxygen, carbon and silicon are detected
as well, although their origin cannot be exactly traced back to the particle since these elements
are also common presence on the substrate. No presence of gold was detected in the particle or
at the surface. This lack of Au presence is probably due to high centrifugal forces during the
spin-coating process and the low wettability of H-terminated silicon when in contact with H2O.
Therefore, we conclude that spin-coating of HyO-dispersed AuNPs is not an effective method
of AuNP deposition as it does not lead to a measurable deposition of AuNPs on the surface.

In Figure [3.24] we show SEM images of a silicon substrate after deposition of AuNPs via
drop-casting using a solution of AuNPs in THF. Here, a 120 uL droplet of solution F' was
dropped onto the sample surface. The solution was let to rest, until it was completely evaporated
over the course of roughly five minutes. There are zones with small clusters AuNPs. In top
right of Figure (a), for example, it is visible the shape of the AuNPs over the silicon
background, indicating that the AuNPs are not stacked on top of one another, but instead form
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a submonolayer. The clusters of AuNPs irregular shapes and variable sizes and have a disperse
and inhomogeneous distribution on the surface. There is also the formation of large clusters,
as can be seen in Figure (b) In order to assess the distribution of Au across the silicon
surface, two EDS point acquisitions were carried out. In Figure (a), we show an SEM image
of the AuNP cluster shown in Figure [3.:24] and its surrounding area. Points 1 and 2 indicate the
location where the two EDS spectra were recorded. These EDS spectra are displayed in Figure
3.25|(b). The measured data reveals the presence of carbon, oxygen, silicon, gold and silver.
Carbon is detected as it is present in the chemical structure of THF. Silicon belongs to the
substrate, amounting to the peak of highest intensity. The presence of oxygen is probably due
to the formation of a native oxide on the surface of Si resulting from exposure of the sample to
air. The presence of gold confirms that the surface structures are AuNPs. Some nanostructures
contain silver, probably due to impurities in the gold target from which the AuNPs were derived
during PLAL.

In Figure [3.26, we show SEM images of a silicon substrate after deposition of AuNPs via
spin-coating using a dispersion of AuNPs in THF (solution B). The spin-coater was set to the
same program as for the deposition with spin-coating using the HyO-based solution of AuNPs
described above. The only difference was before each cycle, a 120 uL droplet of the solution
was dropped onto the substrate (instead of 60 pL used for HoO-based solution). The solvent
used for this deposition is THF. As can be seen in Figure [3.26] across the surface, the AuNPs
agglomerate themselves in small clusters. The structure of the clusters is elongated, usually
resembling a dendrite. The surface coverage is approximately 5%. Bright spherical particles
appear dispersed on the substrate. Dark stains are observed in some zones where there is a
higher concentration of nanoparticles. It is important to avoid multilayer agglomerates, so that
the plasmonic effects are maximized.

Comparing drop-casting against spin-coating using a HoO-based solution of AuNPs, the first
method was better in providing AuNPs to the Si surface. However, drop-casting with HyO-based
solution provided inhomogeneous distributions AuNPs with trace amounts of KCl. Although it
is not great, it surpassed the results of spin-coating with HoO, in which no measurable amount
of AuNPs were deposited on the surface. Comparing drop-casting against spin-coating with
THF-based solution, the latter method provided better NP distributions. The distribution
of NPs from spin-coating was disperse. The main problem is that it lacks surface coverage -
only a small quantity of AuNPs is deposited. Although dendritic structures are present, the
lack of surface coverage renders the structure inappropriate for (opto-)electronic applications.
Overall, THF was the solvent that provided better deposition of AuNPs, due to its effectiveness
and consistency in generating thin and homogeneous structures. For it, we adopted THF as
solvent of the AuNP solutions for the remainder of the work. Drop-casting and spin-coating,
although leading to measurable depositions of AuNPs on silicon surface, appeared lacking in
AuNP homogeneity and surface coverage. Thus, we opted to pursue other deposition method
besides these two.
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Figure 3.21: (a)-(d) SEM images of silicon substrate after drop-casting of an HoO-based solution
(solution A). (d1)-(d4) EDS maps for silicon, gold, potassium and chloride of the sample region
reproduced in (d). In (c), there are 2 artifacts that are caused of the SEM electron beam: the
bright white dot at the center of the image and the pale gray line on the top right of the image.
These should be ignored.

30



80 T T T T

Au Cl K
O 1 1 1
1 2 3 4

Energy (keV)

Si

Counts

Figure 3.22: (a) SEM image recorded after drop-casting the HyO-based solution of AuNPs
(solution A) (b) EDS spectrum measured on the green cross highlighted in (a).
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Figure 3.23: (a) SEM image of silicon substrate after spin-coating of the HoO-based solution of
AuNPs (solution A). (b) SEM image of the same zone with higher magnification highlighting
the EDS spectrum measurement point with green cross. (¢) EDS spectrum measured on the
green cross highlighted in (b).
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Figure 3.24: (a) and (b) SEM images of silicon substrate after drop-casting of a THF-based
solution of AuNPs.
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Figure 3.25: (a) SEM image of silicon substrate after drop-casting of a THF-based solution of
AuNPs highlighting two EDS spectra measurement points with green crosses.
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Figure 3.26: (a)-(c) SEM images of silicon substrate after spin-coating of a THF-based solution
of AuNPs.
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Dip-coating deposition from THF-based solutions

Figure 3.27: Photographs of the dip-coating experimental setup at (a) ¢ = 0 h (dip-coating
initiated) and (b) t = 14 h (dip-coating complete).

The method we opted to study next was dip-coating deposition. In Figure [3.27, we show
photographs of a dip-coating experiment. Figure a) shows the dip-coating experiment at
the time it was initiated and Figure b) shows the dip-coating experiment after 14 hours
of deposition. We used dip-coating with evaporation, in order to observe the effects that the
meniscus traversing the substrate surface had on NP the deposition. The meniscus traversed
roughly half the sample. For this dip-coating experiment, solution B (Table was used.

In Figures [3.2§|(a), (c) and (e), we show three images recorded in three different points of
the sample surface that was traversed by the meniscus. In Figures[3.2§|(b), (d) and (f), we show
three images of the surface that remained under the solution for the whole deposition time
(14 hours). Comparing to the methods previously assessed (spin-coating and drop-casting),
AuNP deposition is remarkably more spread out and uniform using the dip-coating method.
The surface coverage is also higher than with the aforementioned methods. The size of the
Au nanostructures is consistent, ranging from the 100 nm to 500 nm. Ocasionally, AulNPs
agglomerate into larger clusters (>1 pum). In these zones, Figure d) and (e), the surface
coverage diminishes in neighbouring areas. Dark and bright stains appear on the substrate
surface traversed by the meniscus.

In Figure [3.29] we show one SEM image of a meniscus traversed region of the same sample
as Figure [3:28 and three EDS maps for three different elements on the sample: gold, silicon
and carbon. These EDS maps correspond to the area delimited by the green square in Figure
B.29(a). Figure 3.29(b) demonstrates that the particles visible as clustered bright spots in (a)
are composed of Au. In Figure (c), the silicon signal of the substrate is less intense in
the region below these AuNP clusters. This weakened signal is due to shadowing by the Au
particles. Figure (d) reveals a trace of carbon in the area corresponding to dark stains in
the SEM image. These stains are very likely to be THF residues adsorbed on the silicon surface,
since carbon appears in the THF composition.

In order to confirm that gold is not only deposited as large clusters, as seen in Figure a),
but also spread out along the silicon surface, an EDS point acquisition was carried out. In Figure
a), we show a SEM image of the analysed zone, with a green cross that corresponds to the
point where EDS was measured. We chose a zone without large clustering of AulNPs visible in
SEM. In Figure [3.30|(b), we show the EDS spectrum of this point. It is detected the presence
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Figure 3.28: SEM images of a silicon substrate after dip-coating deposition using a THF-based
solution of AuNPs (solution B) with (a),(b),(c) the solvent meniscus traversing the substrate
and with (d),(e),(f) the substrate permanently immersed in the AuNP solution.

of gold and carbon. This indicates that the smaller nanostructures on the silicon surface visible
in the SEM image of Figure [3.29 are composed of Au.

To attain a better characterization of the Au nanostructures deposited on the surface of Si via
dip-coating, we have performed AFM measurements. When performing AFM, it can be unclear
whether the observed topology corresponds to the substrate morphology or corresponds to an
AuNP structure. Therefore, experiments were devised to tackle this problem by cataloguing the
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Figure 3.29: (a) SEM image of silicon substrate after dip-coating using THF-based solution B
with meniscus traversing the silicon surface, highlighting EDS measurement area with green
box. (b)-(d) EDS maps for gold, silicon and carbon of the sample region reproduced in (a).
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Figure 3.30: (a) SEM image of silicon substrate after dip-coating using THF-based solution,
with meniscus traversing the substrate, highlighting EDS spectrum measurement point with
green cross. (b) EDS spectrum measured on the green cross highlighted in (a).

morphology of three different substrates which underwent similar treatments as the substrates
studied in our work. We will call them samples S1, S2 and S3. Sample S1 was subject to
our standard silicon substrate cleaning procedure: a 5 minute acetone bath under ultrasonic
agitation, followed by an ethanol bath during 5 minutes also under ultrasonic agitation. Sample
52 was subject to the same process as sample S1, followed by a 5 minute HF-etch. Sample S3
was subject to the same process as sample S2, followed by a pure THF dip-coating (without
AuNPs) for 30 hours. In Figure [3.31fal), we show an AFM image of the surface of sample S1.
The roughness across the surface is 0.1 nm. The sample topography, from its lowest trough to
its highest peak, is within in a 1 nm range. In Figure [3.31a2), we can see a height profile plot of
the marked red line in Figure [3.31fal). In Figure[3.31]a3), we show the histogram of the height
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Figure 3.31: AFM images of a silicon substrate after (al) a 5-minute acetone bath and 5-minute
ethanol bath under ultrasonic agitation, (b1l) the procedure described in (al) followed by a 5-
minute 5% HF etch and (cl) the procedure described in (b1) followed by a 30-hour dip-coat in
THF. (a2)-(c2) Plots of the height profiles of the transverse cuts of the surface highlighted by
the red line in (al)-(cl), respectively. (a3)-(c3) histograms of the height profile distribution of
the AFM images in (al)-(cl), respectively.

profile of the sample. The distribution is not skewed, indicating that the surface of the sample
is homogeneous and does not contain nanoparticles. If the sample contained nanoparticles,
they would add a contribution to the right side of the height profile histograms, consequently
skewing these histograms. In Figure (bl), we show an AFM image of the surface of sample
S52. The surface roughness is approximately 0.4 nm. The vertical distance between higher and
lower features is increased. Figure b2) shows the height profile plot of the marked red line
in [3.31[b1). The data demonstrate that an HF etch increases surface roughness. There exist
some sharp troughs. The height distribution histogram is skewed to the left, visible in Figure
b3). This is probably due to the overshoot of the AFM tip after passing over the top right
bright particle. In Figure M(cl), we show an AFM image of the surface of sample S3. The
average surface roughness is approximately 1.3 nm. There are bright circular shaped features
distributed evenly across the surface. These features have a wider height amplitude. In Figure
c2), we can confirm precisely that. The surface of this sample is rougher, as can be seen
by average surface roughness value and the spreading of the histogram in Figure m(cﬁ).

In Figures a) and (b), we show an SEM image of the surface of the above mentioned
sample deposited via dip-coating with a THF-based solution (solution B) and an AFM image
of the same sample, respectively. These images have the same scale. Through the AFM mea-
surements, we see that there are two distinct morphology regions. One of these is relatively
flat, containing some isolated nanoparticles. Another distinct region of the sample has a higher
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Figure 3.32: (a) SEM image of silicon substrate after dip-coating in the THF-based AuNP
solution (solution B) with meniscus traversing the substrate. (b) AFM image of the sample.
(c) Histogram of the height profile distribution of the AFM image in (b); (d) Height profile of
the transverse cut of the surface highlighted by a red line in (b).

density of AuNP structures. These structures range from 50 nm up to 1 um clusters. In Figure
[3.32(c), we show the histogram of the height profile of the AFM image. The measured heights
range roughly between —40 and 60 nm. The average roughness of the flat regions is roughly 3
nm, while on the nanostructured region it rises to 14 nm. The average roughness of the whole
region depicted in Figure m(b) is 12 nm. In Figure m(d), we show the height profile cor-
responding to the line marked in red in Figure b). The measured structures have heights
ranging from 10 nm up to 100 nm. Through the scope of AFM, we observe that the topology of
the surface is significantly altered after the THF-based deposition of AuNPs. By observing the
surface roughness, one is able to differentiate a region which is substrate only (average rough-
ness 3 and relatively small amplitude) from a region of AuNPs deposition (average roughness
10 relatively high amplitude).

From the experiments presented and discussed so far in this Section, it is unclear whether
the deposition with the solvent meniscus traversing the substrate or permanent immersion of the
substrate produced the better AuNP structures. To answer this question, we carried out further
experiments where two substrates are subject to dip-coating, one with the meniscus traversing
it during deposition and other permanently immersed in the THF-based dispersion of AuNPs.
In the meniscus-traversed sample, the duration of the dip-coating and corresponding meniscus
traversing was 22.5 hours. On the permanently immersed sample, the dip-coating spanned 24
hours. For both dip-coating experiments, solution B was used.

In Figures a) and (c), we show SEM images of the sample prepared by dip-coating
with meniscus traversing the substrate, and Figures [3.33(b) and (d) we show SEM images
of the sample prepared by dip-coating with permanent immersion. In these experiments, we
observed that the meniscus traversing the sample surface promoted the deposition of large AuNP
clusters, with a significant fraction of the surface is covered with AuNP structures. On the other
hand, dip-coating with permanent immersion originated more uniform, thin and leveled AuNP
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Figure 3.33: SEM images of silicon substrate after (a),(c) 22.5-hour in THF based solution of
AuNPs with meniscus traversing the substrate and (b),(d) 24-hour permanently immersed in
the same AulNP solution.

structures. Results of Figures (b) and (f) were largely reproduced in this experiment. Since
we aim for the formation of thin sub-monolayer structures of AuNPs, the structure resulting of
dip-coating by permanent immersion generates a result closer to what we desire. Therefore, we
adopted this procedure for AuNP deposition in all the following experiments.

Influence of deposition time on dip-coating from THF-based solutions

We studied the influence of the deposition time in the distribution of AuNPs on the silicon
surface. In Figure [3.34] we show SEM images of three distinct silicon samples deposited with
permanent immersion in a THF-based solution (solution B). Figures[3.34](a),(d)], [(b),(e)] and
[(c),(f)] show AuNPs that were deposited in a 6-hour, 24-hour and 4-day dip-coat, respectively.
The main influence that deposition time has on the AuNPs distribution is regarding surface
coverage. As the deposition time increases, so does the fraction of silicon surface covered by
these AuNPs. Surface coverage for the 6-hour, 1-day and 4-day dip-coating with permanent
immersion is 4.3%, 9.9% and 14.5% respectively. For the longer dip-coating times, clusters are
more uniformly distributed and have consistent dimensions. Dendritic structures are observed
for the 24-hour and 4-day dip-coat.

In Figures a)-(b) and [3.36|(a)-(b), we show SEM images of the surface of the 24-hour
dip-coated sample (solution B), side by side with AFM images of the surface of the same sample.
In Figures (b) and b), the bright features distributed across the surface are AuNPs.
In both SEM and AFM images, it is visible the presence of elongated AuNP structures (AuNPs
forming a line) as well as isolated AuNPs. The substrate has small circular structures with
heights below 5 nm, which match the morphology of the surface for the THF dip-coating seen
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Figure 3.34: SEM images of a silicon substrate after (a) 6-hour, (b) 24-hour and (c) 4-day
permanent immersion in a THF-based AuNP solution (solution B).

in Figure (cl). Thus, these small circular structures are probably not AuNPs. In Figures
c) and c), we show the histogram of the height profile of the zone of the sample
depicted in Figures a) and [3.36(a). The distribution is asymmetrical. The shoulder on
the right side of both peaks is indicative of the presence of AuNPs on the surface with sizes
in the range of 10-20 nm. In Figures [3.35(d) and [3.36d), we show the height profile of three
transverse cuts of the surface of the sample. It is possible to see a small scale roughness, as was
previously seen in Figure 02) and large scale features, which corresponds to the AuNPs
profiles. According to the SEM and AFM data, AuNPs range from around 10 nm to around 40
nm in diameter. This values are in accordance with the sizes of AuNP structures measured via
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Figure 3.35: (a) SEM image of silicon substrate after 24-hour dip-coating with permanent
immersion in a THF-based AuNP solution (solution B). (b) AFM image of the same sample.
(c) Histogram of the height profile distribution of the zone reproduced in (b). (d) Plots of the
height profiles of the transverse cuts of the surface highlighted by the red, green and blue lines
in (b).

SEM, STEM and absorbance spectra. Despite the dependence of the surface coverage of the
substrate on the dip-coating time, practical applications may use multiple parallel dip-coatings
to produce a larger AuNP-decorated substrate output.

Influence of AulNP solution synthesis conditions

During AuNPs synthesis via PLAL, there are a number of parameters that can be changed
and consequently lead to the production of solutions with different properties. We will focus
on two parameters: Q-switch and synthesis duration. We will study their influence on the
morphology and distribution of AuNPs. The solutions used for these experiments are solutions
C, E and F, which synthesis procedures are described in Section Three substrates were
delicately put inside three small containers. Each container had a substrate that undergone
24-hour dip-coat. To initiate the dip-coating, the three AuNPs solutions were poured into the
three distinct containers in a quantity that allowed for full immersion of the substrates. The
containers were closed with a lid to avoid solvent evaporation (i.e. permanent immersion of
substrates during dip-coating). After 24 hours, the substrates of each of the three containers
were removed and stored. Before storing, all substrates were let dry at room temperature,
without any post-deposition treatment.

In Figure[3.37, we show SEM images of the surface of the three substrates after a dip-coating
of 24 hours, in the case of (a), (b) and (c). Figures[3.37(a), (b) and (c) and were dip-coated
with solutions C, E and F| respectively. One parameter tweaked in different AuNP solutions
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Figure 3.36: (a) SEM image of silicon substrate after 24-hour dip-coating with permanent
immersion in a THF-based AuNP solution (solution B). (b) AFM image of the same sample.
(c) Histogram of the height profile distribution of the zone reproduced in (b). (d) Plots of the
height profiles of the transverse cuts of the surface highlighted by the red, green and blue lines
in (b).

was the Q-switch time (solutions C' and F'). In Figures a) and (c), we show the surface of
two samples dip-coated for 24 hours in solution C' (240 pm Q-switching) and solution £ (180
pm Q-switching). In Figure (a), the AuNPs form clusters with a sub-monolayer structure,
some of which are connected by AuNPs pathways, forming larger interconnected clusters with
dendritic shape. In Figure (b), we see larger and denser AuNP formations forming an
interconnected mesh. The surface covered by the 240 um (solution C') and 180 (solution E) us
Q-switched AuNPs is 10% and 31%, respectively. The surface coverage seems to increase with
the decrease Q-switch time.

To study the influence of synthesis time of the PLAL AuNP solution on the depositions, we
compare samples deposited with solutions E and F; one with synthesis time of 30 min (solution
F) and one with synthesis time of 90 min (solution F'). All other synthesis parameters were the
same and are given in Table[3.1] In Figure ¢), we show the surface of the sample dip-coated
(24 hours) in solution F. The AuNPs agglomerate into porous and multi-layered clusters, which
at a large scale form an interconnected mesh. The surface covered by the AuNPs in the sample
dip-coated in solution F is 38%, which is higher than the 10% surface coverage by the AuNPs on
the substrate dip-coated in solution C. The surface coverage by AuNPs seems to increase with
the increase in synthesis time, which is expected since the concentration of AuNPs in solution
F is expected to be higher than in solution £ (due to the longer synthesis time).
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Figure 3.37: SEM images of silicon substrates after dip-coating (permanent immersion for 24
hours) in THF-based AuNP solutions (a) C, (b) E and (c) F.
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Figure 3.38: (a) and (b) SEM images of a silicon substrate after a 2-hour KOH etching, followed
by a 24-hour dip-coating in solution C.

3.2.3 Deposition of Au nanostructures onto thinned silicon substrates

Over the course of this work, we studied the thinning of silicon substrates using wet etching
with KOH (Section and the deposition of AuNP nanostructures onto H-terminated silicon
via solution-based methods, focusing on dip-coating of AuNP dispersions in THF (Section.
We will now focus on samples that were both thinned and deposited with Au nanostructures.
In Figure [3.38] we show SEM images of a substrate that underwent a 2-hours KOH etching,
followed a 5 minute acetone bath under ultrasonic agitation and an ethanol bath during 5
minutes also under ultrasonic agitation, before an 5% HF etch for 5 minutes to produce the
H-termination of the silicon substrate. After KOH etching, the substrate had a thickness of
235 um. Then, we dip-coated the sample in solution C' for a period of 24 hours. As can be
seen in Figure m(a), the AuNPs tend to form clusters of dendrite-type shape. These clusters
are spread across the surface and somewhat isolated. The surface pyramids visible in the SEM
images have AuNPs on their faces. In Figure b), we show a SEM image of the same sample
with higher magnification. It is visible the presence of isolated non-clustered AuNPs scattered
across the surface. In Figure |3.39] we show SEM images of a sample that underwent the same
process as described above for the sample shown in Figure [3.38, with the slight alteration of a
5-hour KOH etching (instead of 2-hour). The thickness of the sample was reduced to 90 pum
through this process. In this sample, we observe areas with high surface coverage and excess
deposition of AuNPs, as in Figure a), probably due to surface contaminants as analysed
in section and areas covered with isolated non-clustered AuNPs, as in Figures b) and
(c). The pyramids are decorated with AuNPs on their surface. The isolated AuNPs in this area
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Figure 3.39: [(a),(b),(c)] SEM images of a silicon substrate after a 5-hour KOH etching, followed
by a 24-hour dip-coating in solution C.

cover roughly 3% of the surface. All AuNPs are non-clustered and in direct contact with the
substrate, which can be significant for charge transport and plasmonic phenomena applications.
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Chapter 4

Conclusion and Outlook

In this work, we fabricated and studied H-terminated silicon substrates decorated with plas-
monic AuNPs. The goal of this research was to pursue the deposition method that consistently
generated AuNP submonolayer structures on an H-terminated silicon surface, due to the in-
creasing relevance this type of plasmonic structures in fields such as photovoltaics and sensing
[83, [84].

This work may be divided in three parts. At first, we studied the thinning of silicon via
KOH wet chemical etching. This was performed with two different methods, one using an
homemade etching cell which predetermined the area of the wafer to be thinned by a KOH
solution, and other consisting of a substrate carrier that fully immerses the substrate on an
ultrasonically agitated KOH solution. Then, we studied multiple AuNPs deposition methods
onto H-terminated silicon substrates. The deposition methods used were drop-casting and spin-
coating with both HoO- and THF-based solutions of AuNPs, and dip-coating with THF-based
solution only. Both HoO- and THF-based AuNPs solutions were fabricated via pulsed laser
ablation in liquid (PLAL). Lastly, we used the knowledge gathered from the KOH wet chemical
etching of silicon and the solution-based deposition of AuNPs to deposit AuNP nanostructures
onto KOH wet chemically etched H-terminated silicon.

It was adopted a homemade process of silicon thinning employing ultrasonic wet chemical
etching with 20 wt% KOH with full substrate immersion. This implementation proved to be in-
strumental to produce up-to sub-50 pum silicon thinned substrates. Concerning the effectiveness
of the etching process, it was corroborated that etching under ultrasonic agitation produces
flatter thinned silicon, due to the bubble detachment from the surface being promoted and,
consequently, the pyramid formation process being dampened. It is imperative to thoroughly
clean (with the same procedure to which silicon is subjected before etching) all objects that are
to be submerged in the etching operation. This guarantees that the presence of contaminants
which may induce pyramid formation is minimized.

It was obtained an experimental etching rate of 0.4 um/min. Our experimental etching
follows very closely the etching rate values reported in the literature using similar conditions.
An obstacle we had to overcome was the presence of Fe nanoparticle contaminants after the
etching procedure. By cleaning the sample with an alcohol and acetone ultrasonic bath cleaning
followed by a 5-minute HF immersion, we demonstrated that it is possible to successfully remove
the Fe nanoparticles, while maintaining the underlying silicon morphology intact.

Regarding the AuNPs deposition methods, it was assessed and compared the deposition of
AuNP dispersions in both HsO and THF via the methods of spin-coating, drop-casting and
dip-coating (both with and without meniscus traversing the sample). We concluded that spin-
coating of HoO-dispersed AulNPs is not an effective method of AuNP deposition and drop-casting
with HoO-based solution provided inhomogeneous distributions of AuNPs. We also determined
that spin-coating with THF lacks surface coverage. Overall, dip-coating provides a remarkably
more spread out and uniform AuNP deposition. Concerning the solvents used for the AuNP
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dispersions, THF-based AuNP dispersions provided the best depositions when compared to
Hy0O-based AuNP dispersions, due to their effectiveness and consistency in generating thin and
homogeneous Au nanostructures. In summary, we concluded that dip-coating with permanent
substrate immersion generates thin and levelled structures on the silicon surface, very close to
the sub-monolayer structure of AuNPs that we were aiming.

Pertaining the dip-coating process, deposition time increases AuNPs surface coverage and
uniformity. For the longer dip-coating times, clusters are more uniformly distributed and have
consistent dimensions. Dendritic structures are observed for the 24-hour and 4-day dip-coat.
Also, it was observed that longer synthesis time of AuNP solutions leads to larger surface
coverage, which is consistent with the higher concentration of AuNPs found in solutions with
longer synthesis time. In regard to the influence of the synthesis conditions of the AuNPs
dispersions on the dip-coating results, we observed that surface coverage seems increase with
the increase in synthesis time and with the decrease Q-switch time.

Finally, we observed that AuNPs deposited via dip-coating on thinned silicon are largely non-
clustered and in direct contact with the substrate (i.e., not creating multi-layered structures),
a very desirable feature for electronic and optoelectronic applications. They also tend to settle
near pyramids on the silicon surface.

Future Work

During this work, we employed wet chemical etching to thin Si substrates. Etch depths of up
to 200 um were attained using this method with ultrasonic agitation. However, upon entering
the territory of sub-50 pm of substrate thickness, the violent agitation of the ultrasonic process
can damage and wreck these very thin Si substrates. Therefore, alternative methods should
be pursued and tested for attaining even thinner Si substrates, for example, abdicating from
the ultrasonic agitation at a specific time when the sample is considered fragile. The lack
of ultrasonic agitation may lead to an increase of surface roughness, a factor that should be
considered and attenuated upon devising a method to achieve very thin sub-50 um substrates.

Bare AuNPs deposition onto H-terminated silicon substrates using solution-processing meth-
ods

During the course of this work, we achieved depositions of Au nanostructures based on
bare AuNPs onto H-terminated silicon with large surface coverage by dip-coating pristine H-
terminated Si substrates with a THF-based AulNP solution. More studies on applying the
solution-based deposition method developed in this thesis to thinned Si substrates can be de-
veloped to further improve results. Reflectance measurements of AuNP-decorated substrates
can also be carried out to study plasmonic absorbance peaks.

Ultimately, the goal of these investigations is to join a combined effort of delivering plasmonic
devices to the industry and consumer levels. Thus, this study can be further supplemented by
employing the aforementioned methods (Si wet chemical etching and AuNP PLAL synthesis
and dip-coating deposition) in electronic and optoelectronic devices, subsequently studying their
efficiency and practicality in real world applications such as plasmonically enhanced photovoltaic
cells or high precision sensors.
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