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ABSTRACT

Porous anodic alumina (PAA) is an oxide layer formed by anodic oxidation of aluminium. In
addition to its vast industrial use, its popularity has exponentially expanded into the field
of nanotechnology due to the discovery of the self-ordering growth of PAA, leading to a
honeycomb-like nanostructure. Together with a simple fabrication and tuneable properties,
PAA represents an inexpensive alternative to the nanoscale world. In the same spirit, this PhD
thesis deals with methods utilizing the PAA to fabricate functional nanostructures.

The first part of the thesis is focused on the PAA-assisted formation of titanium dioxide
(TiO2) nanocolumn arrays and their possible application as photoanodes for the water-splitting
reaction. TiO, nanocolumns are formed by anodisation of superimposed Al layer over titanium
substrate being so-called ‘PAA-assisted anodisation’. The present study demonstrates the
electrochemical properties and photoelectrochemical performance of nanocolumns formed from
nitrogen-enriched substrates modified by various thermal treatments. The major finding was
that their hollow morphology causes their poor performance. This issue was addressed by
developing a novel anodising strategy that originates from the extensive study of anodising
parameters and their effect on the morphology and stability of nanocolumns.

The second part demonstrates the fabrication of well-ordered gold nanoparticles (AuNPs)
on a transparent substrate as a localized surface plasmon resonance (LSPR) sensor element.
A key-stone of this multidisciplinary method is a combination of a self-ordering behaviour of
PAA that produces the template for controlled solid-state dewetting (SSD) of a subsequently
deposited thin film of gold. This work includes the detailed technical aspects of complete
fabrication, starting with the template production from an aluminium sheet to forming AuNPs
and their transfer to a transparent substrate. This part is concluded with the characterization
of fabricated AuNP nanocomposites with a practical comparison of their bulk refractive index
sensitivity and stability in time. Results show this large-scale and inexpensive technique can
easily compete with other, more demanding, AuNP fabrication technologies.

KEYWORDS

porous anodic alumina, fabrication, nanostructures, titanium dioxide, gold nanoparticles, pho-
toelectrochemistry, localized surface plasmon resonance.



ABSTRAKT

Porézni anodicka alumina (PAA) je oxidova vrstva vytvorena anodickou oxidaci hliniku, kterd
ma Siroké primyslné vyuziti. Jeji popularita zaznamenala exponencialni narlist zejména
v oblasti nanotechnologii, k ¢emu prispélo objeveni jejiho samousporadani do struktury o
nanorozmérech pripominajici vceli plastev. Jeji jednoduchd priprava a laditelné vlastnosti z
ni tvori levny zpiisob vyroby nanostruktur. Ve stejném duchu se tato disertacni prace zabyva
metodami pripravy funkénich nanostruktur za vyuziti PAA.

Prvni ¢ast je zaméfena na vyrobu pole nanosloupcii z oxidu titanic¢itého (TiO3) a jejich
mozné pouziti jako fotoanody pro Stépeni vody. TiO, nanostloupce jsou tvoreny anodizaci
hlinikové vrstvy na titanovém substratu, také nazyvanou PAA-asistovana anodizace. Tato
studie demonstruje elektrochemické vlastnosti a fotoelektrochemickou aktivitu nano sloupci
vytvorenych z dusikem obohacenych substratli, které byly nasledné riizné termalné modi-
fikovany. Hlavnim poznatkem studie je, Ze Spatné vlastnosti jsou zpiisobeny dutou morfologii
nanosloupcii. Tento poznatek vedl k rozsahle studii zabyvajici se dopadem anodizanych
podminek na morfologii ale i stabilitu vytvorenych nanosloupcd, jejimz vysledkem byla nova
strategie anodizace.

Druha cast prezentuje vyrobni proces pripravy usporadané vrstvy zlatych nanocastic na
transparentnim substratu pro jejich pouziti jako optického senzoru vyuZzivajici efekt rezonance
lokalizovanych povrchovych plasmoni. Zakladem této multidisciplindrni metody je vyuziti
kombinace samousporadani PAA k vyrobé Sablony a nasledného procesu fizeného smaceni v
pevné fazi tenké vrstvy zlata. Tato prace detailné popisuje technologické aspekty pripravy; od
samotné vyroby Sablon z hliniku, pres vytvareni zlatych nanocastic, az po jejich prenos na trans-
parentni substrat. Na zavér této prace jsou kompozity z nanocastic charakterizovany, pricemz
je porovnana jejich citlivost na zménu indexu lomu okoli a jejich stalost. Ze zavérl vyplyva,
ze tato pomérné velkoplosna a levnd metoda je konkurence schopna i v oblasti senzorické
citlivosti.
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PREFACE

Porous anodic alumina (PAA) has enchanted me already during my early years at the
university, researching it for my bachelor and master thesis. Its beauty comes from its
fascinating forming behaviour leading to a nanosized honeycomb-like structure. Its unique
properties have attracted a lot of scientists trying to tame them for their benefit. There
is no wonder, I accepted the opportunity to continue researching this area for my PhD
degree.

This thesis summarizes two of such researches done during my PhD program. While
each of them has a different application, both are experimental works focused on the fab-
rication of nanostructures utilizing the PAA. Despite the traditional approach, I decided
to keep these topics separated to highlight the versatility of the PAA, and also to stress
out the multidisciplinarity of the applications. The research done in the first part was
supervised by Dr. Méria Bednova, while the research in the second part was done in the
collaboration with Dr. Attila Bonyar.

In the process of writing, I did my best to underline the experimental aspect of the
work. [ tried to keep introduction and theory parts to minimum as it has been already
done a thousand times, and rather refer to some of the excellent literature that has already
done an excellent job. My intent was to focus more on the most recent state of the art,
and give the maximum devotion to experimental parts. My aim was to objectively present
all significant results regardless of their success character, and thus give the reader the full
overview of development process including also dead ends and failed attempts. I believe
this information is an inevitable part of scientific research that should not be omitted; or
as sayings goes, ‘there is no light without darkness’.

Even though, some part of the research present in this thesis have been already pub-
lished (list of publications), this thesis was written as an independent work with more
detail result part. However, some studied done solely by my colleagues can be found only

in the original publications if needed.

‘A picture is worth a thousand words.’

FREDERICK R. BARNARD
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Part 1

Photoelectrochemistry on TiO2
nanostructures

‘If nothing else works, then a total pig-headed unwillingness
to look facts in the face will see us through.’

Blackadder Goes Forth
GENERAL MELCHETT

12



Introduction

In recent decades, modern society has realised the severity of upcoming economic problems
related to the depletion of fossil fuels as well as the environmental and health impacts
arising from fossil fuel combustion. Therefore, an enormous effort has been invested in
finding and developing ecologically clean, energy-efficient, safe, sustainable, and viable
technologies as an alternative to fossil fuels.

Since the beginning, hydrogen has received considerable attention as a promising next-
generation energy carrier and a clean-burning fuel. However, even nowadays, there are
many challenges, which complicate the utilisation and especially the commercialisation
of hydrogen as an environmentally friendly substitution for fossil fuels.[1] Neglecting the
significant issues concerning hydrogen storage and transport, current commercialised hy-
drogen production techniques suffer from a reliance on fossil fuel sources, harsh process
conditions, and high costs.

Therefore, alternative methods that utilise renewable energy sources for hydrogen
production, such as hydropower, wind power, or sunlight, have been explored during the
last decades. Figure 1 shows a diagram representing hydrogen production pathways from
renewable energy sources. Among these energies, hydrogen production from biomass is
not considered a substantial source due to greenhouse gas generation as a by-product.
Therefore, solar energy has been considered the most promising source due to its lesser

location dependence than wind and hydropower energy.

S O BEL
Primary energy q@f MW" s @

Biomass Solar Wind Hydro  Geo
, f

Secondary energy Q 5 @ %

and water : .

Water | Heat Electricity
, v 087 087
Conversion Gasification, reforming Water thermolysis Water electrolysis
and partial oxidation Photocatalytic water splitting

teChnObgleS Anaerobic fermentation  Biophotolysis

Photoelectrolysis

Figure 1: Main hydrogen production pathways from renewable energy sources. Modified ac-

cording to ref. [2].

The combination of solar energy with plentiful water resources provides a good plat-
form for hydrogen generation called solar water splitting. Hydrogen production via solar
water splitting can be generally categorised into three types: 1) thermochemical water
splitting, 2) photobiological water splitting, and 3) photocatalytic water splitting. The
last is the most promising and investigated method of hydrogen production. Compared
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with the other two techniques, it has the following advantages: i) reasonable solar-to-
hydrogen efficiency, ii) low process cost, iii) the ability to achieve separate hydrogen and
oxygen evolution during the reaction, and iv) small reactor systems suitable for household
applications, thus providing for excellent market potential.

Photocatalysis is defined as a chemical reaction induced by photo-irradiation in the
presence of a photocatalyst. Such materials will facilitate chemical reactions without
being consumed or transformed. The basic working principle of a simple photoelectro-
chemical cell (PEC) is illustrated in Figure 2:B. Here, TiOy (photocatalyst) represents
the photoanode and Pt the counter electrode. The photoanode irradiation by light of
energy greater than the bandgap of TiOs (n-type semiconductor) excites an electron from
the valence band into the conduction band. This creates an electron (e”)-hole (h™) pair.
We can help to split this pair by adding a potential bias. When an anodic potential
is applied, these electrons migrate through the bulk to reach the Pt counter electrode,
where they are used to reduce H" into Hy. Meanwhile, the holes which reach the interface
between the TiO, surface and electrolyte can oxidise water, forming O (illustrated in
Figure 2:B2).

mnllm

— (Bias)
e —
=
O,
T o e
(0] OO s _/
S ® el | Tt 1.23 eV
{0 0|8 h>FEo| | == 2 - - -
(e}
+=| 0 os 2H,0 +4ht — 4H + 0,
gl 8 /
(0] /
i a3 e — &
Electrolyte Electrolyte Photoanode  Electrolyte  Cathode
Photovoltaic cell Photoelectrochemical cell (PEC)

Figure 2: Schematic illustration of solar-driven electrochemical water splitting cells: (A) pho-
tovoltaic electrolysis, (B1) photoelectrochemical water splitting cell, and (B2) working principle
of water splitting PEC with n-type semiconductor photoanode. Adapted and modified from ref.
[3].

Here, the photocatalyst (photoanode) undeniably plays a crucial role as a photoelectro-
chemically active material. Therefore, uncompromising demands on material properties
are required to be able to achieve a viable device. Similar to materials used in solar
cells, photocatalyst should have a high quantum efficiency over the solar spectrum. This
requires a narrow bandgap, high optical absorption, excellent internal quantum efficiency,
and a sufficient transfer of charge carriers to the electrolyte. Additionally, photocatalysts
need to support water splitting reactions and thus have to be chemically stable with

suitable valence and conduction band energies to match the redox reactions.

14



Moreover, these materials usually need to have well-tuned structural parameters such
as surface area, crystallinity, or particle size to achieve the maximum number of active sites
for oxide evolution reaction (OER). Finally, they also should be inexpensive. The problem
is that no known material or combination of materials meets all these requirements yet.

However, there are many promising material candidates which meet a part of the re-
quirements. One of them is titanium dioxide (TiOs), which is well known to be the most
practical and prevalent photocatalyst, for it is chemically stable, abundant, nontoxic, and
cost-effective. The appropriate electronic band structure and excellent surface activity
endow TiO, with promising potential in hydrogen production, photovoltaics, photocat-
alysts, lithium-ion batteries, fuel cells, gas sensors, detoxification, and supercapacitors.
These applications can be roughly divided into ‘energy’ and ‘environmental’ categories.
Although TiO, possesses such a promising potential, its relatively poor charge transport
property and wide bandgap (3.0-3.2€eV), which can utilise only a fraction of the available
solar energy (5-7%), are the two main limitations for its application in catalysis and
energy harvesting.

Therefore, in recent years, many scientists dedicated their work to overcome these
limits. It is no surprise that TiO,-related materials have been a ‘hot’ topic of a vast
amount of scientific research focused on their formation [4-10], properties [5, 9, 11-16], and
applications [5, 7, 9-11, 17-26], which is proven by multiple excellent reviews dedicated
to the TiO, topic.

This work has similar objectives; it focuses on TiO,-based nanomaterials and their pos-
sible utilisation as a photocatalyst for the water splitting reaction. Specifically, it studies
the formation and properties of TiOy nanocolumn arrays prepared by an unconventional
electrochemical process called porous anodic alumina (PAA)-assisted anodisation. The
main benefit of this method is a relatively novel approach to modify TiO, material com-
position and thus tune its electrical and optical properties. As pointed out, this work
aims to narrow the wide bandgap of TiO, and improve its relatively poor electrical prop-
erties, which are the biggest obstacles in TiO, development as a photocatalyst. Positive
results could initiate an evolution in hydrogen production and be a necessary trigger to
an inevitable breakthrough in the current energy and fossil fuels economics towards more
environmentally friendly solutions.

This part of the thesis is divided into two thematical chapters: theoretical /review and
experimental chapter, including results and discussion. The first chapter aims to provide
a minimum academic background and the current state of the art. It begins with a short
introduction to water splitting, the role of TiO,, its properties, and the possibility of
increasing its photocatalytic performance further. The following sections introduce the
porous anodic alumina (PAA), a specific PAA-assisted anodising case, and the current
progress in this field. This chapter concludes with the motivation of this work.

The second (experimental) part is written to give the reader a systematic demon-
stration of formation and properties of TiOs-based nanostructures. It begins with the

15



fabrication overview of the nanocolumns that extends to evaluating their morphology
and stability. The following sections discuss the electrochemical properties and photo-
electrochemical performance of the formed nanostructures. This part is closed with the
summarised conclusion and future outlooks.

16



1 THEORY & REVIEW

1.1 Titanium dioxide for photoelectrochemical water
splitting

This section will briefly introduce the water splitting and semiconductor behaviour as
a photo-anode within a photoelectrochemical cell (PEC). It relates to titanium dioxide
(TiO9) properties, which play an important role in the good photocatalytic performance
of photoanode. In the end, a short overview of important historical milestones and recent
approaches to overcome some of the TiO, limitations will be presented. The following
sections are inspired by the excellent PhD research of J. C. Alexander [4] that I highly rec-
ommended as an extensive and comprehensive work dealing with TiO, and water splitting
applications.

1.1.1 The water splitting reaction

The general reaction of interest is the solar splitting of water into its constituent parts of

H, and Os:

H,0 h—”>H2+;og. (1.1)

This reaction splits into two half-reactions:
(HER) Hy'+2e” — Hy, (1.2)
(OER) H,0 +2h* — 2H" + 502. (1.3)

In the hydrogen evolution reaction (HER), two protons are donated by the water molecule
and then reduced with two electrons to produce one molecule of hydrogen. This reaction
defines the zero of the reversible hydrogen electrode (RHE) scale. In the oxygen evolution
reaction (OER), the water molecule is oxidised by two positively charged holes to produce
oxygen. Thus, for each complete Oy molecule, a total of four holes is required to oxidise
two water molecules. As such, water splitting is often called a four-electron process. TiOq
can be used as a photo-anode to drive the OER. Water absorbs onto TiO, both molecularly
and dissociatively, depending on the configuration of surface atoms.

Water splitting into Hy and Os is an uphill reaction. It needs the standard Gibbs free
energy change AG° of —237kJmol™!. In practice, the energy can be delivered in the form
of the reducing/oxidising potential difference of photogenerated charge carriers in a solar
cell such as a PEC. The reversible potential is given by:

AG°
nF

where n is the electron stoichiometry of the elementary reaction (Equation 1.2) (with a

E° =

=123V, (1.4)

value of 2 in this case), and F' is Faraday’s constant. Therefore, the minimum required

17



reversible potential is 1.23V if no additional heat is provided to the system. However,
in practice, higher potentials are necessary to cause the reaction to depart from the
equilibrium due to resistive losses in the circuit and the need to drive the reaction at an
economically reasonable rate. This overpotential at the anode, 7,, and the cathode, 7., is
illustrated in Figure 1.1:D.

1.1.2 The semiconductor photoelectrolysis cell

One of several photoelectrolysis approaches uses semiconductor—electrolyte junctions to
produce internal electric fields required for efficient separation of the electron—hole pairs.
The holes subsequently oxidise water to oxygen in the anode region, and electrons reduce
water or hydrogen ions in the cathode region. In this work, we cover only the configuration
when anode and cathode are separated electrodes.

When a semiconductor electrode comes into contact with an electrolyte containing a
redox system, equilibrium is achieved if the electrochemical potential is constant through-
out the whole system; i.e., the Fermi levels of the semiconductor and the redox system
must be equal on both sides of the interface. The thermodynamic equilibration lasts
while charges cross the interface until a corresponding potential difference occurs. This
charge migration forms a depletion layer (space charge layer) within a thin surface region
of the semiconductor. The energy bands are bent upward or downward depending on the
doping of the semiconductor. Figure 1.1:A-B illustrates such a situation for an n-type
semiconductor (TiO,).

H*/H, E T o s e
""" Ut 7771, Vg (dark / ¥ 7771/,
2
_______ Ufb 1.23 eV
- >
_l_ 0,/H,0 w 5o
n-type Metal / f Yo/
SEMI™ I Ejectrolyte T
con-
ductor
Initial condition Equilibriom condition High intensity illumination  High intensity illumination
(no semiconductor junction) in dark (Vg~ 0) with anodic bias

Figure 1.1: Sequence of energy level diagrams for an n-type semiconductor—metal photoelec-
trolysis cell from the initial condition (no contact) to the final state of the water photoelectrolysis
with an external bias. Taken and modified from ref. [27].

The width of the space charge layer W is determined by the band bending Vg

1
25r50VB>2
= (=28 1.
W < eNy4 ’ (15)

where e is the elementary charge, ¢ is the vacuum permittivity, ¢, is the relative permit-
tivity of the material, and Ny is the donor density (for an n-type semiconductor). The
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width is usually 1-1000 nm, depending on the carrier density (doping concentration) and
the relative permittivity of the semiconductor.

Similarly, the Helmholtz double-layer forms on the electrolyte side of the interface.
This layer additionally contributes to the potential shift and capacitance across the inter-
face (not included in the diagram). The Helmholtz layer is formed either by absorption of
ions or molecules, by oriented dipoles, or by forming surface bonds between the solid and
the solution species. The width of the Helmholtz layer is usually a few atomic/molecular
layers, typically 0.4-0.6 nm, and the capacitance of the order of 10 pF cm™!.[28] The pres-
ence of the diffuse double layer (Gouy layer) can be neglected in the electrolyte with a
sufficiently high ionic concentration.

Under illumination (Figure 1.1:C), the Fermi level in the semiconductor bulk rises
to flat-band potential (Ug,). With the two electrodes shorted together, the maximum
Fermi level possible in the cell is the flat-band potential. In Figure 1.1:C, Uy, is below
the H" /Hy redox potential. Hence, even with the illumination intensity sufficient to
completely flatten the semiconductor bands, the evolution of Hy still cannot occur at the
counter metal electrode because the Fermi level is below the H" /H, redox potential. An
external anodic bias (E},) must be applied to raise the Fermi level in the metal counter
electrode, as shown in Figure 1.1:C. The bias also provides the overvoltage at the metal
cathode (7.), required to sustain the current flow. Additionally, it increases the band

bending in the semiconductor to maintain the required charge separation rate.[27]

1.2 Quantum efficiency of photoelectrodes

The quantum efficiency of a photoelectrochemical reaction, that is, the number of charge
carriers (measured in the external circuit) per each photon absorbed, depends on i) the
efficiency with which the minority carriers are collected at the surface, and on ii) the
competition between surface recombination and the charge transfer reaction. The total
photocurrent density jio; is the sum of the current densities due to carriers generated in
the depletion layer jq and those generated inside the bulk that diffuse into the depletion
layer and are transported to the interface, jgg. This simplified situation is shown in
Figure 1.2. Overall, the collection efficiency depends on the penetration depth of the light
defined as 1/« (A) (where « (A) is the absorption coefficient), the minority carrier diffusion
length L, (in the case of holes), and the thickness of the depletion layer, W.

For the simple case in which surface recombination can be disregarded, that is, all
carriers reaching the surface are transferred to the solution, an illuminated Schottky diode
can be used to calculate the quantum efficiency:

—aW

Jp €
= — = 1 R —
@ Oa 1+ aL,’

where j, is the flux of holes towards the surface and ¢, is the absorbed photon flux.[30]

(1.6)

Therefore, the term on the right-hand side represents the fraction of carriers lost due to
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Figure 1.2: Photocurrent model, according to Gértner.[29] The width of the depletion layer
and the diffusion length of holes are shown in addition to the exponential absorption of incident
photons.[4]

recombination inside the semiconductor. From this equation, it is clear that to ensure a
significant quantum efficiency; it is necessary to achieve 1/a(X) < W or 1/a(\) < L.
This condition is usually satisfied for direct-bandgap semiconductor; hence its « (\) is
large, and thus the penetration depth of the light is small. In an indirect semiconductor
like TiOq, however, « (A) is usually much smaller. For example, the penetration depth
of the light (A = 380nm) is approx. 250nm in an n-TiOs single crystal that results
(for W = 20nm and L, = 10nm) in the quantum efficiency of only 11%. However,
it is necessary to note that the diffusion length (L;) of the minority carrier diverges in
literature from 100 nm [31] to less than 10 nm [32].

1.3 Photoelectrode materials

The situation depicted in Figure 1.1 describes most of the semiconductors studied to
date. For these semiconductors, an external bias is required to generate Hy and O, in a
photoelectrolysis cell. A potential bias can be applied either by an external voltage source
or by immersing the electrodes in solutions of different chemical potentials. Several oxide
semiconductors such as SrTiOs, KTaOs, and ZrO, have Uy, above the HY /H, potential;
therefore, no external bias is required to generate Hy and O,. Unfortunately, these oxides
have wide bandgaps (>3.4eV), which result in very low solar absorptivity; hence they
are inefficient (<1 %) in systems for solar energy conversion. Other semiconductors with
an appropriate bandgap, such as CdS, CdSe, or GaAs, are either unstable to oxidative
decomposition during O, evolution or have an unsuitable position of band edges (shown
in the energy level diagram in Figure 1.3).

In the case of TiO,, the situation is more promising since its bandgap (3.2 and 3.0eV
for anatase and rutile, respectively)[35] is not as large as other oxides, and it also has a
favourable band edge alignment with water redox potentials. Also, the redox potential for
water oxidation to oxygen is more anodic than that for the oxidation of TiO5 to Oy. This
situation makes the water oxidation reaction more thermodynamically favoured than the
TiO, oxidative decomposition, making TiO, very stable.[33]
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Figure 1.3: Diagram of energy levels of commonly used semiconductors in contact with aqueous
electrolyte at pH 1. The position of the H* /Hy and HyO/O2 redox couples are indicated.[26,
33, 34]

1.4 Overview of TiO; photocatalysts

One of the earliest works investigating TiOs photoinduced electrochemical properties is
that of Renz [36], who reported in 1921 that titania is partially reduced during illumination
by sunlight in the presence of an organic compound. Since then, only several reports
observing photo-induced oxidation on TiOy were published. However, the most significant
breakthrough was made in the late 1960s by Fujishima and Honda. They found that
oxygen gas evolved on titania at potentials very much shifted from the thermodynamic
expectations (according to ref. [37], an original paper in Japanese ref. [38]). A few years
later, in 1972, they demonstrated a complete photoelectrochemical water splitting. They
used a single-crystal TiO, (rutile) photoanode and Pt cathode with external bias and
simultaneously achieved both oxygen and hydrogen evolution.[39] After this pioneering
work published at the time of ‘the oil crisis’, which also represented the first report on
the efficient hydrogen production from water utilising solar energy and TiO,, the field of
photoelectrochemistry started to receive much wider attention due to its implications for
solar energy conversion. Since then, there has been a massive boom in research efforts to
understand the fundamental processes and to enhance the efficiency of TiOy materials. A
more detailed history of this field can be found in excellent reviews of Fujishima [37] and
Schneider [15].

Besides photoelectrochemical water splitting, TiOs has attracted much attention thanks
to its unique properties. It found a way to many promising areas ranging from pigments,
corrosion-protective and optical coatings, photovoltaics, photocatalysis, gas sensors, wa-
ter and air purification, CO4 reduction, organic synthesis, self-cleaning and anti-fogging
surfaces, bone implants.

Although TiO4 has excellent stability, nontoxicity, and low cost, however, its relatively
wide bandgap (3.02 and 3.20eV for rutile and anatase, respectively)[22] hinders TiOq
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utilisation of solar energy only to the ultraviolet (UV) part that represents only 4%
intensity of the whole solar spectrum.[26] Besides, TiOy photocatalytic efficiency suffers
from a fast charge carrier recombination and a relatively short carrier lifetime. Most
TiOs-based cells even make insufficient use of the UV spectrum, and the peak energy
conversion efficiencies reported have been 0.6 % or less over the whole solar spectrum.
Therefore, various strategies for increasing solar-to-hydrogen (STH) efficiency have been
developed using TiO, as a base material. Popular options are morphology and crystallinity
control of nanostructured TiO,, material doping, surface decoration with cocatalysts, and
heterojunction formation.[40] This work covers some strategies modifying the morphology,
crystallinity, and doping of TiO, materials.

A primary factor limiting the efficiency of these devices is the mismatch between the
optical path length required for light absorption and the charge diffusion lengths. If a
photogenerated charge is to participate in a chemical reaction, it must reach the semicon-
ductor /electrolyte interface before it recombines. In an anatase TiO, film, to absorb 90 %
of the light above the bandgap, the film thickness is in the order of 1 um, but the minority
carrier (hole) diffusion length is only around 10-100nm. This consideration highlights
the importance of engineering systems with both high optical density and high surface-
to-volume ratio. Promising candidates are one-dimensional (1-D) TiO, nanostructures
(e.g., nanotubes, nanocolumns, nanowires) for their enhanced optical absorption.[25] Also,
a comparative study shows that ordered arrays of TiO5 outperform colloidal TiO, mate-
rials in the field of photocatalytic, sensing, and photoelectrolysis applications.[41] Since
1999, when Zwilling [42] first demonstrated that titanium anodic oxidation in fluoride
ions containing electrolyte leads to TiO, nanotubular structure, it has become a great
success story.[7, 26, 43] On the other side, the research of TiOy nanowires/nanocolumns
has spread across many fabrication techniques.[44]

In addition to decreasing the distance that the charge carrier needs to travel, it is
also efficient to increase its diffusion length. Here, the crystallinity of TiO, plays a
very significant role. As-formed TiOs nanostructures typically have an amorphous struc-
ture, which usually comprises numerous defects such as impurities, dangling bonds, and
microvoids. These defects can behave as recombination centres for the photogenerated
electron—hole pairs, resulting in a decrease in photocatalytic activity. It is already well
known that annealing leads to the relaxation of the mechanical stress and growth of
crystalline grains. In the case of TiOs, it can also change the crystal structure from amor-
phous to anatase (>280°C) or rutile (>500°C).[9, 45-47] Therefore, annealing produces
a more suitable crystal structure and reduces the bandgap due to the phase transforma-
tion (amorphous<anatase<rutile). Moreover, it is possible to increase the concentration
of oxygen vacancies in TiO, by annealing in an oxygen-deficient (vacuum) or reducing
(Hs) environment, and thus to increase the doping concentration (n-type).[48, 49] Tuning
bandgap and the width of the depletion layer is a fundamental advantage of doping.[50,
51]
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Although TiO, has excellent stability, nontoxicity and low cost, its relatively large
band gap (3.02eV and 3.20€V for rutile and anatase, respectively [22]) hinder TiO, uti-
lization of solar energy only to the ultraviolet (UV) spectrum which represent 4 % of the
whole solar spectrum [26]. In addition, TiOs photocatalytic efficiency suffers from a fast
charge carrier recombination and a relatively short carrier lifetime. Most TiOs-based cells
make insufficient use of even the UV spectrum, however, and the peak energy conversion
efficiencies reported have been 0.6 % or less over the whole solar spectrum. Therefore, vari-
ous strategies for increasing solar-to-hydrogen (STH) efficiency have been developed using
TiO2 as a model material, such as morphology and crystallinity control of nanostructured
TiO,, doping, surface decoration with cocatalysts, and heterojunction formation.[40] In
this work we cover and investigate only the morphology, crystallinity and doping of TiO,
materials.

A primary factor limiting the efficiency of these devices is the mismatch between the
optical path length required for light absorption and the charge diffusion lengths. If
a photo-generated charge is to participate in a chemical reaction, it must be able to
reach the semiconductor/electrolyte interface before it recombines. In an anatase TiOs
film, the film thickness to absorb 90% of the light above the band gap is on the or-
der of 1pm, but the minority carrier (hole) diffusion length is only around 10nm. This
consideration highlights the importance of engineering systems with both a high optical
density and high surface-to-volume ratio. One-dimensional (1-D) TiOy nanostructures
such as nanotube or nanocolumn/nanowire arrays are promising candidates for their en-
hanced optical absorption.[25] Comparative studies also show that ordered arrays of TiO,
nanowires/nanotubes outperform colloidal TiOy for photocatalytic, sensing, and photo-
electrolysis applications [41]. Since 1999, when Zwilling [42] first demonstrated that tita-
nium anodic oxidation in a fluoride ions containing electrolyte leads to TiO, nanotubular
structure, it has become a great success story.[7, 26, 43] On the other side, the research
of TiOy nanowires/nanocolumns has spread across a vast number of fabrication tech-
niques.[44] This give a great opportunity to bring and study relatively novel ideas. One
of such novelties could be the fabrication method; we use in this study anodising of an
Al/Ti superimposed metal layers to grow TiO5 nanocolumn arrays.[52, 53] This, so—called
porous anodic alumina (PAA)-assisted formation, leads to the TiOs growth which is re-
stricted within the PAA’s nanopores (described in more detail in the result section).

In addition, to enhance the photocatalytic efficiency, we have to increase the charges
diffusion length. Here, the crystallinity of TiOs plays a very significant role. As-formed
TiO, nanocolumns typically have an amorphous structure, which usually comprises nu-
merous defects such as impurities, dangling bonds, and microvoids that can behave as
recombination centres for the photo-generated electron-hole pairs, resultsing in a decrease
of the photocatalytic activity. It is already well-known that annealing leads to relaxation
and growth of grains. In the case of TiO,, it can also change the crystal structure from
amorphous to anatase (>280°C) or to mixture of anatase and rutile (>550 °C).[9] Benefit
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of annealing is not only a better crystallinity but also a smaller band gap can be achieved
due to a phase conversion. In addition, by annealing in an oxygen deficient (vacuum) or
reducing gas (Hs) environment it is possible to increase the oxygen vacancy concentration
in TiO9, and thus to increase the doping concentration (n-type).[48, 49] A great advantage
is that by controlling the doping concentration, we can tune the band gap, position of the
Fermi level, and the width of the depletion layer.[50, 51]

Another method for bandgap engineering is direct TiO doping (the information in this
paragraph refers to ref. [22]). By replacing Ti atoms with other cations (e.g., Ni*t, V>,
Cr*"), we can introduce an impurity level in the forbidden band. This intermediate energy
level can act as either an electron acceptor or a donor, allowing TiO4 to absorb visible light.
It should be noted that doping can enhance photocatalytic activity while having no impact
on light absorption (e.g., Nd**). Anion doping (e.g., C, N, F, P, S) is another approach
to extend the light absorption of TiO, into the visible region. Unlike cation doping, anion
doping hardly affects the conduction band of TiO,. It usually reconstructs the valence
band and shifts it upward to narrow the bandgap of TiOs. Among the mentioned dopants,
nitrogen seems to be the most suitable doping element,[54-56] and thus, the reason it was
studied in this work.

To conclude this section, bandgap engineering is crucial for the effective utilisation
of solar energy. On the other hand, it is also necessary to tune the morphological pa-
rameters concerning material properties such as the doping concentration, depletion layer
thickness, and the hole diffusion length to take advantage of TiOy optical properties.
Figure 1.4 illustrates an example of a suitable and improper design of the nanocolumn
to the depletion. In this way, the goal is to overcome the short diffusion length of holes
in TiOy by employing a depletion layer being as thick as possible (Figure 1.4:A) while
avoiding complete depletion of the nanocolumns (Figure 1.4:B). Another work utilised for
TNTs is to fabricate structures with material thickness lower than the diffusion length of
the charge carrier (<10nm).[41]

Figure 1.4: Schematic representation of the depletion layer distribution in a nanocolumn. (A)
The width of the depletion layer is smaller than the column radius, so the depletion layer
envelopes the nanocolumn. Otherwise, (B) the whole column is depleted, and photogenerated

charge carrier separation is hindered.
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1.5 Porous anodic alumina

This section discusses the brief origin, formation, structure, and growth of porous anodic
alumina (PAA). It is intended as a short glimpse into the state-of-the-art, to introduce
the reader to the context of the experimental section. For a more in-depth exploration of
fabrication and application possibilities, see related publications.[57—67]

1.5.1 Introduction

In an ambient atmosphere, aluminium becomes rapidly coated with a compact native oxide
layer with a thickness of a few nanometres. This thin but sturdy oxide layer protects the
aluminium from further oxidation. Even though aluminium has good corrosion resistance,
corrosion of the metal can easily occur in rather aggressive environments, containing
corrosive compounds such as chlorides and sulphates. In 1857, Buff [68] first found that
aluminium can be electrochemically oxidized in an aqueous solution to form an oxide layer
that is thicker than the native one. This process was called ‘anodisation’ because the to
be processed aluminium part serves as an anode in an electrolytic cell.[58]

In general, the anodic aluminium oxide (AAO) film can form two different morpholo-
gies (shown in Figure 1.5): compact barrier-type oxide film and porous-type oxide film.
Which one forms during anodising primarily depends on the nature of the electrolyte.
More acidic electrolytes (e.g., sulphuric acid, phosphoric acid, oxalic acid) usually form
porous-type films, while neutral (with pH around 7, e.g., phosphate buffer, borate buffer)
electrolytes form barrier-type films.

Barrier-type AAO

Current density

Y

Time

Aluminium

Current density

Y

Porous-type AAO Time

Figure 1.5: Schematic illustration of the barrier- and porous-type anodic oxides formed by the
anodisation of aluminium. On the right side of the scheme, typical trends of current density

versus time during potentiostatic anodising for a given oxide type are presented.
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Those two types differ in the thickness of the film produced and in the thickness
controlling parameters. Aside from the electrolyte temperature, the barrier-type film
thickness is controlled solely by the voltage applied, whereas the porous-type film thickness
depends on the current density and time.[59] The maximum film thickness attainable for
the barrier-type film is restricted to a voltage below the oxide breakdown voltage, which
corresponds to approximately 1pm of oxide thickness. In comparison to barrier-type,
during porous-type development, the oxide growth is accompanied by a local field-assisted
oxide dissolution that leads to the characteristic porous structure. The thickness of the
porous films depends on time and can easily grow over hundreds of micrometres.

PAA films were first reported by Keller et al.,[69] who described the formation of
nanopore arrays grown perpendicularly to the aluminium surface with relatively low reg-
ularity. After almost 50 years, a phenomenon of self-ordering nature of PAA was demon-
strated by Masuda and Fukuda [70] by long-time anodising of high purity (99.99 %) alu-
minium in 0.3 M oxalic acid at 40 V. One year later, Masuda and Satoh [71] presented the
so-called two-step anodisation process that leads to the formation of ideal PAA structure
with highly ordered, straight and uniform pores throughout the whole PAAs thickness.
Since then, the novel and tuneable structural features of PAA have been intensively ex-
ploited for their utilization as a template for biosensing [57, 58, 62] but essentially as
PAA-assisted synthesis of a diverse range of nanostructured materials.[58, 60, 61, 63, 72,
73]

1.5.2 PAA morphology

The morphology of the ideal PAA, illustrated in Figure 1.6, may be described as a close-
packed array of columnar hexagonal cells in a honeycomb arrangement. Each hexagonal
cell contains a central pore perpendicular to the substrate closed by a thin barrier of the
oxide layer at the oxide/metal interface with an approximately hemispherical morphology.
In general, the structure of PAA is often described by several structural parameters, such
as pore diameter (D)), the cell size or interpore distance (D.), barrier layer thickness (),
and porosity (P). These structural parameters of PAA are known to be dependent on
the anodising conditions: the type of electrolyte, anodising potential (U), current density
(7), temperature (7).[58, 64]

Cell size D. or interpore distance, together with pore alignment, are the only PAA
parameters, which influence the final morphology of the aluminium templates used in this
work (Part II). It is generally accepted that cell size mainly depends on the anodising
potential (U) with a proportional constant (¢.) close to 2.5nmV~" (Figure 1.7). This
relation is especially the case for mild anodising[58] (hard anodising is not discussed
in this work) in sulphuric, oxalic, and phosphoric acid electrolytes.[64, 74] Besides the
anodising potential, it was reported that cell size also depends on the temperature [75-77]
or concentration [78, 79] of electrolyte.
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PAA

Figure 1.6: Schematic 3D model of a perfectly ordered honeycomb-like PAA on Al substrate.

Other parameters do not play a significant role in determining the Al template mor-
phology and do not significantly impact the technological processes (considering our work).
Nevertheless, the pore diameter (D,,) is still one of the most attractive and versatile pa-
rameters of PAA. Primarily, the pore diameter depends on the anodising potential, while
further widening may occur due to enhanced chemical dissolution of AAO related to a
high temperature, aggressive electrolytes, or even long anodising time.[58] Therefore, the
pore diameter may differ throughout the thickness of the PAA. The proportional constant
(p varies with regards to the used electrolyte. The most commonly used acids (sulphuric,
oxalic, and phosphoric acid) are usually in the range of 0.9-1.3nmV !, but it is much
smaller for weaker acids (e.g. malonic, citric, selenic).[63, 64] Even though the anodising
conditions determine the pore diameter, it can be easily altered by post-treatment pro-
cedures involving widening by chemical etching [82-85] or narrowed by using the atomic
layer deposition (ALD) technique [86, 87].

The barrier layer thickness (tb) depends directly on the anodising potential with a rate
close to 1nm V™! for a large variety of electrolytes and anodising conditions.[64] Nielsch
et al.[74] suggested that for optimal self-ordering conditions of anodising, the barrier layer
thickness is approximately half of the interpore distance (t, = D./2).

1.5.3 Growth of self-ordered PAA

Since most PAA structural parameters are related to the anodising potential, it is no
wonder that the potentiostatic (constant potential) anodisation is commonly used for the
fabrication of self-ordered PAA. The growth kinetics of PAA with normal development of
current density during potentiostatic anodising is illustrated in Figure 1.8:A. When a con-
stant anodic potential is applied, a thin barrier oxide layer is formed over the aluminium
surface (stage I). This initial stage resembles the barrier-type anodisation when the current

drops with increasing thickness of the oxide layer that behaves as resistance in a series cir-
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Figure 1.7: (A) anodising potential influence on the cell size D, (interpore distance) for
PAA formed in various electrolytes (mild anodising — full lines, hard anodising — dashed lines).
Adapted from ref. [64, 80]. (B) SEM images of PAA surface (from top) formed in phosphoric,

oxalic, and sulphuric acid by a two-step anodisation process. Adapted from ref. [81].

cuit. In the following stage (stage II), the formation of individual penetration paths takes
place. These paths are usually based on defects, which can originate from the aluminium
material (e.g. surface defects, grain boundaries, morphology features) or are formed dur-
ing the compact oxide growth (oxide non-uniformity, stress-induced cracks)[58]. The local
increase in the electric field strength at these paths leads to enhanced field-assisted oxide
dissolution and eventually to the formation of individual pores. All these naturally lead
to a significant rise in the overall current density.

After this pore initiation, further pore growth can lead to several outcomes with re-
spect to anodising conditions.[67, 88] However, only the self-ordered regime is used and
described in this thesis. The first phase of pore growth (stage I1I), also called unsteady-
state growth, is typically associated with a descending current due to decreased pore
density. During this phase, the growth of individual pores is influenced by the electric
field and mechanical stress induced by neighbouring pores and volume expansion of the
oxide. When the anodising conditions are appropriately selected, pores will be gradu-
ally self-ordered into the most favourable hexagonal lattice giving PAA a characteristic
honeycomb-like structure. The last phase (stage IV) consists of a steady-state growth
that prolongs existing pores, and a very modest pore rearrangement that improves the
lattice order.

The self-ordering behaviour of pores within the PAA is one of the most attractive
properties that has been intensively utilized in academic research for a wide variety of
nanotechnology applications for over two decades. The first application to produce a
nanohole gold film was proposed by Masuda and Fukuda [70], which included a demon-
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Figure 1.8: (A) Schematic diagram of PAA growth kinetics in potentiostatic conditions with
stages of PAA development. Inspired by ref. [58, 64]. (B) Selective removal of the disordered
PAA layer. (C) Re-anodising of textured aluminium.

stration of the so-called ‘two-step anodisation’ process. Even though two-step anodisation
is not utilized in this work, its first two steps represent the complete fabrication of alu-
minium templates used for AuNPs fabrication (Part II).

The typical two-step process consists of long anodisation forming a PAA with a disor-
dered top layer and a self-organized bottom layer (Figure 1.8:A). This whole PAA layer
is subsequently selectively removed, revealing the aluminium surface textured by a hexag-
onal array of spherical concaves (Figure 1.8:B). Re-anodising this textured aluminium
under the same conditions as employed for the first anodisation leads to a pore governed
nucleation at the centres of each concave. Because the nucleation sites already match the
well-ordered steady-state alignment, pores continue with their coherent growth perpendic-
ular to the surface (Figure 1.8:C). In general, PAA formed by two-step anodisation (and so
the textured aluminium) exhibits a poly-domain structure that is a natural consequence
of random pore nucleation and domain growth (illustrated in Figure 1.9:1-4). Although
the lateral size of the defect-free domain rapidly increases during the self-organized phase
(stage I1I) and can be increased further with the anodising time later during steady-state
growth (stage IV), it is only limited to tens of cells over several micrometres (shown in
Figure 1.9:B).[74, 89, 90]

Since the first demonstration of the self-ordering of PAA, many studies have been
conducted to explore the optimum conditions for the best possible pore ordering. These
findings indicate that the self-ordering regime occurs only within a relatively narrow win-
dow of anodising conditions. First reports given by Masuda and co-workers demonstrated
that optimum anodising parameters for best ordering are (electrolyte temperature 0 °C):
sulphuric acid (0.3M HsSOy4) at U = 25V (D, = 65nm)[93]; oxalic acid (0.3M HyCy0y)
at U = 40V (D. = 103nm)[70]; and phosphoric acid (0.3m H3POy) at U = 195V
(D, = 500nm)[94]. Afterwards, Nielsch et al.[74] proposed that self-ordering of pores
requires 10 % porosity regardless of the specific anodising conditions. However, later re-
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Figure 1.9: (A1-4) Model of defect-free domains expansion with hexagonal lattice. Adapted
from ref. [91]. (B) Colour-coded SEM image of PAA formed by anodising in 0.3M H2SO4 at
25V for 24 h, showing a poly-domain structure. Reproduced from ref. [92].

ports [58] showed that ordering strongly depends on the anodising potential [89, 95, 96],
electrolyte concentration [78, 97|, electrolyte temperature [75, 96, 98], anodising time [74,
90], and even aluminium crystal orientation [89, 96, 99].

Unfortunately, there is no simple rule to achieve the best ordering, except for the
crystal orientation that has to be [001]. In the case of anodising potential, ideal values are
25 and 40V for sulphuric and oxalic acid (0.3 M), shown in Figure 1.10:A, respectively. On
the other hand, the effect of the electrolyte composition/concentration and temperature
is far more complex. The reason is that these parameters influence each other, as shown
in Figure 1.10:B, but also influence anodising potential and rate of oxide growth. The
anodising time plays a significant role in the pore ordering since the self-ordering process
is governed by mechanical stress.[100, 101] This effect is still relatively weak, and good
alignment can be observed predominantly in the very late stages of PAA growth. However,
with increasing thickness of the PAA, the anion concentration is expected to decrease due
to insufficient diffusion through the PAA, and thus a maximum [74] is expected.

Finally, the pore ordering is related to the initial pore nucleation that strongly depends
on the aluminium surface morphology. Pores preferentially nucleate in defect areas, such
as grooves, pits, or grain boundaries. While these defects can be effectively reduced
by aluminium annealing and polishing (shown later in the experimental chapter 2), the
primary pore nucleation over the surface and domain orientation is still a random event
(Figure 1.8:A1-4). Despite a vast amount of reports controlling the pore nucleation by
pre-patterning the aluminium surface, e.g., nanoimprinting [58, 102-104], the methods

used are relatively expensive and time-consuming than simple aluminium anodising.
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Figure 1.10: (A) Dependence of pore fraction in hexagonal coordination on the anodising
potential in 0.3 M oxalic and 0.3M sulphuric acids at 1°C. Reproduced from ref. [95]. (B)
Optimal oxalic acid concentrations, which can result in the best pore ordering of PAA at 40V

as a function of anodising temperature. Reproduced from ref. [97].

Conclusion

This section introduced the porous anodic alumina (PAA) and its formation by anodising
aluminium. Its focus was to discuss the self-ordering behaviour of pores and the factors
influencing it, and its outcomes will be used later in the experimental sections for creating

PAA using sulphuric and oxalic acid.
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1.6 Porous anodic alumina assisted anodisation

Porous anodic alumina (PAA)-assisted anodisation is the principal fabrication technique
used in this part to form nanostructure surfaces. Briefly, it combines the porous anodi-
sation of an aluminium film that is superimposed over the substrate layer from which
the nanostructures are grown. Because this is primarily an experimental work, this topic
will be introduced to cover the basics but will only refer to original publications for more

detailed theoretical explanations.

1.6.1 Anodic oxidation of superimposed metallic layers

Anodic oxidation of metals is practically a straightforward process. In reality, it requires
just an electric current to flow through the metal electrode immersed in an electrolyte.
If the current is not spontaneous, then it can be achieved by applied anodic potential.
This accessibility lends to extensive fundamental studies on metal oxidation. While some
early works at the turn of the "70s and ’80s of the previous century were directed towards
the kinetics of the process and the properties of the oxide films,[105] others aided by
improved surface analysis methods focused on the atomic migrations occurring within the
oxide/metal films.[106, 107] During these times, a novel approach was adopted by Perrier,
Rigo, and Siejka, based on anodisation of superimposed layers of different metals.[108—
110]

Briefly, Perrier et al. have found that if two metals are superimposed in one way, when
the order of their oxides is conserved after anodisation, then when we switch their order,
the anodisation will result in a partially (mixed) or fully inverted order of oxides. This
process is governed by several factors: oxide resistivity, transport number, relative metal
migration, oxide structure, Pilling-Bedworth ratio. Discussing just the oxide resistivity
is sufficient for further illustration, while the rest can be found in a comprehensive work
of Pringle.[111]

Anodisation of a superimposed layer system begins with forming a thin uniform oxide
on the surface of the superimposed metal. The oxide layer thickens until it reaches the
interface between the two metals. What happens then depends on the relative resistivities
of two oxides, with the results shown schematically in Figure 1.11. In effect, the situation
is analogous to the superposition of two liquids of different densities. When the less dense
liquid or resistive oxide is superimposed, the system is stable, and the order is conserved, as
indicated in Figure 1.11:A. However, when the situation is reversed, the system is unstable;
the instability is relieved by a Rayleigh—Taylor effect with the consequences shown in
Figure 1.11:B. The Rayleigh—Taylor effect arises in the anodisation of superimposed layers
due to perturbations in the thickness of the more resistive superimposed layer. Any
variation in thickness of the layer concentrates the current at the thin spots due to their
lower resistance. Here, the less resistivity underlying substrate oxide extends in the form
of fingers into the superimposed oxide. The result is an accelerating build-up of anodising

32



current at the thin spots and eventual penetration of the superimposed layer by the
fingers of the substrate oxide, as indicated in Figure 1.11:B2. This process may stop
here, creating a partial mixture of both oxides (an example shown in Figure 1.11:B3); or
continue further with a complete switching the oxide positions (Figure 1.11:B).

Further in-depth research of anodising behaviour of the superimposed metal layers can
be found either in the experimental studies of Siejka (Al-Nb/Nb-Al, Nb-Ta/Ta-Nb)[108—
110}, and Wood (Al-Zr [112], Al-Ta [113]) or the theoretical works of Pringle [111, 114].
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Figure 1.11: Schematic representation of the two extreme situations for the anodisation of
metallic bilayer systems: (A) preserved and (B) inverted order of oxides (MO,,) after anodisation.
(B1-3) Schematic diagrams with corresponding element concentration profiles show (B2) finger
penetration and (B3) oxide mesh formation when the superimposed metal oxide is more resistive.
Adapted and modified from ref. [108, 111, 114] . More information about the '®O trace analysis

can be found in the referenced articles.

1.6.2 The PAA-assisted anodisation

The PAA-assisted anodisation combines the porous anodic oxidation of the aluminium
layer (section 1.5) with the anodisation of superimposed layers. The substrate (the un-
derlying layer under aluminium) is usually another valve metal (e.g., Nb, Ta, Ti, W, Zr).
Since the resistivity of the aluminium oxide is in general higher than that of the oxide of
the other valve metals, this situation relates to the reversed, unstable circumstances lead-
ing to the migration and mixing of the underlying oxide (Figure 1.11:B). In contrast to
the barrier-type anodising of superimposed layers (illustrated in Figure 1.11:B1-3), in the
case of the PAA-assisted anodising, the anodised area and the growth of the underlying
oxide are confined by the preformed porous mask of the overlying PAA layer. Figure 1.12
illustrates this process. Such a situation is similar to numerous separated barrier-type
anodising processes co-occurring at the bottom of each pore, characteristically called the
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barrier layer (details in section 1.5), despite a few differences, such as the geometry, chem-
ical composition, and nanosized lateral dimensions. The PA A-assisted anodisation has a
similar development in a single pore area compared to its flat analogy.

Electrolyte

Figure 1.12: Schematic illustration of (A-D) exemplary PA A-assisted anodising of an Al/valve
metal bilayer resulting in the formation of PAA-embedded a-MO, nanocolumns. (1-7) A detailed
schematic of an example of nuclei growth. The roman numbers mark anodisation stages (used
later in the text and illustrated in Figure 2.1): 1.) aluminium anodising, II.) substrate anodising,
and III.) substrate re-anodising. Schematic inspired by results in the experimental section
(chapter 2).

Figure 1.12 represents a schematic illustration of PAA-assisted anodisation of an
aluminium /valve-metal (Al/M) bilayer. During this process, the porous anodising of
Al overlayer forms a layer of PAA (Figure 1.12:B). After the whole Al layer is consumed
and the PAA reaches the underlying metal layer (Figure 1.12:2), the growth of under-
lying anodic metal oxide (a-MO,) occurs (Figure 1.12:3). Afterwards, the less resistive
substrate oxide penetrates the more resistive barrier layer, possibly in the form of fingers
(Figure 1.12:4-5), similarly to the flat analogy (Figure 1.11:B2). When the substrate ox-
ide thoroughly penetrates the barrier layer, it may form a cap at the bottom of the pore
(Figure 1.12:6-7). The final structure (Figure 1.12:7), resembling a tooth by its shape,
is again analogous to the flat case (Figure 1.11:B3), where a part of alumina from the
barrier layer is trapped within the a-MO, structure.

Furthermore, the anodisation process can be extended into the so-called re-anodisation
stage (Figure 1.12; stage III.). During this stage, the anodising potential is increased and
leads to additional growth of the oxide cap that fills the interior of the pore, inheriting its
columnar shape (Figure 1.12:D). Since the thickness of the a-MO, strongly depends on
the formation potential,[115] moderating it provides an excellent method to control the
length of oxide structures.
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1.6.3 State-of-the-art of PA A-assisted anodising of Ti and its
alloys

The PAA-assisted anodisation of valve metals can be utilised to fabricate a well-ordered
array of a-MO, structures. The first known report of this technique dates back to 1986
by Surganov et al.[116] Here, the authors anodised an Al/V /Al sandwich layer where the
incorporated vanadium layer was used as a tool to penetrate through the PAA barrier
layer resulting in the open-through pore structure. Later, in the '90s, the PAA-assisted
anodisation was successfully employed to fabricate the first nanostructured arrays of a-
MO,.[117, 118] This research was afterwards continued and pioneered by Mozalev.[52,
119-122]

In the last two decades, the PAA-assisted anodisation was successfully employed on
valve metals such as tungsten (W) [122-125], niobium (Nb) [120, 121], zirconium (Zr) [126,
127], tantalum (Ta) [117, 128], titanium (Ti) [52, 53, 118, 119, 129-135], and even titanium
nitride (TiN) [119, 136]. These reports show that the intermixing of the PAA barrier
layer and substrate oxide can take various forms, which strongly depend on the substrate
composition and the anodisation parameters. Instead of the tooth-like structure with
multiple thin fingers [121, 132, 133], it is also possible to form wineglass-like structures
with only one thin pivoting oxide protrusion [137], column-like structures with a smooth
transition between the bottom and cap part [53, 122], or even conical structures [128].

In the rest of this section, the reader will be introduced to two of the recent studies by
Bendova et al.[119, 138] These specific studies are especially relevant because the present
work follows up their research focused on the study of the formation and properties of
titanium oxide nanocolumns formed by PAA-assisted anodisation on various substrates.
Moreover, the present work was primarily motivated by pointed-out challenges and limits,
as will be discussed later. This section will also serve the purpose of demonstrating the
technique of PAA-assisted anodising and formation of titanium oxide nanocolumns in
more detail.

Figure 1.13 and Figure 1.14 summarise a few of the most relevant results. Figure 1.13:A
shows how the applied anodising potential can control simply the length of nanocolumns
during the re-anodising stage. Comfortably, this relation is approximately linear, but
it also slightly differs due to the substrate composition, as shown in the SEM images
(Figure 1.13:B) and the graph (Figure 1.13:C).

One of the most critical findings of the study is that the morphology and even the
chemical composition of nanocolumns depend on the substrate composition (in more detail
in ref. [119, 138]) and re-anodising potential. Figure 1.13:D schematically illustrates
three selected types of observed morphologies for various TiN, substrates and selected re-
anodising potentials. For further reference, a nanocolumn can be divided into three parts
(from the top, see illustration in Figure 1.13:D): 1) column body — filling the pore interior
and positioned above the initial barrier layer, 2) the root/s — which penetrate the barrier
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Figure 1.13: Cross-section SEM images of selected PAA-embedded N-doped TiOo
nanocolumns: (A) 19 at%.N-TiO2 grown at various re-anodising potentials and (B) of vari-
ous substrate doping re-anodised to 100 V. The yellow dash line marks the column top. (C)
The length of N-doped TiOs columns vs re-anodising potential for substrates of selected nitro-
gen concentrations. (D) Schematic model of columns formation from various substrates at two
significant growth stages (40 and 100 V) with expected ionic transport processes. Reproduced
and adapted with permission from ref. [119].

layer and connect the column body with the bottom part — 2) root base. The morphology
and chemical composition of nanocolumns are tied to their electrical and optical properties.
However, they play a crucial role in the fabrication process as they determine the final yield
of the free-standing nanocolumns after removing the supporting PAA. The PAA removal is
usually performed by selective wet etching that preferentially attacks the alumina, leaving
the remaining components (e.g., Al, Ti, TiO,) intact. However, the mechanical stability
of nanocolumns can be weakened by a partial intermixing of alumina within the a-MO,
structure. These presumably less chemically stable alumina mixtures are then etched
away together with the rest of the PAA, crippling the mechanical integrity of nanocolumn
structures. Because structural weakness and alumina intermixing concentrate in the root
area, they make it the weakest part.

The stability of a single column has only two resulting states: a free-standing column
that survived the etching or a broken column that did not. Since the PAA is not well-
ordered, this unevenness forms columns of slightly different properties and creates a good
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Figure 1.14: (A) SEM images of PAA-free N-doped TiO2 nanocolumns derived from PAA-
assisted anodising of TiN, substrates of various nitrogen content re-anodised to 100 V. (B) The
stability vs re-anodising potential for nitrogen and niobium doped Ti substrates with various
doping concentrations. The dashed line marks a cut at 100V re-anodising potential that is
plotted separately in (C) for better illustration. These results for nitrogen and niobium doped
samples were obtained at different conditions (refer to original studies). Reproduced and adapted

with permission from ref. [119, 138].

statistical sample. Therefore, the stability of the whole array can be estimated as the
fraction of free-standing columns to all columns. The evaluation is performed from the
SEM images (Figure 1.14:A), where free-standing columns are seen as bright spots while
broken columns are usually washed away, leaving a much darker root base.

Graphs in Figure 1.14:B, C show the estimated stability of nanocolumn arrays formed
on Ti-based substrates of various nitrogen or niobium content and re-anodised to selected
potentials. The most important conclusion is that the stability decreases considerably
with the increased re-anodising potential, limiting the attainable length of nanocolumns.
The studies show that a significant improvement can be achieved by adding nitrogen
or niobium into the titanium layer, thus changing the substrate composition. These
admixtures improve the stability, and even longer nanocolumns can be obtained for a

selected re-anodising potential (Figure 1.13:D).
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1.7 Motivation and aims of the work

In recent years, TiO5 nanostructures became a hot topic to benefit from increased surface
area and decreased bulk volume. Among other techniques (e.g., hydrothermal, sol-gel,
physical /chemical vapour deposition), the synthesis of nanotubes/nanopores by anodic
oxidation of titanium, an analogy to the PAA fabrication, became the most popular
and deeply studied.[7, 9, 139] Despite its popularity, the synthesis requires an aggressive
fluorine-based solution that contaminates the titanium nanotubes by fluorine ions and
represents an additional safety hazard during the fabrication process. In these regards, the
PAA-assisted anodisation (discussed in the previous section) presents a more convenient
and environmentally friendly alternative for fabricating TiOs nanostructures.

However, compared to the titanium nanotubes (TNTs), this area is barely explored,
as can be evident by no reports studying the electrical or photoelectrical properties of
these TiO, nanocolumns (except for one conference paper [140] from our group). One
of the reasons may originate from the difficulty of forming stable and reasonably high
nanocolumn arrays. Such an unexplored and challenging area greatly motivates this work
to investigate further the fabrication process and properties of TiO, nanocolumns formed
by this unconventional anodising technique.

As for most TiOs-based nanomaterials, the ultimate goal is to develop a photo-anode
material that can be utilised in solar energy harvesting and water splitting applications.
The photocatalytic performance of nanocolumns should be enhanced by minimising the
drawbacks of TiO,, which are the relatively wide bandgap and poor electrical properties.
In the literature, two approaches are frequently used to decrease the bandgap of TiOq
and change its photocatalytic activity towards visible light absorption: i) doping TiOq
with different elements (e.g., Nb, Ta, N, C); and ii) thermal treatment of TiO, in various
environments.

Therefore, the objective is split into several tasks:

(i) The investigation of the electrochemical properties of nanocolumn arrays formed
from various compositions of substrate demonstrates the effect of doping, while dif-
ferent thermal treatments prove a positive effect of the phase transition and possible
formation of oxygen vacancies.

(ii) The main objective of the work is the study of the photoelectrochemical proper-
ties of nanocolumn arrays. This study demonstrates the advantages and possible
drawbacks of nanocolumn arrays compared to more common TiO, surfaces.

(iii) Later, another objective was added due to adverse outcomes from the last part. It
was found that poor nanocolumn stability and hollow morphology present severe
obstacles on the way to any significant performance. Therefore, the goal was to
obtain better stability for a wide range of nanocolumn arrays (substrates, heights).
All this was performed by a systematic study of anodising parameters and their
effects on the nanocolumn morphology and stability.
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2 EXPERIMENTAL, RESULTS AND DISCUSSION

2.1 Fabrication of TiO; nanocolumn arrays

Anodisation processes were conducted in two technologically different setups: a flow-
through pressing cell and a large-scale fabrication setup. As both setups have different
pros and cons, their use varies based on the application. While the pressing cell setup can
be advantageous in research and development areas such as finding the right anodising
conditions, the large-scale fabrication setup can be utilised for high throughput fabrication

where good uniformity in each batch is guaranteed.

2.1.1 Substrates

In this work, the titanium oxide nanocolumn arrays were fabricated by the PAA-assisted
anodisation of bilayers of superimposed aluminium on a substrate layer based on titanium
(oxidised to some degree) with an admixture of nitrogen or niobium. Table 2.1 summarises
the bilayers used in this work (the labels representing the fraction of admixture are used
for reference in the further text).

Table 2.1: Parameters of bilayers, used in this study, of superimposed aluminium over substrate

layer.
Label Substrate Thickness [nm)] Atomic concentration [%]
abe
layer Al Substrate  Ti O N C Nb
Ti Ti 500 200 not available
/5N TiO, N, 500 380f 50.6 32.6 9.5 7.4
/4N TiO, Ny 600 200 71.5 0.9 18.2 2.4
3N TiO, Ny 600 210f 49.8 28.2 16.3 5.8
N TiO, Ny 600 405f 40.1 154 40.3 4.2
4Nb TiO, be 600 150 42.1 32.4 3.3 7.1 10.5

 Value estimated from a SEM measurement. Otherwise estimated from deposition parameters.

All bilayers except 74Nb were sputter-deposited (by Dr Imrich Gablech) on 4 inches
oxidised Si wafers using an ion-beam sputtering apparatus (Bestec) equipped with a radio
frequency inductively coupled plasma (RFICP) Kaufman ion-beam source.[119, 141] /4N
with the admixture of niobium was sputter-deposited (by Dr Jan Prasek) in the magnetron
sputtering system (Bestec, reference) co-sputtering from Ti and Nb targets.

Compositions of substrate layers, tabulated in Table 2.1, were estimated by XPS
(section A.4). Before the analysis, the samples were immersed in an aqueous 0.1 M sodium
hydroxide solution to remove the superimposed Al layer. Afterwards, they were cleaned
in deionised water (MiliPore, 18.2 MQ) and dried by a nitrogen stream. Compositions of
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substrates were then estimated by XPS analysis. The quantification was performed from

broad XPS spectra obtained after several sputtering cycles (Ar", 5keV).

2.1.2 Anodisation in the flow-through pressing cell setup

The flow-through pressing cell (illustrated in Figure 2.1:A) consists of a cylindrical poly-
tetrafluoroethylene (PTFE) body with a silicon o-ring seal (inner diameter of 7mm) that
confines the anodising area. A gold wire coiled around a glass inlet tube is used in this
setup as a counter electrode (CE) and a horizontally placed sample as a working electrode
(WE). Both electrodes are connected to a source meter by 4-wire sensing (with a current
limit of 21 mA, Keithley 2410) controlled through a home-made software interface (Lab-
view). An electrolyte exchange is secured by a membrane pump (KNF SIMDOS 10) with

a flow rate of 70 cm min—2.
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Figure 2.1: (A) Schematic illustration of the flow-through pressing cell during anodisation.
(B) A representative example of current density vs time response (red line) during potential-
controlled (blue line) anodisation of aluminium/titanium bilayers (Table 2.1: %4N) in the press-

ing cell setup.

For this setup, bilayers were processed as received without any additional cleaning or
area masking. The wafer was cut to square samples with a side length of at least 10 mm.
All anodising processes were performed in a potential controlled regime in a 0.3 M aqueous
solution of oxalic acid (Sigma-Aldrich) placed in a reservoir of 500 ml volume and cooled
to the desired temperature. Before each anodisation process, the setup (the cell, silicon
tubes, and sample) was tempered for at least 5 minutes by electrolyte circulation.

As an advantage of the pressing cell setup, no advanced sample preparation is necessary,
which dramatically speeds up the R&D process. Additionally, the WE is well defined,
ensuring a reasonable control over the current flowing through the sample and a more
straightforward comparison between various anodising methods. In general, disadvantages
of the setup include a small WE, non-ideal control of temperature or electrolyte flow, and

the CE geometry.
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Figure 2.1:B shows the classical behaviour of process parameters (used in this work)
during the PA A-assisted anodisation. This process can be divided based on ongoing events
(schematically illustrated in Figure 1.12) into four stages: I.) aluminium anodising, II.)
substrate anodising, I11.) re-anodising ramp and IV.) re-anodising overrun.

First (Figure 2.1:B stageI), the top aluminium layer is porously anodised (Figure 1.12:B).
This process is typically done in a potentiostatic mode at 40 V and in 0.3 M oxalic acid to
ensure one of the best pore self-ordering (section 1.5). Stage [ lasts until the PAA reaches
the bottom substrate layer while consuming almost the whole aluminium layer. When
stage I ends and stage II starts, a sudden decrease in the current density occurs.

During stage II, two simultaneous events occur; finalisation of the PAA growth causes
a significant current density decrease and anodisation of the substrate layer forming initial
nanocolumn nuclei at the bottom of pores (Figure 1.12:B stageII). Exponential decay of
current density is typical for this stage.

The most probable reason for this slow decay instead of an abrupt drop is the geometry
of the PAA bottom consisting of hemispherical pores with a radius of 50 nm. This value
approximately matches the estimated consumption of Al, 37 nm, during the first steeper
period of substrate anodising (=~ 1 min). The Al consumption rate was estimated based on
the initial thickness of Al film and the period of aluminium anodising, which is 0.6 nms~!
in this case (Figure 2.1:B) for anodising at 7°C. Another contributing factor may be the
initial roughness of Al film, an uneven anodising across the sample area, and the growth
of nanocolumn nuclei.

Afterwards , nanocolumn nuclei can be lengthened by a so-called re-anodising process
(stage Il and TV) characterised by a higher anodising potential. This process is divided
into a potentiodynamic and a potentiostatic part. The potentiodynamic regime (stage I11)
represents a rising linear sweep (ramp) of anodising potential, starting at the PAA forma-
tion potential and finishing at the so-called re-anodising potential. Here, nuclei grow in
length with the increasing potential accompanied by an increase of the current density. In
the next stage (stageIV), the growth of nanocolumns halts when a constant re-anodising
potential is applied, which gives a current density decay. During this stage, no further
morphological changes are expected; however, findings show this stage may influence the
chemical composition or crystal structure within the roots of nanocolumns (as will be
discussed in later section 2.2).

2.1.3 Anodisation in the large-scale processing setup

In contrast to the individual processing limited by the small diameter of the pressing cell
(Figure 2.1:A), the large-scale fabrication process was developed to enable the production
of large-scale samples as well as to improve the uniformity control over a large sample
area. This setup, illustrated in Figure 2.2:A; uses the same large reservoir of the cooled
electrolyte, but instead of delivering it through a circulating system to the sample, the
sample is directly immersed into it. The setup includes a two-electrode cell with the
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partly immersed sample as the anode and a stainless-steel mesh (100 cm) as the cathode.
Anodisation experiments in this part were conducted in the same electrolyte (0.3 M oxalic
acid) cooled to 10°C and gently stirred by a magnetic stirrer.
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Double-wall\ Kapton tape
glass baker_
™ |
i
£ 3
= =
£ -
E g
=) 17}
M F
=
i)
v
)
Electrolyte
[C—)
= T 1/5N PE,  1/1N PE

[ Magnetic stirring ]

Figure 2.2: (A) Schematic illustration of the large-scale processing setup. (B1-3) Photographs
of individual steps of sample processing by the large-scale fabrication process. (B1) A pre-
anodised sample partially covered by a PAA layer. (B2) A Kapton strip application on the
sample before the second step (left — part for electrical contact, right — anodised part). (B3)
Sample after the whole anodisation process. (C) Anodised layers after partial etching (PE) and
full etching (FE) of PAA as discussed in the next section (SEM images shown in Figure 2.5).

This setup allows larger samples with up to 50 cm compared to 0.4 cm for the pressing
cell setup. It is beneficial mainly in experiments, which require a perfect uniformity of the
batch. A large piece can be anodised all at one and then split into several smaller identical
samples, which can undergo various post-anodising processing such as PAA etching or
thermal annealing. However, this technique has a few drawbacks. The major one is that
the sample needs special processing by splitting the anodisation into two parts. Due to
common parallel parasitic currents through the sample edges or complicated sample area,
the anodisation is better suited for potentiostatic control instead of galvanostatic one.

Before anodisation, the wafer with the deposited layers was cut into 40 mm x25 mm
pieces (Figure 2.2:B1), which were backside laser-grooved into four strips of 10-mm width
for later dicing.

On the contrary to the previous processing, the anodisation of Al is divided into two
steps. The first step (pre-anodising) was conducted with the initial ramp of 5V s™! from
0 to 40V and the current limit of 100 mA, followed by a constant 40 V anodising for 200s
(the obtained curves are shown in Figure 2.3:A). Afterwards, the samples were thoroughly
washed in deionised water and dried by an air stream . This purely technological step
creates a thin PAA layer that, with an additional strip of Kapton tape (Figure 2.2:B2),
prevents further undesirable soaking of the sample due to wetting with electrowetting and
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secures a stable processing area (20 mmx10mm). Naturally, the Kapton strip has to be
aligned with the water level, as illustrated in Figure 2.2:A. The second step (Figure 2.3:B)
continues with the Al anodisation at the same potential (40 V). Then, it is followed by
substrate anodising starting around the tenth minute (600s). The re-anodising ramp of
0.2Vs™! to 100V starts after 5minutes of substrate anodising, followed by a 5-minute
re-anodising overrun. These conditions were the same for all samples of various substrates

(5N, /3N, two pieces of “1N) used for the photoelectrochemical experiments.
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Figure 2.3: Anodising curves of samples prepared by the large-scale fabrication anodising
process. (A) Pre-anodising with the initial ramp of 5Vs™! to 40 V. The Y-axis does not show
the current density because the area of the immersed sample changes due to wetting. (B)
Continuing with Al and subsequently substrate anodising followed by the re-anodising ramp
(0.2Vs~!) performed at 1000s after the start. (C) Post-anodising of etched samples with the
initial slope of 0.1 Vs~! to 6 V and 5-minute overrun.

Compared with the flow-through pressing cell anodising, the large-scale process has
a few possible drawbacks. In the case of conductive support (e.g., Si wafers), an issue
may arise due to the parallel current flow through the sample edges. In practice, this
manifests as the constant current density offsets noticeable between individual samples
(Figure 2.3:B, C). Compared to the pressing cell setup (Figure 2.1:B), the current densities
are offset by 1-2mA cm™!; however, the formed layers are identical (morphology and
stability). Moreover, small current spikes appear for 3N (Figure 2.3:A) and AN p2
(Figure 2.3:B). These features are typical for micro delamination of the layers, which can
occur at the sample edges. Another very minor drawback is the splitting of the aluminium
anodising process. However, except for a slightly modified technological aspect, it has a
negligible impact on PAA formation, especially the nanocolumn structure. The splitting
occurs much before the PAA containing nanocolumns is formed. From the PAA thickness
perspective, the split happens around 550 nm height from the bilayer interface while the
nanocolumn length is only 180 nm (for 100 V re-anodising of AN, Figure 2.5:C2).

43



2.1.4 Wet etching of PAA

The PAA-assisted anodisation creates an array of anodic metal oxide (a-MO,) nanos-
tructures still embedded within the PAA template. Such embedded arrays were also the
subject of this study (as discussed in the next section 2.3), although many applications
require removing the passive PAA template and revealing the whole active surface of
nanocolumns. The increase in the accessible surface is significant. For cylindrical geom-
etry, it is at least H5x and 40x increase for columns with the aspect ratio of 1 and 10,
respectively.

After the anodising process, the samples were thoroughly washed in deionised water
and dried by a nitrogen stream. The PAA was removed by chemical wet etching in an
aqueous solution of 0.42 M phosphoric acid (H3PO,) and 0.2 M chromium trioxide (CrOs)
at 65°C (based on the etching process in ref. [142]). The extent of the PAA removal was
controlled by the etching time, after which the samples were quickly washed in water and
dried again.

Figure 2.4 reveals various stages of the selective PAA removal around the a-MO,
nanocolumns. The PAA surface (Figure 2.4:A) reveals an imperfect hexagonal arrange-
ment of pores overlapped by a grainy texture inherited from the sputter-deposited initial
Al layer. The etching first removes the part of PAA placed above the nanocolumns as
it is easily accessible through the open pores. This step reveals the nanocolumn array
still within the PAA matrix (Figure 2.4:B). Notably, numerous overetched sites occur as
the etching solution finds its way into the defects formed at PAA cell boundaries, e.g.,
triple-junctions. An additional etching leads to a partial (Figure 2.4:C) or complete (Fig-
ure 2.4:D) removal of the surrounding PAA, and thus a reveal of the underlying substrate
layer. Figure 2.4:D shows freestanding a-MO, nanocolumns that appear as bright spots
surrounded by a darker area of larger perimeter representing the anodised substrate at
the bottom of nanocolumns — the root area. Depending on the anodising conditions and
the substrate composition, it is possible to obtain a perfectly stable, partly stable, or
even completely unstable column layer. Unstable columns usually break in the root part,
leaving just the bottom root area that appears much darker in the SEM (Figure 2.4:C, D).
Fallen nanocolumns can also be observed in Figure 2.4:D.

Better control over the PAA removal was achieved with larger samples made in the
large-scale processing setup (see Figure 2.3). The main reason was the decrease of the
etching temperature to 60 °C and a larger volume (500 ml) of etching solution with steady
magnetic stirring (500 RPM). Figure 2.5 shows successful partial removal of the PAA
layer, so the nanocolumn arrays of various heights are equally exposed. However, still,
numerous overetched sites occur in the PAA. These sites expose the underlying substrate
layer to a degree related to the thickness of the remaining PAA and nanocolumn lengths.
When the columns get longer, and thus the remaining PAA gets thicker (in the order
sN < 13N < 7AN), the overetching cannot dig through the whole layer for given con-
ditions. In addition to SEM images (Figure 2.5:A, B, C1), this is also proven by the
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Figure 2.4: Top view SEM images with schematic illustrations of as-anodised (Figure 2.1:B)
V4N bilayer structures: (A) no etching, (B) 6 min, (C) 9min, and (D) 15min etched.

increased current consumption during the anodisation of these layers, labelled here as
the post-anodising (Figure 2.3:C). The cross-section of Figure 2.5:C1 (right) captures
the depth of an overetched site showing almost complete penetration through the PAA.
These overetching sites create a characteristic clover-like feature in the top view of SEM
(Figure 2.5:C1).

Figure 2.5: SEM images of partly etched (PE) (A) ¥sN, (B) 3N, (C1) AN, and (C2) fully
etched (FE) iN nanocolumn layers (Figure 2.3). Samples were etched for 23 and 80 min, in
the case of PE and FE, respectively. The length of exposed columns is approximately 70 nm
for PE 5N, V3N, and 60nm for PE %N layers. The thickness of remaining alumina layer was
estimate to 80, 110, and 140 nm for 5N, V3N, and %N layers, respectively. The length of FE
AN nanocolumns is approximately 190 nm.

For the complete removal of PAA| it is necessary to prolong the etching time based on
the length of nanocolumns. During this work, the etching time of two hours was found
sufficient for all cases re-anodised to up to 330 V with the column length of 500 nm (V4Nb).

It is important to note that this selective PAA etching does not attack aluminium.
A residual aluminium layer may be found on many samples as it is not fully anodised
during the anodisation process (Figure 2.6:A). These Al residues can be further completely
removed in an aqueous solution of sodium hydroxide (e.g., 3minutes in 1M NaOH), as
shown in Figure 2.6:B.

A short PAA etching of 90s was also utilised to enhance the contrast of SEM cross-
sections of some samples with columns still embedded in the PAA (Figure 2.7). This slight
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Figure 2.6: SEM images of a FE nanocolumn layer (A) before and (B) after removing residual
the Al layer in a NaOH solution.

etching reveals the column morphology and some details of the structure of PAA (cell
boundaries). For example, it is possible to observe a detailed structure of PAA cell walls
and to see the pure alumina represented by brighter contours at the cell boundaries.[143,
144]

Figure 2.7: SEM cross-section of a nanocolumn layer (YsNb anodised to 250 V) embedded in
PAA (A) before and (B) after short 90s PAA etching.

Conclusions

This section presents the complete fabrication process of a-MO, nanocolumns by a PAA-
assisted anodising of the listed substrates with a superimposed aluminium layer. Two
fabrication setups used in this work were introduced. The pressing cell setup, aimed for
research and development, will be mainly used in the following sections to study the ano-
dising parameters and their effect on the stability of columns and a short electrochemical
characterisation of nitrogen-doped PAA-embedded a-MO, nanocolumns. On the other
hand, the large-scale fabrication setup was used to prepare samples with various post-
treatments such as PAA etching or thermal annealing.

The second half of the section is focused on the PAA removal as it is the only way to
achieve free-standing nanocolumns. Despite a few drawbacks, such as overetching leading
to defective sites, this process can be well-tuned to achieve the desired column exposure.
A short etching was also used prior to SEM cross-section observation to enhance the
column contrast within the PAA.
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2.2 Morphology and stability of nanostructures

The previous section describes the fabrication process of titanium oxide nanocolumns by
the PAA-assisted anodising of an aluminium layer superimposed over a substrate layer.
This section further focuses on the vast possibilities of how to influence their morphology,
structure, or even their chemical stability. As discussed in the subsection 1.6.3, the sta-
bility of a-MO, nanocolumns depends on the substrate composition and the re-anodising
potential at which the columns are formed. The stability drops significantly with in-
creasing titanium purity, thus decreasing the concentration of additives (nitrogen [119],
niobium [138]) in the substrate layer (Figure 1.14:C). A similar rapid decrease of stability
is observed for the increasing re-anodising potential (Figure 1.14:B) while other param-
eters are kept constant. Overall, these results demonstrate that the selected anodising
conditions will not yield a stable column layer re-anodised to over 100V for substrate
layers with low concentrations of additives (<20at.% of nitrogen [119] or niobium [138]).
Sadly, it limits the potential length of columns, decreases their active surface area, and
reduces their competitiveness in possible applications.

These unfavourable findings motivate the following study focused on the effect of an-
odising parameters on the stability of nanocolumn arrays. The main goal is to achieve
a perfect or at least better stability for nanocolumn arrays of various column lengths
deriving even from substrates with a low concentration of additives (N, Nb). This sec-
tion presents a summary of a systematic study conducted to understand the effects of
individual anodising parameters.

In this section, all experiments were performed on the titanium substrate layer with
10.5at.% of niobium (¥sNb, Table 2.1), if not mentioned otherwise. This layer was se-
lected based on its poor stability results, shown in the study of colleagues (mentioned in
section 1.6).[138] All anodisation experiments were performed in the flow-through pressing
cell setup (Figure 2.1:A) using a 0.3 M aqueous solution of oxalic acid and the flow-rate of
70 mLmin~!. The majority of the experiment was performed in the electrolyte tempered
at 24 °C, if not stated otherwise. The study varies the temperature and the duration of
the individual anodising stages (Figure 2.1:B): aluminium and substrate anodising, re-
anodising ramp, and overrun. The first potential ramp of aluminium anodising was kept
5Vs~! for all experiments. It is assumed that this ramp does not influence the column
morphology or stability as the columns are too short of reaching the PAA surface, which
is formed at the beginning of the anodisation period when the ramp is applied.

Furthermore, it was found that various steep ramps give a similar breakdown potential
that can be partly correlated with similar column morphology (subsection 2.2.3). There-
fore, only the residual anodising steps (i.e., substrate anodising, re-anodising ramp, and
overrun) were investigated. The PAA removal (subsection 2.1.4) was done in the same
way for all samples by selective etching in the PA A-dissolving solution for 2 hours at 65 °C.
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2.2.1 The effect of temperature

The effect of electrolyte temperature on the morphology and stability of nanocolumns has
one of the most complex natures as it influences a series of other anodising parameters,
and thus, its impact cannot be fully isolated from other variables. Here, Figure 2.8:B
presents nanocolumn arrays formed on the pure Ti substrate at various electrolyte tem-
peratures. These nanocolumns were finished with a substrate anodising for 5 minutes, and
thus without any re-anodising stage. The re-anodising stage was skipped to keep as few
variables as possible.
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Figure 2.8: (A) Current density response during the potentiostatic anodising at 40V of Ti

samples at various electrolyte temperatures. The substrate anodising was done for 5min. The
inset graph shows the calculated transferred charge. (B) Tilted SEM images of formed columns
after the PAA removal and (C) top views with the masked root base area of 20, 30, and 58 %
for 7, 24, and 48 °C anodising temperatures, respectively.

Increasing the electrolyte temperature leads to an anticipated boost in the kinetics of
reactions. This boost manifests as a shorter anodising period accompanied by an increased
anodising current, as shown in Figure 2.8:A. Columns formed in this way vary considerably
in morphology as well as stability. The morphology of columns can be explained based on
the temperature-induced changes of the PAA morphology, which other researchers have
reported.[98, 145-147] In general, higher temperatures lead to faster alumina dissolution
during the PAA growth, increasing the pore diameter. This widening was observed in the
SEM cross-views of samples before the PAA removal (not presented); with a pore diameter
of 48+6, 51413, and 66+ 11 nm for 7, 24, and 48 °C anodising temperatures, respectively.
An anodising at a low temperature results in narrower pores, giving a majority of columns

a relatively small root area with only one or several roots.
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On the other hand, higher temperatures leading to wider pores result in the pre-
dominant formation of columns with more roots and a broader root base. For a better
illustration, the root area is colour-masked in the SEM images shown in Figure 2.8:C,
and the calculated relative coverages are noted in the figure caption. Additionally, the en-
largement of the root area can be correlated with the slight increase of charge transferred
during the substrate anodising phase, as marked in the inset of graph (Figure 2.8:A).

Additionally, the stability of columns across the layer drops noticeably with the in-
creasing temperature. This counter-intuitive result shows that columns with more roots
and a wider root base incline to be less stable. Therefore, it is reasonable to assume that
stability of columns does not come from their morphology but rather their root structure
or chemical composition. A similar observation was made and supported by additional
research in the following works ref. [119, 138]. Here, the authors showed that the main
reason for the poor chemical stability of columns (to the etchant of aluminium oxide) is an
intermixing of titanium oxide with aluminium oxide from the barrier layer of PAA. This
reasoning can also be applied in the presented findings as more roots need to penetrate a
wider area, and thus the alumina displacement is much more complex, and heavier mixing

has to occur.

2.2.2 Duration of anodising stages

The previous section showed that columns derived from a pure Ti substrate formed even
at 40V have inferior stability. As already reported,[138] the presence of doping agents in
the substrate layer can sufficiently increase the stability of columns. This doping effect
can also be observed when comparing Figure 2.8:B(24°C) and Figure 2.9:(5min), repre-
senting the same anodising conditions for columns derived from Ti and “4Nb substrate,
respectively. While the Ti substrate gives an array of less than half the survival rate,
the 10.5at% Nb concentration in /4Nb substrate is already sufficient to give a complete
success rate at the formation potential of 40 V.

However, this section focuses on the individual stages of the anodisation process and
how their length influences the stability and morphology of columns. Firstly, Figure 2.9
shows the resulting column layers formed without any re-anodising period and thus fin-
ished with substrate anodising at 40 V. These layers differ in periods of the substrate
anodising (the second stage in Figure 2.1:B), which starts with the characteristic current
density decay after the aluminium anodising stage. Extending this period shows no visible
differences in the column morphology or stability at first. However, in the most prolonged
period, a single detached column can be found, shown in Figure 2.9:(20 min). Based on a
broader view field (5.0 pmx3.3 pm, &~ 2000 columns), a failure rate of 1% was estimated.
On the other hand, shorter anodising times result in defect-free arrays. These findings
indicate that prolonging substrate anodising may slightly decrease the stability of the

column.
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Figure 2.9: Tilted (45°) and cross-view SEM images of (tilted) PAA-free and (cross-view) PAA-
embedded nanocolumn arrays formed by PA A-assisted anodising of /aNb substrate at 40 V with
substrate anodising period: 1min, 5min, and 20 min. The re-anodising was not applied. The
arrow marks the spot of a detached column (failure rate of 1 %).

A similar experiment was performed with an additional re-anodising to 100 V with a
linear ramp of 0.5V s™! and a 1-minute overrun period (Figure 2.10). Here, the varying
substrate anodising period determines the time between the end of aluminium anodising
and the start of the re-anodising ramp. As can be seen, prolonging this period dramatically
impacts the stability of the final array. From SEM top views (Figure 2.10), survival
rates of 84, 82, 60, and 45% for the 0, 1, 5, and 20-minute substrate anodising period
were estimated. Additionally, all column arrays have SEM-indistinguishable morphology
except the sample with the 0 minutes (see later). Therefore, changes in the stability are
not shape-dependent but presumably due to process-induced variations in the chemical

composition.

Figure 2.10: Top and cross-view SEM images of (top) PAA-free and (cross-view) PAA-
embedded nanocolumn arrays formed by PAA-assisted anodising of 4Nb substrate. After sub-
strate anodising for 0, 1, 5, and 20 min, the sample was re-anodised to 100 V with 0.5 Vs~—!

ramp sweep and a l-minute overrun period.

The sample with the 0 minute of substrate anodising (Figure 2.10:(0 min)) cannot be
directly compared with the rest of the batch due to significant morphology deviations.
These columns have narrower roots with a slightly less pronounced void structure and a
smaller root base area. This effect is much more pronounced for a steeper re-anodising
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ramp, as shown in Figure 2.11. Here, the ramp of 5V s™! causes more dramatic changes for
the zero-period (0 min) of substrate anodising. The reason is that the end of aluminium
anodising is not an abrupt process but instead has an exponential decay due to an inhomo-
geneous anodising or/and the thickness of the Al layer. An increased anodising potential
naturally induces structural changes in the bottom part of PAA. Specifically, a higher
potential gives a thicker barrier layer, a wider pore diameter, and a further inter-pore
distance, influencing the column morphology. The earlier beginning of the re-anodising
leads to thinner and more prolonged column roots, which corresponds to higher forming
potentials. The comparison can be observed in cross-sectional view of Figure 2.11, where
the width/height of the neck area is 18 +£1/76 +8, 20 £ 1/37 + 2, 35 £ 15/(N/A), and
48 £ 8/(N/A) nm for re-anodising start at —0.8, 0, 1, and 5 minutes from the start of
the current decay (end of Al anodising), respectively. The width was measured in the
narrowest point (middle) — the neck of the column. The conically shaped necks (1- and
5-minute samples) were measured at 35nm height instead.

.
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Figure 2.11: Anodising curves showing various periods of the substrate anodising stage with
corresponding top and cross-view SEM images of the formed nanocolumn arrays. The re-
anodising ramp of 5 Vs~! to 100 V with 1-minute overrun is applied —0.8, 0, 1, and 5 minutes
(substrate anodising) after the end of aluminium anodising. For the sample with the negative
value (—0.8 min), the ramp was applied 0.8 minutes before the expected current decay (marked
by the dashed line), which has been estimated based on previous anodisation processes.

The poor stability of columns formed by the earlier ramp starts (—0.8 and 0min)
can be associated with narrower column roots, which could weaken the integrity of the
structure. On the other hand, a change in chemical composition cannot be omitted
since the void structure differs significantly, suggesting deviations in the column growth
process. A strong dependence of stability on the chemical structure is also supported by
an almost threefold increase of damage for additional etching in a NaOH solution, shown
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in Figure 2.6. The column survival rate for the sample (Figure 2.10:(0 min)) decreases
from 95.5% after the standard etching in phosphoric acid and chromium oxide solution
to 88.4 % after the additional immersion in 1 M NaOH.

Nevertheless, the main finding is that a steeper ramp enormously improves the column
stability without any changes in their morphology, as can be seen comparing 1- and 5-
minute samples for the 0.5 and 5V s~ ramps shown in Figure 2.10 and Figure 2.11,
respectively. The steeper re-anodising ramp leads to a conspicuous increase of stability
from 60 to 99.1 % and 45 to 98.2% for 1- and 5-minute substrate anodising, respectively.
In both cases, the ramps start sufficiently after the Al anodising is finished, not to influence
the column morphology, but still, the more extended period of substrate anodising leads
to slightly decreased stability.

In addition to the enhanced stability, a faster re-anodising ramp leads to the formation
of slightly higher columns (>7 %), as shown in Table 2.2.

Table 2.2: The length of columns (obtain from cross-view SEM images) re-anodised to 100V
with various re-anodising ramps and periods of substrate anodisation.

Re- disi
e-anodising Nanocolumn length [nm]

ramp

vV S_l] —0.8 min 0 min 1 min 5 min 20 min
0.5 176.0 £ 4.71  164.0 £ 6.1 162.7+ 6.0 166.7+5.0
5.0 1783+ 3.7F  181.8+4.1t  175.7+ 4.5 1729+ 7.5

T A change in the column morphology due to an early start of re-anodising ramp.

An increase of the re-anodising potential to 250 V while preserving other parameters
gives relatively stable (>95%) column arrays (data not presented). However, an unde-
sired breakdown occurred during these anodisation processes (as discussed in detail later).
Although it does not influence the column stability, it damages the macroscopic areas of
the column array.

One way to shift the breakdown process to a higher potential and avoid it completely
during the entire anodisation is to increase the re-anodising ramp. An increase to 50 Vst
sweeping up to 250 V re-anodising voltage results in columns (shown in Figure 2.12) with
the height of 422.5 £+ 11.0nm and 406.4 £ 4.5 nm for 0- and 1-minute substrate anodising
period, respectively. Surprisingly, almost no detached columns would give these samples
100 % stability. However, it is evident that the stability is not perfect due to many
columns supporting and leaning towards each other. Therefore, this situation can be
better described by the single-standing columns. For the 0- and 1-minute samples, this
number was estimated to be only 24 and 14 % of the total columns, respectively. Again,
the prolonged substrate anodising results in worse properties. However, this time it is

assumed that the main reason is the mechanical weakness caused by defects/voids within
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the root area, as marked in the top view of Figure 2.12:(1min). Again, the prolonged
substrate anodising period leads to significantly broader roots (68 vs 101 nm) with fewer
aluminium residues. On the other hand, a major role can be played by the height of the
columns, which are more than twice higher than columns re-anodised to 100 V. Naturally,
columns of this height incline more towards clustering, which is caused by capillary forces

during the sample drying or even electrostatic forces (an example is shown in Figure A.4).

tilt 20°

> <
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Figure 2.12: SEM images of PAA-free and (cross-view) PAA-embedded nanocolumn arrays
formed by PA A-assisted anodising of /4aNb substrate with 0- and 1-minute substrate anodising
followed by 50 Vs~! re-anodising ramp to 250 V with no overrun stage. Defects within the root
area (arrows) and residual aluminium (highlighted area) are marked.

The second way how to shift the breakdown process is by decreasing the temperature of
the electrolyte. The temperature-dependent kinetics of reactions can roughly explain this.
When the temperature decreases, it slows down the reaction rate and presumably also
the anodising development. Furthermore, a slow change of the potential relative to the
slow anodising rate can have the same effect as the faster combination. Therefore, the re-
anodising ramp is not a single parameter function because it relates to a complex anodising
development that depends on the time, temperature, and concentration of additives in
the substrate. A simple illustration is a breakdown potential shift from 280V (24 °C) to
328V (7°C) for the re-anodising ramp at 5V s~ and 0-minute substrate anodising.

The last free parameter in terms of anodising time is the overrun period. This period
is the last stage before the cell is disconnected from the power source. A potentiostatic
regime characterizes the overrun at the final and highest applied potential. A trend can
be observed in Figure 2.9 with no re-anodising ramp that leads to overlap of the substrate
anodising and the overrun stage. A more distinguished trend is shown in Figure 2.13,
between a relatively stable and mostly damaged array for 1- and 20-minute overrun pe-
riods, respectively. In both cases, the columns are of a similar height and morphology
of the column body. However, the root area differs. Again, the more extended period
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(20-minute) leads to broader roots of 106 £+ 15 nm versus 95 + 15nm (1-minute), similarly
as shown in Figure 2.11. Similarly, this can also be noticed by the decrease of aluminium
residues.

tilt 20° tilt 20°

Figure 2.13: SEM images of (top) PAA-free and (cross-view) PAA-embedded nanocolumn
arrays formed by PAA-assisted anodising of /sNb substrate with —1min substrate anodising
followed by 5 Vs~! re-anodising ramp to 250 V with (A) 1- and (B) 20-minute overrun period.

2.2.3 Breakdown

The breakdown (BD) phenomenon usually refers only to the dielectric breakdown char-
acterized by a minimum voltage necessary for a dielectric film to get conductive. Here,
for the sake of simplification, the BD refers to an event when the film is macroscopically
destroyed during the increase of the anodising potential. This event is usually associated
with an abrupt increase in the current density. Therefore, the breakdown phenomenon
indirectly limits the maximum anodising potential and thus the achievable length of the
columns.

Firstly, it was found that the BD potential is not affected by the slope of the aluminium
anodising ramp. An example is shown in Figure 2.14, presenting anodising curves for
relatively slow 0.5Vs~! and fast 10 Vs~! ramps. In both cases, the anodisation was
conducted at 24 °C with the 1-minute substrate anodising period followed by the 0.2 Vs™!
re-anodising ramp until the BD potential. In both experiments, the BD potential occurred
at approximately the same potential of 155V. The exact value was also found for the
aluminium anodising ramp of 1Vs™! (not shown). Abrupt current spikes during the
anodising process are typical for the breakdown process.

However, the breakdown process can be influenced by the slope of the re-anodising
ramp, as shown in Figure 2.15. For steeper ramps, the breakdown is characterized by
a development of micro-arc anodisation (plasma electrolytic oxidation) that leads to a
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Figure 2.14: Anodising curves for “4Nb layer anodised in 0.3M oxalic acid at 24°C with

0.5 and 10Vs~! aluminium anodising ramp.The substrate was anodised for 2min before the

re-anodising ramp of 0.2 Vs~

formation of micro-arc anodic oxide (MAO) [148, 149], shown in Figure 2.15:C1. On the
other hand, during the slower ramp, the breakdown is accompanied by the delamination of
a PAA-embedded a-MO, layer from the metallic substrate in the form of circles, shown in
Figure 2.15:C2. This delamination is believed to be caused by O, evolution and trapping
below the a-MO, layer. Liu et al. [150] reported a similar effect of titanium oxide rupture
done by the oxygen evolution during the transformation from amorphous to crystalline
oxide. The separation of the layers and the damaged area between them can be seen in
Figure 2.15:B2. While the micro-arc anodisation breakdown gives a higher BD potential
(330 V), usually much lower BD potentials can be achieved when a delamination BD occurs.
In both cases, the breakdown develops within a small area and spreads with time over
the whole surface of the sample. However, the columns formed by both processes in the
BD-free areas for micro-arc BD (5 and 1V s™! in Figure 2.15:B1, B2) show no morphology
variation except their height, which is associated with the BD potential difference.

The breakdown process also depends on the time when the re-anodising ramp starts
(i.e., the substrate anodising period). Experiments show that earlier starts tend to lead
to a pure micro-arc anodising outcome. The micro-arc BD process was observed for re-
anodising starts at —2, 0, and 1 min with 5V s™! at 7°C. The BD potential of 330V was
achieved for the —2min sample, while both later starts (0 and 1min) give almost the
exact value (330V) of BD potential. The much later re-anodising start of 5min results
in a combined effect of micro-arc anodising and layer delamination with BD potential of
330 V. Images of column arrays formed in the BD-free areas are shown in Figure 2.16.
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Figure 2.15: (A) Anodising curves for “aNb layer anodised in 0.3 M oxalic acid at 7°C with
1 min substrate anodising period followed by a re-anodising ramp of 1, 5, and 20 Vs~!. (B) SEM
cross-view images of the resulting nanocolumn arrays for (B1) 5 or 20Vs~! and (B2) 1Vs™!
re-anodising ramp. (C) Optical images of the resulting features damaged by the breakdown
process: (C1) micro-arc anodic oxide, (C2) film delamination in the form of bubbles caused by

05 gas evolution and trapping at the interface.

tilt 20°

Figure 2.16: Top and tilted (20°) view SEM images of PAA-free nanocolumn arrays formed
by PAA-assisted anodising of /4aNb substrate in 0.3 M oxalic acid at 7°C with various starts of
re-anodising. The re-anodising was performed with a ramp of 5V s~! till the breakdown, which
occurred at potential of 331, 328, 328, and 300V for —2, 0, 1, and 5min substrate anodising
period. The number of single-standing columns was estimated to be 6, 28, and 5% for 0-, 1-,

and 5-minute samples.

From these findings, it is possible to assume that the transition from one behaviour
to another is a gradual process. The breakdown process does not influence the column
morphology except limiting the maximum length and damaging the related area. On the
contrary, it is assumed that the column morphology is the decisive parameter for the BD
process since both depend on the start of the re-anodising and the re-anodising ramp
sweep. Prolonging the substrate anodising period leads to enlarging the root base and
vice versa, shrinking the unprocessed substrate still covered by thin Al residues (shown
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in the enlarged insets of Figure 2.16: 0 and 1min). This effect can also be observed by
comparing 0- and 1-minute substrate anodising in Figure 2.12.

2.2.4 The influence of substrate composition

The finding observed with PAA-assisted anodising of “4Nb substrate were also applied
on other substrates to prove their versatility. Figure 2.17 shows the arrays of columns
resulting from the PAA-assisted anodising of the Ti substrate at various conditions.
Figure 2.17:A1-3 illustrate a series with a varying sweep rate of the re-anodising ramp
up to 250V, starting at the end of Al anodising (0 min) and no overrun. Surprisingly, the
1Vs™! (Figure 2.17:A1) re-anodising ramp gives significantly underdeveloped columns of
a much thinner diameter and a noticeably shorter length. The root area is also far more
spread with a rough morphology. The other re-anodising ramps give similar results as
the YaNb substrate. Relatively stable columns were achieved for 5Vs™!, and the faster
20 Vs~! ramp formed columns with a single thin root leading to their bending.

tilt 20°

100 nm

Figure 2.17: Tilted (20°) view SEM images of PAA-free nanocolumn arrays formed by PAA-
assisted anodising of the Ti substrate in 0.3 M oxalic acid at 7°C with (A) various re-anodising
ramps up to 250 V and 0 min overrun period: (A1) 1Vs~! (A2) 5Vs~1 (A3) 20Vs~!; and (B)
with various starts of the re-anodising sweep of 20 Vs~! up to the BD potential (~300V): (B1)
—2min, (B2) Omin, (B3) 0.5 min.

Figure 2.17:B1-3 show a series of various re-anodising starts of a 20 Vs~ ramp up
to the breakdown potential. Here, the situation exactly reproduces the previous results
(Figure 2.16). The earlier start (—2min) gives very stable columns with saguaro-like
(Carnegiea gigantea) morphology and a micro-arc BD process at 305 V. The later starts
result in the second type of BD process associated with gas evolution and delamination

of layers at 300 V. The re-anodising start at 0 min produces a weak, thin rooted column
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morphology that suffers from bending like in the previous case (Figure 2.17:B2). Less bent
columns were achieved just by postponing the re-anodising start by 30s (Figure 2.17:B3).
This delay formed a broader and stronger root morphology sufficient to support the whole
column.

With no surprise, similar results were also achieved with the sN and /4N substrate
layers (data not presented). When compared to the anodising procedure with the more ex-
tended substrate anodising period and slower re-anodising ramp (described in section 2.1)
that leads to poor stability and hollow morphology of the nanocolumns, these anodising
conditions lead to fully stable and fully solid (in the SEM observation) nanocolumns even
at 250 V.

2.2.5 Conclusions

This section demonstrates the effect of individual anodising parameters on the morphology
and stability of the structures. The main objective of this work was to find process
parameters to form as stable columns as possible, even for high re-anodising potentials
and low concentrations of additives in the substrate.

The most crucial improvements of stability were achieved by lowering the electrolyte
temperature and shortening the re-anodising period. A general rule to form stable TiO,-
based a-MO, columns by the PAA-assisted anodisation is to promote fast changes of
potential, and thus fast kinetics of anodising. Vice versa, this may be interpreted as
to avoid idling at any given formation state, such as too long substrate anodising, slow
re-anodising, or even prolonging the redundant overrun period.

Significant attention was paid to the morphology of nanostructures depending on the
anodising conditions as it plays a significant role in the overall stability of columns together
with the chemical composition of their roots. Two features are correlated with their
relatively poor stability: a narrow root formed by the early starts of potential sweep
and a large root area associated with a prolonged period of the anodising stage. The
anodising periods such as re-anodising ramp and overrun can be reduced to a minimum
without any profound impact on the columns. However, in the case of the substrate
anodising period, the situation is more complex. Short periods result in narrow roots or
even more dramatic morphology changes of the whole column into the saguaro-like shape,
while too long periods yield the undesirable root broadening. Nevertheless, these edge
conditions still give a reasonable operating window, which may be broadened by lowering
the temperature.

Surprisingly, the saguaro-like shape columns have superior stability compare to normal
(cylindrical) ones formed under similar conditions. Possible drawbacks are some loss of
the active surface due to merging in the trunk and getting a more complex shape.

These improvements were applied successfully to nitrogen-doped substrates (4N, 7/5N)
and even the titanium substrate without any additives. The most remarkable result was
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the formation of a stable (almost 100 %) column array formed from the Ti substrate re-
anodised even up to 300 V. This demonstrates a considerable leap from published reports
[119, 138], being able to achieve less than 20 % stability for re-anodising potentials over
60 V.

In addition to the studies mentioned above, the breakdown process was investigated
in detail. The breakdown of the film has the utmost importance as it limits the maximum
value of anodising potential and thus the length of the nanocolumns. Two distinguished
BD processes were observed: 1) layer delamination due to gas evolution and 2) micro-arc
anodisation. In general, layer delamination can be correlated with extended anodising
periods that result in a growth of the root area. The gas evolution can also be why the
overly expanded roots have a rough morphology with many defects.

On the other hand, micro-arc anodising is achieved predominantly for short anodis-
ing periods, such as quick re-anodising starts (even during Al anodising) and steep re-
anodising sweeps. Compared to the first case, the micro-arc BD process is more favourable
as it occurs at much higher anodising potentials. However, it still needs to be noted that
the stability of columns cannot be fully predicted based only on the BD potential value

for the given formation parameters.
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2.3 Electrochemical characterizations

In this part of the thesis, electrochemical characterization of PAA-embedded samples was
done by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and
Mott—Schottky (M—S) analysis. In this case, the purpose of the CV is to demonstrate the
electrochemical stability given by an aversion of the sample towards redox reactions. The
EIS and M-S analyses were used to characterize and quantify the electrical properties of
the system. These results were published and presented at the international conferences
(chapter C).

2.3.1 Sample fabrication

Samples were prepared from the Ti and %N layer (Table 2.1) in the pressing cell setup.
All samples were identically anodised according to Figure 2.1:B, with a 40 V aluminium
anodising, a subsequent 5-minute substrate anodising, followed by a 0.2 V s™! re-anodising
ramp to 100V, and a 10-minute overrun. Cross-section views of the formed composite
layers are shown in Figure 2.18. Despite the poor contrast, the Ti sample shows columns
sitting over rather large voids (Figure 2.18:A1). This morphology is expected due to a
very slow re-anodising ramp leading to excessive oxygen. In contrast, the 4N substrate
(Figure 2.18:B) gives higher columns (180 vs 145nm) with a distinct root structure.

Figure 2.18: SEM cross-section views of PAA-embedded nanocolumns formed from (A1-2) N-
free (Ti) and (B) N-doped (%aN) substrate layers (Table 2.1). Samples (A1) before and (A2,B)
after the PAA etching for 90s to enhance the contrast.

Afterwards, the samples were cut into quarters to be separately annealed. Part of the
samples was annealed in the ambient atmosphere at 600 °C for 2 hours. This air-annealing
was performed with a heating ramp of 10°Cmin~! and a natural cooldown. Another part
was annealed in a vacuum chamber with pressure less than 10~ Pa for the same period
and ramp parameters. For the electrochemical measurements, all samples were masked
by a PMMA-based film (nail polish), so only an area of nanocolumns was exposed to the
electrolyte when immersed.

Overall, six different samples were characterized, which could be divided by two sub-
strates: N-free (Ti) and N-doped (%aN); and three different post-processing types: as-
anodised, air-annealed, and vacuum-annealed. This variety allowed us to study the effect
of nitrogen concentration within the substrate layer and determine whether the oxygen
concentration (oxygen vacancies) influences the electrochemical properties.
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2.3.2 CV and EIS measurements

The CV and EIS were carried out in a borate buffer (0.5M H3BO3 and 0.5M NayB,O7
aqueous solution, pH 7.4) at 22°C in the dark. A pAutolab III/FRA2 Metrohm Autolab
Potentiostat/Galvanostat was used as the potentiostat and impedance analyser. A three-
electrode setup was employed with the sample connected as a working electrode (WE),
an Ag/AgCl reference electrode (RE), and a gold sheet as a counter electrode (CE). The
current response was measured by cyclic voltammetry in a potential range from —1 to
1V vs RHE, with a scan rate of 50mV s™! starting from open-circuit potential. The EIS
measurements were performed from 1.44 to —0.56 V vs RHE over a frequency range from
10kHz to 0.1 Hz with the 10-mV excitation amplitude. The impedance data were analysed
by computer simulation and fitting software Autolab Nova 1.10.

Cyclic voltammograms obtained at low potentials for all samples are shown in Fig-
ure 2.19:A, B. Several trends are noticed: 1) For both substrates, the current density
(and the conductivity) depends on the annealing conditions, and it increases in the or-
der: as-anodised < air-annealed < vacuum-annealed processing; 2) The conductivity is
systematically higher for the N-doped samples when compared to the N-free ones; 3) I-V/
curves are asymmetric with lower anodic and higher cathodic currents.
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Figure 2.19: Cyclic voltammograms for as-anodized, air- and vacuum-annealed (A) N-free
and (B) N-doped TiO2 nanocolumn arrays. (C) Cyclic voltammograms of the vacuum-annealed
N-free and N-doped arrays obtained at higher anodic potentials. A pale colour shows the first
measured cycle of each sample, and blue arrows mark the scan direction. The current density
is in absolute value and log scale.

Only the vacuum-annealed samples for both N-free and N-doped substrates show sub-
stantially higher anodic currents in the first cycle (Figure 2.19:C pale colour) than in the
consecutive ones (Figure 2.19:C saturated colour). They both reach a plateau at 1.7V
vs RHE of 3pAcm™!, while the N-doped sample has another one at 3.5V vs RHE of
150 pA ecm~!. These plateaus are not present in consecutive cycles; however, the N-doped
sample still reveals a substantial current density rise at about 3.5V vs RHE that corre-
sponds to the second plateau. Similar behaviour was also observed by Milosev et al. for
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anodic oxidation of TiN layers in a phthalate buffer.[151] On the other hand, these fea-
tures are not present in the case of the remaining samples (as-anodised or air-annealed),
which have current densities of 1-2 orders of magnitude lower in this anodic region (ap-
proximately 0.1 1A cm™! at 5.5V vs RHE, not shown).

Voltage-dependent EIS measurements were performed for all array types to gain in-
sight into their semiconducting properties. Two sets of measured EIS data for air-annealed
samples (N-free and N-doped) are presented in Figure 2.20 in the form of Bode plots. All
EIS data were fit in the whole frequency range using an equivalent electrical circuit com-
posed of one or two capacitive layers in series (shown as insets of Figure 2.20). The best fit
for the N-free sample was found by one capacitive layer (DL), presumably corresponding
to a dielectric layer. On the other side, the N-doped EIS was fitted by two capacitive
layers. One of the capacitances usually corresponds to the space charge layer of the semi-
conductor formed at the top of the columns. Another one, with the higher capacitance
and lower resistance, is attributed to the Helmholtz layer.[152] A constant phase element

(CPE) is used to account for the non-ideal behaviour of the space charge layer.

108 T T T LA I Y PV Y| PR AL LN 90
A48V —— BESSSSsss - 0
7] o v Bl g g
10 F70
o~ 10°7 r60 >
= 20 o
O 5 (%]
40 @©
c 0 CPEsc  CPEy, <
~ o
-30
N 0] [
-20
. -10
103_ 77/7:‘/ . 0
10 N-free (air annealed) i léZév N-doped (air annealed) 10
107 10° 10' 10 10° 107 10° 10' 10 10° 104

Frequency (Hz)

Figure 2.20: Bode plot representation of EIS measurements of the (A) N-free and (B) N-doped
air-annealed nanoarrays obtained in the borate buffer at DC voltages from 1.44 to —0.56 V vs
RHE. The measured data are represented by dots, whereas the solid lines are fitted equivalent
electrical circuits shown as insets (SC = space charge layer, HL. = Helmholtz layer, DL =

dielectric layer).

M-S plots for all samples are obtained by plotting Cscr, 2 versus potential, where the
donor density Ng is estimated from the slope of the linear part according to the M-S
relation for n-type semiconductors (see Figure 2.21):

<CfL>_2: () (E‘Efb—kiT) (2.1)

where Cgcr,/A is the capacitance of the space charge layer per area, ¢, is the relative
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permittivity of TiOs (e, = 70) [153], E is the applied potential, Epg, is the flat-band
potential, kg is the Boltzman constant, and T is the temperature.

400 _ 5
T |A]  As anodized 6O—J Air annealed 'C|Vacuum annealed
L 3004 -""""- ] s @ 888 8 8 & 490g N free .\5
' < e N-doped| &
= N 40- S, o o 37 P
~— 200 o0 ° o 4 20
N ’ 1 § . 2 %b Ng= 34x10
—~ N
20 M N

g 100+ " s N-free //”vq‘/ 3} ® N-free °
= e N-doped 1% e N-doped

O_ T O-PI T T T

T 0 T
-05 00 05 10 15 -05 00 05 10 15 -05 00 05 10 15
Potential (V vs. RHE)

Figure 2.21: Mott—Schottky plots calculated from fits of the potential-dependent EIS measure-

ments. The donor density (Ng) is given per cm?.

Two types of behaviour can be distinguished. First, a relatively constant capacitance,
independent of the potential, is revealed for the N-free as-anodised and air-annealed sam-
ples (M-S plots in Figure 2.21:A, B). The same can be seen in the corresponding Bode
plots (Figure 2.20:A), where the impedance modulus and phase curves overlap for all
potentials. This kind of behaviour is typical for a dielectric material. The second type is
observed for all N-doped arrays, and the vacuum-annealed N-free sample, with a positive
slope and saturated marginal regions in the M-S plots (Figure 2.21), typical for n-type
semiconductors. The corresponding Bode plot (Figure 2.20:B) shows clearly that both
the impedance modulus and phase shift change substantially with the potential .

Additionally, the slope in the M-S plots is divided by a plateau that can be easily
distinguished from the M-S relation for N-doped air-annealed sample (Figure 2.21:B).
This behaviour points to the presence of surface states. When there is a high density of
surface states, the Fermi level can become pinned within the potential range in which the
surface states lie. For the monoenergetic surface state, the intersect of the Mott—Schottky
plot is shifted from its actual flat band potential value, as illustrated in Figure 2.22.[154]

The donor density (Ng) is calculated for the arrays, which revealed an n-type semicon-
ducting behaviour (Figure 2.23:A). This is done according to Equation 2.1, i.e., from the
slope of the corresponding M-S plot as marked in Figure 2.21 (the slope of the cathodic
potential is used). The PAA matrix is neglected due to its high resistance, and thus only
the electrochemically active area of the column top (11 % of a WE area) is being counted.
This calculation was simplified using the same dielectric constant, €, = 70, for both N-free
and N-doped substrate layers. Also, a depletion layer thickness (eventually the dielectric
layer thickness) is calculated from the capacitance obtained from the EIS at 1.44V vs
RHE, while using the same active area, e, and neglecting the influence of the PAA (see
Figure 2.23:B). The M-S analysis shows that N-doped samples reveal an explicit n-type
semiconducting behaviour with N4 increasing in the order: as-anodised < air-annealed
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Figure 2.22: Diagram clarifies surface state-imposed changes on the shape and flat band po-
sition in a Mott—Schottky plot. Surface states can pin the Fermi level. In this case, all or part
of the applied potential is dropped across the Helmholtz layer, as the surface states are ionised
without changing the capacity according to the Mott—Schottky relation.[155] Where @Qq is the
positive charge when the donor surface states are empty, Q5 is the negative charge when the
acceptor surface states are fully occupied, and Cyy, is the Helmholtz capacitance.

< vacuum-annealed (Figure 2.23:A). On the other hand, except for the vacuum-annealed
films, all other N-free samples show predominantly dielectric behaviour as the value of
(C'/A)™* is almost constant.
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Figure 2.23: (A) Donor density Ny calculated for the different types of TiOy nanocolumn
arrays from the Mott—Schottky plots. (b) Depletion layer thickness calculated from the capaci-
tance obtained by EIS measurements at 1.44V vs RHE.

2.3.3 Conclusions

Based on the cyclic voltammograms and voltage-dependent EIS; a rough insight into the
electrochemical properties of the samples was obtained. Both the annealing treatment
and the nitrogen doping of the initial substrate affect the measured donor density of the
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samples together with their conductivity. These findings can be categorized into two
topics: the influence of the substrate and the post-anodising treatment.

The thermal treatments increase the donor density (/Ng) for the N-doped series in the
order: as-anodised < air-annealed < vacuum-annealed samples. This finding is in good
agreement with the cyclic voltammetry results, where the current density (conductivity)
shows similar trends, even for both substrate types (Figure 2.19:A, B). These observa-
tions are consistent with literature reports demonstrating that thermal treatment leads
to a phase transformation, in this case, from an initial amorphous anodic titanium oxide
to the anatase phase.[45, 46, 156—159] Increasing the crystallinity of the materials results
in higher conductivity, which was demonstrated by the CV. On the other hand, a thermal
treatment may cause oxidation/reduction and thus changes in the chemical composition.
For example, annealing in an oxygen-deficient environment leads to creating oxygen va-
cancies (VO) in the material, which act as shallow donors and lead to enhancement of
the n-type semiconducting behaviour.[48, 49] This effect depends mainly on the annealing
temperature, the initial VO concentration in the sample, and the partial pressure of Og
in the gas phase.[48] Therefore, the loss of oxygen is more pronounced after the annealing
in a vacuum than in the ambient atmosphere. Besides, the vacuum annealing seems to
lead to a substantial reduction of the columns, as was proven by their reoxidation during
the cyclic voltammetry at higher anodic potentials (Figure 2.19:C).

The presence of nitrogen in the substrate layer increases the measured donor density
and conductivity for all annealing treatments. N-doping is known to narrow the bandgap
of TiOs or form impurity states, leading to enhanced light absorption.[160, 161] M-S anal-
ysis of the N-doped arrays performed in this work shows a distinct plateau (Figure 2.21:B),
which may be attributed to Fermi level pinning due to surface/trap states.[162] This may
be an indication of the prevailing N-doping mechanism. Additionally, the CV of the
vacuum-annealed N-doped samples shows a characteristic behaviour for TiN anodising
that may hold some information about the presence of nitrogen in the columns.[151] For
more information about the chemical composition (TEM EDX and XPS analysis) of the
as-anodised pure TiOy and N-doped TiO, nanocolumns, please refer to the collaborative
publication.[119]

To summarize, the electrochemical properties of N-free and N-doped TiO5 nanocolumns
prepared by using PA A-assisted anodising, and post-anodising annealing in different atmo-
spheres have been studied. Cyclic voltammetry and Mott—Schottky analysis has revealed
that the incorporation of nitrogen and annealing in oxygen-deficient conditions lead to a
significant rise of n-type donor concentration in the titanium-oxide-based nanocolumns.
This demonstrates that the donor density, as well as the space charge layer of the columns,
can be easily adjusted by these treatments.

The present findings are of vast importance for future utilization of the TiOs-based
nanocolumn arrays for photoelectrochemical water splitting to obtain nanocolumns with
good electrical conductivity and a space charge layer localized at the column surface.
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Improving these properties will substantially enhance the photogenerated charge carrier

separation in these nanoarrays.
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2.4 Photoelectrochemical characterizations

The central objective of this work is to investigate the photoactivity of the prepared
TiOs-based nanostructures for their possible application as photo-anodes for the water
splitting reaction. This task has been simplified to photocurrent measurements (cyclic
voltammetry with chopped illumination at various wavelengths and incident photon-to-
current efficiency (IPCE) measurements) of selected MO, nanocolumn layers, focusing
on N-doped TiO, films. Even though the samples were extensively characterized, the
interpretation of some results is out of the scope of this work due to their complex nature.
Therefore, for the sake of avoiding uncertain conclusions and speculations and for keeping
a clear focus, only the most relevant outcomes are discussed. Despite this, the motivation
is to present and objectively compare a comprehensive set of MO, nanostructured layers
with less sophisticated analogies like compact MO, layers prepared by thermal or anodic
oxidation.

The performance of photoactive materials can be compared by their external quantum
efficiency (EQE), also referred to as the incident photon-to-current efficiency. In the case
of photoelectrodes, the IPCE is defined as the ratio of the number of charge carriers
(electrons/holes) collected by the photoelectrode to the number of incident photons of

given energy:

Jon [mA cm?]  1239.8 [V nm]
IPCEQ) [%] = Light [mW cm?| ' A [nm]
where Jpy, is the photocurrent density, Ijgn is the intensity of the incident (monochromatic)
light, and A is the wavelength of the monochromatic light. IPCE is affected by the
efficiencies of three fundamental processes involved in PEC as illustrated by Equation 2.3,

- 100% (2.2)

including charge generation (7e- u+ ), charge transport within the material (7transport), and

charge collection (transfer) at the electrode/electrolyte interface (eonection)-[163]

IPCE = (ne*/h+> (ntransport) (ncollection) (23)

2.4.1 Sample fabrication

Samples studied in this subsection are exclusively made from nitrogen-doped substrate
layers, specifically 5N, V53N, and “iN (see Table 2.1). Samples were anodised in the
large-scale setup with parameters chosen to match the previous study (Figure 2.3).[119]
For the complete fabrication procedure, please refer to subsection 2.1.3. Afterwards, the
surrounding PAA was partially (PE) or fully (FE) etched away (Figure 2.5) as described in
subsection 2.1.4. The complete removal of PAA was applied only to the AN nanocolumn
layer (Figure 2.5:C2) as it is the only one that forms a fully stable nanocolumn layer for
the given anodising conditions. Because the PAA etching may lead to a partial exposure
of the metallic substrate (or aluminium residues), all samples were subsequently anodised

one more time to a lower potential of 6 V (post-anodisation shown in Figure 2.3) to oxidize
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this layer. Samples were broken into smaller strips according to laser pre-engraved grooves
(10 mmx20 mm).

Similarly to the samples prepared for the electrochemical investigations (section 2.3),
part of the samples was annealed at 500 °C for 2 hours in the ambient atmosphere (AA),
a vacuum (VA), or a hydrogen atmosphere (HA). Overall, 16 different samples were char-
acterized, divided into two morphologies (with and without PAA, i.e., partially and fully
etched, respectively), three substrates, and four different post-processing techniques. This
series allows us to study the effect of nitrogen concentration within the substrate layer
and study the effect of oxidizing or reducing thermal treatment. Lastly, in the case of
the AN substrate, the influence of the surrounding PAA can be discussed when the PE
sample is compared with the fully exposed nanocolumns.

Additionally to the nanostructured layers, flat titanium oxide layers were prepared by
thermal and anodic oxidation. A titanium sheet (1.5 mm thick) of high purity (99.999 %)
was used as the starting material. The sheet was cut into 10 mmx30 mm strips, which
were mechanically polished to a mirror-like finish. One sample was thermally oxidized
in an ambient atmosphere for 5hours at 550 °C. Other samples were potentiostatically
anodised in 1 M HySO,4 aqueous solution at room temperature at 10 and 20 V for 15 minutes
without any further annealing. The 10V anodised sample gives a gold look (20 nm) while
the 20 V anodised and air-annealed samples have a blue tint (50-70 nm).[156, 164]

2.4.2 Experimental setups and measurement procedures

Photoelectrochemical scanning droplet cell microscopy (PE-SDCM) setup

Photoelectrochemical properties of selected MO, nanocolumn layers were studied by an
experimental photoelectrochemical scanning droplet cell microscopy (PE-SDCM) setup
at Institute for Chemical Technology of Inorganic Materials, Johannes Kepler University
Linz, where I did an internship in the group of Univ.-Prof. Dr Achim Walter Hassel.

A PE-SDCM is an advanced tool specifically designed to perform automatized map-
ping of photoelectrochemical properties over a specimen with a spatially varying compo-
sition.[165-167] A basic diagram of PE-SDCM is shown in Figure 2.24:A with a simple
operation concept shown in Figure 2.24:B.

The most crucial and complex part of PE-SDCM is an SDCM probe represented by a
flow-through 3-electrode photoelectrochemical cell (PEC), as will be discussed later. The
3D movement of the cell was provided by 3-axis motorized translation stages controlled
by home-made controllers and software (done by Dr Andrei lonut Mardare). While a
sample was fixed to an z/y-stage, the cell was mounted through a tension meter to a
z-stage to control and monitor the applied pressure. A home-made peristaltic pump

1 and 50ml reservoir

ensured an electrolyte exchange with the flow rate of 0.5 mlmin~
(at room temperature). A Faraday cage was built around the PEC to suppress electrical

interferences during the impedance measurements.
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Figure 2.24: (A) Schematic diagram of PE-SDCM setup and (B) illustration of the systematic
investigation of library materials by PE-SDCM as future proof of concept.

The PE-SDCM probe was a 3D printed flow-through 3-electrode cell (shown in Fig-
ure 2.25:A and designed by Dr Jan Philipp Kollender) that consisted of an electrolyte
inlet and outlet, a gold wire counter electrode (CE), a home-made silver chloride refer-
ence electrode (RE) shown in Figure 2.25:B, optical fibre and a silicon o-ring seal. The
original electrode configuration shown in Figure 2.25:A1, where the CE is placed in the
opposite channel as the RE, led to artefacts in the impedance measurements, presumably
caused by the narrow geometry of the channels with high resistance and thus the poten-
tial screening. This issue was solved by placing the CE near the RE (Figure 2.25:A2,
B). The stability and potential of the home-made RE (Figure 2.25:B) were measured
(E = Ep + 5mV) against a commercial Ag/AgCl in 3M NaCl RE (Ey = 195mV vs RHE
at 25°C, RE-1B, ALS Co., Ltd). The 3-electrode cell was connected to a potentiostat
(Compactstat IVIUM) and controlled by PC software (IviumSoft 2.794).

RE Ag/AgCI[[

Optical fiber
Optical fiber
output input

Ly

Vycor - porous

E E glass membrane

Electrolyte
infout-put  Saturated
Sample NaCl solution

Sample |:| Au

Figure 2.25: Photographs of (Al) PE-SDCM cell with the original separate electrode con-
figuration and (A2) with the improved united configuration. (B) Detailed photograph of the
home-made Ag/AgCl RE with a gold wire as CE.

The last component of PE-SDCM is the illumination system (Figure 2.26) that was
specially designed and built for this application. The main requirement was to ensure
a high illumination intensity of the sample area within the PE-SDCM cell for eventual
photo-corrosion experiments. Six discrete light-emitting diodes (LEDs) were chosen to
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cover the UV-VIS range for this purpose (Table 2.3). Two LED groups can be noticed
in Figure 2.26:3. The reason is that the VIS LEDs were already implemented within the
heatsinks, while the UV LEDs were bought bare on metal-core printed circuit boards
(PCBs) for easier exchange.

Table 2.3: LED sources used in the setup and their measured output illumination intensity.

Wavelength FWHM [Mlumination intensity
Part Number
[nm] [nm] (mW]
365 M365D1 7.5 0.34
395 M395D3 16 0.36
420 H2A1-H4207 20 0.93
470 M470F3 20 3.13
530 M530F2 30 1.29
625 M625F2 15 1.31

Supplier: Thorlabs
T Supplier: Roithner LaserTechnik

All LEDs were powered by LED drivers (LEDD1B, Thorlabs), which are controlled
by a microcontroller (Arduino Uno) pulse width modulation (PWM) through a cus-
tom low-pass filter circuit board. A broad-band stabilized tungsten-halogen light source
(SLS201L/M, Thorlabs) was added to imitate the sunlight illumination. All light sources
are fibre-coupled by a 1-to-7 fan-out bundle with 600 pm core diameter (BE76HS01, Thor-
labs).

The power of illumination was measured by an optical power metre—microscope slide
thermal sensor (S175C, Thorlabs), shown in Figure 2.27:A. This was performed in a pseudo
black box at room temperature using the PE-SDCM cell filled with a buffer solution to
imitate the electrochemical experiments. The power density is estimated as the measured
power divided by the working electrode (WE) area—the area in contact with an electrolyte.
This rough simplification was done only due to the solely comparative nature of this work.
Meanwhile, the theoretical estimation of the illuminated area is approximately 70 % of the
WE area based on the geometry, the numerical aperture (NA) of the fibre and excluding
the refraction.

Our wish was that the illumination system should be able to perform at chopped
illumination. This feature was realized by adding a fast switching mechanical shutter
into the system, requiring additional optical elements (Figure 2.27:B). The optics for this
system was designed in the Zemax software to minimalize the intensity losses. The input
light is decoupled from the bundle fibre then focused by two aspheric condensers into an
output fibre with 1500 pm core diameter (not shown in figures).

The shutter was made out of a hard drive disk (HDD) reading mechanism. This idea
was inspired by report of Scholten [168], which utilizes a fast-moving HDD reading arm
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Figure 2.26: Photograph of the illumination system: (1) The mechanical shutter optics. (2)
The mechanical shutter made out of an HDD reading mechanism. (3) Six fibre-coupled LEDs
with heatsinks. (4) Fibre-coupled stabilized Tungsten-halogen light source. (5) The shutter
driver. (6) Electric power distribution and voltage regulator. (7) Arduino Uno with the custom
circuit board for LED drivers. (8) Power supply. (9) LED drivers.

as a laser beam shutter. The movement of the arm was induced by a current flow in the
voice coil, for which a custom driver was built and controlled by the microcontroller board
(Arduino Uno). This driver, LED drivers, and the microcontroller board are powered by
a 150 W power supply (15V DC). The shutter performance was measured using a silicon
photodiode (FDS100, Thorlabs) on a testing circuit (Figure 2.27:C1). The speed of both
state changes was estimated under 1.3 ms (Figure 2.27:C2). Noteworthy, this value is far
slower than 450 ns in the referred report [168], where the design of the arm was optimized
for fast laser pulses, being lighter, with shorted travel distance and V-shaped notch. Still,
this performance is sufficient for the planned chopped illumination experiments.

Lastly, a program was developed in the LabView environment, ensuring communi-
cation with Arduino microcontroller that controls the output of LEDs and the shutter

position.
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Figure 2.27: (A) Photograph of illumination intensity measurements within the PE-SDCM
cell by a thermal sensor (measured intensities are tabulated in Table 2.3). (B) Cross-section of

a 3D model of the shutter and its optics. (C1) Circuit for performance measurement of shutter
and (C2) the measured data. The estimated rise time is 1.24 ms and fall time is 1.20 ms.

Photoelectric spectrometer setup

The majority of photocurrent measurements on the selected MO, layers were performed
by the aforementioned experimental PE-SDCM setup at ICTIM, JKU. To add to the
credibility, these results are supplemented by additional independent testing performed
on a different setup. This setup is situated at the Center of Materials and Nanotechnolo-
gies (CEMNAT) at the Faculty of Chemical Technology of the University of Pardubice.
In this case, Dr Milos Krbal, headed by Dr Jan Macak, performed all experiments and
processed the data. When compared to the PE-SDCM, the setup used in CEMNAT
consists of a photoelectric spectrometer (Instytut Fotonowy) with a 150 W Xenon lamp
and a monochromator with a bandwidth of 10 nm connected with the modular electro-
chemical system AUTOLAB (PGSTAT 204, Metrohm Autolab B-V., Nova 1.10 software).
Table 2.4 summarizes the key differences between these two setups.

Measurement procedures

All measurements were done in 0.1 M phosphate buffer (pH 6) at room temperature. The
standard 0.1 M NaySO, solution [169, 170] was purposely avoided because it caused a
significant PAA dissolution during the electrochemical measurements damaging the layer.

This corrosion is still a surprising outcome because the 0.1 M NaySOy4 solution has a pH

72



Table 2.4: Parameters of photocurrent measurement setups.

PE-SDCM Photoelectric spectrometer
(ICTIM, JKU) (CEMNAT, UPCE)
Light source 6xLED + Tung.-hal. lamp Xe lamp—monochromator
Electrolyte 0.1 M phosphate buffer (pH 6)
Flow-rate 0.5mls* none

CE Au wire Pt wire

RE home-made Ag/AgCl commercial Ag/AgCl
Size of WE Z2.7Tmm 26 mm

of 6.7-6.8, which is still in the passivation range (pH 5-8) of the aluminium Pourbaix
diagram,[171] and thus, the alumina should be immune. One of the most reasonable
explanations is a local change of pH caused by the electric field. A popular sodium
hydroxide (NaOH) solution was not considered because it is a highly aggressive PAA
etchant.

The procedure for every sample measured by PE-SDCM consists of open circuit po-
tential (OCP) measurement/stabilization for at least one hour. Afterwards, an EIS at
OCP in the dark (10* to 107! Hz, 10 mV amplitude) was performed to check the sample
before a series of CVs (—0.5 to 1.5V vs Ag/AgCl) that could modify the sample surface.
At first, a series of three CV cycles (50mV s™!) in the dark was performed, followed by a
series of variable scan rate (10, 20, 40, 80 mV s™!). The chopped illumination CVs were
performed at the scan rate of 10mVs™! and each LED (Table 2.4) illumination. Finally,
EIS in the range of —0.7 to 0.2V vs Ag/AgCl (for Mott—Schottky analysis, starting from
the anodic potential) was performed in the dark and under the illumination of the 365 nm
LED. Unfortunately, only the chopped illumination CVs are presented as the rest of the
results are inconclusive.

The measurement procedure using the photoelectric spectrometer for selected samples
(mainly air-annealed nanostructured samples and flat Ti films) was simplified to only three
CV cycles in the dark in the same potential window (—0.5 to 1.5V vs Ag/AgCl). Pho-
tocurrent measurements followed this at 0.5 and 1.5V versus Ag/AgCl within a spectral
range of 300-500 nm (step size of 5nm) to obtain the IPCE spectra.

2.4.3 Chopped light linear sweep voltammetry and IPCE mea-

surements

Chopper light linear sweep voltammetry

Figure 2.28 shows the current density vs potential curves under chopped illumination of
the 365 nm LED using the PE-SDCM setup for all samples. The photocurrent density (J,n)
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can be easily extracted as the difference between the total current (Jio1a1) and the dark
current (Jqarx), as illustrated in Figure 2.28:C. The photocurrent density of all samples
increases with the anodic potential, which indicates the standard n-type nature of the
electrode material. This growth is in good agreement with expectations and the previous
M-S analysis (see section 2.3).
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Figure 2.28: Photoelectrochemical properties of (A-E) nanostructured layers formed on
nitrogen-doped substrates (Table 2.1) and (F) oxidized titanium foils. The chopped J-V curves
were obtained under the 365 nm LED and illumination cycle of 5s (frequency 0.2 Hz and cycle

duty of 50 %, illustrated in (A)). Measurements were performed using the PE-SDCM in 0.1 M

1

phosphate buffer and a scan rate of 10mVs™". Samples marked by an asterisk (*) have been

anodised to 4V versus Ag/AgCl before measurement (as discussed in the following text).

Dark currents and additional anodising

The CV helps identify samples with relatively low electrical resistivity that show high
dark currents (Figure 2.29 in pale colour). In this group belongs all hydrogen annealed
(HA) and fully etched (FE) samples except the air-annealed (AA FE) one. In the case of
hydrogen annealing, it may be simply explained as oxidation of the reduced TiO;. TiO,
is reduced by thermal treatment in a hydrogen environment, which increases the oxygen
vacancies as shown in the following equation:

05 +Hy, — V& +2¢ + H,O (2.4)
where Og is the O* ion in the oxygen lattice site, Vo is the oxygen vacancy with a

double positive charge, and €’ is the conduction electron.[45] In this case, the conductivity
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of the layer grows with the increased density of charge carriers, resulting in an unwanted

rise of dark currents.
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Figure 2.29: Comparison of voltammograms under chopped LED illumination (365nm,
~6mW cm~!, Table 2.3) for samples before and after (marked by asterisk (*)) anodisation
by CV (—0.5V to 4V versus Ag/AgCl).

From the technological aspect, these samples behave like metals, which undergo an-
other oxidation when an anodic potential is applied during the first cycle of the CV
procedure. This unstable behaviour during the characterization, as well as relatively high
dark currents, is undesirable. Therefore, the affected samples were additionally anodised
to form a thin oxide layer to get more useful photocurrent information. This time, the
anodisation was done right before the characterization inside the PE-SDCM cell using the
same electrolyte (0.1 M phosphate buffer of pH 6) and three CV cycles in the range from
—0.5V to 4V vs Ag/AgCl and scan rate of 50mV s™!.

Surprisingly, this additional anodising also improves the response of the FE samples.
This outcome may appear predictable as removing the PAA layer exposes the underlying
metallic substrate. However, these samples were post-anodised up to 6 V in 0.3 M oxalic
acid right after the PAA etching. Therefore, analogically to the aluminium anodisation,
the anodisation of titanium in the phosphate buffer probably gives a more compact oxide
layer than in the oxalic acid. A similar conclusion was made by Sul et al. in their com-
prehensive study of titanium anodising,[172] where they conclude that less concentrated
and more neutral electrolytes make more dielectrically stable oxides. On the other hand,
the air-annealed fully etched sample (VAN FE AA) gives the lowest dark current values
in the FE series (Figure 2.28:E), demonstrating the superiority of the thermal oxidation
on air. This observation elegantly concludes the topic, proving that proper oxidation is
essential for fabricating a working photoelectrode.

The samples anodised before the PEC characterization in this way are for further

reference labelled by an asterisk (*) and cannot be directly compared with the other
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samples, which were not processed as such, without caution.

IPCE measurements

By extracting the photocurrent density from voltammograms measured under chopped
illumination of the remaining LEDs (not presented), rough IPCE spectra can be plotted
as shown in Figure 2.30 by dashed lines for the air-annealed samples. For comparison,
the graph is supplemented by the IPCE spectra of the same samples measured by the
photoelectric spectrometer setup. Here, the differences between both measurements of air-
annealed samples can be observed. Unfortunately, these values are not linearly dependent,
which excludes a singular systematic error caused by a sample or measurement variation.
Nevertheless, the IPCE trends match for both machines, and thus it is believed that even
the experimental PE-SDCM setup provides sufficiently relevant information, especially in

the case of comparative interpretations.
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Figure 2.30: A comparison of the IPCE spectra measured by both setups: (full line) the
photoelectric spectrometer setup and (dashed line) the PE-SDCM setup. Photocurrents were
measured at an applied bias of 1V versus Ag/AgCl.

For a better illustration, Figure 2.31 presents a summarized comparison of IPCE
obtained by PE-SDCM under 365 nm LED illumination for the various nanocolumn layers
and compact oxide layers formed on a titanium sheet (used as a reference). These IPCE
values were calculated from the photocurrents measured at 1V versus Ag/AgCl. Several
important trends can be observed here. The most significant outcome is that the highest
IPCE of almost 3% has been found for the thermally oxidized Ti sheet used as the
reference. This value matches the reported values between 2-3 % for thermally oxidized
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Ti foils at 500-700 °C for 10-60 min.[173] The second-highest IPCE with a value of less
than half of the AA Ti sheet was obtained for the PAA-free air-annealed layer (AN FE
AA). The two anodic layers (10 V and 20 V) on the Ti sheet and the PAA-free vacuum-
annealed layers (/AN FE VA) are in the middle, close to but still over the 0.1 % level of
the second-highest IPCE. The rest of the MO, nanostructured layers are left far behind
with relatively poor performance.

The shape of the IPCE spectra (Figure 2.30) is almost identical for all air-annealed
partly etched samples with relative very low efficiencies at wavelengths above 400 nm
(3.1eV). This indicates that these layers have similar properties (indirect bandgap), yet
they may differ in the active surface area (not the macroscopic WE area). The same also
applies to the fully etched sample except for a small plateau at low wavelengths at the
300-315nm region. Surprisingly, this feature is observed only for the fully etched nanos-
tructured AN layers (with or without nanocolumns) shown in Figure 2.33. Meanwhile,
the partly etched nanostructured layers (Figure 2.30) and the planar thermal oxide formed
over the AN substrate (Figure 2.31:A) give a sharp slope. This plateau is only interesting
because it usually indicates the maximum value of the IPCE peak.[46] Therefore, it is
possible that half of the IPCE peak (AN FE AA) is already visible in the observed range.

The observations mentioned above indicate that, in the case of the studied TiOs-based
nanocolumns, the planar MO, layer grown below the nanocolumns has a crucial impact
on the IPCE values and the a-MO, nanocolumns do not bring a significant improvement.
This hypothesis is confirmed by the following conclusions:

(i) The IPCE of the AN FE AA sample is over 20x higher than that of the same film
but PE, even though the difference in the active area (the surface of the columns and
the substrate) is only up to 4x larger. Therefore, this extensive increase must be
attributed to the layer of thermal oxide grown on the substrate during air annealing.

(ii) The structure of the formed nanocolumns contains voids (hollow parts). In the case
of 5N and /5N layers, usually, a singular void is located under the root. In contrast,
the AN columns form a predominantly hollow structure seen in the cross-view in
Figure 2.32:A. However, Bendova et al.,[119] reported that these interior parts of
the AN nanocolumns are filled by a hydrated N-doped TiO,—Al,O3. This claim,
predominantly based on the XPS analysis of Ar sputtered layers, is believed to be
wrong due to a possible misinterpretation of the XPS results. Surprisingly, neither
the included TEM (EDX) analysis does support this claim. Moreover, similar fea-
tures in the columns formed from substrates with less nitrogen content are claimed
to be voids or bubbles. To prove whether the inside of the column (*1N) is solid or
hollow, a cross-section of the 1N PE sample (Figure 2.32:B1) was coated by a thin
gold layer, shown in Figure 2.32:B2. Here, the Au layer tightly envelops the inner
part of columns, clearly showing a concave interior that is anticipated for hollow
columns. Unfortunately, the hollow profile is assumed to be less advantageous to
the solid column due to low light absorption, electrical conductivity, and charge
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Figure 2.31: A comparison of the IPCE values measured in the PE-SDCM setup under the
365nm LED illumination (3.4€V) at the applied bias of 1V versus Ag/AgCl (the corresponding
voltammograms are shown in Figure 2.28). The labels are consistent with the fabrication section
(section 2.1): partly etched (PE), fully etched (FE), as-anodised ( ), and annealed in the air
(AA), vacuum (VA), or hydrogen (HA) atmosphere. Two layers formed by anodic oxidation
of the Ti sheet in a sulphuric acid electrolyte are added, marked by their anodising potentials:
10V and 20 V. Insets show false colour SEM cross views of the nanostructured layers (green —
nanocolumns, grey — alumina, yellow — substrate). High-resolution SEM images of and further
information about the nanocolumn samples are shown in Figure 2.5.

separation.

(iii) The performance of the AN FE AA layer with or without nanocolumns is almost
identical, as shown in Figure 2.33:D. The observed difference in the lower wave-
lengths is presumably caused by the nanocolumn residues after their removal by a
cloth cleaning swab stick (Figure 2.33:C). Therefore, the contribution of nanocolumns
to the IPCE is either negligible or zero.

(iv) Among the PE series, just the /5N gives the highest IPCE values for the AA layer.
The reason is that the “sN PE samples suffer from the largest exposure of the un-
derlying substrate caused by alumina defects (discussed in subsection 2.1.4). The
subsequent air annealing leads to its additional oxidation and formation of a local-
ized thermal oxide film that probably carries most IPCE. This effect is analogous
to the AN FE AA but much weaker due to a partial exposure of the substrate.

(v) Like in the previous point, a correlation between the exposed substrate area and
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the IPCE value of the as-anodised samples can be observed in the increasing order
from V1N PE < 3N PE < 5N PE < AN FE. Same as in the case of air annealing,
the exposed area is oxidized by the post-anodising process. However, the IPCE
enhancement caused by the additional anodic oxide is much smaller compared to
the thermal one. An analogy can be noted for anodised and thermally annealed Ti
sheets.

Lastly, the thermally oxidized planar sample (Figure 2.33:A) has approximately 2x
higher performance than the nanocolumn version (Figure 2.33:B), as illustrated on
the AN substrate shown in Figure 2.33:D. This difference suggests that nanocolumns
not only have a poor additional value to the IPCE of the system (as discussed in
point iii)) but also somehow hinder the possible performance of the thermal oxide.
This shadowing can be roughly supported by the geometry of the system, where the
nanocolumns take up to 25 % of the 2D projection, and the root takes an additional
30-35% of the oxide surface, giving together approximately 50% of the missing
performance. Even though the poor performance of nanocolumns was indirectly
proven, the similar behaviour of the root area is just a speculation, as it is not
possible to separate it from the substrate oxide.

50 nm

50

Figure 2.32: SEM cross-section views showing the hollow structure of nanocolumn layers of
(A) AN FE and 1N PE (B1) before and (B2) after being coated by 8 nm thin gold layer (sputter
deposited in the Leica setup, see subsection 5.3.1).

Furthermore, the performance of the as-anodised layers is, in most cases, notably

low. It can be seen for the /3N, 1N substrates, and especially for the anodised titanium

sheet (Figure 2.31). Although the air annealing of the Ti sheet and its anodising at

20V produces oxide films of similar thickness (50-70 nm; estimated from the colour and
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Figure 2.33: SEM top and cross-section views of (A) a compact MO, layer (185nm) formed
by thermal oxidation (same as for the air-annealed nanostructured samples, 550 °C for 2 h in the
ambient atmosphere) of the /AN substrate layer. Before annealing, the superimposed aluminium
layer was removed by a 1 M NaOH aqueous solution. The 1N FE air-annealed nanocolumn array
with 128 nm thick oxidized substrate layer (B) before and (C) after column removal. (D) IPCE
spectra of these layers measured by the photoelectric spectrometer setup at the applied bias of
1.5V versus Ag/AgCl.

literature)[156], their performances are apart by order of magnitude. This performance
gap originates from the different crystal structure of the oxide formed by the anodisation
(amorphous), and the thermal oxidation (anatase or rutile), as will be discussed in later
texts. This difference between as-anodised and air-annealed oxides also supports point v).

Point vi) assumes the equivalence between MO, layers formed on the planar substrate
with the 185 nm thickness (Figure 2.33:A) and the one formed through the nanocolumn
layer (Figure 2.33:B, C) with the thickness of 128 nm. Although these layers differ in
their thickness, it is assumed that it does not play a significant role. The reason for
neglecting this apparent difference is based on the IPCE comparison of a much thinner
(25nm, Figure 2.34:A) layer that performs better than the 128-nm layer. Therefore, the
thickness cannot be a dominant cause for the 128-nm layer formed under nanocolumns to
perform worse than the 185-nm layer formed over a free surface.

Figure 2.34 shows a comparison of air-annealed MO, layers grown on all three nitrogen-
doped substrates. The annealing parameters were the same as for the air-annealed
nanocolumn samples, i.e., 550°C for 2h in the ambient atmosphere. The microstruc-
ture of the deposited metallic films changes with the nitrogen content from a dense to a

more columnar structure (already seen in the /1N substrate) typical for TiN films.[174] It
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Figure 2.34: SEM tilt and cross-section views of air-annealed (same as for the air-annealed

nanostructured samples, 550 °C for 2h in the ambient atmosphere) nitrogen-doped substrates
(after Al removal): (A) “sN with 25 nm oxide and 160 nm metallic layer, (B) ¥/sN with 50 nm
oxide and 270 nm metallic layer, and (C) AN with 185 nm oxide and 125 nm metallic layer. (D)
IPCE spectra of these layers measured by the photoelectric spectrometer setup at the applied
bias of 1.5V versus Ag/AgCl.

is well documented that the microstructure of the films can influence the thickness of the
thermal oxide.[158, 174, 175] The same is observed here. The substrates of lower nitrogen
concentration (YsN, ¥sN) result in much thinner oxide layers with fewer morphological
features than the iN substrate.

More surprising is that these oxide layers have an almost identical chemical composi-
tion with a zero nitrogen content, as estimated by XPS and shown in Table 2.5. These
findings demonstrate that the thermally grown oxide has stoichiometry very close to a
pure TiO,. Surprisingly, the oxygen ratio increases slightly with the nitrogen content in
the initial substrate. A similar observation was made by Hinode et al.,[175] who showed
that thermal oxidation of TiN leads to a bilayer structure composed of TiOy on TiN
without any intermixing layer. The comparative IPCE spectra (Figure 2.34:D) show up
to a 15 % higher response for the oxide layer formed over the AN substrate. As discussed
before, such an increase cannot be associated solely with the oxide thickness. The mor-
phology of the oxide might have significant effects as well as the crystallinity, which can
vary based on the microstructure of the initial substrate and still needs to be proven in
future work.

In all cases, the thermal TiOs layers should be composed of the anatase phase, ac-
cording to numerous reports.[46, 157, 164, 173] These annealing parameters (550 °C for
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Table 2.5: Relative atomic concentrations of elements present in the planar oxide layer grown
on the nitrogen-doped substrates by thermal oxidation (shown in Figure 2.34). Concentrations
are estimated from the wide XPS spectra of ArT beam sputtered spots.

Atomic concentration [%]
Ti O N C Si F P

YsN flat AA TiO1 o3 31.7  61.2 0.1 5.5 1.1 0.3 0.1
YsN flat AA TiO1 96 31.2  61.0 0.1 5.6 1.7 0.4 0.1
VAN flat AA TiOs2.01 30.6 61.6 0.1 5.4 1.3 0.6 0.6

Label Stoichiometry

2h in the ambient atmosphere) were chosen as they were reported to give the highest
ratio of anatase phase, which results in large photocurrents and IPCE values.[46, 176]
A higher temperature treatment leads to the formation of the rutile phase, which has a
lower bang gap (3.0€eV) than anatase (3.2¢eV) but, in general, gives a worse photocatalytic
activity.[46] This is no surprise since anatase has a lighter effective mass and longer life-
time of photoexcited electrons and holes.[177] This is nicely shown on the IPCE spectra
of the AN substrate air-annealed at 600 °C (Figure 2.35:B black curve). Here, the IPCE
maximum is shifted to higher wavelengths as a result of the rutile smaller bandgap. Mean-
while, the overall IPCE decreases significantly. The same transition effect during the air
annealing is expected also for nanocolumns having their composition close to pure TiOg
in the anatase phase. However, further excessive study (TEM analysis) still needs to be
made to better understand their composition and microstructure after various treatments.
For more information about the composition of the as-anodised nanocolumns, please refer
to our collaborative publication.[119]

Lastly, Figure 2.35:A, B shows a trial to reproduce the results of Licklederer et al.,[178]
who reported that a gold nanoparticle (AuNP) layer formed by the dewetting of a thin Au
film (described in detail in section 5.3) over a rutile TiO, film increases the IPCE in the
visible region (~600nm). A similar result was reported by Krysiak et al.,[179] who used
photodeposited gold nanoparticles on the rutile and anatase phase of TiOy. Sadly, no
detectable increase of photocurrents was observed in the 400-800 nm region (of plasmonic
resonance) for any of the deposited AuNPs layers (data not shown). Nevertheless, AuNP
layers of various distributions were successfully deposited over the oxidized substrate, and
a similar trend of IPCE was measured, as observed by Licklederer. Based on the cur-
rent knowledge, it is assumed that the problem might be in a low dewetting temperature
that may be high enough for the nanoparticle formation, but it may not be sufficient to
create a proper bond between AuNPs and the substrate oxide. Substrate contamination
by carbon can have the same effect, preventing direct contact between Au and TiO (see
subsection 5.3.3 for the Au deposition on a carbon layer). Therefore, more extensive and
systematic research should be conducted in the future to find the best working parame-
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Figure 2.35: (A) SEM images of dewetted (350 °C, 5min) Au thin films of various thicknesses
on the air-annealed (600 °C, 10h) 1N substrate layer. (B) Graph showing IPCE of these layers

measured at 0.4V in 0.1 M phosphate buffer (pH 6) with 5nm step. (C1-2) Tilted SEM images
of nanocolumn substrate sputter-deposited by a 10-nm gold layer (C1) before and (C2) after the

dewetting process.

ters to utilize the plasmonic effect of AuNPs. Figure 2.35:C1-2 shows a preview of the
nanocolumn a-MQO, layer decorated by a very dense and homogenous layer of AuNPs.
This sample was fabricated as a proof of concept to show a possibility to uniformly cover
even these columns with a high aspect ratio.

2.4.4 Conclusions

This section investigates the photoelectrochemical properties of the selected nanocolumn
layers formed by PAA-assisted anodising of titanium substrates of various nitrogen con-
tents. Here, the anodising parameters were chosen to obtain the same column morphol-
ogy as studied in our previous work.[119] Unfortunately, using these parameters (a long
substrate anodising with the slow re-anodising ramp) resulted in very unstable columns
(section 2.2), except for the AN substrate. Therefore, the PAA has to be only partially
removed to reveal only the tops of the columns while still leaving a sufficient layer for
their support.

Although this solved one problem and allowed us to compare the effect of various
nitrogen concentrations in the substrate for nanocolumn layers, it also has created a new
problem caused by the inhomogeneous etching of the PAA. This process revealed the un-
derlying substrate layer to varying degrees depending on the thickness of the partly etched
PAA layer related to the substrate composition (column length). Therefore, the layers
were anodised (post-anodising) after etching to oxidize all metallic surfaces accessible to

83



the electrolyte. Furthermore, the samples were thermally annealed in various oxidizing or
reducing atmospheres to study the effect of the created oxygen vacancies. The presence of
the supporting PAA layer creates an additional issue because it is incompatible with com-
mon and well-performing electrolytes used for photoelectrochemical characterization of
TiO,, such as NaSO4 or NaOH. To avoid the undesirable etching of the PAA, phosphate
buffer was chosen for all experiments.

All samples were measured in the experimental PE-SDCM at ICTIM JKU, with a
custom-built LED illumination system, which is in detail discussed in subsection 2.4.2.
For further validation of the results, the IPCE of the selected samples was also measured
by Dr Milos Krbal using the photoelectric spectrometer at CEMNAT UPCE.

Based on all findings, the most significant conclusion is that the prepared nanocolumns
have negligible IPCE performance and thus are not feasible as a photoelectrode material.
The most convincing argument is the IPCE comparison between a nanocolumn layer
before and after columns being wiped, showing a minor difference. Even though, this
decrease cannot be unambiguously associate only with the removal of nanocolumns. A
more reasonable explanation can be simple shadowing of the surrounding more active
thermal oxide by nanocolumn residues. This outcome is even more highlighted when the
nanostructured surfaces show just a fraction of performance compared to the flat oxide
layers, which are considerably less demanding in terms of the fabrication requirements.

This poor performance is assumed to be primarily related to the morphology of the
selected nanocolumns. The formed nanocolumns consist of defects in the form of voids
located near the root for substrates of lower nitrogen concentrations (%:N, ¥sN), while for
the highest nitrogen concentration (%1N), the nanocolumns have the characteristic hollow
structure. The voids are surrounded by a very thin TiOs-based shell, presumably not a
great electrical conductor, light absorber, or electron—hole separator.

The chemical composition is another factor that can play a significant role. This can
especially be related to the less stable nanocolumns (5N, /3N), in which the roots consist
of a mixture of titanium and aluminium oxides that makes them chemically unstable and

less conductive.
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3 CONCLUSIONS AND FUTURE OUTLOOK

This part of the thesis studied the morphology and electrochemical and photoelectro-
chemical properties of titanium oxide nanocolumn arrays formed by the porous anodic
alumina-assisted anodising of a superimposed aluminium layer over titanium-based sub-
strates. The general goal of this work was to fabricate and analyse nanostructured TiOs-
based layers, which could possibly be used as a photoanode for photoelectrochemical water
splitting, otherwise termed as the production of solar hydrogen.

The fabrication section demonstrates two anodising setups successfully used to prepare
a variety of samples:

1. The flow-through pressing cell that can be used with significant advantages in R&D

applications where a broad variability of anodising parameters is required.

2. The large-scale setup that can be, on the other hand, utilized for applications re-

quiring large sample areas and homogeneous processing.

The etching of PAA was optimized to achieve the same exposure for various heights of
the nanocolumn arrays. However, it was found that it leads to the formation of defective
sites, which have a crucial impact on further evaluating PEC properties of partly etched
samples.

The electrochemical characterization of the PAA embedded nanocolumns (section 2.3)
confirmed most of the expectations. A significant difference between the behaviour
of the layers formed on pure (N-free) and nitrogen-enriched (N-doped) titanium sub-
strates was identified. The N-free nanocolumns showed classical dielectric properties
for the as-prepared and air-annealed samples, while the N-doped layers gave a desir-
able (n-type) semiconducting behaviour for all post-processing conditions as confirmed
by Mott—Schottky analysis. It was also revealed that the selected parameters of the
vacuum annealing treatment lead to a substantial increase in the dopant concentration,
presumably in the form of oxygen vacancies. These findings agree with the literature.
Even though these results did not deliver any significant novelty to the field, they are
of vast importance for future utilization of the TiOs-based nanocolumn arrays for pho-
toelectrochemical water splitting. They describe how to obtain nanocolumns with good
electrical conductivity and a space charge layer localized at the column surface and how to
enhance the photogenerated charge carrier separation in these nanoarrays substantially.

The photoelectrochemical properties of nanocolumn layers (section 2.4) were investi-
gated during an internship at JKU in Austria. For this purpose, a custom-built illumina-
tion system was constructed and added to the experimental PE-SDCM setup. Addition-
ally, the results obtained by this setup were validated by IPCE measurements performed
on a photoelectric spectrometer by Dr Milos Krbal (University of Pardubice). In summary,
the prepared nanocolumn layers showed only minor photoelectrochemical performance
based on the IPCE results. The nanostructured layers were greatly overperformed by flat
thermal or anodic oxides formed by technologically more straightforward methods. The
reason is probably the characteristic hollow morphology of the nanocolumns formed by
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the chosen substrate composition and anodising parameters. This influences not only the
morphology of the nanocolumns but also their chemical stability to withstand the PAA
etching. Due to this reason, the comparison between the nanocolumns formed on sub-
strates of different nitrogen contents could be performed only between arrays still partly
embedded in the alumina layer.

This issue was later addressed by a systematic study of the effect of anodising condi-
tions on the morphology and stability of the formed nanocolumns (section 2.2). The most
critical outcome demonstrates the possibility to fabricate a perfectly stable nanocolumn
array re-anodised to up to 300V even from the pure Ti substrate. This is an overwhelm-
ing advancement compared to the previous reports on achieving stable arrays only to
re-anodised potential up to 40 V. Besides the increase of stability, the improved anodising
conditions also lead to a more compact /solid column structure without undesirable voids.

Unfortunately, further photoelectrochemical investigation of these novel layers was
not conducted within the time scope of this thesis. However, the current findings present
solid foundations for a future comprehensive study comparing both effects of the substrate
composition and the nanocolumn morphology. All of this without any complications with
the stability of the nanocolumns, and thus wholly avoiding the supporting alumina layer.
Therefore, it is believed that these improved nanocolumn layers may provide a much
higher IPCE when compared to the ones presented in this work. On the other hand,
it is questionable whether they can rival other materials in PEC water splitting, where
other methods can easily achieve a larger surface area and higher light absorption. The
objective reason for this is that the PAA-assisted anodisation cannot deliver the same
flexibility in the prepared structures hand in hand with a simple fabrication process. On
the other hand, currently, there is no utilization of the nanostructured prepared by PAA
and the ability to achieve a high order for the PEC. Therefore, it is advised that future
studies also focus on the unique advantage of this technique that can be utilized in optical

sensing.
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Part 11

Template-based fabrication of gold
nanoparticles

‘And now for something completely different.’

Monthy Python
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Introduction

The interest in gold nanoparticles (AuNPs) dates to the 4" century Lycurgus Cup (shown
in Figure 3.1), which changes colour depending on the location of the light source. How-
ever, the first rigorous and scientific study was done in 1857 by M. Faraday when he
delivered his Bakerian Lecture to the Royal Society entitled ‘Experimental Relations of
Gold (and other Metals) to Light’[180] He described the preparation of (colloidal) gold
nanoparticles for the first time as well as their intense red-violet colour as a function of
the particles.[181] Today, it is known that the underlying phenomenon is attributed to the
collective electron oscillation excited by optical frequency electromagnetic wave known as
the localized surface plasmon resonances (LSPR). It is well known that localized surface
plasmons (LSPs) can focus light to a nanometre scale and strongly enhance the electric
field near nanometals, which is called the antenna effect.[182] The research field dealing
with such plasmon characteristics is called ‘plasmonics’ and has been extensively investi-
gated for its wide application area in, e.g., optical sensing, light generation, biomedicine,
electronics, and data storage.[183] Among other plasmonic NP candidates (Ag, Cu) having
their LSPR in the visible region, AuNPs are preferred especially for biological applications
due to their inert nature and biocompatibility,[183] and easy functionalization provided
by the thiol-gold association.[184] The increased utilization of AuNPs in recent decades
quickly reflects the growing demand for their application-tailored production.

Figure 3.1: The Lycurgus cup: (A) The glass appears green when illuminated from the outside
and (B) purple-red when illuminated from the inside.[185]

This part of the thesis will demonstrate one of the AuNPs fabrication methods. AuNPs
are synthesized by a solid-state dewetting (SSD) of a thin gold film deposited on nano-
bowled aluminium (Al) templates. The Al templates are prepared by controlled anodic
oxidation of the Al sheet and subsequent removal of the formed porous anodic alumina
(PAA). Thus, similarly to the previous part, this fabrication technique utilizes the PAA
morphology that forms the bottom Al template. In contrast to the PAA-assisted anodi-
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sation (section 1.6), this time, the focus is on the self-ordering phenomenon of the PAA
(section 1.5), resulting in an almost uniform hexagonal alignment. This way, it is possible
to prepare a 2D array of highly ordered AuNPs with tunable properties, e.g., size and
spacing. This AuNP array was further transferred to various transparent substrates to
obtain the LSPR element.

This work was conducted in close collaboration with Dr Attila Bonyar (Department of
Electronics Technology at Budapest University of Technology and Economics, Hungary),
who demonstrated a label-free DNA biosensing on these AuNP layers. This real appli-
cation proved that these plasmonic nanostructures could be used as a versatile optical
sensing platform (illustrated in Figure 3.2) for the detection of a large variety of receptor—
target molecular interactions (e.g. nucleotide sensors or immunosensors). This biosensing
part can be found already in the published joint study [186], or as the attachment (in the
appendices chapter B) at the end of this thesis.

Figure 3.2: Graphical illustration of mushroom-like plasmonic structures functionalized by
single-stranded DNA (ssDNA) probes (cyan) for the detection of target ssDNA (magenta).

This part of the thesis is like the first part, divided into two thematical chapters:
theoretical /review and experimental. The introduction of the PAA is skipped because it
is already presented in the Part I, and thus the first chapter starts with a short intro-
duction of the solid-state dewetting of thin films and localized surface plasmons. This
topic smoothly shifts into the applications of localized surface plasmon resonance (LSPR)
and the current state of the art on the fabrication method of plasmonic structures and
their utilization, specifically focused on label-free DNA detection. The broad overview
is supposed to help the reader identify the vast amount of contemporary technological
challenges related to this work. This part was adopted with minor modifications (and ap-
proval) from Dr Attila Bonyar that was partially published in the joint article [186] and
further extended in the full review [187]. This chapter is concluded with the motivation,
combined with a brief history and a review of very similar techniques.
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The second experimental chapter is organized by the fabrication process. It starts
with the preparation of aluminium and the fabrication of aluminium templates. Then,
the fabrication of AuNP layers is described, their transfer to transparent substrates, and
further substrate modifications. Because this chapter describes the development of a
fabrication method, each fabrication step is supplemented by characterizations to clearly
illustrate the role of individual process parameters.

91



4 THEORY & REVIEW

This chapter provides a brief theoretical introduction to a handful of literature reviews.
Since the porous anodic alumina (PAA) has been introduced in the previous part (Part I,
section 1.5), the fabrication of aluminium templates is already well covered. This chap-
ter will therefore jump straight to the topic of the solid-state dewetting formation of
nanoparticles, followed up by the condensed topic of nanoparticles utilization in plasmon-
ics. This chapter is concluded by the literature review of the current progress in label-free
LSPR-based DNA sensors, which serves as a stepping stone for the motivation of this

work.

4.1 Solid-state dewetting of thin metal films

Thin films are in general metastable in the as-deposited state and will dewet (agglom-
erate) to make arrays of islands when heated (schematics and examples are shown in
Figure 4.1). This transformation can happen at a temperature that is well below the
melting point of the material. This temperature also decreases with the film thickness
(shown in Figure 4.1), for example, for thin Au films (<10 nm), dewetting occurs already
at 150 °C.[188]

The driving force behind SSD is to achieve the minimization of the free energy of the
system by the change in geometry. In general, it leads to a reduction of the surface area
of the thin film and the interface area between the film and the substrate. The energy
minimization for a fixed volume (island) gives the Young-Laplace equation

Ys =7 + Y cost (4.1)

where 5 and ¢ are the substrate and island (film) surface energies per area, respectively.
~; is the energy per area of the island-substrate interface, and @ is the equilibrium contact
angle (schematically illustrated in Figure 4.2). If 75 > 75 + 7, the film is stable and will
not dewet. If this condition is not satisfied, the film will dewet when the rates of the
necessary kinetic processes are sufficiently high (the rate of dewetting strongly depends
on temperature). In other words, a thin Au film will dewet more easily on substrates with
lower free surface energy.

While the dewetting of liquids can be characterized by hydrodynamic mass transfer in
the film, SSD proceeds by capillary-driven surface diffusion via a flux Js of material A.[190]
For isotropic materials, it is the local surface curvature that drives the atomic flux
(schematically shown in Figure 4.3) that may be written as
Dy £2°n

kgT

where Vgk is the surface gradient of the film curvature x, Dy is the surface diffusion

Jo=—BV.x with B= (4.2)

constant, n is the number of diffusing adatoms per unit area, {2 is the atomic volume, kg
is the Boltzman constant, and 7" is the absolute temperature.
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Figure 4.1: Schematic illustration of the formation of isolated islands from a thin film by
SSD. This transition still occurs during solid-state. The graph shows the film thickness at
which dewetting is observed as a function of annealing temperature for four different metals.
Reproduced from ref. [188]. SEM images of the as-deposited thin Au layers (5, 10, and 15nm) on
60 nm SiO4 and resulting dewetted layers after annealing at 300 °C for 2 h in ambient atmosphere.
The scale bar is 200nm. Reproduce from ref. [189].

Morphological evolution of the thin film usually occurs via surface self-diffusion and
generally progresses through at least three distinct stages: hole formation, hole growth
and impingement, and ligament breakup. The overall process is complex with Rayleigh-
like and fingering instabilities, grain boundaries, substrate morphology, and surface energy
anisotropy.[188, 191]

In this work, the focus will be primarily on the effect of film morphology and substrate
topography. The SSD typically initiates from film defects such as holes or cracks in the
film (examples shown on 5 and 10nm as-deposited film in Figure 4.1), local depletions
(visible on 15nm thick deposited film in Figure 4.1) or in the case of polycrystalline
films, the grain boundary, especially triple junctions. From those defects, the hole growth
nucleates and continues while the diffused material forms a thick rim in the perimeter of
holes that breaks into beads or islands in the last stage. Even though this effect offers
some way to control SSD of the thin metal film by artificially introducing defects [192],
and/or confining the film area [188, 193-195], there are not many studies showing its
utilization in a fabrication procedure. One of the reasons may be that this method does
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Figure 4.2: Schematic illustration of the thermodynamic equilibrium on the triple junction.
(A) The substrate is perfectly wetted (no dewetting), (B) the film forms islands (partial wet-
ting), (C) droplet formation (poor wetting). The equilibrium shape of a film island on a rigid
substrate is represented by the contact angle determined from the Young-Laplace equation
(Equation 4.1).[188]
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Figure 4.3: Schematic cross-sectional view of an ideal thin Au film dewetting on a nanobowled

Al template and formation of AuNPs. Jg is the curvature-driven self-diffusion on the surface.
Redesign according to ref. [188].

not offer considerable advantages (for example, a better spatial resolution) compared to
the requirements on substrate and surface micro-machining.

On the other hand, there is a vast amount of reports using substrate surface topography
to control the SSD process to fabricate nanostructures. When a conformal coating is
deposited over a topographically structured substrate, it inherits its topographic features
(example shown in Figure 4.3, stage 1). When heated, the film protrusions are smoothed
by curvature-driven self-diffusion, leading to flattening the surface (Figure 4.3, stage 2).
However, for the film thinner than a specific thickness, this can lead to the exposure
of substrate protrusions that create holes/cracks in the film. The process continues as a
standard SSD process, resulting in the formation of particles at the sides of the protrusions.
If the substrate topography consists of pits and the film thickness is in a certain range,
one particle (NP) formation per pit may occur (Figure 4.3, stage 3).[196] Then the size
of NP is proportional to the volume of the thin film within the pit area. Therefore, a
monodisperse NP layer can be achieved by SSD of a thin film over a periodic array of
uniform pits (without trenches, an example is shown Figure 4.3). This behaviour gives a
powerful tool to control the size of NPs and displacement by substrate topography and
film thickness.

This phenomenon has impressed many researchers, resulting in numerous novel fabri-
cation methods combining various periodically structured substrates. In this work, the
predominant interest is on the self-assembled or so-called ‘natural’ substrates for their

high efficiency, high throughput, and low cost compared to artificial substrates gener-
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ally formed by methods such as optical/electron lithography or focus ion milling. Many
systems show self-assembly character forming a periodic structure, but only a few have
been used as dewetting templates, for instance: monoatomic steps or microfaces [197]; co-
polymer templates [198]; self-organized bowled substrate prepared by colloidal lithography
[199], titanium nanotubes [200], or substrates prepared by PAA growth [201-203].

In summary, the SSD is an impressive and accessible tool to fabricate well-controlled
NP layers from a thin film. Especially in combination with predesigned substrates, it
is possible to precisely control the alignment of NPs and size over a large area of the
templated substrate.

The most critical parameters include:

« film morphology,

o film thickness,

« substrate topography,

o film material,

« annealing temperature.

4.2 Localized surface plasmons

This section provides a very brief theoretical framework for plasmonics,focusing on lo-
calized surface plasmon resonance (LSPR) of gold nanoparticles. It aims to provide a
fundamental background to the applications described in the experimental chapter (?7).
For a more in-depth description, see related review articles [204, 205], books [206—210],

and theses [211, 212], which were used as sources for this section.

4.2.1 Introduction

Surface plasmon resonance (SPR) refers to the electromagnetic wave-induced collective
oscillation of charge carriers (delocalized electrons) at the interface between materials with
positive and negative permittivities, typically dielectric and metal. Concerning geometry,
those electron oscillations can propagate along with a planar interface as the surface
plasmon polariton (SPP) illustrated in Figure 4.4:A; or be confined to a subwavelength
structure resulting in localized surface plasmons (LSPs) illustrated in Figure 4.4:B.[213]

4.2.2 Localized surface plasmons

In the case of metallic nanoparticles (NPs), i.e., with a size much smaller than the wave-
length of light (R < ), the resulting plasmon oscillation is distributed over the whole
particle. Such a coherent accumulated displacement of electrons on one side of the NP
creates a positive charge in the opposite part, creating an electric dipole. This dipole
creates an electric field inside the NP opposite to that of the incident light, which pulls
the polarized electrons back to the lattice, restoring the equilibrium position, i.e., the NP
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Figure 4.4: Schematic illustration of (A) SPP excitation at a thin metal film interface
(Kretschmann configuration)[214] and (B) LSPs at metal nanoparticles within a propagating
light wave.

acts much like a ‘nanoantenna’.[215] Hence, the plasmon in an NP can be considered a
mass-spring harmonic oscillator, where the electron cloud oscillates like a simple dipole
in a parallel direction to the electric field of the electromagnetic radiation (Figure 4.4:B).
This induced dipole moment inside the spherical particle with dielectric function e (w)

and radius R located in a uniform static electric field E can be expressed as:

g(w) — em
e(w) + 2ep

where ¢ is the dielectric constant of vacuum, e, is the dielectric constant of the

p = dmepen R E = coemaE (4.3)

surrounding medium, and « is the proportional constant called polarizability defined via
P = coema@E. The polarization « is resonantly enhanced whenever the denominator term
of the Equation (4.3) e(w)+2¢e,, goes to zero, which in the case of small and slowly varying
Im [e(w)] simplifies to Frohlich condition [208]:

Rele(w)] = —2¢ep. (4.4)

For a metallic nanoparticle located in the air, this condition is met at the resonant
frequency wy = wp/v/3, while the plasmon frequency (w,) is given by w, = \/n.€2/m.gg
[208], where e is the absolute value of the electron charge, n, is the electron density, m,
is the effective electron mass. The Frohlich condition (Equation (4.4)) further expresses
a strong dependence of the resonance frequency on the dielectric constant of the envi-
ronment. The most fundamental outcome is the resonance red-shifts as &, is increased.
This response makes metal nanoparticles an ideal platform for optical sensing of changes
in the refractive index (n? = e, for nonmagnetic materials with relative permeability
pu ~ 1). To compare the performance of various plasmonic systems, the bulk refractive
index sensitivity (S) can be defined as the shift of the extinction peak (\) per unit change

in the bulk refractive index of the surrounding medium (ny > ny) [216]:
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AN A, — Ay
S = An — (4.5)
Its value can be experimentally obtained by a standard calibration procedure using
aqueous sucrose solutions at different concentrations (0-50% w/w, RI of 1.333-1.420)
as the surrounding medium.[217] Using the bulk sensitivity value, a comparable signal—
change of the effective refractive index Aneg (ts, ng,n) = AMN/S. The effective refractive
index defined as an average of the refractive index of the medium integrated by the

evanescent field can be derived for a thin layer adsorbed on the particle as:

Aneg = (ne —n) [1 - (1+ Z) _(W)} , (4.6)

where n, is the refractive index of the layer, ¢, is the layer thickness, and p is the order of
the plasmon mode.[218] The possibility to detect such a small local change of the refractive
index on the surface of a particle emerged in many exciting applications.[183, 219-221]
One of them, label-free detection of DNA, is illustrated in Figure 4.5. The absorption
spectrum red-shifts with NP functionalization by a DNA probe and once more with the

binding of target DNA.
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Figure 4.5: Schematic illustration of LSPR red-shift caused by DNA binding to detect targeted
DNA strings.

Furthermore, the electric field distribution E = —V® | can be calculated using the
solution of the Laplace equation for the potential, V2® = 0 with the electrostatic approx-
imation [208, 222]:

3€m
E;, = E, 4.7
€+ 2 (4.72)
3n(n-p)—p 1l
il 4.7b
Ameoey T3 ( )

Eout =E+
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where n is the unit vector in the direction of the point of interest and r is the distance
between the point of interest and the centre of the metallic sphere. The fields, both inside
the (E;jn) and outside (Eqyt) the sphere, are enhanced due to the dipole resonance. This
field enhancement of the plasmon resonance is the crucial factor on which rely many of
the prominent plasmonic applications of metal NPs.

Bohren and Huffman [223] also provided the expression for scattering and absorption
cross-section Cgca/abs, Which can be defined as the fraction of the total power Pica/abs [W]
scattered or absorbed by a particle and the incident source intensity Ij,. [Wm™2]:

2

P, K 87 e(w)—e¢
Csca = == — 2: 71{:3R6 —= 48
L. =3 c(@) + 26m| (48a)
Coe = 2% _ i () = 4k RPTm | S —Em. (4.8D)
T e B e(w) + 2enm |’ '

As these equations demonstrate, both scattering and absorption (also summarized
as extinction Coyy = Cyea + Cans) are resonantly enhanced when the Frohlich condition
(Equation (4.4)) is met. Besides, as can be noted for small nanoparticles, the efficiency
of absorption (Cups o< R?) dominates over the scattering efficiency (Cyps oc R®) and vice
versa for larger particles.

Up to this point, it was shown that nanoparticle behaviour could be defined as an
electric dipole that resonantly absorbs and scatters electromagnetic fields. Even though
this approximation is valid only for vanishingly small particles (R < \), in practice, the
calculation above provides a reasonable approximation for spherical or ellipsoidal particles
with R < 100nm illuminated by visible (VIS) or near-infrared (NIR) radiation.[208]
Nevertheless, according to Lingmajer’s thesis [211], localised surface plasmons have some
critical aspects that this model does not capture. One example is that the central position
of the dipole resonance red shifts and broadens with increasing particle size. The second
is the deformation of dipole fields in the direction of wave propagation caused by the
non-negligible retardation of the incident wave. Therefore, a rigorous electrodynamic
approach solving Maxwell’s equations in spherical geometry is required for particles of
larger dimensions. The exact analytical solution is nowadays attributed to Mie [224], who
first applied it to the problem of understanding the colour of colloidal gold particles in a
solution. His approach, known as the Mie theory, expands the internal and scattered fields
into a set of normal modes described by vector harmonics.[208] The difference between the
quasi-static and Mie approach is illustrated on the graphs of the extinction cross-section
(Cext) in Figure 4.6 of AuNPs with varying diameters.

Because the results of this work are not perfectly spherical particles but more closely
reminiscent of oblates, it is worth shortly discussing the shape effect of particle on its
optical properties. As with the spheres, the band position red shifts with increasing
dimensions of the ellipsoidal particle (Figure 4.7:A). Due to the asymmetry of the particle,
the absorption strongly depends on the direction of propagation and polarization of the
incident electromagnetic wave, as shown in Figure 4.7:B. Compared to a simple spherical
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Figure 4.6: (A) Extinction coefficient Cex; for gold spherical NPs of various radius R calculated
within quasi-static approximation (dashed lines) and using the Mie solution (solid lines). The
vertical grey line indicates the quasi-static LSPR wavelength. (B) Normalized Mie theory ex-
tinction coefficient Cexs (lines) together with corresponding scattering contribution (filled area).
Reproduced from Ligmajer’s thesis [211].

particle, ellipsoids may give even better bulk refractive index sensitivity when the right
parameters are found with higher flexibility for tuning the LSPR by changing the aspect
ratio.[225-227]
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Figure 4.7: (A) Band position for the longitudinal mode versus length of the a-axis and as
a function of the gold ellipsoid effective radius, g = (abc)'/3. (B) Normalized absorption
coefficient Q.1 spectra for the incident electric field parallel to main axes of ellipsoids. Adapted
and reproduced from ref. [228].
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4.2.3 Surface plasmon coupling effect

Until now, the focus was solely on a single particle and its exclusive optical properties.
However, the quality factor of the resonance Q (Q = Ajes/Afwhm) typical for most LSPRs
of metal nanoparticles (= 10-20) is found to be well below that desired for many appli-
cations. As Kravets et al.[204] stated ‘Fortunately, and at first sight rather surprisingly,
the limitations on the Q-factor LSPs associated with individual nanostructures discussed
above can be largely overcome when nanostructures are arranged in arrays. The electro-
magnetic fields related to the LSP mode of one nanoparticle may then act to influence the
response of neighbouring nanoparticles. This electromagnetic coupling can take several
forms: via near-fields and via far-fields! The near-field coupling dominates in densely
packed arrays leading to hybridization of plasmonic modes that may result in slightly nar-
rower resonances (fwhm a 50nm). On the other side, the far-field coupling (diffractive
coupled LSPR) can lead to a remarkable narrowing of the resonance width (down to a few
nanometres). However, this requires specially engineered periodic arrays of nanostructures
to the conditions of incident light.

As is the case with the dipole approach for isolated particles, it is possible to get a
solution for the extinction cross-section of a particle in an array by calculating the dipole
sum (5). The dipole sum depends on the array parameters (e.g., period, orientation, size
and shape of particle) and provides an additional degree of freedom to improve the quality
of lattice coupled SPR compared to the LSPR of a single particle. This approach is called
coupled /discrete dipole approximation (CDA/DDA) and is discussed in more detail in ref.
[204, 229]. Other approaches usually have to resort to a numerical solution of Maxwell’s
equations by finite element methods (FEM) or finite-difference time-domain (FDTD).

The effect of the array on the extinction cross-section can be illustrated on the compar-
ison between an isolated particle and particles in a 2D array shown in Figure 4.8:A. Here,
SPR is greatly enhanced, giving a narrower and stronger extinction spectrum. Similarly,
the inset of Figure 4.8:A shows the increasing Q-factor with the growing size of the array.
As shown in Figure 4.8:B, the lattice geometry does not play a significant role compared
to the particle spacing illustrated in Figure 4.9.

Besides far-field bulk properties (Cext), the coupled resonant excitation of the plas-
mon can provide a significant field enhancement in the vicinity to the particle surface
(Equation 4.7b), also known as hotspots. These may provide a dramatic increase in the
detected signal for adsorbed molecules on the particle surface utilized by techniques of
surface-enhanced spectroscopy (SES).[215, 233, 234]

Although, in theory, the enhancement increases with decreasing the gap between par-
ticles (Figure 4.10:B), finding the best particle arrangement and size for practical applica-
tion is still a challenging task. One of the hindrances is an inverse relation of hotspot size
compared to the field enhancement (shown in Figure 4.10:B). Additionally, decreasing the
gap can lead to a drastic decrease of analysed molecule access to the hotspot, especially
for larger molecules such as long RNA/DNA chains.
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Figure 4.8: (A) Calculated extinction cross-sections Ceyt, per particle for isolated particle (silver
disc with a radius of 60 nm and height of 30 nm) and the same particle in a hexagonal array with
555 nm pitch between the nearest discs (shown in the inset of graph B). (B) Measured extinction
spectra of same discs in the square, hexagonal, and honeycomb lattices with corresponding SEM
images as inset. The particle array is illuminated with linear polarized light at normal incidence
with the electric field parallel to the y axis of the array. Reproduced from ref. [230]. The inset
in the graph (A) shows the calculated quality factor for surface lattice resonances (Qsir) as a
function of the number of particles (N) along each dimension of the 2D gold nanodiscs array
(a height of 50 nm, a diameter of 120 nm, and a rectangular arrangement with lattice constants
az = 500nm and a, = 300nm). Reproduced from ref. [231].
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Figure 4.9: Variation of (A) absorption Cy,s and (B) scattering Cyc, cross-section of the 19-
nanoparticle cluster (inset of A) in a hexagonal lattice with inter-particle distance d for particles
of 40 nm diameter. Reproduced from ref. [232].

As shown in Figure 4.10:A the electric field needs to be parallel to the dimer axis to ex-
cite a constructive interference of plasmon coupling. This orientation dependence further
applies to the 2D arrays of particles when the light propagation should be perpendicular
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to the array plane.[235-237]
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Figure 4.10: (A) Example of plasmon coupling in spherical dimers (D = 20nm) with a small
gap (d = 5nm). The scale bar is 10nm. (Top) Constructive and (bottom) destructive inter-
ference between dipoles. Reproduced and adapted from ref. [237]. (B) Maximum electric field
enhancement factor n = Eyax/Ep and hotspot volume Vjy as a function of separation d/D for a
2D array of spheres. The hotspot relation (green) is plotted on a log-log scale, and the slope is
VH sphere X (d/D)"™2, Adapted from ref. [235].

Conclusions

This section briefly described the fundamental theory behind the unique optical proper-
ties of plasmonic structures supporting LSPR. Various aspects of plasmonic structures
have gained significant scientific attention for their application in different areas. These
manifest when resonant conditions are met, providing resonance enhancement to the light
scattering, light absorption, and electric field intensity near the particle surface.

The critical result of analytical solutions is the relation between LSPR and the dielec-
tric constant of the medium that manifests as a red shift of absorption with the increase
of the refractive index of the surrounding medium. This effect, which can be even seen
by the naked eye, is used in the experimental part of this work. The second effect, still
not addressed in this work, is a near-field enhancement, which plays a significant role in
sensing (SERS, SIERA), photocatalysis, and solar energy devices.

Since this thesis deals with the fabrication of a gold nanoparticle array, this section
demonstrated the strong influence of the size and geometrical aspects of nanoparticles
on the collective plasmonic behaviour. Their relevant aspects, such as the polarization
dependence, near-field enhancement, and the effect of interparticle distance, were already
analysed in several existing studies.[229, 235-237] One important aspect of multiparticle
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systems is the interaction between the radiative modes that results in constructive and
destructive interference.

The takeaway is that the plasmonic properties of structures depend on their geometry,
size, and array parameters. Therefore, one of the experimental work goals was to find a
way to control the size of nanoparticles, and their spacing.
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4.3 State-of-the-art

The phenomenon of localized surface plasmon resonance on nanostructures can be effec-
tively utilized to measure changes in the refractive index of the surrounding media, thus
enabling its application in the fields of gas sensing, chemical sensing or biosensing. Since
their first application for sensing purposes in the early 1980s [238], surface plasmon reso-
nance (SPR) based instruments became one of the most widely used tools of our time for
the label-free characterization of biomolecular interactions.[239] The major advantages
of SPR based chemical-/bio-sensors are their excellent sensitivity (even in the range of
1077 RIU)[240], and the fact that they are only sensitive to the changes in the refractive
index of the medium a few hundred nanometers close to the metal-dielectric interface.
Besides, SPR can provide real-time information regarding molecular interactions or even
sensing of a large area in the form of SPR imaging (SPRi).[241] Besides the apparent
success and the widespread distribution of SPRi instruments, a disadvantage of the con-
figuration is that the classical Kretschmann-type reflective optical setup is hard to be
integrated into small, handheld point-of-care (PoC) devices, which is the main reason for
the comparatively limited success of integrated SPR constructions [242-245], and for the
lack of handheld SPRi devices on the market.

On the other hand, the sensitivity and limit of detection of LSPR sensor elements
strongly depend on the size, shape, and distribution of the applied nanostructures and can
vary a lot.[246] Hence, with proper nanostructures, the detection limit of LSPR can even
reach one of the Kretschmann-configuration based SPR devices on the market (considering
molecular or biosensing applications). At the same time, LSPR on nanoparticles is more
easily excitable, and thus, a simpler measurement configuration can be used.[207] There
are various configurations in which nanoparticles can be used as sensor transducers, such
as in colloidal form [246], used as coatings on optical fibres [246, 247] or used on the
surface of a transparent substrate.[248] The latter is called a chip-based LSPR setup,
and considering its rather simple transmissive optical configuration, it could enable the
integration of this principle into small, handheld point-of-care LSPR imaging devices.[219,
249]

Several recent reviews focus on the advances of plasmonic nanoparticles [205, 250] and
nano-array [251] based LSPR sensors and their application for bio-sensing purposes. Out
of these applications, label-free DNA sensing is one of the most challenging due to the
inherently small size of target molecules. Table 4.1 collects and compares the reported
label-free LSPR-~based DNA sensors.

The types of the plasmonic nanostructures are shown in the collection of Figure 4.11,
the fabrication technology of the sensor and the measurement methods are indicated
in the table. To compare the performance of these solutions, the bulk refractive index
sensitivity and the absolute wavelength shift caused by the presence of the target ssDNA
molecule (during the saturation at maximum target concentration) are given. Although
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higher bulk RI sensitivity generally means higher sensitivity to target molecules, the
relationship between the RI sensitivity and molecular sensitivity is not trivial in LSPR
(as confirmed by Table 4.1).

SEM '[|AFM SEM AFM

Roether (2019) m Im Thamm (2018) m Huang (2012)

TEM SEM SEM TEM

Nguyen (2014) Qi (2019) LUl | sy (2018) m Soares (2014)

SEM SEM Zhu (2018) SEM Gartia (2013)

500 nm

Kaye (2017) 500 nm | Lum | 100 0

Figure 4.11: Various type of plasmonic nanostructures used for label-free LSPR-based DNA

sensors. Images adapted from corresponding references. For more information, see Table 4.1.

In 2014, Tu et al.[247] collected the reported LSPR bulk sensitivity values for various
nanostructures, and they showed substantial variation: From the simplest colloidal gold
spheres (71nm RIU™!) to the more exotic gold nanocages (783-1933 nm RIU™!), the dif-
ference can be more than one order of magnitude. Nevertheless, it can still be considered
low compared to the equivalent bulk refractive index sensitivity of thin film-based classical
SPR instruments (which can be above 3300 nm RIU™').[262] Concerning molecular sensi-
tivity, LSPR can match the standard thin film-based SPR instruments.[262, 263] Xu et al.
studied the plasmonic behaviour of gold nanoparticles (AuNPs) fixed to glass substrates
and found that the decay of the excited near field is depending on the particle size.[264]
The proposed (ro/r)° decay length (where rq is the radius of the spherical nanoparticle
and r is the distance from the particle) is at least one order of magnitude smaller than
the exponentially decaying evanescent field length in the thin film SPR. In other words,
LSPR is more focused on the changes, which occur in the near vicinity of the particle
surface, and molecular-scale interactions occur in the region. The near field intensity and
its decay around the particles depend on the size, shape, and material properties of the
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nanostructures.[265, 266] Coupling and interparticle distances also play a major role in
near field intensity and thus sensitivity enhancement.[217, 267]

Generally, selecting a nanofabrication method for LSPR sensor construction requires
compromise. Control over the particle size, shape, and distribution in a sufficiently large
surface area (several cm?), preferably with cheap and reproducible technology, could be
considered optimal. With electron beam lithography (EBL)[268] or focused ion beam
(FIB) lithography [269], it is possible to control the size and distribution of the nanostruc-
tures (with around 10 nm resolution), but patterning large surface areas is too expensive
with these methods. This issue is also true for nanoimprint lithography (NIL), where hard
masks are usually prepared with these technologies.[257, 270, 271] Their advantage is high
sensitivity ((Kaye 2019)[259] in Table 4.1). Colloidal lithography [272] and hole-mask col-
loidal lithography (HCL)[219] are often used to pattern larger surface areas. There are,
however, some limitations regarding the size/shape of the fabricated structures, result-
ing in mediocre/small surface coverage leading to low sensitivity ((Huang 2012, and Qi
2019)[254, 256] in Table 4.1). Perhaps the most precise control over the size and shape
could be achieved through the colloidal synthesis of nanoparticles.[273] Here, the challenge
is the subsequent binding of the nanoparticles to a substrate, which is most commonly
achieved by silanization [274] or through thiol chemistry.[275] In both of these cases, the
control over the resulting distribution of the nanoparticle array is limited, and the un-
coupled spherical nanoparticles usually have low molecular sensitivity ((Schneider 2013,
Nguyen 2015, and Thamm 2018)[239, 253, 255] in Figure 4.11). Thermal annealing of a
previously deposited thin film on glass or silicon is a simple technique to produce nanois-
lands [276], also combined with the substrate’s etching to produce nano-mushrooms.[252,
277] However, the control over the arrangement is limited (along with the sensitivities,
(Roether 2019)[252] in Table 4.1). Furthermore, since gold does not adhere well to SiOs,
fluidic environments can remove the NPs from the surface. As shown in Table 4.1, our
proposed sensor offers reasonably good performance with a significantly simpler, robust,
and large-scale fabrication technology. Drawbacks of the listed technologies which enable
extra high sensitivity are either the small fabrication area (EBL, (Kaye 2017)[259]) or
the inhomogeneous surface. For example, the extra high sensitivity of the nano-Lycurgus
cup arrays of Gartia et al.[261] enables even a naked eye colourimetric detection of DNA
binding, but the surface of their sensors is not homogeneous enough for LSPRi applica-
tions. The only fabrication technology in the table excelling in all these requirements
is the reversal nanoimprint lithography of Zhu et al.[260] It has to be noted that their
extreme sensitivity was measured in the NIR range (at 1001 nm), but their response is
significantly smaller in the VIS range (15 nm shift to target binding at 600 nm).

It has to be noted that Table 4.1 only collects label-free LSPR-based DNA sensors.
Plasmonic nanoparticles can be used as labels conjugated to DNA molecules to increase
the signal upon binding to an LSPR sensor [278], either in a core-satellite particle arrange-
ment [279], or through nanoparticle aggregation [280], to enable colourimetric detection
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of binding on a surface [281], or used as plasmon-enhanced fluorescence biosensing.[282]

These labelled methods, however, are not considered in this study.

4.4 Motivation and aims of the work

In recent decades, a phenomenon called localized surface plasmon resonance (LSPR) on
metal nanoparticles has attracted much attention due to its many favourable properties
such as the high sensitivity of resonance conditions to the dielectric properties of the
ambient medium; confinement of light within a nanometer region, or a large electromag-
netic field enhancement around the particles. Nowadays, LSPR flourishes above all in
optical sensing, where it pushes the boundaries of the sensitivity of molecular detection.
It has naturally created a vast demand for application-tailored and affordable plasmonic
nanostructures.

The fabrication method proposed in this work (illustrated in Figure 5.1) is based on the
controlled, template-assisted SSD synthesis of AuNPs and their transfer to a transparent
substrate. The motivation for this work is the technology has distinct advantages in
comparison to other methods, such as:

(i) Controlled synthesis: the particle size and interparticle distance can be well con-
trolled in a sub-100 nm hexagonal distribution, and thus the plasmonic absorption
peak (and sensitivity) in VIS range can be fine-tuned for individual applications. Be-
sides plasmonic sensing, the absorption peak should be tuned for surface-enhanced
Raman scattering (SERS) applications as well, where the relation between the res-
onance peak of the substrate and the excitation wavelength defined by the laser
affects the SERS enhancement.[276, 283]

(ii) Large-scale fabrication: the lateral size of the substrate is not limited, sensors with
several cm? surface area can be easily prepared, and the nanoparticle size/distribu-
tion is homogenous on the whole surface. Such large sensor areas are required for
LSPR imaging (LSPRi) applications [249] and beneficial for SERS.[284, 285]

(iii) Robustness: the prepared nanocomposite—gold nanoparticle arrangement fixed on
substrate pillars—is stable to a great extent; no particle removal exposed to fluidic
environments. The surface of the gold can be cleaned multiple times with low-power
O, plasma without any significant drop in sensitivity.

Like many other inventions, this fabrication technique has been discovered a way before
it found its application. The origin dates to 2014, when this concept—AuNPs fabrication
by utilizing well-ordered nanobowled aluminium as a substrate for template-assisted SSD
of the thin gold film—was published in the author’s master thesis [286]. To our knowledge,
this is the first report of this technique.

A similar method was published in 2011 by Yang et al.[199], where they used a self-
organized monolayer colloidal crystal (MCC) composed of polystyrene spheres (diameter
of 0.5, 1 and 2pm) to form a bowled template for SSD of the thin metal film. One of
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the first attempts utilizing the self-ordered PAA for SSD of gold film and pushing AuNP
diameter into sub-100nm range were in 2013 by Yingwei et al.[287] and in 2014 by Jo
et al.[288] In both cases, the authors used PAA with broader pores as the template for
SSD. Compared to the inconclusive results of Yingwei et al., Jo et al. show a high-quality
work focusing on SERS application. Similarly, in 2016, Altomare, Nguyen and Schmuki
[200] used SSD of various Au/Ag layers on TiOy nanotube arrays showing improvement
in their photocatalytic activity.

In the same year (2016), a part of this work was published in a conference proceeding.
[202] Here, the fabrication method was extended by the AuNP size control and, for the
first time was demonstrate the sensing properties of this AuNP array thanks to its transfer
from Al template to simple polydimethylsiloxane (PDMS) microfluidic cell. Later, in 2017
Fan et al.[203] and in 2019, Ikeda et al.[201] published their results of AuNPs formed by
the same technique. In both cases, they focused only on the fabrication method, showing
the effect of template dimensions, the thickness of the deposited layer, or annealing param-
eters. Even though these works conducted a very similar study, there are a few deviations
in the results, which will be in more detail discussed in the experimental chapter 5. In the
most recent work published in 2020 [186], we show a comprehensive fabrication method
of AuNP layers, their transfer on the epoxy substrate, and utilization for label-free DNA
detection.

This work aims to demonstrate the fabrication of the AuNP array as a feasible LSPR
sensor. Through the development process of this technique, many issues have been over-
come, which may represent individual objectives:

1. Achieve a high uniformity in the distribution and alignment of AuNPs within the

array.

2. Develop a method to control the dimensions of AuNP arrays, especially the diameter

and spacing of the AuNPs.
3. Utilized the AuNP array as an LSPR-based sensor, and thus its transfer to an
appropriate transparent substrate.

4. The final micromachining of the nanocomposite to enhance its performance.
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5 EXPERIMENTAL, RESULTS & DISCUSSION

This experimental section is structured according to the scheme shown in Figure 5.1, where
the fabrication method is divided into three thematic parts: fabrication of nanobowled
aluminium template (processes 1-3), furthermore split into the aluminium preparation
and formation of self-ordered PAA; formation of AuNPs on the template by solid-state
dewetting of a gold thin-film (processes 3-5); and transfer of AuNP layer to another
substrate, its modifications (process 5-8) and characterization of prepared nanocomposite
material.

Fabrication of Nanobowled Al Template  Formation of AuNPs by SSD

Al sheet T PAA on aluminium ; Al template Au layer on
odisi e =~
/ /?\’a(\o '!'Z/\/?Q\] QPP\ mo%/ o depOS/f/o/) Al template
Y. // )
A/70®
o
2
Q
N <O W // 2, O
7 S \ _ P
Ostrate & \ﬂ{femQ“/?y 4’/77e7r a®
AuNPs on AuNPs within Polymer/AuNPs/Al AuNPs on
polymerI nanopillars polymer substrate Sandlvvitch Al template

|
Transfer of AUNPs Layer and Substrate Modification

Figure 5.1: Comprehensive 3D illustration of the technology to fabricate ordered gold nanopar-
ticle arrangements on transparent (polymer) substrates. The main steps of the process are the
following: (1) Preparations (cleaning, annealing, mechanical and electrochemical polishing) of
the aluminium sheet. (2) Formation of PAA on aluminium through controlled anodic oxidation.
(3) PAA selective removal and the reveal of a nanobowl Al template. (4) Thin gold film deposi-
tion on the Al template. (5) Formation of AuNP layer by solid-state dewetting of the Au film.
(6) Transparent substrate (polymer) casting and curing on top of the AuNP layer. (7) Removal
of the Al sheet to reveal transferred AuNP layer on the transparent substrate. (8) Substrate
etching to boost up the performance by enhancing the surface accessibility of AuNPs.

5.1 Aluminium preparation

Aluminium foil with high purity of 99.999 % was chosen as the starting material, temper:
as rolled, with the size of 100 mm x 100 mm and thickness of 250 pm from Goodfellow Ltd.
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It is noteworthy that the high purity of aluminium was found to be crucial for our appli-
cation. It was experimentally found that anodisation of aluminium with a higher amount
of impurities (for example, 99.95%) leads to worse pore ordering, more defects, and in
some cases, even formation of a sponge-like layer on top of PAA consisting of precipitated
impurities. Similar observations were conducted by other researchers, anodising pure and
alloyed (AA1050) aluminium.[289, 290] The thickness of the foil was chosen considering
the cost and handling during fabrication processes. Thinner foils (<100 pm) are much
more prone to bending, especially after annealing or mechanical polishing. On the other
hand, thicker foils (> 500 pm) cannot be fully utilized, and they are significantly more
expensive.

Before cleaning, the aluminium foil was cut to 50 mmx 25 mm samples, and any bend-
ing was flattened by rolling. Samples were then ultra-sonicated in acetone, washed in
isopropyl alcohol (IPA) and deionized water (MiliPore, 18.2MQ). To increase the alu-
minium grain size and relax materials, samples were annealed at 550 °C for 15 hours
(heating ramp of 10°C min~! with natural cooling). Vacuum (pressure less than 10~ Pa)
annealing was performed to avoid thermal oxidation. The result of annealing is shown
by a comparison of electron backscatter diffraction (EBSD) maps and size distribution
(Figure 5.2) between the received and annealed foils. Received foil is formed by a higher
number of grains smaller than 100 pm with a much diverse crystallographic orientation.
On the other hand, the grain orientation spread is narrower around the [001] orientation
after annealing. Overall, the main advantages are reducing the length of grain boundaries
that behave as defect initiators and relaxing grains close to the [001] orientation that
produces the best pore ordering when compared to [101] or [111].[96, 99, 291]

ey j001) (001

10

Area fraction (%)

o

0 | |
0.00 0.05 0.10 0.15 0.20 0.25
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Figure 5.2: The grain size distribution (A) and Inverse Pole Figure (IPF) map of the received
(B) and annealed (C) aluminium foils. The bottom left inset shows the colour coded map type
IPF [001]. The top right inset shows the corresponding grain orientation based on size.

After annealing, the samples were mechanically polished to decrease the surface rough-
ness and create a mirror-like finish. It was found that mechanically polished samples give
in general better results. For example, the occurrence of pitting during subsequent elec-
trochemical polishing is lower than in unpolished foils, probably due to the removal of
impurities introduced by foil processing.[292] Furthermore, the nanostructure layers pre-
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pared on smoother surfaces have more negligible light diffusion, which is beneficial for
optical measurements. However, the mechanical polishing of large thin foils is consid-
erably challenging handwork. Before grinding, samples were fixed on a 0.5mm thick
corundum ceramic plate of the same size by a temporary adhesive (Crystalbond 509).
This step is crucial for a better manipulation. The grinding and polishing were done in
manual mode on a 300 mm rotating disk (Tegramin 30, Struers). The best results were
obtained, starting on SiC paper grit 1200 and finishing with 1 pm diamond suspension
(all steps are described in Table 5.1). After each step, the sample was ultra-sonicated
in a water bath for 3min to remove any residuals and abrasive particles from previous
processing. Finally, the foil was carefully removed from the corundum plate by melting
the Crystalbond adhesive on a hot plate at 150 °C and washed in acetone to remove the
adhesive residuals.

Table 5.1: Summary of parameters used for mechanical grinding and polishing steps.

Grinding Polishing
SiC paper 1200 SiC paper 2000 MD-Largo MD-Nap MD-Nap
+ water + water + 9pmf +3pm®  + 1pmf
50 RPM 100 RPM 300 RPM 200RPM 200 RPM
< 1 min > 2min > 3min ~ 3 min > 3min

t MD-Largo is a composite disc, MD-Nap is a polishing cloth disc, 9pm to 1 pm are diamond
suspensions (Struers).
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Figure 5.3: Surface roughness comparison between (A) received and (B) electrochemically pol-
ished Al foils. SEM images of surface morphology at low grazing angle (A, B) and profilometric

measurements (C).
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The last step of preparation was electrochemical polishing of the Al foil. Electrochem-
ical polishing not only smoothed the surface (an example is shown in Figure 5.3), but it
also removed a thin top layer that was mechanically deformed due to previous mechanical
polishing (for example, it is a requirement for EBSD analysis).

Samples were electropolished on one side in standard 1:4 (v:v) perchloric acid (70 %)
and ethanol (99.8 %) solution. Before polishing, the whole backside and a corner strip at
the front side (placed between the contact and immersed area, where the solution level
is located) was covered by a low tack self-adhesion PVE tape. This protection film de-
creases the overall current requirements (current density can reach over 300 pA cm~2) and
avoids the air/solution/solid interface where polishing is dramatically accelerated. The
electropolishing is performed in a simple two-electrode setup (shown in Figure 5.4). Here,
the sample is connected to a controlled power supply as an anode (working electrode, WE)
and a stainless steel mesh as a cathode (counter electrode, CE). Both are immersed in the
solution cooled to 0°C in a double glass baker (500 ml) connected to an external tempera-
ture control system with a mineral oil exchanger (Huber Petite Fluer). Additionally, the
setup includes a thermometer and magnetic stirring. The polishing was done potentiostat-
ically at a potential of 20V for 90s. It was found out that increased pitting occurs when
the solution is not stirred, while strong stirring leads to enhanced grain etching located
at the sample edges where a higher electrolyte exchange occurs. Therefore, stirring was
not used at the beginning of the process until a dark layer formed over the surface (20s).
After that, strong stirring was applied for a moment to wash away this layer and again
turned off until the end of the process. Finally, the sample was thoroughly washed with
deionized water, dried by a nitrogen stream, and the protective tape was carefully peeled
off.

5.2 Formation of self-ordered nanobowled templates

This section presents the fabrication of well-ordered nanobowled aluminium templates, as
illustrated in Figure 5.5. This simple fabrication method exploits the effect of PAA self-
ordering that produces its signature honeycomb-like morphology. Pore cells are aligned
in a hexagonal lattice with a single circular central pore per cell. However, as discussed in
section 5.1, this self-ordering regime can be only achieved for a narrow range of anodising
conditions. After the formation of the PAA, this layer is sacrificed to reveal its imprinted
morphology in the underlying Al substrate in the form of well-ordered nanobowls.

Two well-known anodising approaches using anodising in sulphuric acid at 25V and
oxalic acid at 40V, with anodising conditions tabulated in Table 5.2, were adopted for
this work. The process using phosphoric acid was not considered since it requires the
anodising potential of 195V, resulting in a cell size of 500 nm that is out of the VIS range
for LSPR and competes with optical lithography.
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Figure 5.4: (A) Schematic and (B) photo showing the polishing/anodising two-electrode
electro-chemical cell setup used for large-scale (cm?) sample processing. The volume of the

double-glass beaker is 500 ml.

Table 5.2: anodisation parameters used for template fabrication.

anodising potential* Electrolyte Temperature  anodising time
25V 0.3 M sulphuric acid 2°C 18h
40V 0.3 M oxalic acid 5°C 20-25h

* Values are used as the notation for anodising processes and type of templates in the following
text.

Aluminium foils (50 mmx25 mm) prepared by previous processing (annealing, polish-
ing, and cleaning) were processed by one-step anodising performed potentiostatically in
the same two-electrode setup used for electrochemical polishing (Figure 5.4). To avoid un-
necessary consumption of Al from the unpolished back side of the sample, the anodisation
was interrupted after the first 20 minutes. The sample was then washed in deionized water
and dried. Then, a Kapton tape was applied on the whole backside and to a small area on
the front side to separate the immersed part of the sample from the electrically contacted
area. This taping prevents the masked areas from further anodising. The tape adhesion
is significantly promoted using a few micrometres thick PAA layer, which formed during
the first 20 min (example for 40 V shown in Figure 5.6) significantly promotes the tape
adhesion during anodising. Masking an aluminium with only thin native oxide frequently
results in the mask peeling off during anodising due to the PAA volume expansion. After
masking, anodising continues under the same conditions for a predetermined time.
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Figure 5.5: Schematic illustration of the fabrication of the self-ordered nanobowled aluminium
templates by PAA-assisted anodising process. (1) Mechanically and electrochemically polished
Al sheet. (2) Formation of self-ordered PAA on Al by anodic oxidation. (3) Selective etching of
PAA and reveal of nanobowled Al template.

40V 5min 20min 20h
£
200.0m

Figure 5.6: SEM images of PAA grown on the Al sheet by 40V anodising for 5, 20, and
1200 minutes. The 5 and 20 min cross-section samples were taken by bending the Al sheet and
breaking the top PAA. The 20 h cross-section was glued (dark area on top shows residual glue)
between supporting ceramic plates, cut-off by a precision saw (Accutom 100, cutting speed of

5ums~ 1), and 10nm thick Au layer was deposited over (Coater Leica EM ACE600) for SEM

observation. The growth rate can be estimated to ~55nm min~!.

After anodisation, the samples were washed in deionized water, and the masking
Kapton tape was slowly mechanically removed in an isopropyl alcohol bath. The exposure
of the nanobowled aluminium structure was done by selective removal of the formed PAA.
This removal was done in a water solution of 0.42M phosphoric acid (H3PO,) and 0.2M
chromium trioxide (CrO3) at 65°C for at least 2h (based on the etching process from
ref. [142]), followed by thorough washing and ultra-sonication in deionized water. The
mixture of H3PO, and CrOj effectively dissolved (~10 nm min~!) the anodic alumina (or
native oxide), leaving the residual aluminium intact.

The resulting nanobowled aluminium structures (SEM images are shown in Figure 5.7,
and AFM measurements are shown in Figure 5.8) were subsequently used as a template
for solid-state dewetting of the thin gold layer. The depth of nanobowls for the 40V
process (22.5nm) is twice as deep as the 25V (10.9nm). The cell size of each bowl is
estimated to 65 and 106 nm for 25V and 40V process, respectively. A slight deviation
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between SEM and AFM measurements were observed but remained within the error
of measurements. Values match the linear relation to anodising potential (D. = kU),
where U is the anodising potential and & is the proportional constant of approximately

k=~ 25nm V~1.[74]
25V|
cell size (D) @
D.(25V) =68 £ 3nm

[40V]

3 pm

cell size (Dc)_ <8

D, (40V) =109 + 4nm

tilt 45° tilt 45°

Figure 5.7: SEM images of Al template topography prepared by 25V and 40 V process. Mea-

sured cell sizes are 68 + 3 and 109 + 4 nm for the 25V and 40V process, respectively.

Conclusions

A relatively straightforward fabrication of the nanobowled Al template is presented. The
SEM measurements show a high order in domains with the size of a few micrometres.
To further increase the long-range order, several trials were performed to reproduce the
experiment from ref. [90]. Here, the authors show a positive effect on pore order with
increasing cycles of PAA growth followed by its delamination. However, the process of
delamination results in visible damage (etching) of the underlying Al substrate that is
not suitable for target applications. Nowadays, the long-range order is acquired only
by relatively expensive techniques or their combinations such as FIB patterning [293,
294], EBL [104, 295], interference lithography [102, 296] and NIL [103, 297], while a
cost-effective and large-scale method was not found, yet.
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Figure 5.8: (A) AFM 3D and (B) 2D images of Al templates prepared by 25V and 40V
process. (C) The extracted profiles show the height of protrusions and the depth of nanobowls.
Measured cell sizes are 65 + 3 and 106 + 4 nm for the 25V and 40 V process, respectively.

5.3 AulNPs fabrication

The fabrication of gold nanoparticle (AuNP) layers by utilizing solid-state dewetting (SSD)
of a thin gold film over the nanobowled aluminium templates is presented in this section
and schematically illustrated in Figure 5.9. When a gold-coated Al template undergoes
thermal treatment, it produces a gold nanoparticle layer where the nanoparticle alignment
is directly inherited from the Al template topography. Therefore, as shown in the previous
section (section 5.2), good care needs to be taken to produce templates with the smallest
number of defects possible.

Figure 5.9: Schematic illustration of the fabrication of ordered AuNPs over Al template by
a controlled SSD process. (3) Al nanobowled template. (4) Deposition of thin Au film. (5)
Formation of AuNPs caused by thermal treatment (dewetting).
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While this technique is based on the SSD of thin metal films, a concise theoretical
part is presented to support the following experimental part. A more extensive theory
beyond this work scope can be found in several review articles covering this topic, given in
references [188, 190, 298]. The theoretical part then transitions to a brief state-of-the-art
focused primarily on AuNPs fabrication by SSD.

The experimental part is devoted to optimization the deposition and annealing parame-
ters concerning SSD outcomes. All experimental work was performed with Al nanobowled
templates of 25V and 40V types as a starting material (discussed in section 5.2).

5.3.1 Thin-film deposition techniques

The deposition of thin gold films was done by Physical Vapour Deposition (PVD) tech-
niques, which use the vapour phase to deposit layers of atoms/molecules onto a solid
substrate. In general, those processes are done in a vacuum chamber (schematically
shown in Figure 5.10) that, among other things, ensures a good purity of the deposited
layers. In this work, two PVD types were compared: Magnetron Sputtering and Electron
Beam Evaporation. The magnetron sputtering was performed in two setups: Coater Le-
ica EM ACE600 and BESTEC Magnetron sputtering system, further noted as Leica and
Magnetron, respectively. The evaporation deposition was performed in BESTEC E-beam
Evaporator system, further noted as Evaporator.

Vacuum chamber

Substrate on holder \
/

/ WD

Pumping system

Y

Source/Target )

Figure 5.10: Schematic illustration of simplified PVD deposition setup. WD is the working

3
7.
<K

distance between source and substrate, « is the angle between substrate and source axis, ry is
the distance between substrate centre and the intersection of substrate plane and source axis,
and w is the rotation speed. Magnetron gun with a gold cathode (target) is used as a source for
sputter deposition, while a crucible filled with gold is used for evaporation deposition.
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The Leica setup consists of a relatively small vacuum chamber with a rotating stage
with a tilt option and two positions for sources: a magnetron with a gold target (99.99 %,
Lesker) and a unit for carbon sublimation deposition. Table 5.3 presents the tuned pa-

rameters used for film deposition in the Leica setup.

Table 5.3: Leica setup deposition parameters, where Pi;; is the predeposition pressure, Pyep
is the sputtering pressure (controlled by argon flow), and Rgep is the deposition rate. If not
stated otherwise, these deposition parameters were used for the following samples prepared in

the Leica setup.

WD (0] Ts Hnit P, dep w Rdep

80 mm 0° ~ 30 mm 1072 Pa 1.5Pa 60RPM ~9x10'nms™!

The studied variables were the type of stage, deposition rate, and film thickness. The
film thickness was in-situ monitored by a quartz crystal microbalance (QCM) and checked
by mechanical profilometry (Bruker DektaktXT®) of a calibration sample (deposited film
with grooves). Glass slide with Au film thickness of 48.74 nm according to QCM was used
as the calibration sample. The measured film thickness by profilometer was 48.4 +4.7 nm.

It was found out that the type of stage plays an essential role in the deposited film
morphology. For the stationary stage, where the samples rotate around the stage axis,
the film thickness is preferentially inhomogeneous in one direction. This inhomogeneity
can be seen in the magnified inset of SEM images in Figure 5.11, where the thinner parts
on the left slope areas are discontinuous, forming tiny separated NPs during SSD, while
on the other hand, the thicker parts are compact without voids. A planetary stage, which
rotates samples along the stage axis and simultaneously along their normal, eliminated

this effect, as shown by the as-deposited layers of Figure 5.11.

40V| 0.05nms™’ 0.05nms™’ 0.18nms™’ 0.37nms™’ 0.56nms™’
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Figure 5.11: SEM images of resulting Al layer (thickness of ~8nm) deposited in the Leica
setup and annealed (on a hotplate, 300°C for 5min). The comparison shows the difference

between the use of the stationary and planetary stage as well as deposition rates.

Even though voids in the film are still present, they do not have a preferred location
and thus are more homogeneous. Furthermore, it was observed that the film quality could
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be significantly improved by increasing the deposition rate (shown in Figure 5.11). Similar
behaviour was observed by Syed [299], studying gold deposition on flat SiOs substrate,
and by Wu et al.[300] sputtering titanium on a Si substrate. Both studies support this
finding that higher deposition rates result in smoother films with fewer defects/voids. As
shown by the annealed results, it is evident that film voids lead to an undesired dewetting
mechanism forming numerous NPs per bowl. Without question, good quality such as
homogeneity and integrity of the deposited layer is necessary for the best results of SSD.

A further study was conducted to find an ideal film thickness forming one NP per bowl
based on previous findings. Figure 5.12 shows varying thickness series on both templates
(25 and 40V). The 40V series nicely illustrates the trend of increasing deposited film
thickness on its morphology and dewetting outcome. The thinnest as-deposited film (2nm)
consists of small islands that form individual NPs. The volume is preserved for each NP as
the annealing temperature is too low to drive any material migration between them. With
increasing thickness, deposited islands start to grow and merge into larger agglomerations,
as shown in Figure 5.12:4.2nm. During the annealing, these agglomerates dewet into a
single proportionally large NP or split into a few NPs. In this case, the splitting happens
due to the film topology — defects in the form of grooves. Film defects and substrate
curvature govern the film splitting, as mentioned in Section (SSD). Their combined effect
leads to larger NPs in the middle of nanobowl that is smooth and convex. While smaller
NPs are formed on the sharp protrusion at the perimeter. that is sharply concave.

Further increasing the deposited thickness, those agglomerates continue to grow and
merge until they form a continuous layer (Figure 5.12:5.3nm) with numerous voids and
holes. As shown, those voids are gradually closing with increased film thickness, but
the slowest curing occurs on slopes under protrusions. This effect may be concluded as
an effect related to the template topography to the geometry of the deposition setup.
Since the rims of the nanobowls are almost perpendicular to the sputtering direction
(av = 0°), the material deposition rate here is significantly reduced. Surprisingly, changing
the deposition angle to 20° or the working distance by 20 mm had no noticeable effect on
the film morphology (examples shown in Figure 5.13). Therefore, it is believed that the
self-shadowing effect may play a significant role here. The shadowing may occur when the
material is firstly deposited on the top site of protrusion, forming a rim that furthermore
shields the slope areas underneath it.

With the increasing rigidity of the deposited film and the decrease of film defects,
substrate morphology became the predominant factor governing the film splitting. As
can be already seen in Figure 5.12:10.5 nm, a well template-assisted SSD occurred despite
minor hole-like defects in the film. Further increase of thickness beyond this ideal point
leads to poor separation of NPs across the nanobowls. As discussed in the previous
subsection (section 4.1), the reason for this effect is either the template screening with an
overly thick layer or a high amount of abundant material per bowl.

Noticeably, the quality of the AuNP layer formed over 25V templates is worse when
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compared to the larger 40V templates. There are several reasons for this. The film
defects are larger relative to the template dimensions. The quality of the 25V template
is usually worse in comparison to the 40 V templates. Lastly, the effect of various defects
or contaminations plays a more significant role for smaller dimensions. For these reasons,
the dominant part of the experiments was primarily conducted with 40V templates on
purpose, and the behaviours for 25V templates were either directly related or deduced
from those findings, if possible. The general trend for both templates is very similar,
schematically shown in the inset of Figure 5.15.

25V| 4.2 nm 5.0 nm 57 nm 6.3 nm 6.6 nm

Annealed As deposited

4O_V| 2.0 nm 4.2 nm 5.3 nm 6.9 nm 8.1 nm
xel

Annealed As deposite

o)

9.0 nm 10.5 nm 12.3 nm 14.6 nm 16.6 nm

Annealed As deposited

Figure 5.12: Collection (SEM images) of the as-deposited and annealed Au film of various
thicknesses (monitored by QCM) deposited on 25V and 40V templates in the Leica setup.
Depositions were carried out with parameters noted in Table 5.3, using planetary stage and

deposition speed of 0.67nms~!. Sample annealing was done on a hotplate at 300 °C for 5min.

Even though the Leica setup is easy to use and has good reproducibility, it has a
few significant drawbacks. First is the control of deposited thickness is rough. It can
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Figure 5.13: Comparison (SEM images) of the as-deposited Au thin-films showing effect of
the deposition angle () and the distance between substrate and target (WD). The remaining
deposition parameters were fixed to a deposited film thickness of 8.1 nm for all samples.

be monitored by QCM that is limited by the slow readout of 1 Hz or controlled by the
deposition time that is yet software limited to 1-second steps. Additionally, the deposition
rate cannot be directly controlled. However, the most limiting is the maximum sample
size of only 25 mmx25mm for the planetary. Due to these limitations, this setup was

used only for test samples rather than a large-scale batch fabrication.

The evaporator setup consists of a relatively large vacuum chamber with eight cru-
cibles filled with materials. During the deposition, one of them is heated by an electron
beam (e.g., 8keV) to the point when the material evaporation starts. During the evapo-
ration, the deposition rate is in-situ monitored by QCM. The used deposition parameters
are tabulated in Table 5.4.

Table 5.4: Deposition parameters of the evaporator setup. These deposition parameters were
used for the samples prepared in the Evaporator setup, if not stated otherwise.

WD (6] Ts -Pinit P, dep w RdCP
425mm  0° 0mm 2x107°Pa 7x107°Pa 10 RPM 0.1nms™!

The effect of the deposition rate is shown in Figure 5.14. The higher deposition rate
leads to a more continuous layer on the 40V template. Meanwhile, it leads to material
aggregation on the top side of the protrusions for much smaller 25V templates. This
outcome is undesirable because inhomogeneous film thickness leads to poor template-
assisted SSD in general. SSD often leads to poor NP separation, which can even manifest
in Au overflow from one bowl to another, merging with the neighbouring material, or
forming unequal NPs (as shown in Figure 5.15:25V).

The thickness relation follows a similar trend as shown in the previous case (Leica
setup). However, the ideal thickness for the 40V template shifted from 10.5 to 8 nm.
The deposited material thickness should be correct in both cases since it was monitored
by QCM and confirmed by profilometry. Moreover, the measurement of the diameter of
AuNPs shows a difference, too. The film (8 nm) deposited by the Evaporator setup gives
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by 5 nm smaller NPs than the one (10.5nm) done in the Leica setup. However, the values
are shifted only for 40 V templates, while for 25V templates, the thickness values of both
setups match. Therefore, it is assumed that the cause of the shift may be a difference
in the film morphologies, systematic error in the Leica depositions on 40V templates or
some neglected effect.

25V| 0.04nms 0.1nms”’ 40V| 0.04nms"" 0.1nms™’
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Figure 5.14: Comparison (SEM images) of the as-deposited Au film morphologies prepared in
the Evaporator setup by various deposition rates on the 25V and 45V templates. Deposition
parameters according to Table 5.4 and film thickness of 6 nm were retained for all samples.

The magnetron sputtering system is similar to the Leica setup, but it consists of a
much bigger vacuum chamber with an additional seven separated magnetron guns. Depo-
sition parameters tuned for homogenous deposition over 100 mm samples are defined in
Table 5.5. The deposited rate was monitored before each deposition by QCM. Addition-
ally, it was controlled by mechanical profilometry and XRR.

Table 5.5: Deposition parameters of the evaporator setup. These deposition parameters were
used for the samples prepared in the Evaporator setup, if not stated otherwise.

WD (07 Ts Pinit P dep w Rdep
200mm  29° 25.4 mm 1075 Pa 107! Pa 1I0RPM 3.5 x 10 2nms*

The Magnetron setup gives the best results among the tested equipment. Deposited
films have the smoothest morphology with fewer defects (comparison with the evaporator
resulting layers shown in Figure 5.16). Thus, it was possible to achieve AuNP layers of
better quality, even for smaller 25 V templates. Based on previous results, narrower ranges
of thickness values were investigated, as shown in Figure 5.17.

5.3.2 Effect of annealing conditions

Temperature plays a significant role during annealing because SSD kinetics is thermody-
namically dependent (equation Equation 4.2). Surprisingly, very satisfactory results can
be achieved in a broad range of temperatures and a relatively short annealing time of 5

minutes (shown in Figure 5.18). At lower temperatures (200 and 250 °C), the diffusion is
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Figure 5.15: Collection (SEM images) of the as-deposited and annealed Au film of varying
thickness deposited on the 25V and 45V templates in the Evaporator setup. Depositions were
carried out with parameters noted in Table 5.4. Samples were then annealed on a hotplate at
300°C for 5min.

not fast enough, producing only partially separated or shape-deformed Au islands. Ikeda
et al.[201] show similar results for SSD of various Au thicknesses at 200 °C. A good round
shape can be already observed at 300 °C, while a further increase in temperature does
not contribute to any noticeable changes. Additionally, a comparison with another proce-
dure applying a higher temperature and longer annealing time are shown in Figure 5.18.
Notably, Fan et al.[203] published results of very similar samples processed with this
procedure. However, no difference was observed for the selected film thicknesses, except
for slightly better separation and smaller islands for the 10nm film. Similar results are
presented by ITkeda et al.[201] using annealing temperature of 500 °C for 1hour. While
the increased temperatures and prolonged annealing time do not improve the dewetting
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Figure 5.16: Comparison between layers prepared by evaporation and sputtering (Magnetron
setup). The deposited thickness (same for both techniques) is 6 and 8 nm for 25V and 40V

templates, respectively.
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Figure 5.17: Collection (SEM images) of the as-deposited Au films deposited in the Mag-
netron setup and resulting dewetted AulNP layers on the 25V and 40V templates. Deposition

parameters are noted in Table 5.5.

on the templates but still increase the chance of undesirable aluminium thermal oxida-
tion, these procedures were avoided. Therefore, the annealing at 300 °C on a hotplate for
5minutes was used for all SSD in this work.
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Figure 5.18: (Top) Effect of annealing temperature on SSD of 8 nm Au film on 40 V templates.
Annealing at 200-350 °C was performed on a hotplate for 5 minutes. (Bottom) The relation of
film thickness on dewetting results for two thermal treatments on a hotplate.

5.3.3 Effect of substrate material

The influence of the substrate material was neglected for a long time because aluminium
templates worked relatively well. However, after more detailed data evaluation, a few
minor deviations in the morphology of the as-deposited Au layer and AuNP shape were
discovered between freshly prepared and few weeks old Al templates. In this work, two
possible reasons were investigated: aluminium oxidation and surface hydrocarbon con-

tamination.

Native oxide. The effect of native oxide is indirectly shown in Figure 5.19. Since native
oxide forms almost immediately over the Al surface in the presence of atmospheric oxygen,
it is not trivial to eradicate it. The growth rate is time-dependent, with an exponential
decay that is mainly influenced by the temperature and partial oxygen pressure. The
thickness of a freshly grown (under 1hour) native oxide is expected to be approximately
1.2 nm according to several reports (denoted as thin native oxide in Figure 5.19).[301, 302]
The maximum thickness of native oxide grown in ambient conditions is reported to be
approximately 3-5nm (denoted as a thick native oxide in Figure 5.19).[303] As-deposited
Au film on the template with thin oxide is much more compact than a film formed over the
aged template with a presumably thicker oxide layer. This native oxide layer can be seen
in the transmission electron microscopy (TEM) images, shown in Figure 5.20, where the
slightly thicker oxide thickness of 6.5 nm may be attributed to the observation technique
(thickness of the lamella) and additional thermal annealing in comparison to the ambient
conditions referred in the previous reports.

126



40V| As deposited Annealed 300°C, 5 min

tilt 45°
)
S
<
(=i}
c o
=2
©
c
tilt 45°

thick
native oxide

200 nm

Figure 5.19: Comparison of deposited Au film morphologies on 40V Al templates with thin
and thick native oxide layer. In the first case, the oxide was removed by the PAA selective
etchant (CrOs and H3POy, solution) before gold deposition (maximum of 1hour), while in the
second case, the Au film was deposited over a few weeks old sample.
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Figure 5.20: (A) TEM image, (B) STEM image, and (C) Energy-dispersive X-ray spectroscopy
(EDX) analysis of AuNPs on 40V Al template showing the oxide layer. The lamella for TEM
was fabricated with a platinum protective cap. The lamella preparation and analysis were done
by Jan Michalicka (CEITEC BUT) performed with a Carl Zeiss LIBRA200FE (with Bruker
Quantax 200, 30 mm? EDS detector).

It should be noted that vacuum annealing was tested but abandoned as it does not
improve SSD and increases time and instrument demand. However, with the development
of control over AuNP size by multiple depositions and dewetting cycles in later stages,
vacuum annealing is now strongly considered to avoid unnecessary thermal oxidation of
the aluminium template.[304, 305]
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Carbon layer. Surface hydrocarbon contamination is a time-dependent process like
aluminium oxidation, which also strongly depends on the fabrication process and storing
conditions of the sample. Seah and Spencer showed that the thickness of the adventitious
carbon layer on an as-received silicon wafer is 0.6 nm and can be increased by the wrong
handling to up to 2 nm.[306] Forrest et al.[307], showed that the wettability of the surface
decreases with the thickness of carbon contamination that is also in agreement with
metal dewetting proposed by Eustathopoulos [308]. To remove this contamination in
a similar way to native oxide, samples were cleaned by oxygen plasma before the Au
deposition. However, no substantial differences were observed between plasma treated
and untreated samples. It may be explained either by an insufficient carbon thickness
that would manifest into a recognizable outcome or a cross-effect of additional Al oxidation
(or other modification) during the plasma treatment.

The effect of natural hydrocarbon contamination was simulated and overcompensated
by the carbon deposition. The carbon deposition was done in the Leica setup by flashing
carbon thread method that uses the desorption process of heated carbon filaments. As
shown in Figure 5.21, a carbon layer has very little influence on the as-deposited Au film
morphology, while it significantly influences the dewetting results, especially the AuNP
shape. This change in morphology is apparent in the evaluated dimensions (Table 5.6).
The AuNPs formed over the 5 nm carbon layer are more spherical with a smaller diameter
and larger circularity, shown in SEM images (Figure 5.21). Moreover, this carbon layer
has a positive effect on the NP size distribution. On the other hand, the thicker (10nm)
carbon layer gives NPs with broader size distribution and lower circularity, presumably
due to worse dewetting over the smoothen surface.

Table 5.6: Dimensional characteristics of AuNPs formed on the carbon layer modified 40 V Al
templates (shown in Figure 5.21).

The thickness of

Mean diameter Particle perimeter . .
carbon layer Circularity'
[nm] [nm]

[nm]
0 68.7+ 1.8 247.2 + 8.2 0.851
5) 63.4+1.6 223.2+6.8 0.886
10 63.6 + 2.2 228.0 £ 8.4 0.856

T Centre of distribution.

Although the role of the carbon layer was not further studied in the scope of this work,
it may have several advantages. A carbon layer may act as a buffer layer, decreasing
the wettability of the substrate. Adding a carbon layer can be convenient and easy
to implement for advanced AuNP tuning or even a novel way for new nanostructure
fabrication. The dewetting conditions are too mild to dissolve any carbon in gold and
form a eutectic system.[309] It presumably withstands the annealing process, as can be

128



seen in SEM images, as additional texture with high contrast to AuNPs. It may also
rapidly decrease AuNP adhesion and thus improve their transfer (further discussed in the
next section 5.4), while it can be easily cleaned in oxygen plasma.

4OV| As deposited Annealed 300°C, 5 min
tilt 45°
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with 5 nm
Carbon layer
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Figure 5.21: Comparison of deposited Au film (8 nm) morphologies and dewetting outcome
on 40 V Al templates with and without additional carbon layer (5 and 10 nm). The inset graph
presents calculated circularity distribution (maxima in Table 5.6).

with 10 nm
Carbon layer

5.3.4 AuNPs controlled enlargement

AuNP size control is one of the main objectives of this work. As it directly influences the
LSPR, it opens new possibilities for utilization in various applications (e.g., LSPR, SERS,
SIERA). Naturally, the size of AuNPs depends on the amount of deposited material—Au
film thickness. Unfortunately, it is restricted to a narrow window of values, as discussed
in the previous subsection (subsection 5.3.1). To overcome this limitation, a repeated
deposition and dewetting process were applied to increase the size of AuNPs (illustrated
in the inset of Figure 5.22).[310, 311] It is important to point out that this process is
still governed by the same principles as the first deposition and dewetting cycle when
the best result can be achieved only in a narrow window of deposited film thicknesses.
Figure 5.22 shows examples of various thicknesses of the deposited film for three cycles on
40V templates. Again, not optimal thickness leads to poor template-assisted dewetting;
NPs merging for too thick films and small satellite NPs for too thin films. The best
outcomes, the main line, were achieved by 8 + 7 + 5.5nm and 6 + 5nm for 40V and 25V
templates, respectively (shown in Figure 5.23). Since the thickness decreases with the
cycle to retain a good NP separation, it becomes challenging to keep a compact film and

129



avoiding undesirable splitting. These boundary conditions naturally limit the number of

cycles to three and two for 40V and 25V templates, respectively.

1% cycle
8 nm
2" cycle
+6 Nnm +7 nm +8 nm
3 cycle
+3 nm +4.5 nm +5.5 nm +7 nm

e e e i e i

15t Icycle 2nd Icycle 3

Figure 5.22: SEM images showing various cycle stages of repeated deposition and annealing
over 40V template with the schematic illustration of fabrication cycles.

As can be noted, the AuNP growth in lateral dimensions is predominant primarily
during the first two cycles, between which the size increases by 27 %. After the 3" cycle,
the lateral size increases only by less than 4%. The tilted SEM images (Figure 5.23)
show that AuNPs have a very flat shape resembling blood cells or oblates. After the 274
and 3" cycle, the AuNPs grow preferentially in a horizontal direction due to their lateral
confinement by the high curvature of the nanobowls, resulting in more spherical NPs. A
cross-section of AuNPs can be observed in Figure 5.24 of the lamella STEM images.
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Figure 5.23: SEM images of the main lines of AuNPs formed over 25V and 40 V Al templates
with the corresponding size distribution (mean diameter) fitted by a Gaussian function. Mean
diameters for 25V are 39.0+1.8, 52.94+1.5 nm, and for 40 V are 65.3+1.4, 83.1£1.9, 86.5+2.0 nm.
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Figure 5.24: STEM images of AuNPs of (A) 1% cycle and (B) 2" cycle. The AuNP shape
resembles an oblate (schematically illustrated in the inset). The AuNPs of the 15 cycle are
flatter with a/c = 1.90 4+ 0.26 compared to the 2" cycle ones with a/c = 1.73 + 0.21. The

lamellas were prepared from AuNPs: (A) on an epoxy substrate covered by an Al layer, (B) on
PDMS substrate covered by a carbon layer.
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5.3.5 Conclusions

This section was devoted to the large-scale fabrication of AuNPs by utilizing the SSD
process over nanobowled Al templates. An emphasis was t placed on the demonstration
that the AuNP layer depends primarily on the initial morphology of the Au film governed
by the film thickness and deposition technique. The best results were achieved by the
magnetron sputtering system and thicknesses of 6 and 8 nm for 25V (D, = 65nm) and
40V (D, = 106 nm) templates, respectively. Additionally, an increase of AuNP size was
performed by repeated deposition and SSD cycles, where satisfactory results were achieved
for 6 + 5nm and 8 + 7 + 5.5 nm cycles in the case of 25V and 40V templates, respectively.

It was also shown that the annealing temperature of 300 °C for 5min is sufficient for
this system. Presented experiments also proved that the native oxide thickness plays
a significant role in the morphology of the deposited Au film. Even though a detailed
systematic study was not conducted, it is believed that suppression of aluminium oxidation
may further improve the quality of the deposited films (even for thinner thicknesses). It
can be done by shortening the storage time and avoiding thermal oxidation (vacuum
annealing) in repeated cycles.

Moreover, the additional thin carbon layer improves the AuNPs sphericity and size
distribution. Besides these improvements, it is suggested that it may lower the adhesion
of AuNPs and protect aluminium from extended oxidation.

Lastly, based on current results, the morphology of the deposited layer plays a crucial
role. Therefore, improving it can significantly shift the current limitations. This may
be possibly achieved by other more advanced deposition techniques, such as High-power
impulse magnetron sputtering (HiPIMS) or Ion-beam sputter deposition by Kaufman
source.
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5.4 'Transfer of AulNPs layers

To utilize the fabricated AuNP layers as an LSPR sensor element, they were transferred
to an electrically non-conductive and optically transparent substrate. During this process,
a new substrate is cast over the AuNP layer, and the Al substrate is removed by chemical
etching, as shown in Figure 5.25.

Figure 5.25: Schematic illustration of the transfer process of AuNP layer from the Al template
to another substrate. (5) AuNP layer prepared on the Al template. (6) Casting a new substrate
material over the structures. (7) Selective removal of Al template leaving AuNPs embedded in

a new substrate.

The ideal substrate should be optically transparent in the region of plasmon resonance
(VIS) with low diffusion. Additionally, it has to be compatible with fabrication processes,
including good chemical stability to acids, bases, and organic solvents and has sufficient
thermal stability to withstand wet or dry etching processes. Other critical property such
as good adhesion to AuNPs, durability, and cleanability will also be evaluated.

In the course of this work, four main types of substrate materials were tested: poly-
dimethylsiloxane (PDMS), polymethyl methacrylate (PMMA), epoxy resin, and sandwich
structure of the top evaporated thin SiOs layer with epoxy support.

PDMS was chosen as the first candidate for the substrate for its wide application in the
fabrication and prototyping of microfluidic chips. Additionally, it has desired properties
such as excellent optical transparency in the visible region, high flexibility, and chemical
stability.[312]

PDMS casting was done over the sample in a mould.[313] PDMS was prepared from
a two-component elastomer kit SYLGARD 184 (Dow) with a weight ratio of 1:10 (curing
agent to base). These compounds were thoroughly mixed, and then the solution was
degassed either in vacuum or by centrifugation based on the processed volume.

At the early stages of development, a unique mould (shown in Figure 5.26:A, B) was
used to cast PDMS over a small AuNPs sample. The advantage of this was that cast
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PDMS form a simple element of a microfluidic cell with an NP layer on the side of
interest after Al removal (Figure 5.26:C). Even though this method produces an almost
finished sample ready for application, it was later replaced by a simplified procedure with
a much higher throughput. This procedure uses a dural rectangular frame of various
dimensions concerning the sample size as a mould. Frames have the same height of 3 mm
and a border thickness of 5mm. One-sided adhesive Kapton tape was stretched over the
frame forming the bottom of the mould. Then the sample was placed in the middle of the
mould facing upwards with the AuNP layer and firmly adhered to the tape. The PDMS
solution was then slowly poured over a filling frame up the top. To speed up hardening,
the mould was baked for at least 20 min at 80°C; however, at least 12-hour baking is
recommended. After baking and cooling down, the PDMS block with the embedded
sample was carefully peeled off from the frame. Note that any extended manipulation
with samples still embedded in the PDMS block might lead to Al sheet detachment and
incomplete AuNP transfer between substrates. This peeling can be avoided by etching
the aluminium substrate before peeling the substrate block from the mould. One way
to do this is to make the mould frame from a compatible material regarding chemical
etching, for example, 3D printed acrylonitrile butadiene styrene (ABS). The drawback is
a lower baking temperature to avoid frame bending and extend the baking time. The
Al substrate was removed by selective chemical etching, as is described in the following

procedure. This procedure was used in all transfer methods.

Al B C]

@*,QC

Figure 5.26: Photo of a simple microfluidic mould for PDMS casting composed of a copper base
with plastic rim and a glued AuNPs sample (10mm x 10mm). (A) Top-view, (B) bottom-view
and (C) final PDMS microfluidic elements with transferred NP layers (pink area).

Standard Al removal procedure: Right before Al etching, the backside of the Al
substrate was gently scratched by sandpaper to damage the oxide layer. This treatment
dramatically enhances the chemical etching and speed up Al removal. The Al substrate
was immersed in hydrochloric acid (HCI, 35% w/w) and 1M copper(II) chloride (CuCly)
water solution. The dissolution of Al is a very vigorous exothermic reaction accompanied
by a rapid chlorine gas evolution; therefore, appropriate precautions need to be taken.
It is also suitable to properly place the sample to avoid trapping gas bubbles during
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the etching. Otherwise, it may damage the AuNP layer. When the gas evolution stops,
the etching is finished, and the sample is pulled out and thoroughly rinsed in tap water,
followed by washing in deionized water. Afterwards, it was subsequently immersed into
1M iron(I1I) chloride (FeCls) water solution and 1M sodium hydroxide (NaOH) water
solution for 10 min to remove copper and aluminium oxide residues, respectively. After
the etching procedure, the sample was thoroughly washed in deionized water and dried

by nitrogen stream.

PMMA has similar optical properties as PDMS in the VIS region. The PMMA was
chosen primarily due to its simpler micromachining (selective ion etching) and better
adhesion to the AuNP layer. However, the PMMA lacks in terms of chemical stability to
various organic solvents and has worse thermal stability (thermoplastic with 7, = 105 °C)
compared to the PDMS that can withstand over 200 °C.

The casting of PMMA was done in a slightly different way since the casting is solvent-
based. The sample was glued by PMMA on the top side of a microscopic slide or a piece
of plexiglass plate. A solution of PMMA dissolved in anisole with maple syrup viscosity
(100200 Pas) was used as glue. After putting the sample and glass together, the PMMA
solution was left to cure (dry) for two days. Then, the Al substrate was removed by the
standard procedure.

Epoxy resin has a much better thermal stability (thermoset), exceptional adhesion to
AuNPs, and good chemical resistance. Like PMMA, its high rigidity is inconvenient for
mechanical machining; however, the biggest drawback is a weak resistance to oxygen
plasma cleaning, resulting in a limited cleanability of AuNPs.

Epoxy casting was done similarly to PDMS casting. Two compound epoxy resin Elan-
tron® EC 570 and W 363 with a weight ratio of 100:33 was used as a base material. After
mixing, the solution was quickly degassed by centrifugation for 1 min at 2500 RPM. The
application over AuNP samples is the same as for PDMS. The epoxy resin was cast in
a frame over the AuNP sample to a thickness of a few millimetres and cured for 12h at
50°C in an oven. After casting, Kapton tape was applied on the top side of the epoxy
against the sample to protect it from chemical damage during the Al removal. Then, the
Al substrate was removed.

SiO, has ideal properties, including perfect chemical stability as well as resistance to
O, plasma. The setback is just more advanced requirements for the deposition.

A SiO, layer of 500nm was deposited over the AuNP layer in the evaporator setup.
The deposition rate was gradually increased, starting with 0.1-0.2nms~! for the first
50nm and then up to 2nms~ for the rest of the deposition. Since the SiO, layer is too
thin to act as a free-standing support for the AuNP layer, a thick epoxy layer was cast
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over it (as described in the epoxy paragraph). Afterwards, the Al substrate was removed.

After transfer, samples were usually cut to smaller pieces with an AuNP layer area
of at least 10mmx10mm. PDMS samples were cut by a razor, while epoxy samples
were cut off by a precision saw (Accutom 100) and then washed by ultra-sonication in
deionized water for 2min. The resulting samples (examples shown in Figure 5.27) have
blue colour indirect transmission from the LSPR absorbance peak of AuNPs at 580—
600 nm. In refraction, they show a metallic gloss similar to a compact gold film.

PDMS Epoxy

5 mm 5 mm

Figure 5.27: Photographs of transferred AuNP layers on PDMS and epoxy substrates.

The transfer efficiency was monitored simply by colour saturation and coverage across
the sample area after etching. From experience, the transfer efficiency was the lowest
for PDMS when compared to almost perfect for PMMA, epoxy, and SiOs substrates.
Poor transfer frequently results in macroscopic blank spots in the AuNP layer or even
washing out during water rinsing. This poor adhesion to PDMS may be observed in
SEM (Figure 5.28:A) as vacant spots, usually caused by particle movement due to PDMS
bending. The reason for this can be a weak adhesion of PDMS to AuNPs or possible poor
wetting due to high viscosity (PMMA 100-200 Pa s, epoxy 120-180 Pas, PDMS 350 Pas).

The poor AuNP adhesion to PDMS was solved by AuNP modification by (3-Mercapto-
propyl)trimethoxysilane (MPTMS), which can create a chemical bond between gold and
PDMS (illustrated in Figure 5.28).[314] The application of MPTMS was made before
PDMS casting. The sample was placed into a Petri dish with the AuNP layer upwards
and immersed in ethanol (99.8%) to an approximate volume of 20ml or a height of
10 mm. MPTMS (95 %, Sigma-Aldrich) was drop-cast over the sample with a density of
0.5plem=2. The sample was kept in the mixture for 1 hour with irregular stirring to allow
MPTMS molecules to spread and make a monolayer coverage over AuNPs. After that,
the sample was washed by ethanol and dried under a nitrogen stream.

The adhesion difference is shown by SEM images and a simple scotch tape adhesion
test demonstrated in Figure 5.28. In SEM images, unmodified AuNPs form blank areas,
which are believed to be caused by sample bending with poor adhesion of AuNPs to
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PDMS substrate. The poor adhesion is also confirmed by the scotch tape test, where
the unmodified layer is almost entirely transferred to the tape while no visible transfer is
observed in the case of modified AuNPs.
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Figure 5.28: (Top) Schematic illustration of the MPTMS application as a covalent bond be-
tween AuNPs and PDMS substrate. The SEM images show comparisons between AuNPs on
PDMS (A) with and (B) without modification by MPTMS, while the photos show transfer
results of the adhesion test by a scotch tape.

Figure 5.29 shows examples of transferred AuNP layers. In general, the resulting mor-
phology consists of AuNPs on top of the substrate, more or less embedded in hemispherical
domes. For PMMA, epoxy, and SiO,y substrates, embedding is almost perfect, forming
very sharp boundaries between the domes. Meanwhile, in the case of PDMS, a smooth
wave-like surface is observed. This smoothing may result from either poor wetting per-
formance, migration of PDMS oligomers (discussed later), or an effect of the observation
technique (SEM).

137



Al substrate| tilt 45°

PDMS substrate| tilt 45°

Epoxy substrate| tilt 45°

Figure 5.29: SEM images of the AuNP layer before and after transfer on the PDMS and epoxy
substrate.

Conclusions

This section presents a simple transport method of AuNP layers from an Al substrate
to another transparent substrate while keeping their initial alignment. Additionally,
this method provides good scalability, high throughput, good repeatability, and cost-
effectiveness.

Overall, a possible drawback of this method may be the requirement to sacrifice the ini-
tial Al substrate. This sacrificing waste the material (& 0.4€ cm™2), which is acceptable;
however, it requires an individual template for each AuNPs layer that is time-consuming.
Unfortunately, other methods utilizing various peel-off techniques [314-316] failed due to
the strong adhesion of the AuNPs to the Al substrate. Another limitation may be the
compatibility of the new substrate with the wet-etching of aluminium.
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5.5 AulNPs substrate etching and characterization

As presented in the previous section (section 5.4), the AuNP layers can be successfully
transferred to various substrates while preserving their initial arrangement. However, due
to the technological aspects of the transfer, AuNPs are by large part immersed in their
new substrate. The drawback of this configuration is that the surrounding substrate
significantly obstructs another medium to access the surface or space between AuNPs,
inhibiting the bulk RI sensitivity and DNA hybridization. This section demonstrates a
solution in the form of controlled substrate removal around AuNPs (illustrated in Fig-
ure 5.30) that results in a massive increase of sensitivity and the accessibility of AuNP

surface for potential modification.

Figure 5.30: Schematic 3D representation of the etching effect on the substrate morphology.
(7) As-transferred AuNPs, (7.5) mildly and (8) fully etched.

The removal of all substrates was done by plasma reactive ion etching to ensure reason-
able control and homogeneity of the process. Additionally, the properties of the selected
samples are characterized using SEM/STEM, AFM, XPS, and VIS spectroscopy. The
LSPR sensors were successfully used for the label-free detection of a 20bp long DNA
molecule. The DNA detection was done in collaboration with Dr Attila Bonyar, and the
results can be found in the attached collaborative article (section B).

This section describes the final fabrication step and summarizes the whole development
of the LSPR sensor and its fabrication. Four substrate materials (PDMS, PMMA | epoxy,
and SiO,) are compared regarding the sensor’s bulk RI sensitivity and durability. The
comparison is predominantly shown on the AuNP layer formed over 40 V templates by 1°°
cycle dewetting with a diameter of 65nm (if not mentioned otherwise).

5.5.1 Reactive ion etching (RIE)

Reactive ion etching (RIE) was performed in a PlasmaPro 80 RIE chamber (Oxford
Instruments Plasma Technology), which uses capacitively coupled plasma (CCP).[317]
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The process chamber is schematically illustrated in Figure 5.31. The plasma can be

tuned by process parameters such as chamber pressure, gas composition (e.g., Ar, Oa,

SFs, CHF}3), gas flow, source power, and process time. In CCP, the ion energy can reach

several hundred eV, but a stable plasma can be maintained only at pressures between 2.5

and 40 Pa. The resulting plasma density is lower than inductively coupled plasma (ICP),

between 109 to 1010 electron/ cm”. However, increasing the power increases not only the

plasma density but also the self-bias voltage and thus the ion energy.

Matching box

RF generator

( Power electrode

Vbias Pla

\Ground electrode

Gas inlet (distribution gas-line)

" . ‘Substrate’ . -

Anisotropic etchi'ng

sma
@ 65)
%0 o "o
cubsirate = - 0000000000 0009)
NSRS BEOOOOOEOE0C000
Isotropic etching Chemical etching

* Gas outlet (pumping system)

Figure 5.31: Schematic of the CCP chamber configuration. Inset images illustrate the catego-

rization of etching processes by etching orientation and character of material removal.

Removal of the substrate material is performed by two fundamental principles (illus-
trated in the inset of Figure 5.31):
1. Physical etching is characterized by a transfer of momentum from an incident species

to the atoms of the substrate that can eventually escape the surface. The etching

occurs only in the ion flux direction that is perpendicular to the sample surface

(electrode surface). Therefore, this process is highly anisotropic.[318]

Chemical etching usually occurs when surface atoms react with reactive radicals

from the plasma (O*, F* SF5*).[319] For this, products of reactions have to be

volatile (surface temperature and plasma pressure) to desorb from the surface.

Plasma chemical etching is very similar to wet etching, resulting in isotropic etching.

Whether physical or chemical etching is primarily predominant depends on the plasma

composition. For example, to achieve pure physical etching, only an argon atmosphere can

be used. However, chemical etching will be still accompanied by partial physical etching,

while the source power and plasma pressure can control their contribution. In general,

increasing the source power produces a more dissociated plasma with a higher density and

ion flux. Simultaneously, it increases the ion energy, which favours process anisotropy but

decreases the selectivity between the mask and the substrate layer. Changing the pressure

impacts the electron temperature and neutral density, but it is not straightforward since it
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also influences dissociation and plasma density.[318] In the majority of cases, the increase

of pressure favours isotropic (chemical) etching.

5.5.2 RIE calibration and process parameters

RIE etching was first performed over flat PDMS samples to estimate the etching rate. For
this purpose, samples of spin-coated PDMS over a silicon wafer were prepared since the
typically cast PDMS surface is too rough for precise profilometric measurements. The
samples were prepared by pouring the degassed PDMS prepolymer (curing agent with
PDMS base, wt:wt = 1:10) over a 4-inch silicon wafer to cover the whole top side. In a
spin-coater, the speed of 500 RPM was applied for the first 10s, and then it was increased
to 2000 RPM for 26.5 pm thick PDMS layers (4000 RPM for 13um). Note that a thin layer
down to &~ 2pm can be prepared by adjusting the spin-coating speed or the viscosity of
PDMS (through diluting PDMS prepolymer with hexane).[320]

PDMS was then cured on a hot plate for 20 min at 130 °C. Afterwards, a metal mask
with structure (dimensions of ~ 0.5 mm) was applied over the surface. The experiments
showed that slim strips of Kapton tape are sufficient for this purpose and can be used with
less effort compared to a metallic mask fabrication that also includes metal deposition,
resist lithography, and wet etching of the metal layers. However, the surface has to
be cleaned with acetone or IPA to remove glue residues from the Kapton tape and be
thoroughly dried to avoid PDMS swelling.[321]

The process of fabrication and estimation of the etching rate is illustrated in Fig-
ure 5.32:A. The process parameters (tabulated in Table 5.7) were experimentally tuned
according to ref. [320, 322-324] to achieve reasonable control, short etching time, and
good selectivity. The etch rate was estimated to be 1.23nms™! (plotted in Figure 5.32)
with preferentially isotropic etching. Plasma etching with CHF3 and O, of various con-
centrations (from 1:1 to 5:1), plasma pressure (50-100 mTorr / 6.7-13 Pa) or power (100
300 W) gives inconclusive results mostly leading to the opposite process—depositing a

thin polymeric film over the substrate.
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Figure 5.32: Etching rate estimation for a PDMS substrate in RIE with process parameters

from Table 5.7. (A) Illustrates the method where a patterned mask (1-2) is applied over the

substrate (PDMS), and the substrate is etched through it (3). In the end, the mask is removed,

and a profilometer measures etched steps to estimate the depth of the etched material (4). (B)

Graph of plotted values for various times representing etching rates (Retch) for source power of
50 and 100 W.

Table 5.7: RIE process parameters for substrate etching of AuNP layers on PDMS, PMMA,
epoxy, SiO9 performed in PlasmaPro 80 RIE chamber (Oxford Instruments Plasma Technology).

) Power Pressure . Gas flow DC bias” Etch rate
Material Gas composition .
[W] [Pa] [scem] V] [nm s~
PDMS 50 6.7 SFe: 05 (5:1) 60 60-70 1.23
PMMA 50 5.3 Oq 20 250 3
Epoxy 50 6.7 O, 50 360 1.6%
SiOy 100 4.0 Ar: CHF3:0, (6:3:1) 50 400 N.AH

* Not an independent variables.

 According to ref. [325].

! Estimate from AFM measurements of etched AuNPs-epoxy composite.
# Anisotropic etching.

5.5.3 RIE of the substrate through AuNP layers

Conveniently, the etching progress of all substrates over the AuNP layer can be observed by
a visible change of the sample colour. In general, the embedded AuNP layers have strong
absorbance peak maxima around 600 nm, which gives them a bluish look in transmitted
white light. This effect is illustrated in Figure 5.33, showing the absorption spectra of
various etched epoxy samples. With the removal of the surrounding material, the effective
bulk RI of the AuNP medium decreases, resulting in a blue shift of AuNP plasmonic
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resonance with the corresponding change of the sample colour from blue through purple

to pink (insets of Figure 5.33).
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Figure 5.33: 3D illustration and effect of selective substrate etching and normalized absorption
spectra of AuNP layers on the epoxy substrate after the different number of repetitions of selec-
tive epoxy etching with O plasma measured in air with the inset containing optical microscopy

images (transmission) of corresponding samples.

This fundamental principle of SPR sensing elements can also be used to monitor
sample sensitivity by simple colour change observation by immersing part of the sample
into a liquid (Figure 5.34). With RI of liquid higher than air and close to the substrate,
the colour change reverses back to a bluish one.

IPA  Air

NN

Figure 5.34: Photographs of AuNP layer on SiOg substrate (A) after 2min of RIE and (B) its
change of colour caused by IPA droplet.

This behaviour was used as a method for the detection of the so-called substrate
overetching. This behaviour was used as a method for the estimation of the time limits
for the etching process. The strong isotropic nature of polymers’ etching (SiOq etching is
predominantly anisotropic) leads to a significant underetching that can be described as the
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removal of the supporting substrate below AuNPs. Weakening those pillars (underetching)
leads to poor AuNP adhesion that may even manifest in AuNP peeling off and flushing
away in a liquid solution—overetching. When the overetched layer is introduced to a liquid
solution, a substantial colour change may be observed. However, it will not return to the
initial colour after drying. This behaviour usually corresponds to the washing of AuNPs
from their initial positions and their agglomeration into clusters due to poor adhesion,
shown in Figure 5.35. This process is irreversible, resulting in a rapid performance drop
and sample degradation. Despite this fact, the isotropic nature of the RIE is not a
significant hindrance because deep etching is not the primary goal. On top of that, a

controlled underetching can even enlarge the accessible AuNP surface.

B2

Figure 5.35: SEM images of AuNPs on an overetched epoxy substrate (A) before and (B1)
after being introduced to a solution (IPA).

PDMS etching over AuNP layers (Table 5.7) gives good results already after several
tens of seconds. The overetching time was estimated to be around 100 seconds. Etching be-
tween 40-80 s produces a sensitivity of up to 40 nm RIU~!. However, it was found that this
sensitivity drops rapidly to zero in 14 days. Compared to other substrates (epoxy, SiOs),
this sensitivity decrease was associated with both natural carbon contamination [326] and
contamination by PDMS. The reason for this may be a migration of free oligomers con-
tained within PDMS from the bulk to the surface where they coat AuNPs. The effect
of oligomer migration outside the bulk PDMS was also reported in imprint lithography
[327] and microfluidics [328].

The sole carbon contamination and related hydrophobic behaviour of PDMS were
disproved by the impossibility to restore the sensitivity of aged samples by Oy plasma.
On the other hand, regeneration of aged samples was only possible with more aggressive
etchants performed by additional RIE (SFg and Os). This presents a great obstruction
for further implementation since RIE is not a common nor a standard cleaning procedure

for sensor surfaces.

PMMA etching was performed directly on AuNP layers with process parameters (in
Table 5.7) adapted from ref. [325]. During the first trial to etch PMMA, no colour change
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was observed even when etching was over 10min (in steps). Despite additional etching
for 4min at an increased power of 100 W (360 V), the sample did not indicate any PMMA
etching—mno colour changes due to etching or bulk RI testing. Samples after 20 s of etching
and all etchings are shown in Figure 5.36:B1 and B2, respectively. After an additional
6 min of standard etching, a change was observed to the sensitivity of 75 nm RIU™! (shown
in Figure 5.36:C).

Figure 5.36: AuNPs/PMMA surface SEM image (A) before etching, (B1) after 20 seconds of
RIE, (B2) after additional 14 minutes of RIE, and (C) after additional 6 minutes of RIE.

Compared to PDMS, the PMMA etching through the AuNP layer does not correlate
with the bulk etching rate of PMMA (3nms™!). It is assumed that PMMA etching still
occurs during the process; however, AuNPs are sinking into the substrate at the same time.
PMMA is a thermoplastic polymer with a relatively low glass transmission temperature
of 105°C. This temperature can be locally reached due to the dielectric heating of AuNPs,
caused by microwave irradiation during the etching process. However, this theory based

on previous observations was not confirmed in any other way.

Epoxy etching was performed similarly to PMMA etching (process parameters are tab-
ulated in Table 5.7). The overetching time was estimated to be approximately 60s. Dif-
ferent etch time was selected to investigate the effect of etching in detail by the SEM
(Figure 5.37), STEM (Figure 5.38), AFM (Figure 5.39), and XPS (spectra shown in Fig-
ure 5.40 and estimated surface atomic concentrations in Table 5.8).

tilt 45° tilt 45° tilt 45° tilt 45°

Os etched 10s etched 20s etched 40s etched

Figure 5.37: SEM images of AuNP layers on epoxy substrate etched for different times in Oo

plasma.
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3D model STEM
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Figure 5.38: STEM images with 3D schematics of lamellas prepared from samples presented

in Figure 5.37.
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Figure 5.39: Topographical images (AFM) with 3D view insets of AuNP layer etched for (A)
0, (B) 10, and (C) 30seconds. The graph shows extracted profiles marked by dashed lines.
The average height of protruding AuNPs is 16, 33, and 68 nm for 0, 10, and 30s etched time,

respectively.

The sample without any etching shows a recognizable epoxy array of spherical caps
with embedded AuNPs (SEM). Embedding is better visualized by STEM cross-sections,
while AFM images and profiles give better insight into the topography. As can be noted,
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Figure 5.40: Narrow XPS spectra of O 1s, C 1s, and Au 4f peaks measured for differently
etched samples (shown in Figure 5.37 and Figure 5.38) at the take-off angle § = 90°.

Table 5.8: Relative surface atomic concentrations of nanocomposites after different times of
selective epoxy etching with Og plasma (Figure 5.37 and Figure 5.38) estimated from the narrow
XPS spectra shown in Figure 5.40.

_ ) Surface atomic concentration [%)]
Etching time [s]

O C Au
0 254 66.7 7.9
10 25.9 60.4 13.7
20 234 61.4 15.2
40 20.9 62.8 16.3

the height of spherical caps is about 16 nm, which is smaller when compared to the
corresponding Al template with a protrusion height of 22 nm. This topological effect is a
standard AFM artefact caused by the probe shape (tip radius of 2-12 nm with a tip angle
of 40°C), which cannot perfectly trace over narrow and deep surface features.

After the first 10s of etching, the substrate is primarily removed from the top sides and
periphery of AuNPs. It can be seen on AFM images where the hemispherical topography
is lost, revealing protruded AuNPs. The height of the protruding parts is 33 nm, and in
this case, approximately the same as the AuNPs height (30.7 £ 3.8 nm). With additional
etching, the substrate removal is going into more depth with simultaneous undereching
of AuNPs. This process forms the characteristic mushroom-like structure with AuNP on
top of a conical epoxy pillar (SEM/STEM: 40s). The height of the structures for the 30s
etched sample (AFM), and similarly, the 30s etched sample (STEM) is approximately
twice as big as the AuNP thickness. The etching rate can be roughly estimated from
AFM measurement to 1.6 nms=1.

Additionally, narrow XPS spectra (Figure 5.40) were obtained to compare the relative
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surface element concentrations of samples etched for different times (Table 5.8). After
the first (10s) etching, the gold (Au) concentration significantly increased at the expense
of the carbon (C) concentration. This increase is contributed to the removal of the top
layer of hydrocarbon contamination and the covering epoxy substrate. The oxygen (O)
concentration decreased with further etching, whereas Au and C concentrations slightly
grew. While the Au concentration increase follows the complementary results and the
idea of AuNPs revealing, the Au concentration (maxima of 16 %) is twice as lower as
the expectation from the total projected area of AuNPs (32%) estimated from SEM
measurements. The low surface concentration of Au can be caused by high AuNPs affinity
to carbon contamination that forms a thin layer over the Au surface in ambient conditions.
Due to the high surface sensitivity of XPS, this layer can very effectively blocks the signal
(photoelectrons) from AuNPs.

On the other hand, carbon and oxygen development with increasing etching rate is
still not fully understood. In general, O, plasma treatment of polymers should lead to
oxidation and an increase of O content on the surface.[329] However, reports are showing
a decrease in O content by extensive (> 3 minutes) plasma treatment [330] or by exposure
to the ambient atmosphere after plasma treatment [331]. Additionally, the morphology of
the sample can also play the role or even the degradation of epoxy due to X-ray irradiation.
Therefore, the character of these results is primarily for illustrative comparison.

Parallel optical spectrophotometry measurements were done on the same samples.
The normalized absorbance spectra (Figure 5.33) confirmed the successful removal of the
surrounding epoxy. The absorbance peak maxima measured in the air decreased from the
initial 590 nm to 575, 567.5, and 547 nm after 10, 20, and 40s etchings, respectively. The
changes in the colour of the samples upon etching are visible to the naked eye as well
(inset of Figure 5.33). As shown in Figure 5.41:B, this change goes hand in hand with the
increase of bulk RI sensitivity, from the initial 15nm RIU™! to around 80nm RIU!, for
this particular type of AuNP layer (diameter 65 nm, pitch 105nm).

The adhesion of AuNPs to the epoxy substrate was also tested by a simple scotch tape
test. In contrast to the previous scotch test (Figure 5.28), a standardized tape (8705B,
TQC Sheen) for EN ISO 2409: 2003 adhesion tests were used. As shown in the example in
Figure 5.42, the tests resulted in no visible transfer of AuNPs for the 40 s etched samples.
The same results were also achieved for shorter etching times.

Figure 5.43 shows the selected absorbance spectra of epoxy samples measured in air
and water that give the best sensitivity. All samples were etched for the same time of 30,
which always resulted in stable samples, with reproducible spectra and reversible changes
after multiple steps of washing and drying. As shown, the sensitivity of ~ 100 nm RIU™!
can be easily achieved, while more tailored optimization for different AuNP arrangements

may deliver even better performance.
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Figure 5.41: (A) Position of the LSPR absorbance peak maxima of the etched nanocomposite
samples (Figure 5.37) measured in air (n = 1) and water (n = 1.33). (B) Calculated bulk
RI sensitivities of the same samples. The values on the right side of the graph represent the
condition of the samples after cleaning them with low-power Og plasma after 30 days. Plasma
cleaning was performed in a low-pressure plasma chamber (Tetra 30, Diener) at the pressure of
40 Pa and power of 20 W in an oxygen atmosphere for 15s.
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Figure 5.42: Scotch tape adhesion test performed over a sample etched for 40s (SEM showed
in Figure 5.37, XPS in Figure 5.40). (A) Photograph of tape attached to the sample shows a
good contact of AuNPs with the glue of the tape, given by visible colour change. (B) Photograph
of the sample and the tape after peel-off shows no visible transfer between the sample and the
tape (area of contact is marked by an orange square). The coloured spot on the left side of the
sample originates from epoxy degradation caused by X-ray irradiation during XPS analysis.

SiO, substrate for AuNPs and its application is included in this work as a proof of con-
cept. The possibility to clean samples by oxygen plasma to any extent without damaging
the structures right before or even after selective SiO, etching is an excellent advantage
of this configuration.

The samples were cleaned before selective etching by oxygen plasma for 1min at
100 W, 13.3 Pa, 20 sccm (O,) in the same chamber. This cleaning reduces the uncertainty
of etching introduced by surface contamination. A standard procedure for SiO, etching
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Figure 5.43: Normalized absorbance spectra of the epoxy-based sample after 30s selective
etching measured in air and water with SEM images of corresponding AuNPs arrangement.
Spectra measured by Dr Attila Bonyér.

was modified by adding O and reducing the etching rate (Table 5.7). This recipe resulted
in preferentially isotropic etching of the structures, as shown in Figure 5.44.

3 min etched| 5min etched

Figure 5.44: SEM images of AuNPs on SiOs layer etched for different times.

The reason for this is the use of fluorocarbon (CHF3) that leads to the deposition of a
thin (few nanometres) fluorocarbon layer, which passivates the substrate.[332] However,
with sufficient physical etching (Ar ions and potential bias), this layer can be eroded,
and further chemical etching may be performed. Since physical etching is the primary
driving mechanism, this process is primarily isotropic. The introduction of Oy helps
reduce additional carbon contamination.

The etched samples show great sensitivity (Figure 5.45:C), almost 100 % higher than
an epoxy substrate using the same AuNP arrangement. Moreover, the stability of the
samples was exceptional without any signs of wear due to NP washing. In contrast to
previous substrates, the samples were more discoloured and bluish in the transmission

150



view (Figure 5.45:A). In the reflection, all etched substrates have a greenish metallic look
(Figure 5.45:B).
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Figure 5.45: Photos of 5min etched AuNPs on a SiO3 sample (from Figure 5.44) in the (A)
transmission and (B) reflection view with (C) normalized absorption spectra of a 3min etched

sample (from Figure 5.44) measured in air and water.

5.5.4 Chemical analysis

Chemical analysis was performed by XPS (detaily discussed in section A.4) to understand
better the impact of various fabrication steps and decrease sample sensitivity regarding
various contaminations. Even though XPS is; in general, a non-destructive method,X-ray
irradiation (Al Ko, 1486.7¢V) can modify the structure of polymers or even lead to
changes in their chemical composition. These changes can be easily observed macroscopi-
cally. In the case of epoxy, it is associated with the so-called yellowing [333, 334] shown in
Figure 5.46:B, while in the case of PDMS;, it can be observed as the hardening of the top
layer shown in Figure 5.46:A1-2. Thanks to the present AuNP layer, this change can also
be detected as a blue shift of colour. This glassing of the PDMS top layer was observed
for the UV /ozone modification leading to a breaking of Si—CHj bonds, chain scissions (in-
dicated by a decrease of =Si=0O—Si= signal) and creation of new —OH bonds. These can
be summarized as a decrease of C at the expense of O and Si increase.[335-337] Vacuum
modification by UV was reported [338], concluding that even in the absence of oxygen,
the breaking of methyl groups still occurs, followed by the formation of Si—H bonds. How-
ever, the O/Si ratio increased only by 0.14 compared to 1.18 for UV irradiation in an Oy
atmosphere.

The character of the modification by X-ray irradiation of XPS can be guessed from
these reports studying the impact of UV irradiation. Nevertheless, the full scope of the
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Figure 5.46: Optical images of the XPS analysed spot on (A1-2) PDMS sample, (B) epoxy
sample and (C) on fluorescence sample during analysis. To observe the spot size on (Al) the
PDMS sample, it was (A2) pressed by tweezers revealing the hardened region of the analysed

area.

impact is unknown, and thus the following results are primarily illustrative. Further con-
clusions consider this, but the chemical compounds in PDMS and epoxy are not evaluated
in detail. Therefore, this section is focused mainly on explaining the presence of individual
elements and their origin and their possible impact on the sensitivity of AulNP layers.

Figure 5.47 shows a comparison of XPS wide spectra of similar AuNP layers on mildly
etched PDMS, epoxy and SiO, substrates. Even though the sensitivity of those samples
is relatively low, they are perfect examples to illustrate various contaminations. Elements
found in the spectra may be divided into material elements, process, and natural contam-
inants based on their source. Some of the process contaminants (Al, Cu, Na, Cr) can
be reduced to a minimum by longer etching steps, such as removing Al/Al,O3 or Cu in
NaOH or FeCls solution, respectively. Complete removal of Al oxide is a prerequisite for
controllable substrate etching. Traces of Na and Cr can be avoided by more thorough
cleaning (ultra-sonification) in distilled water between fabrication steps.

Fluoride presence can be found in all samples. It originates from RIE process gases
for PDMS and SiO,. RIE of the epoxy does not use fluorine-based gasses; therefore, the
origin of fluorine is most probably in the chamber walls, which are sputtered during RIE.
The XPS spectra (Figure 5.47 and inset of narrow spectra) conclude that the presence
of F presumably does not originate from the fluorocarbon layer, which is most relevant
for SiO5 samples. The narrow spectra do not contain any high fluorinated carbon groups,
which can be found in the region from 290 to 294 eV.[339] The presence of the —CHF -
groups in the C 1s spectra is questionable since their peaks (288 and 288.4€V)[340] can
overlap with the ester or carbonic acid (-O—C=0) groups; however, this would also cause
the shift of F' 1s to 689.3eV that is not observed (686.7¢V). Fluorine contamination can
also be successfully removed by oxygen plasma (applicable only for SiO;). Na, Ca, K, Zn
traces are usually not present or only in insignificant amounts. They most likely originate
from improper handling or storing conditions.

The most critical contaminations are silicone (e.g., 8.3% in the epoxy sample) and
carbon (e.g., 23 % in the SiOy sample). Even though silicone is one of the natural contam-
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Figure 5.47: XPS wide spectra of AuNPs on PDMS (20s etched), epoxy (10s etched) and

SiO2 (1min etched). The inset figure shows a narrow C 1s spectrum of SiOy sample with fitter

components, and the inset table presents atomic concentration calculated from Au 4f, C 1s, O
1s, Si 2s, F 1s, and Al 2p peaks using Shirley background.

inants, experiments showed that the primary source of the silicone contamination comes
from standardly used tapes (Kapton, copper) for the sample fixation, which uses silicone
silicone (PDMS) based adhesive. To make a general picture of the diffusion rate, a test
sample was measured for a few days. The sample consists of a thin Au layer deposited
on a polished Corundum slide on which a piece of Kapton tape was stuck. 0.3% and
1.0 % concentration increase of silicone and carbon per day was observed on the Au layer
(distance 10 mm from the Kapton tape). This diffusion rate depends on the substrate
material and is most probably governed by the concentration gradient of those elements
since the increase in silicone was observed only on the epoxy samples, while it was stable
or even decreased for PDMS and SiO, samples (Figure 5.48). Likewise, the carbon con-
tent increased only for PDMS and SiO, samples, while it has a decreasing trend for the
epoxy substrate. A similar effect was observed with other materials.

An attempt to correlate the long-term XPS data with sensitivity decrease was made by
measuring identical samples (same as in Figure 5.47). However, these results are mostly
just illustrative since they suffer from the issues above: an unknown impact of the X-rays
induced material degradation, silicone and carbon diffusion from Kapton tapes. Moreover,
the storage conditions vary between batches measured by XPS (Figure 5.48) and optical
spectrophotometry (Figure 5.49).
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Figure 5.48: Long-term development of surface relative concentrations of AuNPs on various

substrates (sample are same as in Figure 5.47). Concentrations were estimated from narrow

XPS spectra of Au 4f, C 1s, O 1s and Si 2s peaks using Shirley background. Samples were kept

in a vacuum with a Kapton tape (the source of Si and C contamination) for most of the period.
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Figure 5.49: Sensitivity development for AuNPs on PDMS, epoxy and SiOy substrates. The

same samples from Figure 5.47 were used, but they were stored in normal office conditions

between measurements.

5.5.5 Conclusions

This section presents selective substrate etchings by RIE to enhance the performance
of transferred AuNP layers. RIE represents the final step of the LSPR sensor fabrica-
tion. The main technological issues and solutions will be pointed out in this conclusion,

while work achievements will be discussed later in the conclusions and future directions

(chapter 6).
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Working LSPR elements were prepared on PDMS, PMMA | epoxy, and SiO, substrates
with the maximum reached sensitivities of 40, 75, 106, and 148 nm RIU™?, respectively.
These sensitivities were achieved with non-optimized AuNP layers, and therefore these
results are primarily used to illustrate the effects of the substrate.

Even though PDMS has the most excellent material properties (optical, mechanical,
chemical), it was found that AuNP layers on PDMS suffer from ‘sturdy’ contamination in
the long term. What is more, compared to a typical (hydrocarbon) contamination, this one
cannot be cleaned by simple means (e.g., Oy plasma). Unfortunately, this dramatically
limits the potential applications of such layers. However, the investigation of PDMS
behaviour is still ongoing to utilize it as the substrate in the future. It is therefore necessary
to understand the oligomer migration and PDMS aging better to minimize or completely
block subsequent AuNP contamination. Efforts were made to better understand the
character of the contamination, especially for PDMS samples. A key finding shows that
Kapton tapes were one of the main silicon contamination sources. Additionally, the
experiments also showed that X-ray irradiation degrades the polymers, compromising the
XPS results. These issues will be tackled in our future work by avoiding Kapton tapes
and analysing different spots to minimize the induced degradation.

The PMMA does not contain any silicone groups in comparison to PDMS. Therefore,
the PDMS contamination issue can be easily avoided. This work demonstrates a success-
ful fabrication of an LSPR element on a PMMA. However, the repeatability of the RIE
of the PMMA substrate over an AuNP layer gave an unsatisfactory result. Even though
this behaviour was not studied in detail, it is believed that the reason is the low thermal
stability of the PMMA that is locally compromised by heating AuNPs during RIE. Ad-
ditionally, applications are limited by the weak chemical stability of the PMMA against
many organic solvents.

With improved thermal stability than the PMMA, the epoxy resin gives stable and
reproducible results of the RIE. Furthermore, it was possible to show an increasing RI
bulk sensitivity due to the substrate removal. The successful removal of the substrate
was illustrated by SEM, STEM, and AFM analyses. Even though the RI bulk sensitivity
drops in a long-term period due to natural surface contamination, it can be simply recov-
ered by Os plasma cleaning. However, a notable drawback of the epoxy substrate is its
vulnerability to Oy plasma. It limits the reusability of LSPR sensors since an Oy plasma
cleaning is standardly used, e.g., before nanoparticle hybridization. Therefore, extensive
cleaning may lead to irreversible damage of the supporting substrate pillars under AuNPs
that leads to their detachment.

The last studied material was SiOs introduced by a PVD deposition over an AuNP
layer right before the epoxy casting. LSPR sensor elements prepared this way showed
exceptional stability during an O, plasma cleaning without any sign of wear. An increase
of the RI bulk sensitivity of almost 100 % was observed compared to the pure epoxy
substrate elements.
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6 CONCLUSIONS AND FUTURE OUTLOOK

This part of the thesis presented a fabrication technology that uses porous anodic alumina
(PAA) to form a well-ordered gold nanoparticle layer transferred to a transparent substrate
to be utilized for plasmonic sensor applications.

Experimental results in this thesis are structured according to fabrication technology
with mini theoretical sections for the selected techniques. After the fabrication of alu-
minium templates, the fabrication of gold nanoparticles (AuNPs) is explained, showing
the crucial aspects of AuNP formation, displacement and size control. It was extensively
demonstrated that with this versatile, nanopatterned template-based fabrication technol-
ogy, large-scale and relatively cheap production with tunable properties is possible. The
main advantage of the proposed fabrication technology is the homogeneity of the nanopar-
ticle size/distribution over a large (several cm?) surface area.

Afterwards, the AuNP layers were transferred onto transparent dielectric substrates
to utilize their properties as a plasmonic sensor fully. A reliable technique that sacrifices
the Al template was presented with an additional selective etching of the substrate. This
selective etching not only changes the AuNP substrate but also modifies its morphology,
giving these nanocomposite layers their characteristic mushroom-like structure with lentil-
shaped AuNPs on top of conical substrate pillars.

Through some complications in the development, working LSPR sensors based on
an epoxy substrate were successfully prepared and characterized. The nanocomposite
layers show exceptional sensitivity in comparison to the previous PDMS concepts. This
work demonstrated an increase of sensitivity due to selective etching as well as long-
term stability of those layers with successful cleaning, providing reproducible sensitivity.
These LSPR sensors were successfully used for the label-free detection of a 20 bp long
DNA molecule,[186] performed by Dr Attila Bonyar, making it one of the first NP-polymer
surface nanocomposite sensors ever demonstrated for the plasmonic detection of DNA.

Additionally, this work includes the progress that has been made by introducing SiO,
as a carrier layer for AuNPs. These LSPR sensors offer an almost 100 % increase in sen-
sitivity and improved long-term stability compared to the previous epoxy-based samples.
They also do not suffer from degradation during the Oy plasma cleaning procedures.

In summary, the AuNPs fabrication technique demonstrated in this work represents
a robust and scalable technology that allows fine-tuning and optimization of AuNP layer
absorption spectra for plasmonic applications such as LSPR and SERS. A significant
advantage of this technology is its relatively low cost and that it only includes solid-state
processes, while it does not rely on any lithographic processes. Thus, this technique
represents a link between randomly arranged nanoparticles formed by, e.g., SSD of thin
metallic film or NPs deposited from colloids, and fully controlled arrangements done by,
e.g., electron beam lithography (EBL), focused ion beam (FIB), nanoimprint lithography
(NIL).

Even though this fabrication method shows remarkable results, it still suffers from
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a few drawbacks. Omne of them is the transfer of AuNPs from templates that require
the dissolution of the template. Finding a method to separate an AuNP layer and save
an underlying template would be the most considerable improvement. It would not be
necessary to prepare a fresh Al template for each AuNP layer, and each AuNP layer will
be identical. This single step would also make a breakthrough in other methods of AuNPs
fabrication. The second drawback is the large-scale order of the defect-free domain size
that is limited (to several microns) by the nature of pore nucleation during anodising and
PAA growth. Without artificial methods such as lithography, increasing the self-order
would be a giant leap proportionate to the first discovery of self-order of PAA.

The future work will include utilizing the recent SiO, layer to improve the performance
and stability of AuNP layers. Additional performance can also be possibly achieved
by optimizing AuNPs that are more focused on specific applications. Additional task
will be to understand better the behaviour of PDMS and its possible utilization as a
flexible substrate. Besides these, a big challenge will be to find or develop an AuNP
transfer technique that will not damage the primary template. The last and probably
most challenging to tackle will be improved large-scale self-ordering of PAA formed on an
aluminium sheet or even thin deposited layers.
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A METHODOLOGY

A.1 Scanning electron microscopy

Scanning Electron Microscopy (SEM) is one of the most common observation techniques
used for micro-/nanostructures imaging and characterization. Only the basics will be
discussed in this section to cover the experiments conducted in this thesis. For a more in-
depth insight into physics, instrumentation, operation, image interpretation, and sample
preparation, the reader is referred to professional books.[341-344]

Electron microscopy is often related to optical microscopy since there is a close analogy
between electron and photon optics. The electron microscopy was developed to overcome
the diffraction limits of the light, which are negligible for highly accelerated electrons. De-
spite all similarities, the image construction in SEM is entirely different, as indicated by
the term ‘scanning’ The electron beam rasters across the specimen and detects the pro-
duced signal of interaction between incident electrons and the specimen material. When
an electron of the incident beam hits and penetrates the specimen, it is deflected in an
elastic or inelastic scattering way. It generates a variety of signals within a pear-shaped
interaction volume that includes secondary electrons (SE), backscattered electrons (BSE),
Auger electrons, and X-rays (Figure A.1:A).

Incident electrons
(electron beam) ﬂ

SE Auger .
1-10 nm -
10 nm S / electrons elastic BSE
©
Specimen Auger electrons .. ...... 0.4-5 nm ‘; %%
©
Secondary electrons . .. .. ~100 nm ‘2 %
c
Backscattered electrons . ... ~1 um g 400 500 inelastic BSE

50 Eo - 50 Eo
Energy (eV)

Characteristic X-rays . .- . M
Bremsstrahlung X-rays . | ~5 um T T
Flourescent X-rays. . . .. 0

Figure A.1: (A) Schematic illustration of depth origin for signals generated in SEM and (B)
the illustrative energy distribution of electrons emitted from a surface irradiated by the electron
beam of primary energy Ey (90 % of SE have energy below 10eV). Adapted from ref.[345].

A.1.1 Secondary electrons

Secondary electrons (SE) are created when the inelastic scattering of the beam electrons
ejects weakly bound electrons (from the valence or conducting bands), which have binding
energies of ~1-15 eV with the parent atom/s.[343] An essential characteristic of SE is their
low kinetic energy (Figure A.1:B) that has a strong influence on their escape depth. SEs
generated further from the surface beyond the escape depth cannot escape the specimen
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as they suffer a rapid energy loss with the distance travelled. Therefore, the SE image
information is only from the top few nanometres, around 1 nm in metals and up to 20 nm
in insulators.[342] Thanks to this, SEs are considered to constitute the most appropriate
signal for studying the surface topography of the specimen. Hence, SE imaging is the
most common type of imaging that is used in the SEM. Nowadays, SEMs are standardly
equipped with Everhart-Thornley (ET) detector, representing a scintillator photomulti-
plier system side-positioned inside the SEM chamber. The scheme and working principle
are illustrated in Figure A.2: Low-energy SE are pulled towards the detector by a weak
electrostatic field of a wired grid (Faraday cage), then they are accelerated towards the
scintillator where they convert into photons. These travel through the waveguide, at
which end they are absorbed by a photocathode of the electron multiplier. Here, the
generated electrons are amplified to levels suitable for image formation. Afterwards, the
output electrical signal is digitalized into the 2D intensity map (SEM image).

Dynodes Photocathode Scintillator Faraday cage

: s : : (+10kV) +200V Incident
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1-2kV
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Figure A.2: The Everhart-Thornley (ET) detector scheme used in scanning electron micro-

scopes and the principle of SE detection.

Modern SEMs have improved their image resolution by the so-called immersion sys-
tems with a strong magnetic field penetrating the specimen region to decrease the aber-
ration coefficients of the objective lens.[346] Its utilization usually requires a low working
distance between the objective lens and the specimen. In the presence of a strong mag-
netic field, the SE are easily ‘sucked’ into the objective lens, where they are detected by
an additional SE detector (in-lens/through the lens/in-beam).

The formed SEM images have a 3D appearance due to differences in contrast between
various structural features of the specimen displayed by a SE detector. This feature may
be used better to understand the behaviour and morphology of the studied specimen.
However, it may be a double-edged tool leading to many misinterpretations caused by
insufficient understanding of the signal origin.

The contrast of the image arises from varying intensities of the detected SE over
different parts of the specimen. This intensity is composed of two attributes: the amount
of generated SE and their detection efficiency. While the yield of SE depends on the
incident electron energy, material, and surface tilt, the detection efficiency is a complex
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process that originates from the role of escape depth and position of the SE detector with
respect to the specimen. Examples of material contrast and morphology are shown and
described in Figure A.3:A-B.

However, the SE contrast can also be affected by the charging of the observed specimen.
The specimen charging is a common issue for insulating or poorly grounded specimens.
It usually manifests as recognizable fast changes of the image, such as drifting, scanning
dependent artefacts, or image deformations. Even though this is a common SEM issue,
there is not a simple workaround. The most common solution is to make the specimen
electrically conducting by depositing a thin (nanometres) conductive layer (e.g., gold,
carbon) over it. This method has a few significant drawbacks; the loss of fine specimen
structure, the loss of material contrast, and, naturally, the contamination of the sample by
the deposited layer. Another method used in this work is to tune the scanning parameters
to suppress or partly compensate for the charging effects. This task is pleasantly simplified
with the rapid development and novel features (e.g., charge neutralisation mode, drift

correction, various modes of image acquisition) of current SEMs.

tilt 45°

om
tilt 45°

Figure A.3: Secondary electron SEM images showing a difference in contrast between AuNPs
on (Al) Al with native oxide and (A2) with an additional thin carbon layer due to different
SE yield between the materials. (B1) Shows contrast between bright protrusion boundaries and
dark concave centres of nanobowled Al surface due to the specimen morphology. In comparison,
reverse morphology of (B2) AuNPs embedded in epoxy substrate gives dark contrast for narrow,
deep boundaries of the hemispheres. (C) Shows effect of the charging on interconnected AuNPs;
darker insulated particles/agglomerates are being positively charged by the observation leading

to lower SE emission.

Besides these effects, the charging may lead to a more peculiar behaviour shown in
Figure A.3:C. The SE contrast of isolated AuNPs clusters originates from their charging
and thus a consecutive lower SE emission compared to the surrounding master cluster
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that is presumably well grounded. Another more visual effect is the electrostatic attrac-
tion induced by the charging, shown in Figure A.4. This effect is illustrated on TiO,
nanocolumns, where one (red-masked) of the separated nanocolumns is selectively irradi-
ated (4s), resulting in a strong electrostatic attraction between neighbouring column/s
follow-up by their bending and permanent touch.

5 ©
'S ¢ O

Figure A.4: SEM images showing an electrostatic attraction: (A) initial state, (B) resulting

state. This electrostatic interaction was induced by a single column (red-masked) selective
charging by an electron beam inside SEM (x0.2nC). Columns are 422nm tall formed by PAA-
assisted anodising of Ti substrate with a 13 % of Nb content (Figure 2.12).

A.1.2 Backscattered electrons

Backscattered electrons (BSE) were utilized in this work for Scanning Transmission Elec-
tron Microscopy (STEM) imaging and Electron Backscatter Diffraction (EBSD). BSE
imaging reveals the distribution of phases/compounds with different compositions based
on their mean atomic number.

STEM images are formed by a signal from the BSE transmitted through the specimen.
Therefore, the specimen thickness must be very thin (<200nm), and the acceleration
voltage must be high (20-30keV). It requires a unique sample preparation that usually
involves dual-beam SEM with a Focused Ion Beam (FIB). In return, higher resolution
is achievable thanks to a smaller interaction volume. However, the primary motivation
for this technique was the enhanced material contrast between AuNPs and the polymeric
substrate. FFor this, it was utilized a segmented annular detector placed below the
specimen. This detector collects the signal from individual rings that allows a selection of
desired BSE scattering angle. Analogous to the optical bright/dark field (BF/DF) mode,
the same effect can be achieved by isolating the signal from the central segment (BF) or
the outer segment (DF).
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EBSD was employed to display individual grains of the material and their crystal-
lographic orientation. EBSD uses backscatter diffraction of high-energy electrons from
a volume of crystal material approximately 20nm deep in the specimen (Figure A.5).
Diffracted electrons form a Kikuchi pattern over a phosphor screen that is digitalized by
a CCD camera. The geometry of the Kikuchi pattern can be interpreted as a gnomonic
projection of the crystal lattice on the plate of the phosphor screen. This geometry is
unique for a particular crystal structure and crystal lattice orientation.[347] Nowadays, ob-
taining results is just a matter of suitable sample preparation thanks to fully automatized
pattern evaluation by specialized software.

Electron beam |

Backscatter Kikuchi pattern Objective lens

|
!
Phosphor screen I Diffracting \
|
i \

| Primary beam

tiIt ~20°

X
\ A Interaction volume
Cone of BSE

EBSD detector
camera with
phosphor screen

Specimen

Figure A.5: Schematic of (A) the diffracting cones with respect to reflecting plane, the speci-
men, and the phosphor screen (adapted from ref.[347]) and (B) a layout of the EBSD system.

Experimental instrumentation:

SEM was performed with either a high-resolution SEM, FEI Verios 460L or Focused
Ion Beam/Scanning Electron Microscope (FIB/SEM) FEI Helios NanoLab 660 that was
also used for STEM observation. Standard observations were done in the immersion
mode with a through-the-lens detector (TLD). The electron acceleration voltage was 5 keV
with a beam current of 25 pA. In the case of non-conductive samples, such as PAA or
nanoparticles on polymer substrates, the charge-neutralisation mode was also applied.
The images were processed in the Gwyddion software.

EBSD mapping was performed on the SEM FEI Verios using EDAX DigiView EBSD
camera. The samples were tilted at 70° with the acceleration voltage of 20keV and the
beam current of a few nanoamps. Data were collected, and EBSD patterns were indexed
using the EDAX TeamTM software. Further postprocessing (e.g., stitching, cleaning) and

evaluation (e.g., IPF map) were done in OIM Analysis™.
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A.1.3 Nanoparticle size

The size of AuNPs was evaluated using the Gwyddion software. The grains (the example
is shown in Figure A.6) were picked from an SEM image with 5pm view-field by the
threshold value and then filtered to exclude any defective grains (e.g., merged, small re-
mains). The statistical sample was over 2500 and 1250 grains for 25V and 40 V templates,
respectively. The NP size was taken as the mean radius from the centre of the mass of
the grain multiplied by two, if not specified otherwise. A different approach using the
minimum circumcircle of grain (illustrated in Figure A.6:a) was used in the published
article [LeBo20], which gives different results.

Mask [ @

‘\RJL

< (X)) ;

Figure A.6: Example of grain marking for the NP size evaluation and illustration of (a) max-

imum inscribe disc radius and (b) minimum circumcircle radius of a grain.

The notation (NP diameter and bounding length) is presented in the form of z + o,
where z is the centre (z.) of the Gaussian function fitter over a statistic sample and o
represent the standard deviation (¢ = fwhm/2v/21n2).

The circularity (C) of the grains is calculated as

4 A

C= Pz (A.1)
where A is the area of the grain and P is the perimeter of the grain. However, the
software (Gwyddion version 2.51 or 2.55) estimates a larger boundary length (perimeter)
of grain (5-6 %) when compared to the real value (tested on artificial structures). This
error originates from the estimation method and may vary based on the resolution, shape,
and angle of the boundary with respect to the pixel mesh. Even though this error was
counted in, the estimated values serve just for a rough comparison. Higher circularity
values correspond to more circular shapes. In the ideal case: Co = 1, Co = 0.907,

Cp = 0.785.
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A.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a scanning probe microscopies (SPM) that uses a
probe that scans over the specimen surface. Based on interactions between the probe and
the specimen, various properties can be observed with a sub-nanometre spatial resolution.
The basic idea of an AFM is that the local attractive or repulsive forces between the
tip and the specimen are converted into bending or deflection of the cantilever. These
tiny changes are commonly measured by the deflection of a laser beam reflected from
the backside of the cantilever to a quad photodiode (optical level principle). Figure A.7
illustrates this working principle with a diagram of fundamental interactions between the
tip and the surface. Even though it is possible to scan over the surface without changing
the height of the cantilever, this method is not common since it generates excessive force,
especially on the fragile tip of the cantilever.

Nowadays, AFMs are equipped with advanced electronics that use a feedback loop
to monitor the cantilever response and adjust the height of the cantilever accordingly to
the surface changes. In contrast to the static mode, AFM imaging can be performed
in a dynamic mode when the cantilever is excited to oscillations by a piezo actuator.
Frequency then changes corresponding to the tip-surface interactions. However, this,
along with other AFM techniques, is out of the scope of this work. Readers are referred
to other books for more information.[348-351]

Quad photodiode

A
:Short range Coulomb interaction

e

Tips atoms
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Force responce curve

Specimen surface

Force

Figure A.7: (A) Schematic of the AFM setup and (B) diagram to illustrate the interaction

between two objects according to their distance (adapted from ref.[348]).

Experimental instrumentation:

AFM was performed with a Scanning Probe Microscope (SPM) Bruker Dimensional Icon.
The basic topography characterizations were done by a ScanAsyst® mode that is a Peak-
Force Tapping® based image optimization technique developed by Bruker. For a low
aspect ratio topography, standard Bruker ScanAsyst-Air probes were used. While in the
case of high aspect ratio structures, NANOSENSORS™ unigprobe — HeartBeatCantilever
(qp-HBC) type probes were used with much better success. The image postprocessing was
done in the Gwyddion software.
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A.3 X-ray Reflectometry

X-ray Reflectometry (XRR) was used to analyse the thickness of the deposited gold layers
precisely. For this purpose, the deposition was done over a piece of Si wafer. Before depo-
sition, the native oxide was etched in a buffered oxide etch (BOE) solution for 2 minutes.
XRR was performed in a Rigaku SmartLab 3kW X-ray diffractometer, using Cu K«
radiation (40kV, 30mA), and the data were fitted in the GlobalFit software.

A.4 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) utilizes a photoelectric effect, firstly explained
in 1905 by A. Einstein.[352] Photoelectron production in its simplest form describes a
single-step process in which an electron initially bound to an atom/ion is ejected by a
photon.[353] If the photon energy is sufficient, then this will result in electron ejection
from the atom/ion as well as the specimen (illustrated in Figure A.8).
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Figure A.8: Schematic of the photoemission process.

Thanks to a complete energy transfer during the process, it is possible to estimate the
binding energy (FEg) from the formula:

EB = hv — EK — gb (A2)

where hv is the photon energy, ¢ is the work function of the instrument spectrometer, and
Fx is the measured kinetic energy of an electron. Since the binding energy of an electron
in a particular shell of an atom is unique to each element, the elements present on the
material surface (other than Hydrogen and Helium) can be identified, and their relative
composition can be determined.[354] Additionally, chemical bounding can be estimated
based on the shift of the spectral lines. Like secondary electron generated in SEM, the
escape depth plays a significant contribution in determining the high surface sensitivity
of the method. Similarly, the emission of photoelectrons from the specimen leads to the
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specimen charging that deforms the shape and shifts the position of the spectral lines for
non-conductive or insulated samples. This effect can be compensated mainly by a charge
neutralization achieved by an electron bombardment from an electron source (charge

neutraliser).

Experimental instrumentation:

XPS was conducted with a Kratos Analytical AXIS Supra instrument with a monochro-
matic Al Ka X-ray source (1486.6€V) using a pass energy of 80 and 20eV for wide and
narrow spectra, respectively. The maximum lateral dimension of the analysed area was
0.7mm. The spectra were acquired with a charge neutralization in the overcompensated
mode to avoid most of the charging effects. Calibration of the binding energy scale was
performed by shifting the hydrocarbon component CH, to 284.8 V. The concentrations
were estimated from peak intensities in the CasaXPS software (version 2.3.18) using the

Shirley-type background.

A.5 Optical spectrometry

This work utilized absorption spectroscopy in the VIS region to measure the bulk RI
sensitivity of AuNP layers on selected substrates. A basic setup to measure absorption

spectra is illustrated in Figure A.9.

Light source Sample on glass slide Spectrometer

o-Q Q

Fiber optics Fiber optics

Figure A.9: Schematic of the absorption spectroscopy measurements.

Experimental instrumentation:

The optical spectroscopy measurements were performed either with a UV-VIS optical
spectrometer (Ocean Optics JAZ 3-channel) with a tungsten halogen light source or an
Avantes Avaspec 2048-4DT spectrometer with an Avantes Avalight DHS halogen light
source (measured by Dr Attila Bonyar at BUTE).
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ABSTRACT: A robust and scalable technology to fabricate ordered
gold nanoparticle arrangements on epoxy substrates is presented.
The nanoparticles are synthesized by solid-state dewetting on
nanobowled aluminum templates, which are prepared by the
selective chemical etching of porous anodic alumina (PAA) grown
on an aluminum sheet with controlled anodic oxidation. This
flexible fabrication technology provides proper control over the
nanoparticle size, shape, and interparticle distance over a large
surface area (several cm?®), which enables the fine-tuning and
optimization of their plasmonic absorption spectra for LSPR and
SERS applications between 535 and 625 nm. The nanoparticles are
transferred to the surface of epoxy substrates, which are
subsequently selectively etched. The resulting nanomushrooms
arrangements consist of ordered epoxy nanopillars with flat, disk-shaped nanoparticles on top, and their bulk refractive index
sensitivity is between 83 and 108 nm RIU™". Label-free DNA detection is successfully demonstrated with the sensors by using a 20
base pair long specific DNA sequence from the parasite Giardia lamblia. A red-shift of 6.6 nm in the LSPR absorbance spectrum was
detected after the 2 h hybridization with 1 yM target DNA, and the achievable LOD was around 5 nM. The reported plasmonic
sensor is one of the first surface AuNP/polymer nanocomposites ever reported for the successful label-free detection of DNA.

KEYWORDS: localized surface plasmon resonance, nanoparticle lattice, DNA biosensor, surface nanocomposite, nanobowled aluminum

1. INTRODUCTION difference between LSPR and classic SPR is that localized
surface plasmon resonance on nanoparticles is more easily
excitable, and thus simpler measurement configurations can be
used.”"” In the chip based LSPR setup the nanoparticles are
used on a surface of a transparent substrate;'® the transmissive
optical setup enables the integration of this principle into
small, hand-held point-of-care LSPR imaging devices.'"'*

Surface plasmon polaritons (SPPs) are the collective oscillation
of delocalized electrons at a metallic surface in response to an
external electric field. Since their first application for sensing
purposes in the early 1980s," surface plasmon resonance (SPR)
based instruments became one of the most widely used tools of
our time for the label-free characterization of biomolecular ] ‘
interactions.” The major advantages of SPR based chemical There'are several r.ecerlxg’lrfwews focusing Ol}sthe advances of
and biosensors are their excellent sensitivity (even in the range plasmonic nanoparticle and nanoarray™” based LSPR

of 107 RIU)® to the changes in the refractive index of the sensors and their application for biosensing purposes. Out of
these applications, label-free DNA sensing is one of the most

challenging because of the inherently small size of target
molecules. Although higher bulk RI sensitivity generally means
higher sensitivity to target molecules, the relationship between
the RI sensitivity and molecular sensitivity is not trivial in
LSPR. The reported bulk RI sensitivity values'® for LSPR
sensors range between 71 and 1933 nm RIU™Y, and although it

medium close to the metal—dielectric interface and that they
yield real-time information regarding the molecular inter-
actions. Also, by use of a defocused laser illumination and a
CCD camera as a detector, it is possible to image a larger area
of the sensor surface, which enables a high-throughput
multianalyte/multibiosensor concept, called SPR imaging.*
Besides the obvious success and the widespread distribution of
SPRi instruments, a disadvantage of the configuration is that

the classical Kretschmann-type reflective optical setup is hard Received: November 17, 2019
to be integrated into small, hand-held point-of-care (PoC) Accepted: January 6, 2020
devices, which is the main reason for the comparatively limited Published: January 6, 2020

success of integrated SPR constructions’™® and for the lack of
hand-held SPRi devices on the market. The most significant

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsami.9b20907
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Figure 1. Comprehensive illustration of the technology to fabricate ordered nanoparticle arrangements on epoxy substrates. The main steps of the
process are the following: (1) Preparation (cleaning, mechanical and electrochemical polishing) of the Al sheets. (2) Formation of PAA on
aluminum through controlled anodic oxidation. (3) Nanobowled aluminum template formation after PAA removal. (4) Thin film deposition of
gold on the template. (S) Nanoparticle arrangement formation through solid-state dewetting. (6) Epoxy casting and curing on top of the gold
arrangement. (7) After the removal of the Al sheet the nanoparticles are transferred to the epoxy substrate. The SEM/TEM/EDX/optical images

illustrate the various phases of fabrication.

can still be considered low compared to the equivalent bulk
refractive index sensitivity of thin film based classical SPR
instruments (which can be above 3300 nm RIU7!),'”
concerning molecular sensitivity, LSPR can match the standard
thin film based SPR instruments.'”'® The near field decay
length of nanoparticles is at least 1 order of magnitude smaller
than the exponentially decaying evanescent field length in thin
film SPR; in other words, LSPR is more focused on the
molecular scale interactions, which take place in the near
vicinity of the particle surface.'” The near field intensity and its
decay around the particles depend on the size, shape, and
material properties of the nanostructures.””*' Coupling and
interparticle distances also play a major role in near field
intensity and thus sensitivity enhancement.”>*

All of the listed aspects should be considered when selecting
a nanofabrication method for LSPR sensor construction, which
usually requires compromises. Control over the particles’ size,
shape, and distribution in a sufficiently large surface area
(several cm?), preferably with a cheap and reproducible
technology, could be considered optimal. With electron
beam” or ion beam™ lithography it is possible to control
the size and distribution of the nanostructures, resulting in
high sensitivity,26 but patterning large surface areas is too
expensive with this method. This is also true for nanoimprint
lithography (NIL), where the hard masks are usually prepared
with these technologies.””*” Colloidal lithography®” and hole-
mask colloidal lithography (HCL)'' are often used to pattern
somewhat larger surface areas; however, there are some
limitations regarding the size/shape of the fabricated
structures, resulting in mediocre/small surface coverage and
thus sensitivity.”">” Precise control over the size and shape
could be achieved through the colloidal synthesis of the
nanoparticles.”> Here, the challenge is the subsequent binding
of the nanoparticles to a substrate (through silanization™ or
thiol chemistry™); the control over the distribution of the
nanoparticle array is limited, and the uncoupled spherical

4805

. e . 236,37
nanoparticles usually have lower molecular sensitivities.

Thermal annealing of a previously deposited thin film on glass
or silicon is a simple technique to produce nanoislands,”” also
combined with subsequent etching of the substrate to produce
nanomushrooms,*”*° but the control over the arrangement is
limited;*” because gold does not adhere well with SiO,, fluidic
environments can remove the NPS from the surface.
Drawbacks of the listed technologies which enable extra high
sensitivities are either the small fabrication area (EBL*°) or the
inhomogeneous surface.”’ A recently introduced reversal
nanoimprint lithography excelled in most of these aspects,
with high sensitivities in the NIR range."”

Our proposed method (illustrated in Figure 1) is based on
the controlled, template-assisted solid-state dewetting synthesis
of nanoparticles and their transfer to a polymer; namely, epoxy
support has the following distinct advantages compared to
other technologies: (1) Controlled synthesis: the particle size
and interparticle distance can be precisely controlled in a fixed
hexagonal distribution, and thus the plasmonic absorption peak
(and sensitivity) can be fine-tuned for individual applications.
Besides plasmonic sensing, the absorption peak should be
tuned for surface-enhanced Raman scattering (SERS)
applications as well, where the relation between the resonance
peak of the substrate and the excitation wavelength defined by
the laser has an effect on the SERS enhancement.’®** (2)
Large scale fabrication: the lateral size of the substrate is not
limited, sensors with several cm® surface area can be easily
prepared, and the nanoparticle size/distribution is homoge-
neous on the whole surface. Such large sensor areas are
required for LSPR imaging (LSPRi) applications'> and also
beneficial for SERS.*** (3) Robustness: the prepared nano-
composite—gold nanoparticle arrangement on fixed on epoxy
pillars—is completely stable; there, is no particle removal
exposed to fluidic environments. The surface of the gold can be
cleaned multiple times with low-power O, plasma without any
significant drop in sensitivity.

https://dx.doi.org/10.1021/acsami.9b20907
ACS Appl. Mater. Interfaces 2020, 12, 4804—4814
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Figure 2. SEM images illustrating the control over the nanoparticle arrangement and sizes on two types of nanobowled Al templates formed by
anodization at 25 V in sulfuric acid with cell sizes D = 67 + 4 nm (A type) and at 40 V in oxalic acid with D = 110 & S nm (B type). The size
distributions (d) of particles are the following: S1 + S nm (Al), 60 + 7 nm (A2), 79 = 6 nm (B1), 92 + 6 nm (B2), and 102 =+ 9 nm (B3).
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Figure 3. Illustration and the effect of selective epoxy etching on Bl type samples. Top row, left: 3D models. Middle: tilted (45°) SEM views.
Right: STEM cross-sectional images (bright mode). Etching times from top to bottom: 0, 10, 20, and 40 s. Bottom graphs: detailed XPS spectra of
O 1s, C 1s, and Au 4f peaks; collection angle (6) = 60°. The tables show the estimated atomic concentrations for both standard (6 = 0°) and tilted

(0 = 60°) measurements.

It also has to be noted that—to the best of our knowledge
except for the Ag/PET based nano-Lycurgus cup arrays of
Gartia et al."'—ours is one of the first surface Au-NP/polymer
nanocomposite LSPR sensor successfully used for label-free
DNA detection. Surface Au/Ag-NP/polymer nanocomposites
were successfully utilized for other applications,* for example

. 47,48
as protein LSPR sensors.
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2. EXPERIMENTAL SECTION

2.1. Preparation of the Nanobowled Aluminum Template.
High-purity Al foils (99.999%, 250 um thick, tempered as-rolled,
Goodfellow) were cut into 25 mm X SO mm samples that were
mechanically polished, finishing with a 3 ym suspension. After the
mechanical polishing, the foils were ultrasonicated in acetone and
deionized water (MilliPore, 18.2 MQ), dried, and annealed in vacuum
(~4 x 107* Pa) at 550 °C for 15 h with a heating ramp of 10 °C
min~" and natural cooling of ~6 h. One side of the Al foils were then

https://dx.doi.org/10.1021/acsami.9b20907
ACS Appl. Mater. Interfaces 2020, 12, 4804—4814
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electrochemically polished in a mixture (0.6 dm®) of perchloric acid
(70% w/w) and ethanol (96% w/w) with a volume ratio of 1:4 at 0
°C. The electrochemical polishing were performed potentiostatically,
in a two-electrode setup with a stainless mesh as a cathode, at 20 V for
1—2 min. After rinsing in deionized water and drying, Al foils were
prepared for anodizing (Figure 1: phase 1).

The one-step anodizing was performed in the same setup as the
electrochemical polishing by using oxalic acid solution (0.3 M) at 7
°C with a potential of 40 V for 20 h or sulfuric acid solution (0.3 M)
at 0 °C with a potential of 25 V for 15 h. To avoid unnecessary
consumption of Al from unpolished side, the anodization was
interrupted after the first 30 min, the foil was cleaned and dried, and
Kapton tape was applied on unpolished side to mask it from further
anodizing. This resulted in an over 50 pm thick porous anodic
alumina (PAA) layer (Figure 1: phase 2) with hexagonally ordered
cells of 67 & 4 and 110 + 5 nm size for 25 and 40 V, respectively.

To obtain the nanostructured (nanobowled) Al surface (Figure 1:
phase 3), the PAA was selectively dissolved (from both sides) in a
vigorously stirred mixture of phosphoric acid (0.42 M) and chromium
trioxide (0.2 M) at 65 °C for 2 h, followed by thorough cleaning and
ultrasonication in deionized water and methanol.

2.2. Formation of Gold Nanoparticle Arrangements. AuNPs
were fabricated by utilizing the nanobowled Al template as substrate
for controlled solid-state dewetting of a thin gold film (Figure 1:
phase 4—5). First, a thin Au film was deposited by RF magnetron
sputtering (BESTEC, magnetron sputtering system) with a rate of
0.035 nm s~ (in an argon atmosphere of 107! Pa), 200 mm distance,
and 30° angle between the Al template and the Au target (99.99%,
Kurt J. Lesker Company). The deposition rate was monitored in situ
by a quartz crystal microbalance and ex situ by calibration sample
profilometry measurements (discussed in detail in the Supporting
Information SS). Afterward, the foils with Au films was thermally
annealed on a hot plate at 300 °C for S min (discussed in the
Supporting Information S3). Various distributions or sizes of AuNPs
(example shown in Figure 2) were obtained by tuning the thickness of
Au film and repeating these processes (deposition and annealing) for
multiple times.

2.3. Transfer of Gold Nanoparticles. To utilize the fabricated
AuNPs layers as a LSPR sensor element, they were transferred to an
electrically nonconductive and optically transparent substrate (Figure
1: phase 6—7). A two-compound epoxy resin (Elan-tron EC 570 and
W 363, weight ratio of 100:33) was cast over the AuNP layer in a
thickness of a few millimeters and cured in an oven for 12 h at 50 °C.
Then, the Al substrate was dissolved in a hydrochloric acid (35% w/
w) and copper(II) chloride (2 M) water solution. After that, the
samples were immersed subsequently into iron(III) chloride (2 M)
and sodium hydroxide (1 M) water solution for 10 min to remove
copper and aluminum oxide residues, respectively.

2.4. Epoxy Substrate Etching. The epoxy substrate was dry
etched in a PlasmaPro 80 RIE chamber (Oxford Instruments Plasma
Technology), which uses capacitively coupled plasma (CCP). Prior to
etching, samples were cut into square based pieces with 10 mm edge
length and washed subsequently in deionized water, ethanol, and
methanol, finished with drying under nitrogen steam. The RIE was
performed for different time periods in an oxygen plasma at a pressure
of 6.7 Pa, power of 50 W, and O, flow rate of 50 sccm.

2.5. Characterization. Scanning electron microscopy (SEM) was
performed with a high-resolution SEM (FEI Verios 460L) in
secondary electron detector mode and an acceleration voltage of 5
keV. Thin lamellae (thickness of ~100 nm) for transmission electron
microscopy (TEM) were prepared by a dual-beam system (FIB-SEM
Tescan LYRA3) (Figure 1) and a FEI Helios NanoLab 660 (Figure
3). Transmission electron microscopy (TEM) and scanning trans-
mission microscopy (STEM) with energy-dispersive X-ray spectros-
copy (EDS) in Figure 1 were performed with a Carl Zeiss
LIBRA200FE (with a Bruker Quantax 200, 30 mm?* EDS detector).
The STEM images in Figure 3 were obtained with a FEI Helios
NanoLab 660 in bright field mode and operating voltage of 30 keV.

X-ray photoelectron spectroscopy (XPS) was conducted with a
Kratos Analytical AXIS Supra instrument with a monochromatic Al
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Ka X-ray source (1486.6 eV) by using pass energy of 20 eV. The
maximum lateral dimension of the analyzed area was 0.7 mm. The
spectra were acquired with a charge neutralization in over-
compensated mode to avoid most of the charging effects. The
calibration of binding energy (BE) scale was performed by shifting the
hydrocarbon component CHx to 284.8 eV. The concentrations were
estimated from peak intensities in the CasaXPS software (version
2.3.18) by using the Shirley-type background.

The optical spectroscopy measurements were performed either
with an Avantes Avaspec 2048-4DT spectrometer and an Avantes
Avalight DHS halogen light source (at BUTE) or with an UV—vis
optical spectrometer (Ocean Optics JAZ 3-channel) with a tungsten
halogen light source.

2.6. LSPR Sensor Tests. The bulk refractive index sensitivity of
the plasmonic sensors was tested by changing the medium above the
samples between air, deionized water, and a sucrose dilution series
(25%, 50%, and 75% in deionized water). The sensor surface was
illuminated in a circular area with a diameter of 8 mm, and a glass
microscope sheet was used to cover the dispersed media on the
samples.

2.7. DNA Experiments. The same protocols were followed, which
were used and tested in a previous work.*” The oligomers were
purchased from Sigma-Aldrich (Germany), and the stock solutions
were prepared by using NaCl (0.5 M)—Na,HPO, (0.05 M), pH 6.8,
buffer (termed running buffer, RB, from now on). The base sequences
of the probe and target ss-DNA, which form a specific sequence from
the parasite Giardia lamblia (the f-giardin gene) )% are the following
(from S’ to 3'): Giardia_probe: CGTACATCTTCTTCCTTTTT-
[ThiC6]; Giardia_target: AGGAAGAAGATGTACGACCA. The
probe and target ss-DNAs are both 20 bases long, and the
complementary sequence in the target is 16 bases. As a negative
control, the following 20 bases long noncomplementary DNA
sequence was used: CTGTGTCGATCAGTTCTCCA. Prior to
surface functionalization, the sensor surfaces were freshly cleaned
with low-power O, plasma by using a Diener Atto chamber at a
pressure of 40 Pa at 20 W power for 15 s. For probe immobilization
the sensors surfaces were immersed into a solution of thiol modified
ss-DNA (1 uM Giardia_probe) for an overnight (~16 h) incubation.
The ionic strength of the buffer was varied between 0.5, 0.75, and 1 M
NaCl, as indicated at the discussion of the results. After probe
immobilization the surface of the sensor was thoroughly rinsed with
the same buffer that was used for the immobilization. Subsequently,
the whole sensor surface was passivated with 6-mercapto-1-hexanol (1
mM, MCH, in the same buffer) for 30 min to reduce nonspecific
binding of probe-DNA on the gold surface. After MCH treatment, the
sensor surface was rinsed again. Finally, the target ss-DNA
(Giardia_target, in various concentrations between 1 nM and 3
uM) diluted in the same buffer as the immobilization solution was
added. The hybridization time was 2 h; after that, the surface was
rinsed again with the corresponding buffer extensively. All optical
spectroscopy measurements (on a bare sensors surface, after probe-
DNA immobilization, after MCH treatment, and after hybridization
with target- DNA) were done in RB medium (after washing) as well,
so the effect of DNA binding can be compared to the same baseline.
The immobilization and hybridization steps were performed by drop
coating the surface of the samples with the respective DNA solutions.
The incubation was performed in a humidified, hermetically sealed
dish to avoid the evaporation of the solutions. All experiments were
performed at laboratory ambient temperatures (22 °C).

3. RESULTS AND DISCUSSION

3.1. Nanoparticle Arrangement Control. In the ideal
case the solid-state dewetting of an Au thin film on the
aluminum nanobowled template leads to the formation of one
nanoparticle per a single bowl, with the volume corresponding
to the dimple area and thickness of the deposited film. This
process is primarily governed by the template’s hexagonal
protrusions; these sharp and uniform structures confine areas
for NP growth. The driving force behind nanoparticle

https://dx.doi.org/10.1021/acsami.9b20907
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formation can be explained by the theory of surface energy
minimization, previously explained on the same structures by
Fan and others.”' Therefore, the most important parameters to
control the NPs uniformity, distribution, and size are the
template morphology and deposited layer thickness (and its
morphology), as it was also investigated and demonstrated in
our previous work,”” or other publications.”">

In this work we focused on utilizing the aluminum
nanobowled template, whose morphology is inherited from
the PAA. However, the hexagonally self-ordered PAA structure
can be achieved within a relatively narrow window of anodizing
conditions. For the given electrolyte system there is an optimal
anodizing potential which determines the PAA cell size and
thus the nanobow!’s diameter (proportional constant of 2.5 nm
V™!). In this work, the most conventional processes were
chosen: 0.3 M sulfuric acid (U = 25 V) and 0.3 M oxalic acid
(U = 40 V), resulting in template morphologies shown in
Figures 2(A0) and 2(BO), respectively. The images show
defect-free domains whose lateral size is limited to only a
several micrometers (tens of cells).” Although this is a major
cause of NP lattice defects, this could be considered as a
common drawback of any self-ordering processes (for example,
it also happens with self-ordering PS ball based techniques as
well).>® Technologies that can overcome these issues (for
example, soft imprinting) are either not applicable for this
work or are very expensive for large surface area patterning (for
example, e-beam lithography).

In the case of ideal dewetting, the Al template determines
NPs arrangement (hexagonal) and interparticle distances
(center to center) are given by the cell size. Although the
size of NPs can be tuned by the thickness of the deposited Au
film, it was experimentally observed that only a narrow range of
thickness leads to an ideal dewetting process with respect to
the Al template morphology (cell size). In our case it was
experimentally established that the ideal thicknesses are
approximately 6 and 8 nm for type A and type B templates
(shown in Figure 2(A1,B1)), respectively. For smaller layer
thicknesses more voids can be observed after annealing,
especially at the side of the protrusions, which causes
undesirable separation and formation of NPs independently
from the nanobowled template (shown in Figure S1: 6 nm).
On the other side, increasing the thickness above the optimum
leads to incomplete NPs separation: the NPs can remain
connected through bridges over sharp template protrusions.
Other groups reported similar observations regarding the
dewetting process on different substrates.”> >’ To match the
arrangement of the NPs with the pattern defined by the
template, it is important to control not only the deposited film
thickness but also the film morphology (explained in more
detail in the Supporting Information S1—S3). The morphology
of the film may vary based on the selected deposition
technique and its parameters. Here vacuum sputtering was
selected since it yields smoother films compared to vacuum
evaporation (as demonstrated in Figure SS), but the in-depth
investigation of other deposition techniques was not the aim of
our current work.

However, as seen in Figure 2(A1,B1) with these optimal
initial layer thicknesses the resulting NPs have undesirably
large interparticle distances which would not yield substantial
sensitivity enhancement by plasmon coupling. To decrease the
distance between nanoparticles and at the same time increase
their size, the deposition and annealing processes were
repeated multiple times. The examples in Figure 2 were
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prepared by sequential deposition and annealing, where the
deposited layer thicknesses were the following: (A2) 6 nm + §
nm, (B2) 8 nm + 7 nm, and (B3) 8 nm + 7 nm + 5.5 nm. An
analogous method is present by Kang and others by using a
template-less dewetting technique.”® As the result of these
procedures, it is possible to achieve well-ordered, uniform, and
closely packed NP layers with gap distances under 10 nm
(Figure 2(A2,B3)). If the separation between the particles is
sufficiently small, interparticle plasmon coupling will occur,
which could lead to a significant increase in the near field
intensity in the gap and also to a significant increase in LSPR
bulk refractive index sensitivity (or SERS enhancement in
other applications).”® Efforts to further decrease the inter-
particle gap resulted in predominant defect formation and
merging of the NPs. Compared to the first layer, tuning the
thickness for subsequent films is even more challenging, which
leads to a compromise including possible NP merging and
formation of small, secondary NPs (as illustrated in Figure S4).
This NP merging is not desirable, since the change in the
particle shape would add other components into the plasmonic
absorbance spectrum of the arrangement, causing red-shift and
widening of the absorbance peak. Such tightly packed
nanoparticles, synthesized by a distantly similar technique
utilizing porous alumina templates, were proved to be
sufficiently sensitive for molecular scale sensing to detect
biomarkers.””

3.2. Nanoparticle Transfer to Epoxy and Nano-
composite Stability. To use the synthesized AuNP arrange-
ments as plasmonic biosensors (working in fluidic environ-
ments), it is necessary to fix the NPs onto a different substrate.
A general problem with the solid state dewetting based NP
synthesis methods is that the NPs do not adhere well to the
substrate used for synthesis and can be washed away easily.
Also, in this case the NPs are electrically coupled to the
aluminum substrate, which hinders their plasmon resonance.
Third, having a transparent substrate under the AuNP
arrangement is beneficial, for in this case the sensors can be
used in a simpler transmission based optical setup.

For these practical reasons the NPs were transferred after
synthesis onto an electrically nonconductive and optically
transparent substrate via simple polymer casting. Although
several substrate materials were tested—including PDMS and
PMMA—epoxy was found to be the most suitable candidate
for this purpose unanimously. The main reason for this is that
after the transfer of the NPs a subsequent polymer etching step
is required to remove the casted polymer from the surface of
the NPs. This etching can be easily performed in the case of
epoxy with simple O, plasma, while it requires more aggressive
etchants and complex procedures for sturdier polymers, such
as PDMS. On the other hand, we observed that thermoplastics
(like PMMA) are not suitable for this kind of plasma etching
due to their low glass transition and melting temperatures.
These temperatures can be locally reached due to the heating
of NPs, caused by the microwave irradiation. In comparison,
thermoset epoxy is much more stable in this regards. Today O,
plasma is a commonly used cleaning protocol for sensor
surfaces; thus, the selective etching of epoxy with O, plasma
can be considered compatible with standard laboratory
protocols.

Figure 3 gives a comprehensive illustration regarding the
selective etching of epoxy with O, plasma. Directly after
polymer casting the transferred NPs are partially covered with
a thin epoxy layer, as can be clearly seen on the SEM images.

https://dx.doi.org/10.1021/acsami.9b20907
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Figure 5. (a) Position of the LSPR absorbance peak maxima of the etched Al type nanocomposite samples measured in air and in water,
respectively. (b) Calculated bulk refractive index sensitivities of the same sensors. The values on the right side of the graphs represent the condition
of the samples after cleaning them with low-power O, plasma after 30 days. The samples correspond to the ones presented in Figure 3 and Figure

4a.

This is also confirmed by the color of the samples (Figure 4)
and the very small bulk refractive index sensitivities, measured
directly after the transfer (around 1S nm RIU', Figure S).
Etching the epoxy samples in O, plasma (at a pressure of 6.7
Pa, power of SO W, and O, flow rate of 50 sccm) for 10, 20,
and 40 s gradually removes the epoxy from between the
particles (Figure 3), as confirmed by the SEM and STEM
images. Because the AuNPs mask the underlying areas of
epoxy from etching, the resulting structures will resemble
mushroom-like shapes, with gradually narrowing epoxy pillars
holding the NPs on top. The 3D models of Figure 3 were
reconstructed based on the SEM and STEM images. It is also
worth mentioning that judging by the cross-sectional STEM
images the shape of the AuNPs is closer to flattened disks
(resembling red blood cells) than spheres. With such flattened
shapes interparticle interactions and coupling are expected to
be stronger in the lateral plane compared to spherical NPs.*’
The successful selective removal of the epoxy from the top
and between the particles is also confirmed by XPS
measurements, presented in Figure 3. Longer etching times
gradually decrease the atomic percentage of oxygen and carbon
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on the surface (based on the O 1s and C 1s peaks,
respectively), while at the same time increasing the atomic
percentage of gold (Au 4f peaks). Parallel optical spectropho-
tometry measurements were done on the same samples (from
the B1 line). The normalized absorbance spectra of Figure 4a
also confirm the successful removal of the epoxy. The
absorbance peak measured in air decreased from the initial
590 nm to 575, 567.5, and 547 nm after 10, 20, and 40 s
selective etching, respectively (Figure 4a). The changes in the
color of the samples upon etching are visible to the naked eye
as well (inset of Figure 4a). As can be seen in Figure S, this
change goes hand in hand with increasing bulk RI sensitivity,
from the initial 15 nm RIU™ to around 80 nm RIU™), for this
particular B1 type sample. Because for other applications, like
SERS, the position of the LSPR peak alone could be important,
it has to be mentioned that by varying the particle size,
interparticle distance, and epoxy etching, it was possible to
tune the plasmonic peak of the sensors elements between 535
and 625 nm, measured in air.

The best achievable RI sensitivities were found to be 83 + 3
nm RIU™! for Al, 106 = 3 nm RIU™! for A2, 97 + 11 nm

https://dx.doi.org/10.1021/acsami.9b20907
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Figure 6. (a) Normalized absorbance spectra of a B3 type nanocomposite sample, measured in different media (sucrose solutions). (b) Linear
regression of the LSPR peak maxima shown in (a). (c) Normalized absorbance spectra measured in different phases of probe-DNA immobilization
and target-DNA hybridization, measured on a B3 type nanocomposite, by using a 0.75 M NaCl-50 mM Na,HPO, buffer.
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Figure 7. (a) Absolute LSPR absorbance shift measured after DNA immobilization and subsequent DNA hybridization by using buffers with
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with noncomplementary DNA. (c) Calibration curve of the B3 type nanocomposite. All data are an average of 4—S measurements.

RIU™ for B1, and 96 + 4 nm RIU™ for the B3 sample, all after
30 s etching time (illustrated in Figures 4b and 4c). It has to be
noted that overetching these samples in O, plasma could
destabilize the AuNP arrangement’s integrity by narrowing the
epoxy pillars below a critical point, resulting in NP removal
during washing, leading to decreased sensitivity. The 30 s O,
plasma etching always resulted in stable samples, with
reproducible spectra and reversible changes after multiple
steps of washing and drying. Adhesion tests were also
performed on the etched samples, and the NPs could not be
removed by the classic Scotch tape method (see Supporting
Information S7).

The stability (robustness) and cleanability of the fabricated
plasmonic sensors are of outmost importance since before the
immobilization of receptor molecules the surface of the gold
has to be cleaned sufficiently. For this, this long-term stability
of the sensors was tested. Figure S shows the absorbance peak
maxima (in air and water, Figure Sa) and respective bulk RI
sensitivities (Figure Sb) monitored for 27 consecutive days,
measured on the same samples as in Figures 3 and 4a. Upon
storage at normal office ambient conditions the bulk RI
sensitivity of the sensors gradually decreased with the elapsed
time, which is not surprising, knowing that the surface of gold
can easily be contaminated by numerous ambient agents.’’
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Despite the significant drop in sensitivity with time, the
samples could be easily regenerated with short, low-power O,
plasma cleaning (20 W power at 0.4 mbar for 15 s), to retain
their initial sensitivities. Other long-term tests performed with
multiple cleaning steps demonstrated that the sensors could be
effectively cleaned with such low-power O, plasma several
times (3—S5), without any significant drop in sensitivity. The
robustness and cleanability of the fabricated sensors elements
thus enable their application as LSPR biosensors.

3.3. Detection of DNA Hybridization. To test the
fabricated epoxy—Au nanocomposites as LSPR sensors for
DNA hybridization detection, a 20 bp long specific sequence
from the parasite Giardia lamblia (the f-giardin gene) was
used. This particular sequence and probe-target DNA pair
were extensively tested in a previous work with both an SPR
and a capacitive sensor.”” Here, the exact same probe
immobilization and target hybridization protocols were used.
For these experiments we only used nanocomposites from the
B3 batch. Figures 6a and 6b present bulk refractive index
calibration results for one of the samples, performed with a
dilution series of sucrose dissolved in water. The LSPR sensor
has a linear response in the relevant refractive index range of
1—1.44 RIU, with a bulk RI sensitivity of 92.58 nm RTU™..

https://dx.doi.org/10.1021/acsami.9b20907
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Figure 6c¢ presents the resulting absolute shift of the
absorbance spectra after Giardia probe + MCH immobiliza-
tion (overnight from 1 uM solution) and the subsequent
hybridization with 1 uM Giardia_target for 2 h. The spectra
were always measured in the specified running buffer. The
shifts are defined between the subsequent phases; for example,
probe immobilization is compared to the spectra measured in
empty buffer prior immobilization, while the shift caused by
hybridization is compared to the spectra measured after
immobilization. Buffers with three different ionic strengths
were investigated, namely 0.5, 0.75, and 1 M; the resulting
absorbance shifts are given in Figure 7a. The first set of
experiments were performed in the same buffer which was used
in the mentioned reference,” namely 0.5 M NaCl-50 mM
Na,HPO,, pH 6.8. In this buffer a small, but reproducible,
blue-shift (1.8 + 0.5 nm) of the spectra was observed after
probe-DNA immobilization and a subsequent 3.8 + 0.8 nm
red-shift after the hybridization with the target-DNA. Although
it is known that the presence of DNA on the nanoparticle’s
surface increases the effective refractive index in the
surrounding media and causes a red-shift in absorbance, such
a blue-shift upon DNA binding is not entirely unexpected or
unprecedented in LSPR systems. Roether et al. also measured a
2—3 nm blue-shift upon DNA immobilization,*” while others
explained their observed blue-shifts with plasmon uncoupling
between particles.'”*® In our nanoparticle arrangement (B3
type) the average interparticle gap between the nanoparticles is
around 10 nm, while due to the irregular shape of the particles
it can sometimes be below 5 nm in hot spots. Because the
length of the Giardia_probe is around 7 nm, it is possible that
the repulsion between the negatively charged DNA strands in
these gaps causes the particles to shift out of the coupling plane
(by slightly bending the epoxy pillars), resulting in plasmonic
uncoupling and the observed blue-shift in the spectra. To test
this theory, the measurements were repeated in buffers with
increased jonic strength (0.75 and 1 M NaCl; both with 50
mm Na,HPO,). Higher ionic strength was proven to be
effective in decreasing the repulsion between the DNA strands
by screening the charges of their sugar—phosphate backbone
and thus decreasing their Debye length,” resulting in more
tightly packed DNA layers.”” NaCl in high concentration (such
as 1 M) is particularly used for this purpose.*”*®

As can be seen in Figure 7a, in higher ionic buffers the
immobilization of Giardia_probe resulted in a red-shifts of 9.4
+ 0.8 and 14.6 + 0.4 nm in buffers with 0.75 and 1 M ionic
strength, respectively. For the 0.75 M buffer the 6.6 + 0.7 nm
red-shift signal resulting from target-DNA hybridization was
also significantly higher compared to the 0.5 M buffer. In the
case of the buffer with 1 M ionic strength the hybridization
resulted in a blue-shift of 4.5 + 1.5 nm, but this time this can
be associated with damaged NP integrity. During the washing
step after target-hybridization some AuNPs were visibly
washed away from the surface. This phenomenon never
happened with buffers of lower ionic strength (and as it was
discussed in section 3.2 the nanocomposite was found to be
quite robust with stable NPs), while it was reproducible in 1 M
ionic strength; thus, it can be accounted for the instability
caused by the too tightly packed DNA molecules. This
phenomenon is investigated in more detail in Supporting
Information S7. Figure 6¢ presents normalized absorption
spectra measured in the 0.75 M buffer, illustrating the 9.4 + 0.8
nm red-shift upon immobilization of probe (compared to
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empty buffer) and subsequent 6.6 + 0.7 nm red-shift upon
hybridization with the target.

Figure 7b presents the result of control experiments—all
performed in a buffer with 0.75 M ionic strength. The
deposition of a pure MCH monolayer resulted in a 1.88 + 0.8
nm shift, while a pure probe-DNA layer in 8.08 + 0.7 nm.
Adding the MCH after the probe results in a smaller 1.31 + 0.6
nm shift compared to the pure MCH monolayer. Based on
these values, the probe surface density was roughly estimated
to be around (2—5) X 10" molecules cm™ (details of the
calculations are presented in the Supporting Information S9).
Upon comparison of the signals of probe-DNA (8.08 + 0.7
nm) and subsequent target-DNA hybridization (6.62 + 0.7
nm), the signal ratio is around 80%, which corresponds well
with the work of Gong et al, who predicted a hybridization
efficiency between 70—90% for buffers between 0.33—1 M on
a probe coverage between (2—8) X 10'2 molecules cm™2.%

The calibration curve for a B3 type nanocomposite is
presented in Figure 7c. The target-DNA signal starts to
saturate around 1 M concentration, and the characteristic is
linear (as a function of a logarithmic target concentration)
between 10 nM and 1 uM, mostly consistent with previous
works on such SPR/LSPR DNA biosensors.***® It has to be
noted that the measured variation of the signal (between
+0.3—0.8 nm) originates from the variation between samples/
sample areas, since the sample is removed/replaced in the
spectrometer in each step of the experiment. By integrating the
LSPR chip into a microfluidic setup and monitoring a fixed
area constantly, we could significantly reduce these errors. The
standard deviation of the blank signal (measured by
monitoring the same sensor area in a blank buffer for 10
min) is around 0.1 nm. Based on this, the LOD (defined as the
signal from the blank sample plus 3 times the standard
deviation of the signal from the blank sample) is around S nM.
The same probe-target DNA system was measured previously
with a commercial SPR instrument, resulting in sub-nanomolar
detection limit.** However, this detection limit and maximum
signal response for a 20 bases long target are comparable and
even better than several LSPR sensor solutions which were
previously presented for label-free DNA detection,*”*%*"*

4. CONCLUSIONS

The fabrication technology and plasmonic sensor application
of an AuNP-epoxy based surface nanocomposites were
presented. It was extensively demonstrated that with this
versatile, nanopatterned template based fabrication technology
the large scale production of robust plasmonic sensors with
tunable properties is possible. The main advantage of the
proposed fabrication technology is the large (several cm?)
surface area, in which the nanoparticle size/distribution is
homogeneous and also tunable with the technological
properties. Other strengths of the nanocomposite are the
stability of the arranged AuNPs on the epoxy pillars in fluidic
environments and also their repeated cleanability with
reproducible sensitivities. The LSPR sensors were successfully
used for the label-free detection of a 20 bp long DNA
molecule, making it one of the first NP-polymer surface
nanocomposite sensors ever demonstrated for the plasmonic
detection of DNA.

https://dx.doi.org/10.1021/acsami.9b20907
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