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1 Prologue and proposition of the thesis

A thin film can be characterised as a "two-dimensional” structure because the thickness
of the third dimension is so small (from 1 um to 1 nm) that the surface-to-volume ratio is
relatively large (up to 10%). A decrease in the distance between two surfaces and their interaction
has a decisive influence on the internal physical and chemical properties of thin layers, and leads
to the emergence of completely new phenomena. Changes in the chemical composition also
make the properties of thin layers very diverse, and these may differ significantly from the bulk
material. In general, thin films create a "bridge" between macro- and nano-systems, and the
development and production of modern microsensors cannot be achieved without the use of thin
film technologies.

This study focuses on a combination of ZnO thin films and gold nanostructures. ZnO
doped with Al (ZnO:Al) or Ga (ZnO:Ga) belongs to the group of transparent conductive oxide
(TCO) thin films; these have specific electronic and optical properties that are applicable in solar
cells, optoelectronics and sensorics. Of the nanostructured noble metals, gold is of particular
importance due to its stability and its unique electrochemical and optical properties. The
morphology of the surface of gold is the feature that most strongly influences its functional
properties. Gold nanostructures are often prepared by electrochemical deposition methods [1],
but there are a few reports on sputtered micro- and nano-structures [2-4]. Research into Au
nanostructures sputtered onto both glass and columnar TCO thin films is important because the
results are applicable for biochemical sensors [5].

The purpose of this study is to develop, study and optimise a technology that results in
the formation of Au nanostructures on TCO ZnO:Al (ZnO:Ga) thin films or Corning glass
substrates. This thesis is therefore divided into several chapters, which focus on the following
areas:

Q) A study of the sputtering of nanocolumnar ZnO:Al thin films and their complex
characterisation (i.e. their surface morphology, crystalline structure, electrical and
optical characterisation);

(i) A study of the influence of radiofrequency (RF) diode sputtering power on the
morphology of ultrathin gold layers deposited on ZnO:Al (Zn0O:Ga) thin film or
glass substrates;

(iii) A study of the surface plasmon absorption of Au nanostructures formed on glass
or ZnO:Al (ZnO:Ga) substrates; and

(iv) A study of the surface-enhanced Raman spectroscopy (SERS) response of Au
nanostructures  formed on  ZnO:Al substrates functionalised  with
11-mercaptoundecanoic acid (11-MUA) [5,6].

This work is expected to contribute to the development of simple and efficient sputtering
and thermal annealing technologies for the preparation of transparent conductive oxide ZnO:Al
or ZnO:Ga thin films with nanocolumnar structures and gold plasmonic nanoparticles and
nanostructures with minimised photolithographic processing. This study will expand the existing
knowledge of the physico-chemical properties of the nanostructured interfaces between doped
ZnO layers and Au nanostructures via a complex study using comparative characterisation
techniques.



2 Introduction

2.1 Nanostructured ZnO thin films

Zinc oxide (Zn0O) is an n-type semiconductor with a wide band gap (3.3 eV at 300 K) that
is used as a promising candidate to replace other wide band gap semiconductors, such as indium
tin oxide (ITO) [7], which is primarily used as a transparent electrode in optoelectronic devices.
The hexagonal structure of wurtzite is the most common crystalline phase of ZnO (Figure 2.1).

Figure 2.1 Schematic representation of the Wurtiite ZnO structure doped with Al (AZO)

It has been found that the conductivity of ZnO films increases when doped with
aluminium or gallium (so-called AZO or GZO films, respectively). In general, the doping of
ZnO with Al causes a rearrangement of the ZnO grid and generates a free electron in the
conduction band [5,7,8]. Both AZO and GZO films are TCO films, which have recently attracted
attention due to their nontoxic nature, cost-effectiveness and easy fabrication [7]. TCOs based on
ZnO are used in thin film solar photovoltaic cells, and ZnO nanostructures (such as clusters,
wires, nanotextured surfaces and nanocolumnar crystallinity), have shown a particularly wide
range of potential applications for advanced photon management design in the novel generation
of solar cells [9].

However, it is worth noting that a sensor based on ZnO:Al still has certain limitations.
Some sensor properties (such as sensitivity) can be improved by several techniques, e.g. by
nanostructuring of the active surface of a sensor or by combining it with plasmonic structures
based on noble metals.

For example, a columnar morphology can be achieved by the nanostructuring of ZnO
films, which is used to tailor the desired anisotropic optical properties. These polycrystalline
columnar structures are also used for the fabrication of sculptured thin films, a new class of
optical materials [8,10,11]. In the case of columnar growth along the ¢ axis, the Zn* or O” surface
may have a specific surface termination. (Figure 2.2). These terminated polar surfaces can
improve the molecular bond, which is advantageous for biochemical imaging.



Figure 2.2 Nanocolumnar structure of a ZnO film

Nanostructured ZnO thin films, and particularly nanotextured and nanoporous ZnO thin
films, are also employed in gas- and bio-sensors since they exhibit non-toxicity, strong
adsorption ability, high catalytic efficiency and electron transfer capability [12-14]. The
morphology and crystallographic structure of ZnO thin films (thickness, grain size, texture,
faceting, surface geometry, agglomeration and porosity) have a significant influence on the main
characteristics of biochemical sensors.

2.2 Plasmonic metal nanoparticles for sensor applications

Noble metal nanostructures have been widely studied in label-free biological sensor
applications [15,16] using localised surface plasmon resonance (LSPR), which (as discussed
above) is a coherent oscillation of the free electron gas in metal nanoparticles excited by
electromagnetic radiation, particularly in the optical range. Trends in the development of
plasmonic technologies include efforts to produce Au or Ag nanoparticles of controllable shape,
size and porosity, with the aims of improving the LSPR tunability and simplifying the
technological procedure [17]. Recently, innovative physical technologies have been developed as
an alternative to traditional chemical reduction methods for obtaining metal (Au, AgQ)
nanoparticles. These technologies include laser ablation or pulsed deposition, electron-beam or
nanosphere lithography [18], thermally induced dealloying and dewetting on pre-patterned
substrates by nanoimprint lithography [19], electron-beam lithography [20] and evaporation [21],
depositions or sputtering of nanostructured or porous Au films and nanoisland arrays [2,22,23].
The application of LSPR sensors requires a solid transparent support, e.g. a glass substrate or
TCO films.

In this work, our aim was to simplify the technological procedures of the formation of Au
plasmonic nanostructures (e.g. in an island-like shape) directly by sputtering, without the use of
any lithographic process. The structural, morphological and optical properties of sputtered Au
nanoisland arrays (NIA) (on bare Corning glass, or GZO films sputtered on Corning glass
substrates) were studied and compared to the universal size-scaling plasmon coupling model
[24,25]. A description of the plasmonic behaviour of sputtered Au NIA is presented using the
technological parameters of a thin film, such as the RF power density and the nominal thickness
[26].



3 Experimental methods

3.1 Preparation of nanostructured ZnO thin films with gold
nanostructures

Continuous and sequential sputtering of ZnO:Al (Ga) films and Au nanoisland arrays
using an RF diode system

For the deposition of ZnO:Al thin films, an RF diode sputtering system was used
(Perkin/Elmer 2400/8L, installed at the Institute of Electronics and Photonics of FEI STU in
Bratislava). Continuous sputtering (Figure 3.1 a) of ZnO:Al thin films was performed using the
standard static mode of deposition, in which the substrates were placed under the target, with a
ceramic target (ZnO+2 wt. % of Al;Os3, 152.4 mm in diameter) in Ar working gas. Post-
deposition annealing of ZnO:Al thin films with a thickness of 560 nm was carried out at 500 °C
for 30 min in the forming gas N2:H2 (90:10) [27].

Deposition of ZnO:Al (Ga) and Au was performed by sequential mode (dynamic,
Figure 3.1 b) sputtering [28] using an Au target 203.2 mm in diameter and an Ar atmosphere
(pressure 1.3 Pa). The substrates were moved under the target by turning the substrate holder,
where the deposition time corresponding to one turn was approx. 9 s. Corning glass substrates
(bare or covered by TCO ZnO:Al (Ga) thin film) were heated to 200°C before Au deposition.
The influence of RF power on the morphology of Au nanostructures was examined. The
sputtering rates were determined from the thicknesses and the time of deposition of
homogeneous thin films, which were evaluated using a Dektak profilometer. The amount of
sequentially sputtered material was estimated based on the nominal thickness of the film
deposited during the period of a single turn (= 9 s) under the target. The sputtering rate of Au
was dependent on the RF power density, and its values were determined as follows: 0.12 nm/s
(for 2.3 mW/mm? RF power density), 0.25 nm/s (4.6 mW/mm?), 0.5 nm/s (9.2 mW/mm?) and
1.0 nm/s (18.5 mW/mm?).

Continual Sequential
- i —
| AZO Target | : . S AZO Target |
Ult%a“:lhm J l l i T: émiulti—DeEosite‘t‘ik“-\ l l l
100 nm Substrate : z Hilms Substrate |
| L/
Static Holder Moveable Holder Rotation
a) b)

Figure 3.1 Schematic drawing of the a) continual and b) sequential sputtering of ZnO:Al (Ga)

Growth of columnar ZnO thin films

In general, in the field of thin film growth, the early stages are dominant, that is, the
formation of nuclei, the growth of clusters and islands and their coalescence. Competing
atomistic processes are involved in nucleation and growth [29], i.e. the adsorption, diffusion and
binding of particles (involving the surface and interfacial energetics of the substrate and
condensing atoms). In the case of columnar thin films, the growth is determined by two main
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competing mechanisms: atomic-scale shadowing and surface diffusion [30]. The principle of
atomic-scale shadowing (also known as “self-shadowing”) can be described as follows. As the
sputtered particle nucleates on the substrate, the region behind the nucleus receives a minimal
flux of condensed particles, because this region falls within the “shadow” of the nucleus.
Sputtered particles will therefore be deposited only onto the nucleus, thus developing a columnar
structure.

Preparation of Au nanoisland arrays

Of the nanostructured noble metals, gold is of particular importance, due to its stability
and its unique electrochemical and optical properties. The morphology of gold is the most
important parameter affecting its properties. Gold nanostructures are often prepared using
electrochemical deposition methods [5].

Our aim was to simplify the technological procedures involved in the formation of Au
plasmonic nanostructures (with island-like shape) directly by sputtering, without the use of
masking and lithographic processes. We use a single mode of sputtering, i.e. sequential
sputtering of Au NIA, on three kinds of substrates:

(1) Corning glass;
(i)  Corning glass with sputtered columnar ZnO:Al (or ZnO:Ga) thin films;
(i) Corning glass covered by ultrathin Ti film.

Thin gold layers were sputtered on substrates for different sputtering times using RF
diode sputtering (Perkin/Elmer 2400/8L), the same technique used for sputtering of ZnO films.
The thickness of the sputtered Au layers was within the range 1.5 nm to 126 nm. Sputtering was
performed at room temperature inside a vacuum chamber at a basic pressure of about 1.1-2 mbar
(1 Pa). A sequential (dynamic, cyclic) sputtering method was applied, which has a strong
influence on the thickness and homogeneity of the films involved in the sputtering process.
Continuous sputtering was used primarily for the deposition of the ZnO film, while sequential
sputtering was used for the preparation of gold layers.

In comparison to static sputtering (in which the substrate holder is stable, and the
substrates are underneath the target the whole time), cyclic sputtering is a dynamic mode of
deposition, in which the substrate holder is not still but rotates continuously underneath the
target. The concept of cyclic sputtering is illustrated in Figure 3.2 [5]. This method allows the
deposition of very thin layers. The nominal thicknesses of the Au island films (2-8 nm) that were
sputtered from the Au target with a diameter of 203.2 mm at RF power 75-300 W were
determined using a Dektak profilometer.

Au - target E

R |

aYaNate) Corning i

alale) |
|

Rotation

Corning
Substrate

D e——

AZO0 /GZO Substrate |
Glass

Multi Au - target
Deposited
Island

Films

HH

Moveable
Holder

Moveable Holder Rotation

Figure 3.2 Schematic drawing of sequential sputtering of Au NIA



Post-deposition annealing was carried out in the sputtering chamber immediately after
deposition in a vacuum at 1 Pa at 300°C for 2 h, and additionally in an external furnace (in air at
atmospheric pressure at 500°C for 5 h).

4 Results and discussion

4.1 Nanocolumnar ZnO:Al thin films

Continuous and sequential sputtering of ZnO:Al thin films

a) Morphology of ZnO:Al nanostructure films studied by SEM

An evaluation of the surface morphology using SEM image processing was carried out
using ImageJ software (as described in the previous chapter). Figure 4.1 a presents the results of
SEM image processing for the nanostructured ZnO:Al layers, showing SEM images of the
sample surfaces and the corresponding density distribution of the nanostructures. A statistical
analysis of SEM images (probability density) showed a log-normal distribution of the upper
surface areas of the nanostructures, and their mutual distances were characterised by a Gaussian
distribution [5,6,8].

The surface morphology and crystalline structure of sputtered ZnO thin films were
influenced by the deposition time, substrate temperature, power density, and the method used
(i.e. continuous or sequential sputtering). In comparison with continuous sputtering, the
sequential sputtering mode allowed us to achieve very low deposition rates, higher homogeneity
and closely controllable 3D coverage [5,6,8].

The structural columnar hierarchy of a continuous sputtered ZnO:Al film is shown in
Figure 4.1 b. The crystalline structures of the film corresponded to zone 2 of the crystalline
structure of our zone representation [5,8,31]. It was observed that continuous sputtering led to
the growth of larger columnar grains than in sequential sputtering (a so-called V-shaped growth,
Figure 4.1 c). This effect was intensified by the self-heating of the growing film during
sputtering and by an increase in the deposition time (giving a higher thickness). A similar grain
hierarchy was observed in both the experimental results and theoretical simulations [32]. The
size of the columnar grains oriented perpendicularly to the substrate was increased in the
direction normal to the surface; the upper areas of the grains in the surface plane were
characterised by a log-normal distribution of areas A with modus 1050 nm?, and the modus of the
NN grain distances was 65 nm (Figure 4.1 d) [8]

b) Electrical properties of ZnO:Al nanostructure films

The electrical properties (resistivity, concentration and mobility of electrons) were
estimated using Hall measurements (Ecopia HMS-5300). As is well known, the resistivity of
very thin AZO films depends on the AZO “bulk” resistivity, the resistivity caused by electron
scattering on columnar grain boundaries, and the resistivity arising from the thickness “size”
effect [33]. The surface scattering of electrons must be taken into consideration when thin film
thicknesses are <100 nm, since their average free path is a few tenths of a nanometre in AZO
films.



[0

ORI %%
~Z
Z,

NN distance (nm)

“5000
Area (nm°)

7l 7777 )

0

o
N
[=)

1 1
T o 7o) o
— — Q <
o =] S oS

wu) Aususp Aujiqeqoad

0.00

e
£
A _wiu) Ausuap Anjiqeqoad
‘\\l\\\\\\\\\\wx\\\\\\\\\\\\\\\\\\\\\\\\\&
\\\ &
1 1 1
o wn o 0
N — — 0
0 0 0
(,.wu) Aysuap b___gmgohn_

1000 1500

500

Area (nm°)

(__wu) Ansusp Ajigqeqold
\\\\\\\\\\\\\\\\\\\\\\\\\\\\
77777777
=777
AN\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
Yz )
1 1
o 79} o
N — —
=) <) <)

(,.wu) Aususp b___pgo#_

1500

1000

Area (nm?)

500

O
(o]

S
S
S

d) seq

o
oS
p =
2 ~
°E f
=
2 o @ |
MZ m A
RE: 713
- \\ m
A EE b_mcwu E___n_mnohn_ \ o
2
7
]
o 7o) o [Te) o
39 — — (=] S
S = = =} =}
(,.wu) Ayisuap Anjiqeqoad

Area (nm°)

Figure 4.1 Surface morphology of sputtered ZnO:Al layers measured using SEM and the

corresponding density distribution of nanostructures. All ZnO:Al films had a final thickness of

~100 nm except (a), where the ZnO:Al film was 560 nm thick. Note: The films were prepared

either by continuous (labelled as ‘con.”) or sequential (labelled as ‘seq.

) sputtering.

b

The size resistivity effect is negligible in films with thicknesses of several hundredths

of a nanometre where larger crystalline columnar grains are developing. For example

in the case

of a sample of thickness 560 nm (Figure 4.1 a), the development of larger crystalline columnar

Qcm and to an

2

grains leads to a decrease in the AZO film resistivity to a value of 1 x 10

3, Assuming

cm”

increase in the electron mobility of 2.5 cm?/Vs at a concentration of 2 x 10%°

electron grain-boundary scattering, the calculated value of the electron mean free path [34] is



30 nm. lonised impurity scattering becomes dominant in a range of electron concentrations
greater than 10%° cm™ according to the behaviour of the degenerate semiconductors [34].

When the grain sizes (approx. 10 nm) and the film thickness (< 100 nm) are comparable
with the mean free path of electrons, grain boundary and surface scattering of electrons must also
be taken into consideration. The calculated values of the electron mean free path in AZO films
are usually much smaller than the experimentally observed grain sizes [34] (in our case, these
calculated values were approximately 5nm). Very thin AZO films (= 100 nm in thickness)
exhibit resistivity in the range 0.1-10 © cm (at electron concentrations of 108-10%° cm) since
both grain boundary and surface scattering effects occur (Figure 4.2).

Sequential sputtering with the substrate at RT induced the highest resistivity
(=8.6 2cm), and the lowest electron mobility (0.5 cm?/Vs) and electron concentration
(= 1.5 x 108 cm?®), for the following reasons: (i) the grain boundaries were increased in size, and
thus electron scattering took place; and (ii) numerous Al atoms were located at interstitial
positions, where they cannot contribute to the conductivity (Figure 4.2 a). The external heating
of the substrate to a temperature of 200°C improved both the crystalline structure (Figure 4.1 d)
and the electrical properties of sequentially sputtered films (by lowering their resistivity
(~0.3Qcm) and increasing the electron mobility (0.8 cm?/Vs) and electron concentration
(= 2 x 10 cm?)).
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Figure 4.2 Summary of the electrical properties of AZO films with thicknesses of 560 nm
(sample labelled as ‘560 nm con.’) and =100 nm (samples labelled as ‘con. RT’, ‘seq. RT* and
‘seq. 200°C’): (a) electrical properties (resistivity, electron mobility and free electron
concentration) at room temperature; (b), (c), (d) temperature dependencies of resistivity, electron
concentration and and electron mobility, respectively.
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In this case, the surface morphology of the film is characterised by the highest (002)
texture with the largest columns (the modus of the top area was 260 nm?, and the size of
crystallites was < D¢ > = 65 nm).

The electrical properties of the thin films prepared by continuous sputtering at RT and
sequential sputtering at 200°C were nearly the same, since self-heating of the substrate occurred
during the continuous mode. The decrease in resistivity at temperatures ranging from 200-
350 K (Figure 4.2 b) is caused by a rise in electron mobility (Figure 4.2 d), since the
concentration of electrons does not change (all of the impurities are already ionised), as shown in
Figure 4.2 c. This variation in electron mobility can be explained by a change in the electron
scattering as a result of the influence of the gas environment (the ambient air), the temperature at
the surface and grain boundary, and the absorption/desorption of water vapour and oxygen in
particular (e.g. polar water molecules can condense at temperatures below RT) [5,8].

c) Optical properties of ZnO:Al nanostructure films

The transparency of the continuous and sequentially sputtered AZO films in the Vis range
was measured as varying between 80% and 90% (see Figure 4.3 a), and the transparancies
overlap in the NIR region. The refractive index of the films (~2.1 [35]) was close to the value for
ZnO (Figure 4.3 b).

100 2.3
S ool 3 22}
§ £ —O—con. RT
(3]
S gol 221t —A—seq. RT
b= s 2
% 560 nm con. £ —v—seq. 200°C
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0.06
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Wavelength (nm)
C)
Figure 4.3 Optical properties of various AZO thin films: (a) transmission spectra; (b) refractive
index; and (c) extinction coefficient
The imaginary part of the refractive index, known as the extinction coefficient, describes
the absorption of the film. Sequentially sputtered films on the substrate heated to a temperature
of 200°C exhibited the lowest absorption in the Vis region (Figure 4.3 ¢). The values and
spectral dependencies of the refractive index and extinction coefficient are comparable those in
11



previously published data for sputtered AZO films [8]. The refractive index had values of around
2, and a low extinction coefficient was observed in the range 10>-10-3. These optical properties
are better than for AZO films obtained using other preparation technologies such as pulsed laser
deposition [36] or the sol-gel dip technique [37].

These results are promising for the application of AZO thin films in SERS spectroscopy,
since the high refractive index of ZnO promotes the strong confinement of light, thus increasing
the SERS effect. In addition, sequential sputtering is a promising technique for preparing
plasmonic structures without the use of lithographic processes [8].

Summary of the deposition and properties of ZnO films and proof of concept of
electrochemical voltammetric sensor based on a nanocolumnar ZnO:Al film

Our results confirmed the advantages of the use of sputtering to prepare AZO films with a
nanocolumnar polycrystalline structure. Here, the significant deposition parameter was the
elevated substrate temperature of about 200°C, which primarily influenced the crystalline
structure. This sequential sputtering technology was developed for the formation of transparent
and very thin conductive AZO films (thicknesses of = 100 nm) which exhibited (in comparison
with the continuous sputtering mode): (i) substantial nanocolumnar (002) texture, containing
highly ordered crystalline grains (crystallite sizes < D¢ >=65nm); (ii) low lattice stress
gradients (= 102-10" GPa/nm) and microstrains (< e >~ 7 x 10°®); (iii) comparable resistivities
(= 10 Qcm); (iv) high optical transparency (= 90 %) and an adequate refractive index (= 2.0). A
particular feature of sequential sputtering was a low deposition rate (on the order of 0.1 nm/s). In
addition, the more or less isotropic deposition at working gas pressures of 1 Pa or greater open
the way for the use of this sputtering mode in the controllable nanocoating of 3D samples, as
proven by the sputtering of a highly consistent coverage (shell) of GaP nanowires [28,38]. The
outcomes of the present research allow us to exploit the nanocolumnar structures of ZnO for
biochemical sensing applications, as a consequence of their large surface-to-volume ratio and
chemically active surface facets [8].

As discussed above, ZnO thin films and nanostructures have several unique advantages
(such as high surface area, nontoxicity, good biocompatibility and high electron communication
features) for the development of electrochemical biosensors [12,39]. ZnO exhibits a large
isochemical point (ISE ~ 9.5), meaning that the electrostatic attachment of bio-substances (e.g.
proteins) with low ISE (‘negatively charged’) is straightforward [40]. It is very important to note
that ZnO thin films are relatively stable around a neutral pH of 7; this gives ZnO-based sensors
much more biocompatibility with biological fluids and species [41], since most biological fluids
have a pH of around 7 (e.g. blood has a pH of 7.4 [42]). Hence, in our proof of concept study, we
performed an electrochemical experiment in which we used a 0.1 M KCI solution that has
properties somewhat similar to those of blood.

In these experiments, the electrochemical behaviour of ZnO:Al was studied using cyclic
voltammetry (Figure 4.4) with an Ag/AgCl reference electrode at a scan rate of 100 mV/s. These
measurements showed two current peaks at —1200 mV and —-1600 mV, which correspond to
redox reactions on the ZnO:Al electrode [43]. A relative wide potential window (~3.5 V) was
evaluated, allowing us to detect a wide range of bio-/inorganic species, including heavy metals
[5,44].
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Figure 4.4 (a) Cyclic voltammogram for ZnO:Al film with thickness 560 nm; (b) photo of the
electrochemical cell used in cyclic voltammetry measurements

4.2 Nanoisland arrays (NIA) Au nanostructures

The Au plasmonic nanostructures were directly sputtered on three kind of substrates:
Corning glass, Corning glass with sputtered columnar ZnO:Ga or ZnO:Al thin films, and
Corning glass covered by ultrathin Ti film. A single mode of sputtering was applied, i.e. the
sequential sputtering of an Au NIA for different sputtering times.

SEM analysis revealed that the initial stage of growth of the Au layer is characterised by
the formation of isolated islands. In comparison with Au sputtering on ZnO:Ga films, the
deposition rate of the Au on the glass substrate is higher, and a continuous coating is formed
under the same sputtering conditions. AFM measurements showed that the initial surface
roughness of ZnO:Ga is considerably higher (£ 10 nm) than the roughness of the glass
(=0.5nm), and as shown by XRD, the Au layers are polycrystalline with a preferred grain
orientation in the (111) direction.

It was also observed that annealing at 300°C for 1 hour leads to a significant change in
the morphology of the Au layer, and this influences its electrical and optical properties.
Annealing leads to the agglomeration of gold particles and the formation of larger isolated
islands. Thin Au layers with thickness t = 1.5-126 nm were formed by RF sputtering on glass
substrates at RT inside a vacuum chamber at a basic pressure of about 1.102 mbar (1 Pa). The
dependence of the grain diameter of Au on the layer thickness shows that the grain growth
mechanism predominates by spreading the Au molecules at the grain boundaries. A particle with
a diameter of about 5 nm or less has unique catalytic properties.

The structural, morphological and optical properties of sputtered Au NIAs were studied
and compared with the results of the universal size-scaling plasmon coupling model [24,25]. A
description of the plasmonic behaviour of sputtered Au NIAs is also presented based on thin film
technological parameters such as the RF power density and the nominal thickness.

Au NIA sputtered on a glass substrate

A statistical analysis of SEM images of Au surface morphology exhibited a log-normal
distribution of the area of the NIA and a Gaussian distribution of the near neighbour distance of
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NIA. The centre of the log-normal distribution of the nanoisland areas is labelled as modus Awm
and the centre of the Gaussian distribution of the near neighbour distance between nanoislands as
modus NNw.

Sequential sputtering: Varying sputtering power

We used the deposition concept of sequential (cyclic) sputtering [5], as illustrated Figure
3.2. In this dynamic mode of deposition, the substrate holder rotated under the target (for a single
rotation only).

RF diode sputtering was used for the deposition of Au NIA on Corning glass substrates.
The nominal thicknesses of the Au island films (2-8 nm), sputtered from an Au target at an RF
power of 75-300 W, were determined using a Dektak profilometer. Post-deposition annealing
was carried out in the sputtering chamber immediately after deposition (300°C / 2h).

The specificity of the formation of nanostructures can be highlighted by exploiting the
early stages of thin film growth. Sputtered non-continuous island Au films were grown
according to the Volmer-Weber model [29], and Figure 4.5 a shows the formation of nuclei,
clusters and islands and their coalescence. The nominal thickness was measured by the
mechanical Talystep method, giving a value that characterises only the “envelope” of the NIA,
which implicitly contains data on the amount of deposited material and its distribution, structure
and size, including the height of the nanoislands. Their nominal thicknesses were almost linearly
proportional to the sputtering RF power (RF power densities), as shown in Figure 4.5 b.
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Figure 4.5 a) Schematic model of the early growth stage of sputtered Au island films; b)
nominal thickness of Au nanoisland films vs. RF sputtering power (RF power density)

SEM and the open source image processing program ImageJ [45] were used to evaluate
the surface morphologies. Statistical analysis of SEM images of the Au surface morphology
(Figure 4.6) exhibited a log-normal distribution of the area of the NIA and a Gaussian
distribution for the near neighbour distance of the NIA.
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Figure 4.6 SEM images of Au nanoisland arrays sputtered on Corning glass substrate at different
power  densities / nominal  thicknesses: 2.3 mW/mm?/2.4nm, 3.1 mW/mm?/2.8 nm,
4.6 mW/mm? /3.8 nm, 6.2 mW/mm? /5.9 nm, 9.2 mW/mm?/ 7.3 nm; the statistical distribution
of nanoisland areas and near neighbour distance (Am and NNw are the corresponding moduses)

An increase in the nominal thickness caused an evident increase of the areas (diameters)
of the nanoislands (Figure 4.6), although their separations were extended by only a small
amount. This varied between 8-185 nm? (Corning glass substrate, Figure 4.6) depending on the
RF sputtering power density. In both cases, the nanoisland NN distance exhibited a Gaussian
distribution.

We used very rough approximations to determine the nanoisland dimension D (assuming
a circular shape of the NIA area (D =2.(NAw/r))) and inter-island separation s from the
statistical evaluation SEM images (S=NNwm— D). The diameters of the Au NIAs were
significantly changed, from 3 nm to 15 nm, while their separation changed slightly from 2 nm to
3 nm with an increase of the sputtering power density.

An XRD analysis indicated that the polycrystalline structure of the Au NIA was
preferentially oriented in the [111] direction (Figure 4.7 a). The texture of the Au NIA increased
with the power density.

The transverse LSPR and the scattering were evaluated using transmission UV-Vis
spectroscopy (Figure 4.7 b).
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Figure 4.7 a) Examples of XRD lines of Au NIA sputtered on a Corning glass substrate
at RF power densities of 4.6 mW/mm? and 9.2 mW/mm?; b) transmittance spectrum of Au NIA
on the Corning glass substrate (with RF power density as a parameter)

Au NIA sputtered on columnar ZnO:Al (Ga) thin films

Sequential sputtering Au NIA on AZO: Varying sputtering power

The morphology of the Au nanostructures formed on the ZnO:Al thin film was affected
by the power density (2.3 to 18.5 mW/mm?) as well as by the polycrystalline texture of the film
surface (Figure 4.8). The modus of the Au nanostructure areas on the ZnO:Al thin film increased
from 5to 20 nm?, and the modus of the NN distance distribution changed from 4to 9 nm
(Figure 4.9 a).
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Figure 4.8 SEM images of Au nanostructures sputtered on ZnO:Al thin film/Corning glass
substrate at wvarying ratios of power density/deposition rate/nominal thickness: a)
2.3 mW/mm?/0.12 nm s/1.1 nm; ¢) 4.6 mW/mm?/0.25 nm s7%/2.2 nm; e) 18.5 mW/mm?/1 nm s~
/9 nm; b), d), f) corresponding size and NN distance distributions of the Au nanostructures

The characteristic features of the morphology of RF diode sputtered Au nanostructures
and some of their behaviours are comparable with the results obtained by DC diode sputtering
[3,22]. The spectral optical transmittances of an uncoated ZnO:Al/Corning glass substrate
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covered by Au at different power densities are shown in Figure 4.9 b. The range of power
densities corresponded to the nominal thickness interval 1.1 < day <9 nm. The transmittance of
the ZnO:Al film/Corning glass substrate (~ 90%) decreased to ~ 50% with an increase in the
sputtering power density (i.e. with the size of the Au nanostructure).

The minimum in the optical transmittance curves corresponds to the surface plasmon
absorption [22] caused by the collective oscillation of electrons on the surfaces covered by Au
nanostructures (Figure 4.9 b). The sputtering power density had an influence on the surface
plasmon absorption wavelengths, which varied in the range 572 to 626 nm (corresponding
plasmon resonant frequencies were 524 to 479 THz). The surface plasmon absorption peaks are
characteristic of Au nanostructures. These results are in agreement with those for Au
nanoparticles prepared by DC sputtering technologies [46]. The change in the shape of the
plasmon absorption curves and the shift in the plasmon resonant frequencies with the sputtering
power are caused by the different sizes of Au nanostructures and their various separations [22].
The red shift in the absorption minimum with an increase in the nominal thickness from 1.1 to 9
nm was not very strong, as reported in [3]. The use of thin film ZnO:Al underneath the Au
nanostructures suppressed the LSPR (Figure 4.9 b), as the higher roughness of the ZnO:Al
surface (in comparison with a glass surface) influenced this effect.
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Figure 4.9 a) Modus of Au nanostructure areas and NN distance distribution sputtered on
ZnO:Al/Corning glass; b) spectral transmittance of Au nanostructures sputtered at different
power densities on a ZnO:Al/Corning glass substrate

Sequential sputtering of Au NIA on GZO substrate: Varying sputtering power

The application of LSPR sensors requires a solid transparent support, e.g. a glass
substrate or TCO film. ZnO doped with Ga (GZO) belongs to the class of TCO films, which
have attracted attention due to their nontoxic nature, cost-effectiveness and ease of fabrication
[7]. We used the deposition concept of sequential (cyclic) sputtering. A Perkin/Elmer 2400/8L
RF diode sputtering system was used for the deposition of GZO films and Au NIA on Corning
glass substrates. The nominal thicknesses of Au island films (2-8 nm), sputtered from an Au
target with diameter 203.2 mm at an RF power of 75--300 W, were determined by a Dektak
profilometer. Post-deposition annealing was carried out in the sputtering chamber immediately
after deposition (300°C/2 h).
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SEM and the open source image processing program ImageJ [45] were used to evaluate
the surface morphologies. A statistical analysis of SEM images of Au surface morphology
(Figure 4.10) exhibited a log-normal distribution of the area of the NIA and a Gaussian
distribution for the NN distance of the NIA.
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Figure 4.10 SEM images of Au nanoisland arrays sputtered on GZO thin film at different power
densities/nominal thicknesses: 2.3 mW/mm?/2.4 nm, 3.1 mW/mm?/2.8 nm, 4.6 mW/mm?/3.8 nm,
6.2 mMW/mm?/5.9 nm, and 9.2 mW/mm?/7.3 nm; statistical distribution of nanoisland areas and
near neighbour distance (Am and NNw are the corresponding moduses)

An increase in the nominal thickness caused an evident increase in the nanoisland areas
(diameters) (Figure 4.10), although their separations were extended only slightly. This varied
between 11-328 nm? (GZO thin film/Corning glass substrate, Figure 4.10) depending on the RF
sputtering power density. In both cases, the nanoisland NN distance exhibited a Gaussian
distribution. We used very rough approximations to determine the nanoisland dimension D
(assuming a circular shape for the NIA area (D = 2.(\Aw/z))) and inter-island separations s from
the statistical evaluation of the SEM images (s = NNm — D).

A comparison of NIA sizes leads us to the conclusion that the GZO thin film enhances
the growth of nanoislands compared to those grown on the Corning glass substrate.
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An XRD analysis indicates that the polycrystalline structure of Au NIA is preferentially
oriented in the [111] direction (Figure 4.11 a). The texture of the Au NIA increased with the
power density.

The transverse LSPR and the scattering were evaluated using transmission UV-Vis
spectroscopy. The LSPR showed a red shift in the extinction peaks (AA <100 nm) with an
increase in the sputtering power density (Figure 4.11 b), giving rise to an increase in the size of
the Au nanoislands. The results show that our optical measurements are limited regarding Au
NIA sputtered at very low power densities. The minimum in the optical transmittance curves
represents LSPR absorption corresponding to the extinction peak in the extinction spectra (where
extinction is defined as a decadic logarithm of transmission). This phenomenon is the
consequence of a collective oscillation of electrons in the Au NIA due to optical radiation. The
coupled plasmon resonance wavelength A depends on the nanostructure size, shape, orientation
and local dielectric environment over the entire range of spectral regions from visible to NIR
[24,47].
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Figure 4.11 a) Examples of XRD lines of Au NIA sputtered on GZO/Corning glass substrate at
RF power densities of 4.6 mW/mm? and 9.2 mW/mm?; b) extinction spectrum of Au NIA on
GZO thin film/Corning glass substrate (RF power density as a parameter)

Au NIA on a Ti-coated glass substrate

The specificity of the formation of nanostructures is highlighted here by exploiting the
early stages of thin film growth. Sputtered non-continuous island Au films were grown
according to the Volmer-Weber model [29]; Figure 4.12 shows the formation of nuclei, clusters
and islands and their coalescence.

D — diameter Nominal thickness t —
s — separation
Ti - titanium

Figure 4.12 Schematic drawing of the VVolmer-Weber model of film growth on a substrate, for a
Ti layer that is not fully closed (orange rectangles represent the Ti layer)
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Figure 4.13 SEM images of Au nanoisland arrays after annealing in a vacuum, sputtered on a
glass substrate: (a) with a non-continuous Ti film; (b) without Ti, using cyclic sputtering; (c, d)
statistical analysis of surface morphology evaluated from SEM images; (e, f) AFM images of Au
nanoislands with corresponding RMS profile

We sputtered Ti as an intermediate non-continuous film (approximately 0.6 nm in
nominal thickness) on the glass substrate before gold sputtering, with the aim of improving the
adhesion of the Au NIA. An Au NIA of the same nominal thickness of 6 nm was then sputtered
on the glass (with or without Ti) at a power density of 2.3 mW/mm? and a substrate temperature
of 200°C. After deposition, the substrates were immediately annealed in a vacuum at 300°C
for 2 h (Figure 4.13). The adhesive non-continuous Ti film created very small “seeds” that can
catch deposited Au atoms. After application of the Ti adhesive layer, the Au NIAs had a more
uniform distribution; they were smaller, with a more defined shape (almost circular). The
formation of more defined and well-dispersed Au/Ti NIA structures with smaller areas
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(Am =72 nm?, s =2.9 nm, s/D =0.31) took place (Figure 4.13 a, c) compared to the single Au
NIA (Aw = 350 nm?, s =5.9 nm, s/D = 0.28) (Figure 4.13 b, d). The positive effect of Ti upon
the formation of stable Au NIA was also confirmed by AFM analyses (Figure 4.13 e, ) [26].

As a consequence, the scaling ratio s/D increased in the case of Au/Ti NIA, and a blue
shift in the LSPR wavelengths was observed (Figure 4.14). The adhesive non-continuous Ti film
caused only a small decrease in the intensity of the LSPR extinction spectra, compared to their
significant broadening and intensity reduction due to the use of Ti or Cr adhesion layers with
thicknesses of > 1 nm [48]. They were also more stable and relatively insensitive to temperature
treatment. These aspects are advantageous for application of Au/Ti NIAs in LSPR biosensing.
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Figure 4.14 Extinction spectra for Au NIA sputtered on a glass substrate at 20°C with and
without Ti after annealing in vacuum at 300°C for 2 h

Study of annealing of Au NIA

Here, the annealing of ultra-thin Au films sputtered on glass substrates was investigated.
The samples were annealed in air and in an evacuated chamber, and the dependence of the
annealing process on the ambient pressure during thermal treatment was studied. Thermally
induced changes in surface morphology were examined by AFM. These changes involve a high
granularity of the surface morphology and coagulation of Au particles into larger aggregates, as
confirmed by AFM analyses (Figure 4.15 c, d).

The energy delivery during the heat treatment had two main effects on the films: (i)
growth of the gold nanoparticles due to coalescence (as clearly observed by AFM and SEM); and
(it) narrower widths of the X-ray diffraction line profiles, indicating higher dimensions of
coherently diffracting domains (crystallites) and lower values of micro-strains. The heat
treatment annealed several local structure imperfections within the crystallite volume for which
the activation energies corresponded to the annealing temperatures used (Figure 4.15 b).

The structural and optical properties of the RF diode sputtered Au NIA were comparable
to the results obtained by evaporation of ultrathin Au island films [20,21], RF diode sputtering of
Au nanostructures [22], and cyclic sputtering and annealing of isolated/well-dispersed Au
nanoisland arrays [23].

The thermal treatment of nanostructures after deposition is a well-known and important
technological step in obtaining Au or Au/Ag nanoparticles of a particular size, shape and
structure [17,20-22]. External annealing (500°C/5h in air) of our thicker Au NIA (thickness of
7.3 nm) had a significant effect on the morphology and LSPR. UV-Vis absorption spectra were
used to investigate the optical parameters [22]. The extinction spectra exhibited an LSPR blue
shift, AL <—65 nm, after the annealing of Au NIA (Figure 4.15 a), due to the coalescence of

small, closely spaced nanoislands.
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Figure 4.15 (a) Extinction spectra of Au NIA (7.3 nm in thickness) sputtered on Corning glass at
200°C before/after annealing in air; (b) XRD lines; corresponding AFM morphology (c) before
and (d) after annealing of Au NIA

4.3 Universal size-scaling model for shift plasmon resonance

Comparison of plasmonic properties of Au NIA with universal size-scaling model for shift
plasmon resonance wavelength

The structural, morphological and optical properties of sputtered Au nanoisland arrays
(on Corning glass or GZO/Corning glass substrates) are studied and compared with the results of
the universal size-scaling plasmon coupling model [24],[25]. A description of the plasmonic
behaviour of sputtered Au NIA is also presented using th technological parameters of thin films,
such as the RF power density and the nominal thickness.

The LSPR showed a red shift in the extinction peaks (AA <100 nm) with an increase in
the sputtering power density (Figure 4.16 a, b, analysis the results from Chapter 4.2), giving rise
to an increase in the size of the Au nanoislands.
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Figure 4.16 Influence of RF sputtering density on the extinction spectra of Au NIA sputtered on:
(@) Corning glass substrate and (b) GZO thin film/Corning glass substrate

Our results are comparable to the universal size-scaling model of LSPR shift [47], where
the fractional shift 41/4o of the plasmon resonance wavelength varies with the ratio between the
interparticle separation s and the particle dimension D. The s/D ratio characterises the inherent
scaling of two competitive forces: the plasmon dipolar strength (polarisability) and the strength
of the interparticle Coulombic restoring force. Based on these phenomena, the universal
size-scaling plasmon rule equation was derived:

2 _ fexp (- 22)

).0 D

(1)

where AL =A— ko is the wavelength shift, 1o is the single-particle resonance wavelength for
a very large s/D ratio, and T = 0.2 is the exponential decay constant.
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Figure 4.17 (a) Change in the plasmon resonance wavelength with Awm; (b) the exponential

dependence of the universal size-scaling rule (Equation 1) for NIAs formed both on Corning
glass and on GZO film substrates

The change in the plasmon resonance wavelength with the NIA Am formed on Corning
glass substrate and GZO film is shown in Figure 4.17 a. We define the reference resonant
wavelength 4o as the minimum detectable value in our measurements.
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Despite the arguments above, the fractional shift 41/10 in the plasmon resonance
wavelength showed an exponential dependence on the universal size-scaling rule for NIAs
formed both on Corning glass and GZO film substrates (Figure 4.17 b). The decay constant ¢
was close to 0.2.

Modification of the universal size-scaling model of LSPR shift using a nominal thickness of
Au film as a scale parameter

An attempt was then made to evaluate the LSPR response of Au NIA from the point of
view of thin film technology. In our semi-empirical approach, the nominal thickness t was used
for scaling. This implicitly characterises both the amount of deposited material and the
distribution of the NIA (area/separation). Since the nominal thickness was linearly proportional
to the RF power density (Figure 4.5 a), the curve of the LSPR wavelength versus the nominal
thickness (Figure 4.18 a) showed the same form as the dependence of LSPR wavelength on the
island area Awm (i.e. RF power density, Figure 4.17 a).

We therefore normalised the nominal thicknesses to the reference thickness to
corresponding to the reference resonant wavelength Ao as the minimum detectable value in our
measurements. We found that the s/D ratio derived from the statistical evaluation of the SEM
surface images was linearly proportional to the reciprocal thickness ratio to/t (Figure 4.18 b).
This fact enabled us to replace the formal parameter s/D in Equation (1) by the ratio to/t, a
phenomenological parameter that has no direct physical meaning in regard to the plasmon
coupling strength.

The variation in the plasmon resonance wavelength fractional shift 44/ with the
reciprocal relative thickness change to/t can then be described by the exponential dependence

% =k exp (— it—") (2)

where the constant zx mathematically describes the decay in the plasmon resonance wavelength
fractional shift 44/20 with nominal thickness (Figure 4.18 c).

In addition to the influence of another morphology, this comparison of NIAs formed on
the glass or GZO film/glass substrates also demonstrates the refractometric effect of the substrate
on the LSPR shift (Figure 4.16 —Figure 4.18 a). The refractive indices of Corning glass (= 1.5)
and of GZO (=2.0) are different, and this tends to shift the LSPR to longer wavelengths
(including the reference single-particle resonance wavelength Jo). This breaks the symmetry of
the electromagnetic field distribution around the nanoisland (which is concentrated in the higher
refractive index region), as confirmed both experimentally and by simulation [26,48].
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Figure 4.18 (a) Dependence of LSPR wavelength on (a) the nominal thicknesses of Au NIA
sputtered on Corning glass/GZO thin film substrates; (b) relation between the scale factor s/D
and the reciprocal thickness to/t of Au NIA; (c) exponential decay in the plasmon resonance
wavelength fractional shift for NIA formed both on the Corning glass and GZO film/Corning
glass substrates

4.4 Potential applications of Au NIA in bio-chemical optical
sensorics

Bio-functionalisation of Au NIA/ZnO:Al surfaces and surface-enhanced raman
spectroscopy study

Gold NIAs on ZnO:Al/Corning glass substrates were studied as plasmonic substrates for
detection of the 11-mercaptoundecanoic acid (11-MUA) molecule in SERS, since this molecule
is well known for its ability to bond to gold surfaces. The samples were transferred to a 11-MUA
2 umol/ml solution for 24 h to create a continuous 11-MUA monolayer on the sample surface. In
order to remove the undesirable physically absorbed 11-MUA molecule, all samples were rinsed
with ethanol and water and dried in nitrogen.

The SERS spectra of 11-MUA on Au nanostructures/ZnO:Al thin film as a function of
different Au sputtering power densities are shown in Figure 4.19. The measured vibration bands
of 11-MUA using Raman microscopy and their mode assignments can be attributed to bands
which give information about the adsorption of 11-MUA on gold, surface v(C-S) gauche at 652

cm, v(C-S) trans at 700 cm™, v(C-C) at 1058 cm™, vs (COO-Au) at 1394 cm. Both of the
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apparent assignments of v(C-S)T and v(C-C) give information about the conformational state of
the adsorbed molecule on the gold surface, showing the trans nature of the adsorbed molecule. It
was also observed that the peak intensity of adsorbed 11-MUA on Au nanostructures, when
exposed to 9 mW/mm? power density, is significantly superior to that of other exposed substrates
(Figure 4.19). It is well known that the Raman signal strength is proportional to the power of the
Raman laser exciting the sample. In our case, a decrease in the intensity of the major Raman
peaks was observed even when the laser power was increasing. This can be explained by the
occurrence of damage to the sample with the increase in laser power. It was also observed that
the substrate without Au nanostructures did not show the specific Raman bands of the organic
molecule. Significant enhancements are obtained when an organic molecule is adsorbed on a
nanostructured substrate such as Au, Ag or Pt, [5,46,49-52].

—— 2.3 mW/mm’ Au NS on ZnO:Al

40000 | —— 4.6 mW/mm’ AuNS on ZnO:Al | VA
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Figure 4.19 SERS spectra of 11-MUA on Au nanostructure/ZnO:Al thin film at different Au
sputtering power densities

Optical refractive LSPR sensing of bio-functionalised Au nanoislands

The sensitivity of plasmonic nanosensors is particularly influenced by sensing based on
both plasmon coupling and target-induced local refractive index changes. The first effectively
improves the detection sensitivity by increasing the size of the aggregates and decreasing the
distance between them. According to the universal size-scaling model of LSPR shift [25] the
fractional shift AMAo of the plasmon resonance wavelength varies with the ratio of the
interparticle separation s and the particle dimension D. We used very rough approximations to
determine the nanoisland dimension D (assuming a circular shape of the nanoisland area,
D = 2.(\Ndwx)) and inter-island separation s from the statistical evaluation SEM images
(s=NNm-D). NNm is modus of the NN distance of NIA. The intermediate ultrathin
non-continuous sputtered Ti film (with a nominal thickness of 0.6 nm) acts as a “seed” for Au
growth on the Corning glass substrate. This can improve the adhesion of Au NIA and support the
formation of more defined Au/Ti NIA structures of smaller dimensions (modus of island size
D=10nm and s=2nm, Figure 4.20 a) in comparison with the Au NIA itself (D =16 nm,
s =8 nm, Figure 4.20 b).
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Figure 4.20 SEM images of (a) Au/Ti and (b) Au NIA of nominal thickness t =~ 5 nm
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The LSPR wavelength blue shift AL = —21 nm corresponded to the lower dimensions of
the Au/Ti NIA, and is in agreement with the universal size-scaling model for LSPR [25].

Refractive index-based (refractometric) sensing offers several advantages, such as the
possibility of miniaturisation, compatibility with microfluidics and a broader range of available
functionalisation chemistry [48]. The specific properties of this sensing include small size
nanoparticles with high absorption ratios, while larger nanoparticles have high scattering ratios;
in addition, anisotropic shape nanostructures exhibit a higher refractive index sensitivity than
spherical nanoparticles. The LSPR wavelength shift A in response to changes in refractive index
is approximately described as follows:

A= M (Nadsorbate = Nmedium) (1 — 72419 .

where m is the sensitivity factor (in nm per refractive index unit (RIU)); Nagsorbate aNd Nmedium are
the refractive indices (in RIU) of the adsorbate and medium surrounding the nanoparticle,
respectively; d is the effective thickness of the adsorbate layer (nm); and lq is the electromagnetic
field decay length (nm) [48].

The self-assembly of a 11-MUA monolayer on surfaces of Au NIA induced a different
LSPR wavelength shift depending on the size of the Au nanoislands (their nominal thickness t).

Smaller NIA structures with nominal thicknesses of 5 nm (Figure 4.20) showed small
LSPR blue shifts of A1 =-11 nm (Au NIA) and AZ =—-13 nm (Au/Ti NIA) after modification by
11-MUA (Figure 4.21 a). This was probably caused by the formation and local polarisation of
an 11-MUA monolayer (with thickness about 1 nm) only on individual Au islands. This reduces
the plasmon coupling strength among nanoislands, thus inducing a blue shift in the LSPR
wavelength according to the universal size-scaling model [25]. When the Au NIA was thicker
(thickness of 16 nm), the nanoislands were larger (D = 21 nm) and their separations lower (s =6
nm), as shown in Figure 4.21 b. The coverage of 11-MUA was then approximately continuous,
and we could expect the refractive index-based sensing to be dominant. All optical
measurements were performed in air (Nmedium = 1). The red shift in the LSPR wavelength was
observed to be AA=+24nm, and this is in agreement with empirical and theoretical
expectations (the refractive index of MUA is Nadsorbate =~ 1.5) [53], Figure 4.21 b. Sputtered NIAs
with higher thicknesses of > 10 nm can exploit the specific properties of refractive index-based
sensing [54]: smaller nanoparticles have higher absorption ratios, while larger nanoparticles have
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high scattering ratios. Anisotropic shape nanostructures also exhibit higher refractive index
sensitivities than spherical nanoparticles [55].
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Figure 4.21 Blue shift in the LSPR wavelength corresponding to lower dimensions of the Au/Ti
NIA (o) in comparison with Au NIA (0). Influence of 11-MUA coverage on extinction spectra
(LSPR wavelength shift) of (a) Au (A) or Au/Ti NIA (V) of nominal thickness t = 5 nm; (b) Au
NIA (o) of t = 16 nm (SEM image is inserted)

Electrochemical impedance spectroscopy study of Au NIA-coated Pt interdigital array of
electrodes

A set of experiments were carried out using interdigital microelectrode arrays (IDEA).
Here, the 10 um/10 um (width and gap) IDEA was made from platinum, and the gold

nanoislands were sputtered on these IDEAs using RF diode sputtering, as described above
(Figure 4.22).

DS

a) b)

Figure 4.22 Interdigitated platinum electrodes (IDAEs) from Dropsens Itd. (Spain): (a) photo of
the sensor; (b) SEM images of 10 um IDEA; (¢) AFM image of the structure

Here, impedance spectroscopy was used for the detection of trisodium citrate. Trisodium
citrate is used as an anticoagulant in blood tranfusions (the citrate ion chelates the Ca ions in the
blood by forming Ca citrate compounds, disrupting the aggregation of erythrocytes) and as a
food additive for flavouring or a preservative (E331).
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Trisodium citrate (NasCeH207) concentrations in the range 0.01-0.5 mM were evaluated
using electrochemical impedance spectroscopy (EIS), with an IDAE microsensor consisting of Pt
IDAE, and AuNIA with and without Ti film, respectively (Figure 4.23).
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500 500 +
0 1 1 1 1 0 1 1 1 1
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Re, (Q) Re, (Q)
a) b)

Figure 4.23 Electrochemical impedance spectroscopy of trisodium citrate (a) at different
concentrations with a Pt IDT electrode and Au NIA; b) comparision of Pt electrode and Au NIA,
with and without Ti

The advantage of EIS is that it provides a comprehensive description of the
electrochemical behavior of the investigated system. A small excitation will only cause a small
"irritation” of the studied system, and this can reduce the errors arising from the measurement
technique. By introducing a small change in the potential, the existing characteristics of the
system of electrode cells do not change, including no change its direction. The results of
measurement simultaneously include both faradaic and non-faradaic phenomena, meaning that it
is possible to obtain information from the EIS about the mechanism of the ongoing
electrochemical processes. Since this method does not involve a change in the potential during
measurement, direct current potential problems arise with potential control in the low
conductivity solutions.

The results of EIS measurement correspond to an equivalent electrical circuit (system
model) including parameters such as the solution resistance, double layer capacity, etc. The
simplest model is the Randles electrochemical cell, for which the function core is a parallel
combination of a capacitor and resistor (Figure 4.24) [56].

The figure below shows a representative Nyquist graph for a Randles cell. At high
frequencies, the capacitor acts as a conductor, and the total impedance is given only by the
resistor Rs. At low frequencies, the capacitor behaves as an insulator, and the total impedance is
then given by the sum of resistors Rs and R¢t. Changes in the conductivity of the solution (Rs)
cause a shift of the curve along the x-axis. A change in the hub resistance (Rct) changes the shape
of the curve (for a Randles cell, this is exactly a semicircle). The change in capacity is reflected
in the Nyquist graph by changing the distribution of points to a semi-circle. If the capacity is too
high, all the points in the first half, i.e. the semicircle, are not complete. Similarly, for a capacity
that is too low, the first part of the semicircle is missing (again only in Randles cells). In order to
compare the results, we use a replacement circuit with a fitted function.
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Figure 4.24 (a) Replacement circuit; and (b) the fitted curve for a schematic diagram of a
Randles cell equivalent electric circuit, where Rs is the resistivity, Rct represents the charge
resistance and the Cq corresponds to the capacity of the electrical double layer. The Nyquist
graph is shown for a Randles cell, with fitting of measured results [56].

5 Conclusion

The main contributions of the dissertation can be summarised as follows:

1) The results of our research confirm the particular advantage of sputtering in preparing AZO
films with a nanocolumnar polycrystalline structure. The most significant deposition
parameter was the substrate temperature (about 200°C), which primarily influenced the
crystalline structure. The aim of our research was the development of Au nanoisland arrays
(Au NIA) for sputtering technology, without use of additional patterning methods.

a) A sequential sputtering technology was developed for the formation of transparent and
conductive very thin AZO films (with thickness ~ 100 nm) which exhibited (in
comparison with the continuous deposition mode): (i) a substantial nanocolumnar (002)
texture containing highly ordered crystalline grains (crystallite sizes < D¢ > = 65 nm);
(i) low lattice stress gradients (= 10>-10"* GPa/nm) and microstrains (< &>~ 7 x 10%);
(iii) comparable resistivities (= 10" Qcm); (iv) high optical transparency (= 90 %); and
(v) an adequate refractive index (= 2.0).

b) Particular features of sequential sputtering included a low deposition rate (on the order of
0.1 nm/s) and a more or less isotropic deposition at working gas pressures of 1 Pa or
above; this opens the way to use this approach in the controllable nanocoating of 3D
samples, as proven by the sputtering of a highly consistent coverage (shell) of GaP
nanowires [28,38].

c) The results presented here verified the potential for the use of nanocolumnar structures of
ZnO for biochemical sensing applications due to their large surface-to-volume ratio and
chemically active surface facets.

2) We developed technological procedures for the formation of Au plasmonic nanostructures
(island-like shape) directly by sputtering, without masking and lithography:

a) The specificity of the formation of Au sputtered NIAs on a glass substrate or on a ZnO

thin film doped by Ga was ascertained. A statistical analysis of morphology images

(SEM, AFM) showed a log-normal distribution of the size (area) of nanoislands. The

30



3)

b)

d)

modus Awm varied from 8 to 328 nm? depending on the sputtering power density, which
determined the nominal thickness in the range 2to15nm. The preferential
polycrystalline texture (111) of Au NIA increased with the power density and after
annealing.

Transverse LSPR (evaluated by transmission UV/Vis spectroscopy) showed a red shift in
the extinction peaks (AA < 100 nm) with an increase in the nominal thickness and a blue
shift (AAL <—65 nm) after annealing of Au NIAs.

The plasmonic behaviour of Au NIAs was described by modification of a size-scaling
universal model, using the nominal thin film thickness as a technological scaling
parameter.

Sputtering of an intermediate adhesive ultrathin Ti film between the glass substrate and
the gold improves the adhesion of Au nanoislands, and supports the formation of more
defined Au NIA structures with smaller dimensions.

The potential application of Au NIAs in biochemical sensors was demonstrated. For
bio-functionalisation of Au NIA surfaces, we used 11-MUA, which improves the attachment
of biomolecules such as proteins and antibodies:

a)

b)

The self-assembly of 11-MUA monolayers at Au NIA surfaces formed on ZnO:Al thin
film was investigated using SERS. The measured vibration Raman bands of 11-MUA and
their mode assignments confirmed the immobilisation of 11-MUA on gold
nanostructures.

The use of sputtered Au NIA in the development of refractometric LSPR biosensors was
demonstrated. The self-assembly of 11-MUA monolayers induced a blue or red shift in
the LSPR wavelength depending on the size of the Au NIAs (their nominal thickness).
Trisodium citrate (NasCsH207) concentrations in the range 0.01-0.5 mM were evaluated
using EIS with an IDAE microsensor consisting of Pt IDAE and Au NIA. Trisodium
citrate is used as an anticoagulant in blood transfusion (the citrate ion chelates the Ca ions
in the blood by forming Ca citrate compounds disrupting the erythrocytes aggregation),
as a food additive for flavouring, or as a preservative (E331).

6 Resumé

Tenkd vrstva sa moZe charakterizovat ako "dvojrozmernd" Struktira, pretoze hrubka

tretieho rozmeru je takda mala (od 1 pum do 1 nm), Ze pomer povrchu k objemu je pomerne velky
(az 10°). Znizenie vzdialenosti medzi dvoma povrchmi a ich interakcia ma rozhodujtici vplyv na
vnutorné fyzikalne a chemické vlastnosti tenkych vrstiev a vedie k vzniku uplne novych javov.
Zmeny V krystalickej Struktare a v chemickom zloZeni takisto sposobujl, Ze vlastnosti tenkych
vrstiev si vel'mi rozdielne a mézu sa vyrazne lisit’ od objemovych materialov. Vo vSeobecnosti

tenké vrstvy vytvaraji "most" medzi makro a nano systémami a vyvoj a vyroba modernych
mikrosenzorov sa neda dosiahnut’ bez pouzitia technoldgii tenkych vrstiev.

Téato praca sa zameriava na kombindciu tenkych vrstiev ZnO a nanoStruktar Au. ZnO

dopovany s Al (ZnO:Al) alebo Ga (ZnO:Ga) patri do skupiny tenkych vrstiev transparentného
vodivého oxidu (TCO); tieto maju Specifické elektronické a optické vlastnosti, ktoré su
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pouzitel'né v solarnych ¢lankoch, optoelektronike a senzoroch. Z nanostruktirovanych vzacnych
kovov mé& Au osobitny vyznam vdaka svojej stabilite a jedinecnym elektrochemickym a
optickym vlastnostiam. Morfolégia povrchu Au je vlastnost, ktord najviac ovplyviiuje jeho
funkéné vlastnosti. Au nanostruktury sa ¢asto pripravuju metdédami elektrochemickej depozicie,
ale existuje niekol’ko sprav o napraSovanych mikro a nano Strukturach. Vyskum Au nanostruktir
napraSenych na sklenené a stipcové TCO tenké vrstvy je dolezity, pretoze vysledky st
pouzitel'né pre biochemické senzory.

Hlavnym cielom dizertacnej prace bude ziskanie novych poznatkov pri technolégii
pripravy a charakterizacii senzorickych rozhrani/povrchov na baze tenkych/ultratenkych vrstiev
ZnO a nanoStruktar Au, t. zn. prispiet ku poznaniu zdkladnych stvislosti medzi
Struktirou/morfolégiou tychto systémov a ich vybranymi fyzikdlnymi, chemickymi i
elektrochemickymi vlastnost’ami.

Tézy dizertacnej prace su zhrnuté v nasledujucich bodoch:

1. Vyvinut efektivne technologie vysokofrekvencného naprasovania a tepelného

zihania pre pripravu:

a) transparentnych vodivych oxidovych (TCO) tenkych vrstiev ZnO
dopovanych Al (ZnO:Al) alebo Ga (ZnO:Ga) s nanostipikovou
krystalickou Struktarou,

b) Au nano- castic/struktur bez fotolitografického tvarovania, vhodnych pre
transparentné senzorové Struktiry, pripadne pre fotovoltaické solarne
¢lanky.

2. Rozsirit' znalosti o fyzikélno-chemickych vlastnostiach nanoS$truktirovanych

rozhrani na baze TCO ZnO vrstiev a Au nano- castic/Struktr pomocou ich
charakterizicie analyzacnymi metddami: povrchov (hribka, mikrodrsnost —
Dektak, morfolégia — SEM, AFM), krystalickej Struktury (XRD), elektrickych
parametrov (rezistivita, koncentracia a pohyblivost’ nosic¢ov naboja — Hall/\VVan der
Pauw merania), optickej spektrometrie (absorbcia, UV/VIS/IR / Ramanova
spektroskopia), electrochémie (voltampérometria / impedimetria).

3. Riesit’ Specialne kvantitativnu analyzu SEM zobrazenie morfoldgie povrchu
nanoStruktirovanych ZnO tenkych vrstiev ako aj Au nano- Castic a nano-Struktur.

4. Pripravit napraSované Au fotonické Struktiry vyuZivajice plazménovu
rezonanciu a vykonat’ ich optické predbezné testovanie v niektorych zvolenych
biochemickych analyzach.

Ugelom tejto prace bolo vyvinut, §tudovat’ a optimalizovat’ technologiu, ktora vedie k
tvorbe Au nanostruktar na tenkych vrstvach TCO ZnO:Al (ZnO:Ga) alebo sklenenych
substratoch. Tato praca je preto rozdelena do niekolkych kapitol, ktoré sa zameriavaju na tieto
oblasti:

Q) Stadium naprasovania nanostipikovych tenkych vrstiev ZnO:Al a ich komplexna
charakterizacia (t.j. ich povrchovd morfoldgia, krystalicka Struktara, elektrickd a
optické charakterizécia);

(i) Stadia vplyvu vykonu radiofrekvenéného (RF) diédového napragovania na
morfologiu ultratenkych vrstiev Au deponovanych na tenkych vrstvach ZnO:Al
(ZnO:Ga) alebo sklenenych substratoch;

(iii)  Stadia absorpcie povrchovych plazmonickych Au nanostruktir vytvorenych na
substratoch zo skla alebo ZnO:Al (ZnO:Ga); a
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(iv)  Stadia povrchovej absorpcie Ramanovej spektroskopie (SERS) Au nanostruktir
vytvorenych  na  ZnO:Al  substratoch  funkcionalizovanych  kyselinou
11-merkaptoundekanovou (11-MUA).

Praca prispieva k vyvoju jednoduchych a u¢innych technolégii napraSovania a tepelného
zihania na pripravu transparentnych vodivych oxidov ZnO:Al alebo ZnO:Ga tenkych vrstiev s
nanostipikovymi $truktirami a Au plazmonickymi nanolasticami a nano$truktirami s
minimalnym fotolitografickym spracovanim. Této Stidia rozsiri existujuce poznatky o fyzikalno-
chemickych vlastnostiach nanostrukturovanych rozhrani medzi dopovanymi vrstvami ZnO a Au
nanostruktirami prostrednictvom komplexnej S$tadie vyuzivajiicej komplexné techniky
charakterizécie.

Hlavné prinosy dizertacnej prace je mozné zhrnut’ nasledovne:

1) Vysledky nasho vyskumu potvrdzuji obzvlast vyhodu napraSovania pri priprave
tenkych vrstiev oxidu zino¢natého (AZO) s nanostipikovou polykrystalickou
Struktarou. Najvyznamnej$imi parametrami napraSovania boli rychlost’ depozicie (v
rade 0.1 - 1 nm/s) a teplota substratu (priblizne 200 °C), ktora primarne ovplyvnila
krystalick Struktiru. Cielom nasho vyskumu bolo vyvoj Au nanoostrovéekovych
poli (Au NIA) pre technologiu naprasovania bez pouzitia d’alSich formovacich metdd.

a) Sekvenéna (cyklickd) napraSovacia technologia bola vyvinutd pre tvorbu
transparentnych a vodivych vel'mi tenkych vrstiev AZO (o hrabke = 100 nm), ktoré
vykazovali (pri porovnani s metdodou kontinudlnej depozicie): 1) vyrazni
nanostipikovii (002) $truktiru obsahujuce vysoko usporiadané krystalické zrna
(velkost krystalov <D¢> =~ 65 nm); (ii) nizky gradient namahanie mriezky (= 102-101
GPa / nm) a mikroStruktiry (<e> =~ 7 x 10%); (iii) porovnatelna rezistivita (= 10!
Qcm); (iv) vysoka optickd transparentnost’ (= 90%); a (v) adekvatni index lomu (=
2,0).

b) Konkrétne vlastnosti sekvenéného napraSovania zahriiuju nizku depozi¢nt rychlost’
(radovo 0,1 nm/s) a viac alebo menej izotropnlil depoziciu pri tlakoch pracovného
plynu 1Pa alebo vySSie; to otvara spdsob, ako tento pristup vyuzivat' pri
kontrolovatelnom nanopokryvani 3D vzorkov, ako dokazuje napraSovanie vysoko
konzistentného pokrytia (jadro) nanodrotov GaP.

¢) Tu uvedené vysledky overili potencial pre pouzitie nanostipikovych §truktar ZnO pre
aplikacie biochemickej detekcie vdaka ich velkému pomeru povrchu k objemu a
chemicky aktivnym povrchovym plocham.

2) Vyvinuli sme technologické postupy pre tvorbu Au plazmonickych nanoStruktir
(ostrovéekového tvaru) priamo napraSovanim bez maskovania a litografie:

a) Bola zistena Specifi¢nost’ tvorby naprasenych Au NIA na sklenenom substratu alebo
na tenkej vrstve ZnO dopovaného Ga. Statisticka analyza morfologickych obrazkov
(SEM, AFM) ukézala log-normalne rozdelenie velkosti (plochy) nanoostrovcekov.
Modus Awm sa pohyboval od 8 do 328 nm? v zavislosti na hustote napraSovacieho
vykonu, ktord urcovala menovitou hrubku v rozmedzi 2 az 15 nm. Preferencna
polykrystalicka Struktira (111) Au NIA sa zvysila s hustotou vykonu a Zihani po
depozicii.
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3)

b)

d)

b)

Transverzalna LSPR (vyhodnotend transmisnou UV/Vis spektroskopiou) vykazuje
cerveny posun v extinkénych vrcholoch (AA < 100 nm) so zvySenim nominélnej
hrabky a modrym posunom (AA < -65 nm) po zZihani Au NIAs.

Plazmonické spravanie Au NIA bolo popisané modifikaciou univerzalneho modelu
posunu plazmonickej frekvencie zalozeny na velkostnej mierke, s pouzitim
nominalnej hribky tenkej vrstvy ako parameter technologickej mierky.

Naprasovanie strednej adhéznej ultratenkej vrstvy Ti medzi skleneny substrat a Au
zlepsuje prilnavost’ Au nanoostrovéekov a podporuje vytvaranie lepsie definovanych
Struktar Au NIA s mensimi rozmery.

Bola ukazand potencidlna aplikdcia Au NIA v biochemickych senzoroch. Pre
bio-funkcionalizaciu povrchu Au NIA sme pouzili 11-MUA, ktora zlepsuje pripojenie
biomolekul, ako su proteiny a protilatky:

Vlastna zostava 11-MUA monovrstiev na povrchu Au NIA vytvorenych na tenkej
vrstve ZnO:Al bola skimand pomocou SERS. Namerané vibracné Ramanove pasma
11-MUA ak nemu priraden¢é mody potvrdili imobilizaciu 11-MUA na Au
nanoStrukttrach.

Bolo preukdzane pouzitie napraSovania Au NIA vo vyvoji refraktometrickych
biosenzorov LSPR. Vlastné zostavenie 11 monovrstiev MUA vyvolalo modré nebo
Gervené posuny vo vlnovej dizke LSPR v zavislosti na velkosti Au NIA (ich
nominalna hribka).

Koncentracie citratu trisodného (Na3CeH207) v rozmedzi 0,01 az 0,5mM boli
vyhodnotené pomocou EIS s IDAE mikrosenzorom pozostavajucim z Pt IDAE a Au
NIA. Citrat trisodny sa pouziva pri krvnej transfizii a dialyze ako antikoagulant
(citratovy 16n naviaze Ca i6ny v krvi tim, ze vytvara Ca citratové zluceniny, ktoré
narusuju agregaciu erytrocytu), ako aj potravinarska pridavna latka k aromatizacii
alebo ako konzervacna latka (E331).
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ADF Scientific/scholarly papers published in the journals not registered in the 1
Current Contents Connect database and published in the country of
residence

ADM Scientific/scholarly papers published in the journals registered in the 1
databases Web of Science and SCOPUS and published abroad

AFC Published conference papers presented at conferences abroad 3

AFD Published conference papers presented at conferences in the country of 11
residence

AFG Published abstracts of conference papers presented at conferences abroad 3

AFH Published abstracts of conference papers presented at conferences in the 2

country of residence

BDF Specialised papers published in the journals not registered in the Current 1

Contents Connect database and published in the country of residence

BEF Specialised papers in non-reviewed (conference and non-conference) 1

collections of papers published in the country of residence

BFA Published abstracts of specialised papers presented at academic events 1
(conferences, etc.) abroad
Total: 26
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