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Abstract: In this study, we proposed the self-organization process and its localized surface plasmon
resonance property (LSPR) to study the effect of chemically treated quartz glass substrates for gold
nanoisland array formation. Firstly, we etched a quartz glass substrate using a sputter etching
machine. Secondly, n-butanol was treated on the surface of the substrate. Then, we deposited a
gold thin film on the substrate with assisted chemical etching. Finally, the self-organization method
examined the thermal annealing of gold nanoisland arrays on a substrate. The results showed that
the gold nanoisland that was aggregated on an etched quartz glass substrate was large and sparse,
while the gold nanoisland aggregated on a chemically treated substrate was small and dense. Further,
it was revealed that a substrate’s surface energy reduced chemical treating and increased the gold
nanoisland contact angle on the substrate via the thermal annealing process. It was also confirmed
that chemical treatment was useful to control the morphology of gold nanoisland arrays on a substrate,
particularly when related to tuning their optical property.

Keywords: annealed gold nanoislands; thermal annealing; assisted chemical etching; absorbance
spectrum; LSPR

1. Introduction

It is known that metal nanoisland arrays exhibit unique optical properties, such as a localized
surface plasmon resonance (LSPR). LSPR is attributed to the collective resonant oscillation of free
electrons in metal nanostructures [1,2]. The vibration of the electromagnetic field of incident light excites
it, thus causing a unique extinction spectrum that depends on the material and geometry of the metal
nanostructures [3-5]. Since the peak wavelength of the extinction spectrum depends on the refractive
index around the metal nanostructures, the nanoisland arrays can be utilized as a bimolecular optical
plasmonic sensor to examine DNA, proteins, enzymes, and viruses [6-9]. The metallic nanoisland
array biosensor enables us to detect biomolecules label-free, which is advantageous due to simplicity
and short time detection [10-12].

Nanostructure patterns are generally fabricated by top-down fabrication methods, such as
electron beam lithography [13-15], which focuses on ion beam milling [16-18] and nanoimprinting
lithography [19,20]. These techniques are useful when fabricating well-defined and well-positioned
metallic nanostructures such as nanowire arrays and nanoporous patterns on a hard substrate.
However, these processes comprise complicated processes like resist coating, pattern drawing,
and the lift-off process. In addition, they require stringent control of process conditions and costly
equipment. Therefore, the throughput is low and production cost is high. In the meanwhile, bottom-up
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approaches like self-organization methods thermal dewetting [21-25] and anodic aluminum oxide
(AAO) templates [26] enable us to fabricate metal nanoisland arrays and nanowire patterns by simple
thermal dewetting or mask deposition processes. However, it is difficult to control the size and
arrangement of the nanoisland arrays using only self-organization methods. In addition, the fabrication
of porous alumina mask acidic electrolytes anodizing, which consists of complicated processes and
requires stringent control.

The self-organization of thermal dewetting approaches requires less stringent process conditions
and they are much simpler than conventional lithography methods. Therefore, they can achieve a lower
cost and higher throughput production of nanodot devices. However, the configuration and size of the
nanodots are difficult to control these self-organization methods. While thermal dewetting suffers the
disadvantage of random dot size distribution, it offers the advantages of simplicity, low-cost, large-scale
production, and high throughput. This technique is a general process to fabricate various metallic
components and alloys. It is also easy to combine with other state-of-art lithographic techniques.
For example, ordered arrays of faceted Au nanoparticles were synthesized by nanosphere lithography
combined with a short annealing treatment [27].

In order to overcome these problems, two different approaches of (i) the substrate-assisted
chemical etching and (ii) the etched substrate for thermal dewetting methods were experimentally
studied. We developed the fabrication process of gold nanoisland arrays on a quartz glass substrate,
which is based on chemically treated etching on the substrate during the thermal dewetting process.
In this contribution, we experimentally study the influence of chemical treatments on the aggregation
behavior of nanoisland arrays on substrates. We compare the two abovementioned approaches from
the point of view of LSPR spectral measurements.

2. Materials and Methods

2.1. Thermal Annealing Method

Using the thermal annealing method for metal thin film offers a simple, low-cost, and high
throughput fabrication technique to produce random nanostructures on a substrate. The evaporation
and thermal annealing processes prepared the random gold island films. A continuous thin metal film
was agglomerated into arrays of isolated islands, which minimized the system’s total interfacial energy
when the metal film was heated to the adequate annealing temperatures. The mechanisms for a metal
gold film were separated into metal islands and led to the agglomeration of gold nanodots on the
substrate (Figure 1). Firstly, (a) dewetting metal films start from very small substrate holes. (b) During
the annealing process, these holes continuously widen. (c) At the suitable annealing temperature
and time, the void continuously expanded and separated the gold film into isolated islands. Finally,
(d) the metal particles agglomerated on the substrate. The significant parameter for nanoparticle
agglomeration on the substrate used thermal annealing methods, such as surface energy of metal thin
film thickness, annealing temperature, and time. Thermal annealing methods suffered the drawback
of random metal nanoparticle size distribution, offering the advantages of simplicity processed with
low-cost and high fabrication throughput [28-31].
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(a) Voids formation (b) Voids expansion
(c) Nano islands growth (d) Nanodots

Figure 1. Thermal annealing method for a metal thin film on a substrate. (a) Many voids are exhibited
on the metal thin film in the beginning stage. (b) These voids are expanded and connected to the
adjacent voids. (c) As these voids grow, they separate the metal film into the islands. (d) Finally,
metal particles agglomerate on a substrate.

2.2. The Substrate-Assisted Chemical Etching Based on the Thermal Annealing Process

We examined the effect of chemical treatments on the morphology of gold nanoislands fabricated
by thermal dewetting. A quartz glass substrate 1 mm thick was cut to be 10 mm X 10 mm (Figure 2).
It was cleaned by an ultrasonic cleaner in an acetone bath for 15 min. (a) The substrates were etched
with Ar+ gas for 2 min under a pressure of 15 Pa. The distance between the substrate and Au target
was 35 mm, the acceleration voltage was 0.7 kV, and the sputter current was maintained at 5 mA
during the sputter etching process by using the sputter coater machine. (b) Then, n-butanol was
dropped on the substrates. The volume of the chemical drop was about 0.0274 mL by using a pipette
(Figure 3). The dropped chemical was spread over the surface of the substrate and dried for 2 min in
a clean room. (c) Then, Au film was deposited on the substrates for 10 nm of thickness by a sputter
coater. (d) Finally, the substrates were annealed in an electric furnace at 700 °C for 15 min when dot
agglomeration via thermal dewetting occurred. In this study, we experimentally examined the two
differences treated on glass substrates: specimen A, the etched substrate, without step (b), and specimen
B: the substrate-assisted N-Butanol etching. Nanoisland array morphology was characterized using a
field emission scanning electron microscope, (FE-SEM, SU3500, Hitachi, Japan).
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Figure 2. Dropping a chemical product on the quartz glass substrate by using a pipette.
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(a) Etching (b) Chemical assisted dropping
Gold particle

»

(c) Sputtering (d) Thermal Annealing

Figure 3. Schematic illustration of the substrate-assisted chemical etching based on the thermal
annealing process. (a) Argon spatter etching, (b) substrate assisted by n-Butanol, (c) gold thin film
sputter coating onto a substrate, (d) the gold nanoislands agglomerated via thermal annealing.
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The Gatan Murano hot stage characterized the dynamic observation of a gold nanoisland array
agglomeration on a glass substrate. The Silicon type hot stage was mounted inside the standard
scanning electron microscope (FE-SEM, SU3500, Hitachi, Japan). Figure 4 shows the schematic diagram
of the substrate on the silicon heating stage, which allowed for direct observation of agglomeration
behavior for simulated thermal treatment during the annealing process. The stage temperatures range
spanned from ambient to 700 °C.

SEM Observation
Gold Thin Film

Heat Resistance

~

Figure 4. The schematic diagram for a substrate during the silicon heating stage. SEM: scanning
electron microscopy.

The LSPR extinction spectrum for nanoisland arrays on a glass substrate was analyzed using
a transmission ultraviolet-visible (UV-VIS) spectrometer, SEC2000-VIS/NIR spectrometer (ALS Co.,
Ltd, Tokyo, Japan). The measured spot size was about 0.5 mm in diameter. The UV-Vis light by
Tungsten and Halogen light source (LS-1, Ocean Optics, ALS Co., Ltd, Tokyo, Japan) was passed
through the gold nanoisland arrays and the absorbance spectra of light by the nanoisland arrays was
measured. The absorbance spectrum was measured by giving wavelengths in between the visible
range of 200-800 nm.

3. Results

A Comparison of the Agglomeration Process for Gold Nanoislands on the Substarte

The LSPR extinction spectrum of the nanoisland arrays on a glass substrate was analyzed using a
transmission ultraviolet-visible (UV-VIS) spectrometer, SEC2000-VIS/NIR spectrometer. The measured
spot size was about 0.5 mm in diameter. The UV-Vis light by Tungsten and Halogen light source (LS-1,
Ocean Optics) was passed through the nanoisland arrays and the absorbance spectra of light by the
nanoisland arrays was measured. The absorbance spectrum was measured by giving a wavelength
in between the visible range of 200-800 nm. The influence of chemically etching a glass substrate on
the morphology of nanoislands was experimentally studied by carrying out annealing during the hot
stage via FE-SEM. Figure 4 illustrates FE-SEM micrographs to compare the agglomeration evolution of
random gold nanoisland arrays on specimens A and B. Figure 5a illustrates the beginning stage of a
gold thin film on the surface of specimen A at 400 °C. It was found that many voids were exhibited on
the gold thin film. Figure 5b shows the beginning stage of a gold thin film on the surface of specimen B
at 400 °C. It was found that many small voids and chemically dried strains appeared on the gold thin
film. When induced by the silicon heating stage at 500 °C (as shown in Figure 5c,d), the voids in the
gold thin film of specimen B dramatically became larger than specimen A. In addition, specimen B’s
sputtered gold thin film aggregated into larger nanoislands with different shapes at 600 °C (Figure 5f).
By contrast, the gold thin film of specimen A was still the same as the previous specimen, as shown in
Figure 5e. At the suitable heating temperature of 700 °C for 30 min, the void continuously expanded
and the gold film agglomerated into nanoislands (Figure 5h). In other words, the gold thin film of
specimen A gradually expanded into larger voids. This comparison justified our efforts of adopting an
assisted n-butanol etching on the substrate before the thermal annealing processes in order to achieve
faster agglomeration behavior and better uniformity of gold nanoisland arrays.
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g) Specimen A at 700 °C h) Specimen B at 700 °C

Figure 5. Field emission SEM images for gold nanodot agglomeration on the substrate. (a) gold film
of specimen A at 400 °C, (b) gold film of specimen B at 400 °C, (c) gold film of specimen A at 500 °C,
(d) the void expansion stage of gold film of specimen B at 500 °C, (e) gold film of specimen A at 600 °C,
(f) As these voids grow, they separate the metal film into the islands of specimen B at 600 °C, (g) the
void expansion stage of gold film of specimen A at 700 °C (h) the completely agglomerated of gold
nanoisland arrays of specimen B at 700 °C.
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Figure 6a presents the Atomic Force Microscopy (AFM) image and the height profile of gold
nanoislands on the etched substrate of specimen A for thermal annealing at 700 °C for 30 min.
The incomplete agglomeration of gold nanoislands with uplift from a gold thin film appeared on
the substrate’s surface. The average height of specimen A’s gold nanoisland, along with the X-X’
line, was approximately 27 nm (Figure 6b). On the other hand, Figure 6¢ illustrates the AFM image
and the height profile of the gold nanoisland on specimen B’s assisted N-butanol etching for thermal
annealing at 700 °C for 30 min. The gold thin film was agglomerated into many nanoislands via the
thermal mechanism. The average height of specimen B’s gold nanoisland, along with the Y-Y" line,
was approximately 48 nm (Figure 6d). The result occurred because the gold thin film completely
agglomerated into the nanoisland arrays, which increased their height.

100 [ i T ' 1]
80 L i
"6
L] -
o
0- L 1 L i,
0 5000 10000
Distance X-X’ (nm)
(b) Height profile of Specimen A
100 [ ' ! ' 2
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c) AFM image of Specimen B d) Height profile of Specimen B
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Figure 6. Atomic Force Microscopy (AFM) image and height profiles of the annealed quartz glass
substrates. (a) Atomic Force Microscopy image of gold film of specimen A at 700 °C, (b) height profiles
of gold film of specimen A at 700 °C, (c¢) Atomic Force Microscopy image of gold nanoislands of
specimen B at 700 °C, (d) height profiles of gold nanoislands of specimen B at 700 °C.

FE-SEM micrographs determined the average contact angle for the gold nanoisland at 700 °C
during thermal annealing (Figure 5(GHz)) and using Image] analysis software. For specimen A,
the contact angle of gold nanoislands aggregated on the etched substrate was 78°. The contact angle of
gold nanodots aggregated on the n-butanol assisted substrate as specimen B is 109°. It is confirmed
that the contact angle of gold nanoislands on the n-butanol assisted substrate was larger than the
etched substrate.
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4. Discussions

The effect of chemical treatment on the gold nanoisland arrays was attributed to the contamination
of chemical molecules on the substrates. According to the mathematical model presented in Young’s
equation [32], we can see that:

YI—Ys = —ymcos b 1)

where 0, is the contact angle at the equilibrium state. 0. is the surface energy of substrate yg, surface
energy of the metal dot v, and interfacial energy y; between the metal and substrate. Thus, 0, was
determined by combining materials used for the dot and substrate. The surface energy of the gold y
was about 1000 mJ/m? [33] and that of the quartz glass was about 220 mJ/m? in room temperature [34].
However, the contamination of substrate surface influenced the surface energy of substrate and the
interfacial energy.

In order to compare the agglomeration behavior at 700 °C between the gold nanoisland on a
substrate between specimen A (Figure 5g) and specimen B (Figure 5g), acetone bath cleaning was
conducted to remove oils and fats. However, acetone molecules remained on the surface of the quartz
substrates even after acetone dried completely [35]. Thus, Ar sputter etching was subjected to the
substrates to remove acetone molecules from the substrate surface. The heavy Ar+ ions were more
effective for chipping away at the surface. An electrical discharge was created in a vacuum chamber by
applying a voltage to a platen where the glass sat. Ar+ ions were pulled onto the platen and wafer
with energy (in electron volts) similar to the applied voltage (0.7kV). The ion impact may setup a series
of collisions between atoms in the target, which might lead to the ejection of some of these atoms (H,O
and some of SiO; on the surface of glass) [36]. Since the Ar sputtering broke bonding between acetone
molecules and substrate atoms, the surface atoms were excited and the surface energy of the substrate
(ys) increased. This indicates that the contact angle 8, decreased because the left term of Equation (1)
decreased (Figure 7). We confirmed that the gold thin film on the etched substrate was rather difficult
to agglomerate the gold nanoisland arrays.

Ym

Gold thin film

|

Substrate

»

Figure 7. Schematic illustration of nanoisland formation on an etched substrate at 700 °C.

On the other hand, as for the chemically treated substrates, molecules of dropped n-butanol were
adhered to the substrate surface. These molecules remained on the substrate after the n-butanol drop
was dried [37]. Thus, the Au film was coated on the molecule layer, as illustrated in Figure 8. When this
substrate was annealed, the gold thin film easily agglomerated to the substrate’s gold nanoisland
array. However, the adhered chemical molecules influenced it. Since the adhered molecules reduced
surface energy of the substrate (ys), the left term of Equation (1) increased and the contact angle 6,
also increased. We found that the gold thin film on a chemical etching glass substrate rather easily
agglomerated to the gold nanoisland arrays.

Figure 9 shows the LSPR properties of fabricated nanoisland arrays on the glass substrate at
700 °C for 30 min. As shown by the figure, the clear peaks were observed in the visible light region.
The absorbance spectra of the gold nanoislands on the etched substrate (specimen A) were flat and
the peak was 600 nm. However, the absorbance spectra of the gold nanoislands on the n-butanol
treated substrate (specimen B) were higher and steeper when it reached 570 nm. It was also confirmed
that the intensity of the absorbance peak for specimen B was higher than for specimen A. This can be
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attributed to the morphology of nanoislands on the substrates. As shown in Figure 5h, the complete
agglomeration of gold nanoislands for specimen B were generated, yet the distorted nanoislands were
generated on the substrate of specimen A (Figure 5g). It was reported that the nanoislands’ uniform
shape made for a narrower absorbance spectra peak. From the results, it is clearly shown that LSPR
was very sensitive to dot morphology and distribution. It was also confirmed that the assisted chemical
etching glass substrate with the gold thin film coated for the thermal annealing process could control
the optical property of the gold nanoisland arrays.

Gold thin filmon a
' 147

chemical etching

Subsitrate .

Figure 8. Schematic illustration of gold nanoisland formation on an assisted chemical etching glass
substrate at 700 °C.
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Figure 9. The absorbance spectrum.
5. Conclusions

This study demonstrates a simple low-cost with high throughput approach to fabricate plasmonic
nanoisland arrays using Argon etching with chemical treating for the thermal annealing on quartz
glass substrates. This study conditions were clarified to produce nanoislands with various dimensions
for plasmonic sensing applications. On the basis of these results, as for the substrate-assisted n-butanol
etching, molecules of the dropped chemicals adhered on the substrate surface. Thus, the gold thin
film was deposited onto the n-butanol dried layer for thermal annealing. We found that the gold
thin film on an assisted-chemical etching glass substrate was rather easily agglomerated to the gold
nanoisland arrays, compared with only the etched substrate. The results discussed in this study
indicated that the adhered n-butanol molecules on a surface of quartz glass substrate influenced the
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good uniformity of the gold nanoisland arrays. The adhered n-butanol molecules reduced the surface
energy on the surface of a substrate related to control the contact angle in the agglomeration of the
thermal annealing process. We also confirmed that the good uniformity of the gold nanoisland arrays
on the substrate-assisted n-butanol etching was significant to control the LSPR optical properties.
Opverall, the gold nanoisland films by the substrate-assisted n-butanol etching method should be used
for the fabrication of LSPR substrates.
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