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Abstract

Gold nanoparticles were fabricated on an ordered aluminum dimple array via
aluminum anodizing, sputter coating, and thermal treatment, and the transformation
behavior and nanostructural characterization were investigated in detail. Electropolished
aluminum specimens were anodized in an oxalic acid solution under self-ordering
conditions at 40 V, and then the porous alumina was selectively dissolved to expose an
ordered aluminum dimple array with each dimple measuring 100 nm. A thin layer of
gold was coated onto the dimple array, and a thermal treatment was subsequently
performed. The gold layer was transformed into numerous particles by the thermal
treatment due to dewetting. When the values of gold layer thickness, thermal treatment
temperature, and thermal treatment duration were optimized, the gold particles were
located at the bottom of each aluminum dimple. Consequently, multiply-twinned
particles with polygonal and elliptical shapes were regularly distributed on the
aluminum dimple array treated at 473 K. Although the rate of the transformation
induced by dewetting increased with the temperature of the thermal treatment,
non-uniform gold nanostructures were formed by extended thermal treatment at 873 K.
The gold particles formed on the aluminum surface exhibited excellent adhesion upon
ultrasonication.

Keywords: Aluminum anodizing; Dimple array; Dewetting; Gold nanoparticles;
Ordered array



1. Introduction

Anodizing aluminum in a variety of acidic electrolyte solutions under appropriate
operating conditions causes the self-ordering of anodic porous alumina (anodic porous
oxide films), and consequently, ordered porous alumina with a periodic nanostructure
can be obtained on an aluminum substrate [1-3]. The periodicity (interpore distance)
and diameter of the nanoscale pores can easily be controlled by choosing the
appropriate electrolyte species [4-9], anodizing conditions [10-13], and post-chemical
treatment, such as pore widening [14-16]. In addition, a large-scale porous alumina film
can be fabricated via self-ordered anodizing combined with nanoimprint lithography
[17-19]. Such ordered porous alumina has been widely used in various nanoscale
applications such as surface-enhanced Raman scattering (SERS) [20,21], plasmonic
devices [22,23], and multi-band light emitters [24].

After the self-ordered anodizing process, the porous alumina is removed from the
aluminum substrate by chemical dissolution in a mixture of chromic acid and
phosphoric acid, and an ordered aluminum dimple array with a shape matching the
bottom shape of the ordered porous alumina is thus exposed to the surface [25,26].
Because the size of each aluminum dimple accurately corresponds to the interpore
distance of the porous alumina, various nanoscale dimple arrays can also be obtained
via self-ordered anodizing and subsequent chemical dissolution. These ordered dimple
arrays have been used as templates for the fabrication of ordered nanostructures, such as
nanoscale spherical lens arrays [27] and photonic crystal materials [28].

When ordered aluminum dimple arrays covered with a thin layer of gold are
heated, the gold layer transforms into nanoparticles due to dewetting [29,30]. In this
unique process, a thin gold layer with nanoscale thickness is deposited on the ordered
dimple array by sputter coating, and the gold layer is then transformed into numerous
gold nanoparticles positioned at each dimple through a subsequent thermal treatment.
Consequently, these gold nanoparticles are uniformly arranged on the ordered aluminum
dimple array. However, the details of the transformation behavior of the thin gold layer
under various operating conditions have not been reported so far. In addition, the
nanostructure of the gold particles fabricated by this dewetting process has not yet been
elucidated.

Several methods for the arrangement of metal nanoparticles on various substrates
have been reported by many research groups. Ueno et al. worked on the fabrication of
gold nanoblocks with small nanogaps on a glass substrate by electron-beam lithography
and lift-off techniques for plasmonic field enhancement [31,32]. Fabrication of
size-tunable periodic nanoparticle arrays was achieved by Duyne et al. using
nanosphere lithography with an appropriate nanosphere [33-35]. Langmuir-Blodgett
method for the fabrication of organically passivated metal nanocrystals has been
reported by Heath et al [36]. Self-assembly patterns formed upon solvent evaporation
were obtained by number of authors [37]. However, a simple technique for fabricating
size-controllable ordered nanoparticle arrays with excellent adhesion must be developed
by further investigations.

Herein, we report the formation behavior of ordered gold nanoparticle arrays via
the transformation of a thin gold layer deposited on an ordered aluminum dimple array
under various operating conditions. The effect of the thickness of the gold layer,
temperature of the thermal treatment, and the processing time on the transformation



behavior was investigated in detail. Moreover, the nanostructural characterization of the
obtained gold particles is discussed. We found unique transformation behaviors of the
gold layer on the aluminum dimple array during the thermal treatment process. In
addition, we found the appropriate operating conditions for the transformation and
arrangement of the gold layer. As a result, ordered gold nanoparticle arrays with
excellent adhesion can easily be obtained on the nanostructured aluminum substrate
using simple techniques such as anodizing, sputter coating, and thermal treatment.

2. Experimental

High-purity aluminum plates (99.999 wt%, 0.25 to 0.5 mm thick, GoodFellow,
UK) were used as starting material. The aluminum specimens were cut into 20 mm x 50
mm samples, and the lower 20 mm X 25 mm region of the surface was subjected to
anodizing. The specimens were ultrasonically degreased in ethanol for 10 min at room
temperature and then electropolished in a mixture of 78 vol% CH3COOH and 22 vol%
70%-HCIO4 at 280 K and 28 V for 1 min. A large aluminum plate (99.99 wt%, 0.4 mm
thick, Nippon Light Metal, Japan) was used as the cathode, and the solution was slowly
stirred with a magnetic stirrer during electropolishing.

The electropolished specimens were immersed in a 0.3 M (COOH), solution at
290 K and were anodized at a constant voltage of 40 V for 24 h for the fabrication of
ordered porous alumina specimens. It is previously reported that the anodizing of
aluminum at 40 V in a 0.3 M (COOH): solution causes the formation of ordered porous
alumina measuring 100 nm in cell diameter due to self-ordering during anodizing [1,38].
A platinum plate (28 mm x 17 mm, 99.95 wt%, 0.1 mm thick, Furuya Metal, Japan) was
used as the cathode, and the solution was stirred with a magnetic stirrer during
anodizing. After anodizing, the specimens were immersed in a mixture of 0.20 M CrO3
and 0.51 M H3PO4 at 353 K to dissolve the porous alumina, and an ordered aluminum
dimple array was exposed to the surface. The ordering behavior of the dimple array was
evaluated by fast Fourier transformation (FFT) with the Image-J software package
(Wayne Rasband, National Institute of Health, USA).

A thin layer of gold was deposited onto the aluminum dimple array using a DC
magnetron sputter coater (QI50TS, Quorum Technologies, UK). A high-purity gold
plate (99.99 wt%, 0.1 mm thick, Furuya Metal) was used as the target, and high-purity
argon gas (99.9995%) was used for the chamber atmosphere. The average thickness of
the gold layer was accurately controlled to 2—10 nm using a quartz crystal microbalance.
The gold-coated specimens were placed in an electric furnace (FT-01VAC-50, Full-Tech,
Japan) and heated rapidly to 373-873 K within 100 s. The thermal treatment was
performed at each operating temperature for up to 24 h in an ambient atmosphere. After
the thermal treatment, the electric furnace was cooled to room temperature. The
adhesion of the gold nanoparticles formed on the aluminum surface was examined by
ultrasonication (55 W, 40 kHz, US-1R, AS-ONE, Japan) in ethanol for up to 30 min.

The surface of the anodized, gold-coated, and thermally treated specimens was
examined by field emission scanning electron microscopy (FE-SEM, JSM6500F, JEOL,
Japan) and atomic force microscopy (AFM, Nanocute, Hitachi High-Technologies,
Japan). The specimens were also examined by spherical aberration-corrected scanning
transmission electron microscopy (Cs-corrected STEM, Titan G2 60-300, FEI, USA).
For the (S)TEM observation of the horizontal cross-sections, the specimens were pasted



on a single-hole copper grid (Nisshin EM, Japan) with an epoxy resin. The aluminum
substrate was thinned from the back by an argon ion beam using a precision ion
polishing system (PIPS, Gatan). For the (S)TEM observation of the vertical
cross-sections, the specimens were embedded into an epoxy resin (EPON812, TAAB
Laboratories Equipment, UK) and then thinned by ultra-thin sectioning using an
ultra-microtome (PowerTome X, Boeckeler Instruments, USA) and a diamond knife
(NACC 10390SU, Micro Star Technologies, USA).

3. Results and Discussion

An electropolished aluminum specimen was anodized in a 0.3 M oxalic acid
solution at 40 V for 24 h to fabricate an ordered porous alumina specimen. Figure la
shows the SEM image of the aluminum dimple array formed by the subsequent
chemical dissolution of the porous alumina in a CrO3/H3POs solution. Although a
slightly irregular distribution with pentagonal or heptagonal dimples was observed on
the surface, an ordered aluminum dimple array with numerous hexagonal dimples was
obtained upon long-term anodizing at 40 V. The inset shows the FFT image of the
dimple array and exhibits a clear spot pattern based on the ideal dimple arrangement.

Figure 1b and 1c show the three-dimensional AFM image and corresponding
vertical cross-section of the ordered dimple array. Each aluminum dimple possesses a
hemispherical nanostructure, and six convex regions were formed at the triple points
and were surrounded by three adjacent hexagonal dimples. In addition, the edges
between each convex region were not flat. Such a nanostructure corresponds to the
bottom shape of the ordered porous alumina. The average diameter and depth of the
fabricated aluminum dimples were measured to be 100.1 nm and 24.5 nm by SEM and
AFM, respectively. After the chemical dissolution of the porous alumina in a
CrOs3/H3POy4 solution, a thin native oxide film containing trivalent chromium ions and
phosphate ions was formed on the aluminum surface in an ambient atmosphere [39].
This ordered aluminum dimple array was used as the starting nanostructured substrate
for the fabrication of ordered gold particle arrays.

The aluminum dimple arrays were covered with a thin gold layer measuring 2—10
nm in thickness (0) by sputter coating and were then heated at T¢ = 473-873 K for 1 h.
Figure 2a shows the SEM images of the surface of the gold-coated specimens after
thermal treatment at 473 K. Although the thin gold layer was transformed into
numerous gold nanoparticles on each aluminum dimple array during the thermal
treatment, the gold nanostructure greatly differs depending on the thickness of the gold
layer. For 6 = 2 nm, numerous narrow gold particles measuring several nanometers to
10 nm were distributed at the bottom, edge, and convex regions of the aluminum
dimples. For the thinnest gold film, the gold particles were formed on the aluminum
dimple arrays (i.e., independently of the dimple array), and an irregular gold particle
distribution with various diameters was formed on the surface.

The size of the gold particles formed by thermal treatment increased with the
thickness of the gold layer (6 = 6-8 nm), and the gold particles were individually
located on the bottom of each aluminum dimple. Although several gold particles were
combined with adjacent particles (forming “peanut” particles), an ideal gold particle
distribution was obtained by sputter coating a gold layer of thickness 6 = 6-8 nm.
However, a continuous gold layer consisting of larger gold particles was obtained on the



dimple arrays by excess sputter coating with & = 10 nm. This non-uniform continuous
layer is due to the overflow of the thicker gold film from each aluminum dimple.

Figure 2b shows the SEM images of the surface of the gold-coated specimens
after thermal treatment at the higher temperature of 873 K for 1 h. Similar
transformation behaviors to those shown in Fig. 2a were observed on each aluminum
dimple array, and an ordered gold distribution was obtained by sputter coating with 6 =
6 nm. However, in contrast to the behavior at low temperature, many gold particles with
different contrasts, such as black, gray, and white hues, were distributed on the surface.
In addition, a characteristic undefined nanostructure, similar to that of melted gold
particles, was obtained by the formation of a thicker gold layer of & = 10 nm (yellow
arrows). These irregular gold nanostructures formed at high temperature will be
discussed later in the section on STEM observations. Henceforth, the thickness of the
gold layer formed by sputter coating was fixed to 6 = 6 nm.

The time-dependent changes in the transformation behavior of the thin gold layer
during thermal treatment were investigated by SEM and STEM, and the corresponding
images are shown in Figure 3. The shape of the dimple array was maintained after
sputter coating of the gold layer, and an ordered nanostructure similar to that shown in
Fig. 1 was formed on the surface (thermal treatment time, t¢ = 0). However, the gold
layer formed on the aluminum dimple arrays possessed many narrow gaps measuring a
few nanometers, and the uncoated aluminum substrate was partially exposed to the
surface according to the high-angle annular dark field (HAADF) STEM observation and
corresponding EDS measurement (Fig. 3, left). The gold layer formed by sputter coating
consisted of numerous nanoscale particles measuring a few nanometers in diameter, as
seen in the high-magnification HAADF-STEM image.

The gold-coated aluminum dimple array was heated at 473 K for up to tq =24 h
for dewetting. Interestingly, the thin gold layer moved to the bottom of the aluminum
dimples after 10 min of thermal treatment. In this short thermal treatment, adjacent gold
particles were still aggregated, and a continuous gold nanostructure with wide gaps was
observed on the aluminum dimple arrays. The gold structure was gradually torn by
further thermal treatment for t4 = 15 min and 30 min, and individual gold particles were
located on the bottom of aluminum dimples at t¢ = 3 h and 24 h. Although several
isolated gold particles measuring less than 10 nm in diameter were observed on the
edges of the dimple arrays, an ordered gold particle array measuring approximately 63
nm in diameter and 100 nm in periodicity was successfully fabricated by extended
thermal treatment at 473 K.

Shi et al. reported that a thin gold film formed by helicon sputtering was
transformed into gold islands with varying nanoscale diameters via a high-temperature
process [40]. The gold layer formed by sputter coating consisted of numerous nanoscale
particles, and these gold particles may transform to a minimum energy state to counter
the tension at their surface at high temperature. Therefore, the size of the gold particles
increases to decrease the surface-area-to-volume ratio. The thin gold layer was
transformed into gold particles on the bottom of ordered dimples, which act as molds.
As a result, numerous gold particles were regularly distributed on the aluminum surface.
Here, the key parameter in the formation of ordered gold particles was the coating
thickness (Fig. 2). An appropriate coating thickness should be selected according to the
dimple size and volume; thus, a thickness of 6 nm was chosen for the formation of



ordered gold particles on aluminum dimples measuring 100 nm in diameter, which were
fabricated by oxalic acid anodizing at 40 V. Therefore, the thickness of the gold layer
should be reduced to fabricate smaller gold particle arrays using a smaller aluminum
dimple array formed by sulfuric acid anodizing.

The gold-coated aluminum specimens were heated at various temperatures to
investigate the effect of temperature on the transformation behavior of the thin gold
layer. Figure 4a shows the SEM images of the surface of the gold-coated specimen after
thermal treatment at a relatively low temperature of T¢ = 373 K for 1 h and 24 h.
Continuous gold layers with narrow gaps, which were similar to the original surface
obtained by sputter coating, were observed on each aluminum dimple array, and the
nanoscale morphology of the thin gold layer was almost unchanged by extended
thermal treatment at 373 K. Therefore, such low-temperature thermal treatment is
inappropriate for the transformation of a thin gold layer.

When the temperature of the thermal treatment increased to Tq = 873 K (Fig. 4b),
polygonal gold particles were immediately formed on the aluminum dimple array within
only one minute; however, the transformation was incomplete and several peanut
particles were observed. The shape of the gold particles distributed on the aluminum
dimple array changed from polygonal to circular upon further thermal treatment for tq =
30 min. As seen in the SEM images of the gold particle array at 873 K and 473 K (Fig.
3, ta = 24 h), the diameter of the gold particles formed at 873 K was smaller than those
formed at 473 K, and the particles was quasi circular in shape due to the
high-temperature thermal treatment. On the other hand, weak discoloration regions were
observed on the aluminum dimple array heated at 873 K for 30 min (yellow arrows).
Many such discoloration regions appeared on the surface after further thermal treatment
(for example, 6 = 6 nm, Fig. 2b). These discoloration regions were investigated by
STEM as follows.

Figure 5 shows the low- and high-magnification HAADF-STEM images and the
corresponding STEM—EDS elemental distribution maps of aluminum and gold for the
gold-coated specimen heated at a high temperature of 873 K for 1 h. Because the
HAADF-STEM image exhibits strong atomic number (Z) contrast, the gold distribution
on the aluminum surface can be well-understood (light gray hue in the HAADF-STEM
image). Although several circular gold particles were formed on each aluminum dimple
array, an extremely irregular gold distribution, such as overflow from the dimple,
combination with other adjacent particles, and extinction from the dimple, was observed
on the aluminum surface. The light gray region shown in the HAADF-STEM image is
in good agreement with the gold distribution obtained by the STEM—-EDS measurement.
Long-term thermal treatment at high temperature for dewetting leads to the formation of
such non-uniform gold distributions, which may be due to the excess surface diffusion
of the gold particles. Therefore, an accurate control of the operating temperature and
time during dewetting is required for the fabrication of ordered gold particle arrays.

Figure 6 shows the HAADF-STEM image and corresponding STEM—-EDS
elemental distribution maps for the specimen heated at a low temperature of 473 K for
24 h. In contrast to the surface heated at high temperature shown in Fig. 5, ordered gold
particles without any defects were distributed on the aluminum dimple arrays. The
HAADF-STEM image is in good agreement with the gold distribution obtained by the
EDS measurement. The shape of the gold particles was somewhere between circular



and polygonal, and various nanoscale morphologies were observed due to the
low-temperature thermal treatment. However, there was almost no irregular gold deposit
on the exposed aluminum surface under this operating condition.

Figure 7 shows the bright field (BF) and high-resolution (HR) TEM images of the
ordered gold particle array fabricated at 473 K for 24 h. It is clear that the gold particles
formed by dewetting possess a polycrystalline structure, and many straight boundaries
with different contrasts were observed in the gold particles (yellow arrows). As seen in
the HRTEM image of the particle (Fig. 7b), the gold particles possess a round
pentagonal morphology with a near five-fold orientation [41,42]. The angles across the
boundary in the {111} lattice fringe were measured to be approximately 141° (Fig. 7c¢).
These zigzag boundaries correspond to the typical multiple twinning observed in larger
particles [43-45], and the strain of the crystal is relieved by the presence of the twin
boundaries [46,47]. Although the number and structure of the multiple twinning depend
on each gold particle, similar multiple twinning was observed in other gold particles.
Therefore, typical multiply-twinned particles were formed by thermal treatment of the
gold-coated aluminum dimple arrays.

Figure 8 shows the BF-TEM image of the vertical cross-section of the ordered
gold array formed at 473 K for 24 h. Here, the surface of the dimple array and thermal
oxide film is traced with green and blue dotted lines, respectively. A thermal oxide film
measuring approximately 8 nm in thickness was formed on the aluminum dimple array
by thermal treatment in ambient atmosphere. Polygonal and elliptical gold particles
were located on the bottom of each dimple, and the shape of these nanostructures was
similar to those in the surface image shown in Fig. 6. From the TEM observations of the
horizontal and vertical cross-sections, the gold particles fabricated by dewetting
consisted of solid, non-cavity structures.

After the fabrication of the ordered gold particle arrays on the aluminum
substrates, the specimens were subjected to ultrasonication for the adhesion test. Figure
9 shows the SEM image of the specimen surface after 30 min of ultrasonication in
ethanol at room temperature. A hexagonal gold distribution without any extinction
similar to the original arrangement before ultrasonication (Fig. 3) was observed on the
aluminum dimple array. Namely, these gold particles, formed via dewetting, exhibited
excellent adhesion properties. The fabrication of such metal particle arrays with high
adhesion via typical nanoparticle fabrication methods and their subsequent development
onto the substrate is difficult; therefore, this method, which is based on the sputter
coating and dewetting of a gold layer on an aluminum dimple array, presents a major
advantage for the fabrication of ordered particle arrays with excellent adhesion. To
achieve an ideal gold distribution over a large area in a short time interval, it may be
useful to combine nanoimprinting techniques with anodizing [17].

4. Conclusions

An ordered aluminum dimple array was fabricated by anodizing in an oxalic acid
solution at 40 V and the subsequent chemical dissolution of porous alumina. A thin gold
layer was formed on the dimple array by sputter coating, and thermal treatment was
then carried out for the fabrication of an ordered gold particle array by dewetting. We
described in detail the transformation behavior of the thin gold layer during thermal
treatment and characterized the nanostructure of the gold particle array. The following



conclusions were drawn from the experimental results of our investigation.

1) The optimal thickness of the gold layer on the ordered aluminum dimple array
formed by oxalic acid anodizing at 40 V is approximately 6 nm.

2) The gold layer formed on the aluminum dimple array is gradually transformed into
an ordered particle array by thermal treatment at temperatures higher than 473 K. The
rate of the transformation induced by dewetting increases with the temperature of the
thermal treatment; however, prolonged thermal treatment at the high temperature of 873
K causes irregular gold distribution, such as overflow, combination, and extinction of
the gold particles.

3) Multiply-twinned particles with polygonal and elliptical shapes are regularly
distributed on the bottom of the aluminum dimples via thermal treatment at 473 K.

4) The ordered gold particle array possesses excellent adhesion properties during
ultrasonication.
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Figure Captions

Figure 1 a) SEM, b) three-dimensional AFM, and c) cross-sectional AFM images of the

ordered aluminum dimple array formed by anodizing in a 0.3 M oxalic acid solution at
290 K and 40 V for 24 h.

Figure 2 SEM images of the gold particle array formed on the aluminum dimple array
by thermal treatment at a) 473 K and b) 873 K for 1 h. The average thickness of the
gold layer deposited by sputter coating was adjusted to 2—10 nm using a quartz crystal
microbalance.

Figure 3 SEM, HAADF-STEM, and corresponding STEM-EDS elemental distribution
images of the gold nanostructure during thermal treatment at 473 K for up to 24 h.
Henceforth, the thickness of the gold layer deposited by sputter coating was set to 6 nm.

Figure 4 SEM images of the gold nanostructure during thermal treatment at a) 373 K
and b) 873 K for different operating times.

Figure S HAADF-STEM images and corresponding STEM-EDS aluminum and gold
elemental distribution maps of the nanostructure fabricated by thermal treatment at 873
K for 1 h.

Figure 6 HAADF-STEM images and corresponding STEM-EDS aluminum and gold
elemental maps of the ordered particle array fabricated by thermal treatment at 473 K

for 24 h.

Figure 7 High-resolution BF-TEM images of the ordered gold particle array fabricated
by thermal treatment at 473 K for 24 h.

Figure 8 BF-TEM image of the vertical cross-section of the ordered gold particle array
fabricated by thermal treatment at 473 K for 24 h.

Figure 9 SEM image of the ordered gold particle array formed on the aluminum dimple
array after ultrasonication in ethanol for 30 min.
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