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Effects of ion and nanosecond-pulsed laser co-irradiation on the surface
nanostructure of Au thin films on SiO, glass substrates

Ruixuan Yu," Tamaki Shibayama,?® Xuan Meng," Shinya Takayanagi," Shigeo Yatsu,?
Junya Ishioka,? and Seiichi Watanabe?

'Graduate School of Engineering, Hokkaido University, Sapporo, Hokkaido 060-8628, Japan

Center for Advanced Research of Energy and Materials Science, Faculty of Engineering,

Hokkaido University, Sapporo, Hokkaido 060-8628, Japan

(Received 23 December 2013; accepted 31 March 2014; published online 9 April 2014)

Ion irradiation and short-pulsed laser irradiation can be used to form nanostructures on the surfaces of
substrates. This work investigates the synergistic effects of ion and nanosecond-pulsed laser
co-irradiation on surface nanostructuring of Au thin films deposited under vacuum on SiO, glass
substrates. Gold nanoparticles are randomly formed on the surface of the substrate after
nanosecond-pulsed laser irradiation under vacuum at a wavelength of 532 nm with a repetition rate of
10Hz and laser energy density of 0.124 kJ/m”. Gold nanoparticles are also randomly formed on the
substrate after 100-keV Ar" ion irradiation at doses of up to 3.8 x 10'® ions/cm?, and nearly all of
these nanoparticles are fully embedded in the substrate. With increasing ion irradiation dose (number
of incident laser pulses), the mean diameter of the Au nanoparticles decreases (increases). However,
Au nanoparticles are only formed in a periodic surface arrangement after co-irradiation with 6000
laser pulses and 3.8 x 10" jons/cm>. The periodic distance is ~540 nm, which is close to the
wavelength of the nanosecond-pulsed laser, and the mean diameter of the Au nanoparticles remains at
~20 nm with a relatively narrow distribution. The photoabsorption peaks of the ion- or
nanosecond-pulsed laser-irradiated samples clearly correspond to the mean diameter of Au
nanoparticles. Conversely, the photoabsorption peaks for the co-irradiated samples do not depend on
the mean nanoparticle diameter. This lack of dependence is likely caused by the periodic nanostructure
formed on the surface by the synergistic effects of co-irradiation. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4871016]

. INTRODUCTION

Noble metal nanoparticle/dielectric systems containing
metals such as Au can exhibit nonlinear optical properties such
as localized surface plasmon resonance (LSPR).! The LSPR fre-
quency of a nanoparticle/dielectric system is correlated with the
size and shape of the nanoparticles,” interparticle distance,"
and the dielectric environment surrounding them. By tuning the
LSPR frequency using these factors, metallic nanoparticle/di-
electric systems can be devised for applications such as
biosensors,” ' plasmonic waveguides,'? and photocatalysts."*

Metallic nanostructures can be prepared on the surface
of metallic thin films deposited on dielectric or semiconduc-
tor substrates via irradiation of the surface with a quantum
beam such as an ion beam,“‘*23 nanosecond-pulsed 1aser,24’25
or electron beam.”® Surface nanostructures are formed by
dewetting caused by irradiation with a quantum beam.'*2°
Under ion irradiation, metal nanoparticles that form on the
surface through the dewetting process become embedded in
Si0, glasszLB and A120322 substrates because the viscosity
of the substrate changes and it undergoes plastic flow during
ion irradiation.'®'” Laser-induced periodic surface structures
(LIPSS) can be obtained via nanosecond-pulsed laser irradia-
tion. LIPSS formation strongly depends on the laser wave-
length, electric field vector, and polarization direction.”’ "
For example, Kiesow et al®® generated periodic Au
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nanostructures in Au nanoparticle-containing polymer films
on glass substrates by short-pulsed laser irradiation.
Quantum beam co-irradiation studies using a heavy ion
beam and nanosecond-pulsed laser beam>*~’ or an electron
beam and nanosecond-pulsed laser beam>®>° have also been
reported. Intense heavy ion beams and high-energy laser sys-
tems are used to study the beam-plasma interactions of mat-
ter with high energy density in plasma physics and fusion
research.?’ Kishimoto ef al.**® have studied metal nanopar-
ticle formation induced by heavy ion and nanosecond-pulsed
laser co-irradiation. Studies on the modification of material
properties using heavy ion and nanosecond-pulsed laser co-
irradiation methods have focused on radiation damage anni-
hilation and the aggregation of implanted atoms. Little
research on the surface nanostructuring of metallic thin film/
dielectric substrates using rare gas ion beam and
nanosecond-pulsed laser co-irradiation has been reported.
Herein, we examine Ar' ion irradiation-induced forma-
tion of nanoparticles embedded in a substrate and laser
irradiation-induced periodic surface structuring. Recently,
we synthesized noble metal nanoparticles with a narrow size
distribution embedded in SiO, glass substrates®’*® and
Al,O5 single-crystal substrates®® via Ar™ ion irradiation. We
also synthesized Au nanoparticles that formed periodic
arrays on SiO, glass substrates through nanosecond-pulsed
laser irradiation.”! LIPSS formation strongly depended on
the laser energy density, number of laser pulses, and electric
field vector of the incident laser.”’ ' Considering the results

© 2014 AIP Publishing LLC
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of the above studies, we decided to investigate the effects of
Ar' ion beam and nanosecond-pulsed laser co-irradiation on
the formation of Au/SiO, nanostructures. We anticipate that
co-irradiation will accelerate the formation of periodic struc-
tures because of our previous results showing that the LSPR
frequency depended on the morphology (size, embedded
depth, and interparticle distance) of the formed
nanostructures.”' ~>*! Microstructural analyses of the sam-
ples are performed using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The
optical absorbance of the samples is also measured, with em-
phasis on the correlation between their optical properties and
nanostructures.

Il. EXPERIMENTAL PROCEDURE

Si0, glass substrates with a diameter of 10 mm and mirror
finish on both sides (Shin-Etsu Chemical Co., Ltd., Tokyo,
Japan, O-H density: 80-100 ppm) were used. The substrates
were 1.0 mm thick with a visible light transmittance of 90%.
A thin Au layer (Au source purity of 99.9%) was deposited on
each SiO, glass substrate at room temperature by electrically
heating the Au source using a custom-built vacuum evaporator
operating at a pressure of 1.1 x 102 Pa.

The irradiation experiments were performed in a vacuum
chamber maintained at 4.0 x 10~* Pa. The surface of the Au
thin film on the SiO, glass substrate was irradiated with a line-
arly polarized Nd-YAG nanosecond-pulsed laser (Inlite II;
Continuum Co., Ltd., CA, USA) in a perpendicular orientation.
The nanosecond-pulsed laser operated at a wavelength of 532
nm with a nominal pulse duration of 5-7 ns. The average laser
energy density was 0.124 J/cm? and the repetition rate was
10 Hz. The laser beam was introduced into the vacuum cham-
ber through a quartz glass window (ES grade; Tosoh Co., Ltd.,
Tokyo, Japan) with 90% transmittance of 532-nm light. The
electric field vector (E) of the laser was parallel to the floor
surface. To examine the dependence of nanostructure develop-
ment on the number of laser pulses, samples were irradiated
with 3000, 6000, and 7500 pulses (referred to as L-300, L-600,
and L-750, respectively) with irradiation times of 300, 600,
and 750 s, respectively.

To examine the dependence of nanostructure develop-
ment on the ion fluence of the ion irradiation, samples were
irradiated at ambient temperature with 100-keV Ar" ions
with fluences of 1.9, 3.8, and 4.7 x 10" Ar ions/cm’
(referred to as 1-300, I-600, and I-750, respectively). To
ensure a uniform ion irradiation dose, the Ar™ ion beam was
scanned over the substrate, and the ion current was main-
tained at approximately 1.0 uA/cm? (6.25 x 10'? ions/cm?s).
Suitable accelerating energies for the Ar" ions were selected
based on the thickness of the Au layer on each SiO, glass
substrate estimated using the SRIM 2011 code.*® Ar™ ion
beam irradiation of the samples was performed using the
400-kV ion accelerator at the High Voltage Electron
Microscope Laboratory located at Hokkaido University.*!
Ar' ions were irradiated onto the surface of the Au thin film
on each SiO, glass substrate at an angle of 40°.

Ar" jon beam and nanosecond-pulsed laser co-irradiation
were performed using the corresponding Ar" ion fluences
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(I-300, I-600, and I-750) with nanosecond-pulsed laser pulses
of L-300, L-600, and L-750, respectively, and are referred to
as co-300, co-600, and co-750, respectively. The irradiation
conditions are summarized in Table I.

After irradiation, photoabsorbance measurements were
performed with a spectrophotometer (JASCO, V-630,
Tokyo, Japan) using a circular slit with a diameter of 1.0 mm
to confine the irradiated region. The surface morphology of
the samples was observed by SEM (JEOL, JSM-7001FA,
Tokyo, Japan), and cross-sectional microstructural analyses
were performed via TEM (JEOL, JEM-2010F). Cross-
sectional TEM (X-TEM) samples were prepared using
focused-ion beam equipment (FIB; JEOL, JEM-9320). The
elemental concentration of the samples was determined
using an energy-dispersive spectrometer (EDS: Noran,
Thermo Fisher Scientific, MA, USA) in conjunction with the
TEM.

lll. RESULTS

Figure 1 shows SEM images of the surface morphology
(Fig. 1(a)) and X-TEM images (Fig. 1(b)) of the deposited
Au thin films on the SiO, glass substrates. The X-TEM
images reveal that the Au thin films are approximately
10-15 nm thick (the designated thickness is 10 nm). It
should be noted that a carbon layer (hereafter referred to as
the C layer) was deposited on the surface of each X-TEM
sample (Fig. 1(b)) to protect it during FIB sample
preparation.

Figures 2(a)-2(c) show SEM images of the surface mor-
phology after Ar" ion irradiation with different fluences
(I-300, 1-600, and 1-750, respectively), while Figs. 2(d)-2(f)
present SEM images of the surface morphology after
nanosecond-pulsed laser irradiation with different pulses
(L-300, L-600, and L-750, respectively). SEM images of the
surface morphology after Ar" ion and nanosecond-pulsed
laser co-irradiation with different fluences and pulses
(c0-300, co-600, and co-750) are depicted in Figs. 2(g)-2(i),
respectively. The Au nanoparticles can be studied in detail
by analyzing these SEM images. Figs. 2(h) and 2(j) reveal
that a periodic structure only forms on the surface of the
SiO, glass substrate after co-irradiation for 600 s (co-600).
The periodic structure has an average width of approxi-
mately 275 nm, and the average distance between periodic
structures is approximately 540 nm. Because the periodic

TABLE I. Irradiation conditions used to prepare the samples.

Ton Number of Irradiation
Sample Irradiation mode dose/ions/cm2 laser pulses time/s
1-300 Ion irradiation 1.9 x 10" 300
1-600 Ton irradiation 3.8 x 10" 600
1-750 Ion irradiation 4.7 x 10" 750
L-300 Laser irradiation ... 3000 300
L-600 Laser irradiation ... 6000 600
L-750 Laser irradiation ... 7500 750
€0-300 Co-irradiation 1.9 x 10" 3000 300
c0-600 Co-irradiation 3.8 x 10" 6000 600
c0-750 Co-irradiation 47 x 10" 7500 750
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sio, 50 nm

FIG. 1. (a) SEM and (b) X-TEM images of a 10-nm-thick Au film deposited
on an SiO; glass substrate.
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interval is approximately equivalent to the wavelength of the
incident nanosecond-pulsed laser used in this study, the peri-
odic structure is thought to be a LIPSS.

Figures 3(a)-3(i) show histograms of the diameters of
the Au nanoparticles on the substrates after irradiation.
Because the distributions of the diameters of the Au nanopar-
ticles appear to be asymmetric, the average diameter was
statistically determined using a fitting method called the
Gumbel distribution. The mode value (u) and distribution
scale (0) were obtained from the results of the fitting, with
mean values, (D), determined as follows:

(D) = u + 70, 1)

where y is Euler’s constant (~0.5772). Because Au nanopar-
ticles with diameters of several tens of nanometers can ex-
hibit LSPR,2 it is important to determine their diameters.
Each mean diameter value, (D), determined from the SEM
results presented in Fig. 2 is shown in the corresponding his-
togram in Fig. 3.

FIG. 2. SEM images of the Au/SiO,
system after ion irradiation for (a) 300,
(b) 600, and (c) 750 s; after laser irra-
diation for (d) 300, (e) 600, and (f) 750
s; and after ion and laser co-irradiation
for (g) 300, (h) 600, and (i) 750 s,
respectively. (j) X-TEM image of the
periodic nanostructures in sample
c0-600. The E vector indicates the
electric field vector of the laser light
on the surface during laser irradiation.
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Nanoparticles form on the surface of the sample after
each Ar™ ion irradiation period. Figures 3(a)-3(c) show that
the mean diameter of the nanoparticles decreases as the irra-
diation time increases from 300 to 750 s. Nanoparticles also
form on the surface of the substrate after each
nanosecond-pulsed laser irradiation period. The mean diame-
ter of these nanoparticles increases as the irradiation time
increases from 300 to 750 s (Figs. 3(d)-3(f)). However,
LIPSS are not formed after nanosecond-pulsed laser irradia-
tion only. When the samples are co-irradiated (Figs. 3(g) and
3(h)), the mean diameter of the nanoparticles increases with
irradiation time from 300 to 600 s, and then decreases as the
irradiation time increases further to 750 s.

(a) C layer Au nanoparticle

sio, Inerface 50 nm

®

Diameter (nm)

Next, the detailed microstructure of the nanoparticles
formed on the surfaces of the samples after irradiation was
examined by X-TEM observation; the resulting images are
presented in Fig. 4. Figures 4(a)—4(c) reveal that the Au
thin film disappears between the nanoparticles after Ar"
ion irradiation for 300 s or more, and the nanoparticles are
almost completely embedded in the SiO, glass substrate af-
ter Ar" ion irradiation for 600 s. Conversely, the Au thin
film remains between the nanoparticles on the surfaces of
the SiO, glass substrates after all co-irradiation times
(Figs. 4(d)-4(f)). After co-irradiation for 600 s, the nano-
particles are only embedded halfway into the SiO, glass
substrate.

FIG. 4. X-TEM images of samples (a)
1-300, (b) I-600, (c) I-750, (d) co-300,
(e) co-600, (f) co-750, (g) L-600, and
(h) L-750. Blue dashed lines indicate
the interface between each Au layer
and substrate.
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FIG. 5. High-resolution X-TEM images of samples (a) 1-300, (b) co-300,
and (c) L-750; the corresponding FFT patterns for these samples are shown
in the insets. (d), (e) and (f) Two-dimensional ACF images obtained for
(a)—(c), respectively. EDS spectra corresponding to (g) Fig. 5(a) and (h) Fig.
5(c), respectively.

Figures 5(a)-5(c) present high-resolution X-TEM
images and the corresponding fast Fourier transform (FFT)
patterns for I-300, co-300, and L-750, respectively. Analysis
of the high-resolution X-TEM images indicates that the
nanoparticles formed are single crystals. Figures 5(g) and
5(h) depict EDS data measured for the samples shown in
Figs. 5(a) and 5(c), respectively; the quantitative results of
the EDS elemental analyses are listed in Table II. The Si
concentration of I-300 is higher than that of L-750. Figures
5(d)-5(f) depict the autocorrelation function (ACF) images
obtained from the FFTs in Figs. 5(a)-5(c), respectively. The
lattice spacings of the nanoparticles obtained from the ACF
images are listed in Table III. In the high-resolution images
of 1-300 and co-300, the d; and d, spacings are consistent
with the (211) and (220) lattice spacings of a
meta-equilibrium Au-Si alloy (AusSi: dy;; =0.275 nm,
dy>0=0.238 nm), respectively.42 It is therefore likely that
the nanoparticles in I-300 and co-300 consist of this

TABLE II. Atomic concentrations of Au, Si, and O (%) obtained from the
EDS data presented in Figs. 5(a) and 5(c).

Au atomic Si atomic O atomic
Sample concentration concentration concentration
1-300 46.96 21.50 31.53
L-750 77.77 3.24 18.98

J. Appl. Phys. 115, 143104 (2014)

TABLE III. Lattice spacings obtained from the high-resolution X-TEM
images in Fig. 5.

Sample d; (nm) d, (nm)
1-300 0.276 0.235
c0-300 0.277 0.238
L-750 0.236 0.235
meta-equilibrium alloy of Au-Si. Conversely, in the

high-resolution image of L-750, the d; and d, spacings are
consistent with the (111) lattice spacing of an Au single crys-
tal (dy;; =0.235 nm).43 This suggests that the nanoparticles
that form on the substrate surface after nanosecond-pulsed
laser irradiation have Au crystalline structure (see S2 in the
supplementary information*®). It should be noted that the Ga
peaks in the EDS are caused by preparation of the samples
for X-TEM analysis using the FIB system. Hereafter, all of
the nanoparticles are referred to as Au nanoparticles regard-
less of composition.

Next, to clarify the optical properties of the nanopar-
ticles dispersed on the SiO, glass substrates, photoabsorb-
ance spectra of irradiated samples were obtained. Figures
6(a)—6(c) show photoabsorbance spectra of the regions con-
taining Au nanoparticles after ion irradiation, laser irradia-
tion, and co-irradiation, respectively. Each spectrum has a
clear peak corresponding to a LSPR-enhanced absorption.
The LSPR peak wavelengths are summarized in Fig. 6(d).
The position of the LSPR peak wavelength is directly related
to the irradiation time and method.

The relationship between the LSPR peak wavelength
(Fig. 6(d)) and mean nanoparticle diameter (Fig. 3) was then
investigated. For the ion-irradiated samples, an increased
irradiation time leads to a blue shift of LSPR peak wave-
length. In contrast, the LSPR peak wavelength of the
nanosecond-pulsed laser irradiated samples shifts to longer
wavelength as the irradiation time increases. Therefore, the
changes of the LSPR peak wavelengths match those of the
mean diameters of the nanoparticles for these samples.
Conversely, the mean diameter of the Au nanoparticles of
c0-600 is larger than those of co-300, and the Au nanopar-
ticles of co-600 are embedded approximately halfway into
the SiO, glass substrate. However, the LSPR peak for
c0-600 is blue shifted from that of co-300.

IV. DISCUSSION

The Heywood diameter (area equivalent to the diameter
of a circle) of the as-evaporated Au thin film on a SiO, glass
substrate was obtained from a X-TEM image. The
as-evaporated Au thin film is composed of grains with sizes
in the range of 5-40 nm. The average Heywood diameter of
the grains is approximately 14.6 nm (see S3 in the supple-
mentary information®®), which is almost the same as those of
Au nanoparticles on a SiO, glass substrate after ion irradia-
tion for 300 s (Fig. 3(a); I-300) and laser irradiation for 300 s
(Fig. 3(d); L-300). However, the size distributions of grains
and nanoparticles in these samples are quite different from
each other. The average size of nanoparticles after ion and
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laser co-irradiation for 300 s (Fig. 3(g); co-300) is much
smaller than those of I-300, L-300 and as-evaporated Au
grains. Therefore, ion and laser co-irradiation strongly
affected the formation and size distribution of nanoparticles.

In the case of Ar" ion irradiation, the Ar" ions impart
kinetic energy to the Au thin films, inducing multiple colli-
sions events and the diffusion of Au atoms. Bombardment
with ions that are sufficiently higher than the threshold
energy will also cause thermal energy transfer to the target
because of inelastic collision during irradiation. This is a
general phenomenon that is called ion beam heating during
irradiation. Nanosecond-pulsed laser irradiation will also
heat the samples. As a result, the Au thin films take on the
properties of the liquid state, and dewetting of the films
occurs."*131723 At the beginning of dewetting, holes grow
on the surface of the thin film, and continues to expand.
Generally, grain boundaries play an important role in hole
formation. If the holes grow large enough, they impinge to
form islands; the size of which are determined by the surface
energies.*® Some of the Au atoms are also removed by sput-
tering during Ar" ion irradiation, causing the Au film thick-
ness to decrease as the irradiation dose increases.””

The Ar" ion collision events (the stopping range in the
10-nm-thick Au films deposited on the SiO, glass substrate)
was simulated using the SRIM 2011 code.*” Most of the
100-keV Ar" ions should transmit through the Au thin film
and stop in the substrate. Thus, the Ar™" ions will also induce
radiation effects in the SiO, glass substrate. Ar" ion irradiation
in a direction perpendicular to the surface of a 10-nm-thick Au
film on the SiO, glass substrate side is estimated to result in an
Au atom sputtering rate of approximately 7.2 atoms/ion. This
sputtering rate increases to 14.5 atoms/ion for ion irradiation
40° to the surface of Au thin films on SiO, glass substrates.

During nanosecond-pulsed laser irradiation, the Au thin
films absorb the photon energy of the laser light, the Au

atoms are excited by the electromagnetic field, and the tem-
perature of the Au thin films reaches melting point when the
incident laser power density is sufficiently high.** For exam-
ple, during heating, grain boundaries will relax and rear-
range, so recrystallization (rearrangement) will occur
provided there is sufficient heating temperature and time. In
this study, the heating temperature is sufficiently high, but
there is not enough time for recrystallization, so the grain
boundaries only retract to reduce the surface and grain
boundary energy during irradiation and initiate dewetting.
As a result, Au nanoparticles are formed on the surface of
the Au thin films on SiO, glass substrates by laser-induced
dewetting processes.”’ It should be noted that because the
SiO, glass substrate transmits 90% of 532-nm light, the
interaction of the nanosecond-pulsed laser with the substrate
is negligible.

Generally, LIPSS are formed as a result of the interfer-
ence between the incident laser light and the scattered waves
on the surface,ZL30 which enhances the interactions between
the laser light and material. For example, the temperature of
the Au thin films rapidly increases and decreases during
nanosecond-pulsed laser irradiation, causing the Au thin
films to alternately melt and solidify. After the initiation of
nanosecond-pulsed laser irradiation, the Au thin films frag-
ment because of the surface tension created during the above
process. These fragments then repeatedly melt and solidify,
ultimately forming Au nanoparticles on the SiO, glass sub-
strate via the above-mentioned dewetting process.
Conversely, in regions where there is little interference, the
Au thin films do not absorb sufficient energy to form Au
nanoparticles. In this case, the nanoparticles formed by
nanosecond-pulsed laser irradiation are much smaller than
those obtained in our previous study.’' The scattering angle
between the incident laser light and nanoparticles strongly
depends on the size of the nanoparticles.*> When the E
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vector of the incident laser light is parallel to the floor sur-
face, the intensity of the wide-angle scattered light of the
particles is weak and can be determined using Mie scattering
theory.*> Therefore, the effect of the interference between
the incident laser light and scattered laser light on the nano-
particles is not sufficient for LIPSS formation.

The diameter of the Au nanoparticles decreases as the
Ar™" ion irradiation time increases from 300 to 750 s because
of Ar' ion sputtering of the nanoparticles. Conversely, pro-
longing the nanosecond-pulsed laser irradiation time from
300 to 750 s increases the diameter of the Au nanoparticles
because of the aggregation of smaller Au nanoparticles after
remelting. Therefore, during Ar" ion and nanosecond-pulsed
laser co-irradiation, these two processes compete, causing an
initial increase and subsequent decrease of nanoparticle di-
ameter with extending irradiation time.

Notably, after laser irradiation for 750 s, the Au nanopar-
ticles are randomly distributed on the surface of the SiO, glass
substrate. The formation of LIPSS strongly depends on the
energy distribution profile (see S1 in the supplementary mate-
rial*®). Because nanosecond-pulsed laser irradiation occurred
through a quartz glass window, the energy distribution profile
of the laser beam is not homogeneous. Generally, LIPSS can
be formed only at the appropriate energy density; we previ-
ously revealed the necessary conditions for LIPSS formation
in air with respect to the repletion rate and energy density of
the nanosecond-pulsed laser used in this study.>'**® The thick-
ness of the Au thin film deposited on the SiO, glass substrate
also influences the formation of LIPSS via nanosecond-pulsed
laser irradiation. However, a periodic structure is formed only
after co-irradiation for 600 s. This suggests that during
co-irradiation, the Ar™ ion irradiation-induced dewetting of
the Au thin films accelerates the formation of a periodic struc-
ture. Additionally, because Ar" ion irradiation at 40° to the
surface increases sputtering, the periodic structure disappears
for co-irradiation times greater than 600 s.

Numerous defects, such as vacancies and interstitial
atoms, are generated in the solid amorphous SiO, glass sub-
strate under Ar' ion irradiation. Ar' ion irradiation also
causes the solid substrate to become viscous and flow in the
ion irradiation region.'®'? The nanoparticles thus become
embedded in the viscous SiO, glass substrate as a result of
the ion-induced burrowing effect.'®'® The defects in the
amorphous SiO, are self-trapped holes with optical absorp-
tion bands near 2.2 eV.>*%" Therefore, the incident 532-nm
nanosecond-pulsed laser and SiO, glass substrate will inter-
act, which is assumed to influence the depth at which the Au
nanoparticles are embedded during co-irradiation. However,
there is not yet a comprehensive explanation for how this
interaction influences the embedded depth of the Au nano-
particles; clarification of this mechanism is a topic for future
investigation. It should also be noted that some Si atoms are
injected into the Au thin film from the SiO, glass substrate
under Ar" ion irradiation. These Si atoms mix with the Au
atoms, resulting in the formation of an Au-Si alloy on the
surface of the nanoparticles.

It has been reported that for Au nanoparticles in a
dielectric solution, a decrease in the mean diameter of the
nanoparticles leads to a blue shift of LSPR, while an increase
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in the mean diameter of the nanoparticles leads to a red shift
of the LSPR peak.2 In this work, the mean diameters of the
nanoparticles in L-300, L-600, and L-750 are larger than that
of 1-750, but the wavelengths of the LSPR peaks for these
samples are blue shifted compared with that of I-750. Lance
Kelly et al.? correlated the LSPR peak of nanoparticles with
the weighted average dielectric constant for the contact area
of each dielectric. In our study, photoabsorbance was meas-
ured in air (dielectric constant of 1.0) and through the SiO,
glass substrate (dielectric constant of 3.9). The weighted av-
erage of the dielectric constant of the Au nanoparticles em-
bedded in the SiO, glass substrate is higher than that of the
Au nanoparticles on the surface of the SiO, glass substrate,
so the LSPR peak is red shifted.

Rechberger et al.* investigated the effects of the polariza-
tion direction of the incident light and interparticle distance on
LSPR peak wavelength. They found that when the polariza-
tion direction was parallel to the two-dimensional (2D) parti-
cle arrangement, a decrease in interparticle distance led to a
red shift of the LSPR peak. However, when the polarization
was orthogonal to the 2D particle arrangement, a decrease in
the interparticle distance led to a blue shift of the LSPR peak.
This behavior was explained by a simple weakening/enhanc-
ing of the restoring forces for the plasma electrons caused by
the charge distribution of the neighboring particles.

Because the spectrophotometer used in the present study
does not enable precise control of the polarization of the
incident light, the relationship between the visible absorption
spectrum and polarization of the incident light cannot be
determined. However, the mean diameter of the Au nanopar-
ticles in co-600 is larger than that of co-300, but the LSPR of
c0-600 with a periodic structure of nanoparticles on the SiO,
substrate is blue shifted from that of co-300 with no periodic
structure on the surface. This blue shift may thus be related
to the different distribution of Au nanoparticles in these two
samples and is evidence for the formation of LIPSS.

V. CONCLUSIONS

The characteristics of periodic structures generated via
nanosecond-pulsed laser irradiation combined with uni-
formly dispersed nanoparticles formed by Ar" ion irradiation
were evaluated with the goal of obtaining materials with new
optical properties induced by the periodic arrangement of
nanoparticles on the surface. Therefore, the fabrication of Au
nanoparticles on Au thin films deposited on SiO, glass sub-
strates via Ar" ion irradiation alone, nanosecond-pulsed laser
irradiation alone, and co-irradiation with Ar" ions and a
nanosecond-pulsed laser was investigated. A periodic struc-
ture (LIPSS) formed on the surface of the SiO, glass sub-
strate only after 600 s of Ar" ion and nanosecond-pulsed
laser co-irradiation. When only Ar" ion irradiation or
nanosecond-pulsed laser irradiation was used, the LSPR
shifts are in good agreement with the changes in the mean di-
ameter of the Au nanoparticles. However, LIPSS formation
as a result of Ar" ion and nanosecond-pulsed laser
co-irradiation leads to unexpected LSPR shifts, possibly
because of the effects of the charge distribution around the
Au nanoparticles resulting from the relative differences in
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the distances between the Au nanoparticles formed by
LIPSS. Based on these results, this co-irradiation technique
is expected to be useful for the development of advanced op-
tical devices using LIPSS.
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