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Abstract

Pure Ag thin films with a thickness of 10 nm were deposited on glass substrates using a thermal evaporator system. Nano-
particles were then induced in the films by a Michelson interferometer dewetting process. The particle size was found to
decrease with an increasing laser power and exposure time. The minimum particle size was 150 nm for a laser power of
4 W and exposure time of 60 s. However, a smaller particle size of 110 nm was obtained by adopting a two-step exposure
process with a rotation angle of 30° and an exposure time of 55 s. The absorption peak wavelength of the dewetted films
increased with an increasing rotation angle. By contrast, a blue shift in the absorption spectrum occurred as the laser power
increased. The half-height widths of the absorption peaks of the films dewetted using different rotation angles were wider
than those of the films dewetted without rotation, indicating that the two-step rotation process resulted in a wider particle
size distribution. Overall, the results show that the optical properties of the laser-dewetted Ag films are highly dependent

on the interference parameters.
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1 Introduction

Periodic microstructures have many promising applica-
tions in the physics, chemistry, biology, optical, and sens-
ing fields. Traditional methods for surface patterning and
texturing involve photolithography and chemical processing.
However, such methods are complex, time-consuming, and
expensive, particularly for large-area applications. Thus, the
feasibility for fabricating micro-gratings and other periodic
structures using laser technology has attracted growing inter-
est in recent decades [1-3]. Various laser-based methods
for surface patterning have been proposed, including direct
laser writing (DLW) [4], direct laser interference pattern-
ing (DLIP) [5], laser interference lithography (LIL) [6],
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and laser-induced periodic surface structures (LIPSS) [7].
Ihlemann [8] used a simple UV laser ablation technique to
pattern thin oxide films over a wide area through the struc-
tured superposition and cancellation of different waves.
Several recent studies have demonstrated the feasibility
for fabricating periodic structures on alloy surfaces using
a two-beam interferometric technique based on femtosec-
ond pulsed-laser radiation [9—11]. In the DLIP technique,
two or more laser beams are overlapped in time and space,
and the resulting interference pattern is used to create the
desired grating microstructure on the irradiated surface. In
such a technique, the geometry and size of the patterned
microstructure can be controlled by adjusting the number of
laser beams, beam polarization, and the interception angle
between them [12, 13]. Compared to other laser patterning
methods such as DLW and LIL, DLIP offers the possibility
to create repetitive structures on the surface of many dif-
ferent materials, including stainless steel, aluminum alloy,
titanium, and so on [11, 13, 14]. As a result, it is one of the
most versatile and practical laser patterning techniques for
industrial applications.

Metal nanoparticles (NPs) have many unique physical,
electrical, and optical properties and have thus attracted sig-
nificant attention in the literature [15, 16]. In the literature,
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the rupture of the film or the irregularly shaped NPs trans-
form into spherical NPs with smaller size dispersion. When
thin films were irradiated by laser interference, particles can
be produced in a short time [2, 17-19]. It is obvious that
many studies have shown that NPs can be readily induced
in thin film metallic systems through pulsed-laser—induced
dewetting [2, 20]. Moreover, the particle size can be con-
trolled by adjusting the power and duration of the laser
pulses [21]. The local surface plasmon resonance (LSPR)
wavelengths of Au [22], Ag [23], and Cu films with NPs fall
in the visible region and are strongly enhanced in the pres-
ence of an electromagnetic field. As a result, metallic thin-
film systems containing NPs have significant potential for a
wide variety of sensing applications [24, 25]. Accordingly,
the present study proposes a simple method for patterning
periodic surface grating structures on thin Ag films using a
Michelson interferometer system. The effects of the laser
pulse power, exposure time, and optical path length differ-
ence of the Michelson interferometer on the NP size distri-
bution are systematically examined for both a single-stage
exposure process with a constant rotation angle and a two-
step exposure process with a rotation angle ranging from 30
to 90°. The study then compares the absorption spectra of
the Ag films processed using various laser pulse powers and
rotation angles. It is shown that a blue shift in the absorp-
tion spectrum occurs as the laser power increases, whereas
a red shift occurs as the rotation angle increases. Overall,
the results show that the physical and optical properties of
the interfered Ag thin films are both highly dependent on the
interference parameters.

2 Experiment

Pure Ag thin films with a thickness of 10 nm were deposited on
glass substrates using a thermal evaporator system (SSI-T500-
1, Taiwan) with a base pressure of 6 X 107 torr and a maxi-
mum power of 2 kW. The surfaces of the thin films were then
patterned using the Michelson interferometer system shown
in Fig. 1 consisting of a pulsed-laser system (Fiber Laser; G3

Fig.1 Michelson interferometer
apparatus used in present study
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SM Series, SPI, UK) with a wavelength of 1064 nm, a repeti-
tion rate of 100 kHz, and an irradiation power of 0.6-4 W. As
shown in the left-hand schematic, the light emitted by the laser
was incident on a beam splitter (R/T =50/50, Newport) and
separated into two paths. The reflected light was incident on
mirror M, and was then passed back through the beam splitter
and incident on the sample surface. The transmitted light was
incident on mirror M, and was similarly reflected such that it
was incident on the beam splitter once again and directed onto
the sample surface. Both light beams emerging from the beam
splitter were passed through a focal lens (M-LH-0.5A, New-
port) before being incident on the thin film surface in order to
induce the nanoparticle.

As shown in Fig. 1, mirror M, was positioned at differ-
ent distances from the beam splitter so they have traveled the
different paths. The resulting optical path difference (OPD)
between the two rays incident on the sample surface is given
by

OPD=2n,,L ¢9)

where n,;, is the refractive index of air, and L is the physical
path length difference between the transmitted and reflected
paths in the interferometer (i.e., L=A —B). In the present
study, the path length difference was achieved by adjusting
the transmitted and reflected paths. The path length differ-
ence was assigned different values of 0.0532, 0.1, 0.15, and
0.2 mm, respectively, for investigation purposes.

The intensity of the interference light incident on the sam-
ple surface is given by

I =1, +I, +24/I,I,cos® 2)

where I, and I, are the intensities of beam 1 and beam 2,
respectively, and is the phase difference between them (i.e.,
¢=(P, — ¢,)). Rearranging Eqs. (1) and (2), the phase dif-
ference can be obtained as

OPD _ 2nairL

= —— 275 =
¢=— =

-2n=N-2x 3
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Table 1 Relationship between path length difference (L) and calcu-
lated interference fringe order (V)

L 0.0532 mm
N 1000

0.15 mm
2819.5

0.2 mm
37594

0.1 mm
1879.7

where N is the interference fringe order. If the path lengths
are identical, the two beams interfere constructively with
one another, and the maximum interference intensity is
obtained. However, if the path lengths deviate by even half
wavelength, the two beams are out of phase and interfere
destructively.

The experiments commenced by investigating the effects
of the laser pulse power, exposure time, and path length
difference on the nanoparticle size distribution of the Ag
films patterned using the optical setup shown in the left-hand
schematic in Fig. 1. A further series of experiments was then
performed using the setup shown in the right-hand schematic
in Fig. 1, in which the thin-film surface was patterned using
a two-step exposure process involving a rotational shift of
sample in the range of 30 to 90°. For example, the film was
exposed for 5 s to the sample surface and was then irradi-
ated for a further 25 s with the sample rotated through an
angle of 30°.

For both sets of experiments, the surface morphologies
of the thin films and silver nanoparticles were observed by
an optical microscope (OM, HRM-300) and field-emission
scanning electron microscope (FE-SEM, JSM-7600F,
Japan), respectively. The particle size and distribution

Fig.2 OM images of interfer-
ence Ag thin films processed at
0.6 W and 4 s with path length
differences of (a) 0.0532 mm,
(b) 0.1 mm, and (¢) 0.15 mm

was analyzed using Imagel software (National Institutes
of Health, USA) [26]. In addition, the optical absorbance
properties of the interfered films were measured over the
wavelength range of 300~ 1000 nm using a UV-Vis-IR
spectrophotometer (Lambda 35, PerkinElmer).

3 Result and discussions

Table 1 shows the relationship between the path length dif-
ference (L) in the interferometer system and the calculated
interference fringe order. It is clear that the period of the
grating structure can be effectively controlled by adjusting
the distance between the interfering beams. For example,
given a path length difference of 0.0532 mm, the calcu-
lated interference fringe number is 1000. However, for a
greater path length difference of 0.2 mm, the fringe order
increases to 3759. In other words, the interference fringe
order increases with an increasing path length difference,
as shown in Fig. 2. The measured interference pitch had a
value of approximately 20 um for a path length difference of
0.0532 mm and reduced to 13 pm given the maximum path
length difference of 0.2 mm (see Fig. 3). In other words,
the interferometer system was capable of patterning micro-
gratings with a feature size of 13 ~20 um on the Ag surface.

Figure 4 shows the SEM morphologies of the Ag thin
films patterned using laser pulse powers in the range of 0.6
to 1.0 W and exposure times ranging from 4 to 600 s. Note
that the path length difference is equal to 0.0532 mm in
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Fig.3 Relationship between path length difference and measured
interference fringe order pitch

every case. It is seen that the nanoparticle size decreases
slightly with an increasing power and exposure time.
Moreover, distinct island structures are observed at lower
values of the laser power and exposure time, as reported
previously in [27] for the pulsed-laser interference pattern-
ing of thin Au films. In general, the results confirm that
the Ag film transforms into nanoparticles with different
dimensions under the effects of the energy input accu-
mulated over repeated laser pulses. Horwood et al. [16]
reported that pulsed-laser exposure induced a dewetting of
Au thin films on Ta,Oj5 substrates only under certain laser
fluences and exposure times. In [16], dewetting was not
observed at laser fluences less than 200 mJ-cm™2. There-
fore, the Ag film was fully transformed into nanoparticles
given the use of a high laser power (1 W) and shorter
exposure time (300 s).

sec

60

sec

300

sec

600

sec

Fig.4 SEM images of interference Ag thin films processed with dif-
ferent laser powers and exposure times for constant path length differ-
ence of L=0.0532 mm. (Note that all scale bars are equal to 100 nm.)
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Fig.5 Variation of particle size with exposure time for constant laser
power of 1 W and different path lengths

Figure 5 shows variation of the particle size with the laser
pulse exposure time for a constant laser power of 1 W and
various path lengths. The results confirm that the particle
size decreases with an increasing exposure time. Moreover,
for a constant exposure time, the particle size decreases with
an increasing path length difference. For example, given the
maximum exposure time of 600 s, the particle size decreases
from 67 to 61 nm as the path difference length increases
from 0.0532 to 0.2 mm. According to this study, Au film was
annealed by CO, laser, and the formation of nanostructures
was observed as confirmed by the optical absorption spec-
tra [28]. In general, the results confirm that, for a constant
power, different spot distances result in different surface
topographies [29]. In particular, area roughness decreased
with an increasing spot distance. This is consistent with the
optical absorption spectra for the surface topography.

2W 3w 4 W

Fig.6 SEM images of interference Ag thin films processed with dif-
ferent laser powers and exposure times for constant path length differ-
ence of L=0.0532 mm. (Note that all scale bars are equal to 10 pm.)
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Fig. 7 Particle size distributions for different exposure times and laser powers

Figure 6 presents SEM images of the Ag films patterned
using higher pulse laser powers of 2~4 W, shorter exposure
times of 5~60 s, and a constant path length difference of
L=0.0532 mm. Comparing the results presented in Fig. 6
with those in Fig. 4 for a lower pulse laser power and longer
exposure time, it is seen that nanoparticles are still produced

Fig.8 SEM images of interfer-
ence Ag thin films processed
using laser power of 3 W and
exposure times of 5 s/25 s at
rotation angles of (a) 30°, (b)
60°, and (c¢) 90°. (Note that all
scale bars are equal to 10 pm.)

(@)

in the Ag thin film given a power of 2 W (or more) pro-
vided that the exposure time is limited to less than 60 s.
Figure 7 shows the particle size distribution of the Ag sur-
faces shown in Fig. 6. The results confirm that the particle
size decreases with an increasing laser power and exposure
time. The results are thus consistent with those reported

(b)

(c)

@ Springer



The International Journal of Advanced Manufacturing Technology

in [30] for the formation of nanoparticles in pure Cu films
using a pulsed-laser dewetting process. From inspection, the
particle size in the present Ag films reduces from 190 nm
under exposure conditions of 2 W-5 s to 150 nm at 4 W-60 s.
According to some references [31, 32], it is apparent that the
particle size and shape of the dewetted films were found to
be dependent on the magnitude of the energy accumulated
in the film. Therefore, the NP size reduces due to its accu-
mulated energy.

Figure 8 presents SEM images of the Ag thin films pro-
cessed using the two-step exposure method with a power
of 3 W, an exposure time of 5 s/25 s, and rotation angles
of 30, 60, and 90°, respectively. With an increasing total
exposure time, the particle size reduced. For both 5 s/25 s
and 5 s/55 s samples, the particle size decreased from 173
to 166 nm at a power of 2 W and a rotation angle of 30°. In
addition, fixed the total exposure time, the smaller particle
would be induced by the shorter first-step exposure time.
For both 5 s/25 s and 10 s/20 s samples, the particle size
increased from 173 to 183 nm at a power of 2 W and rotation
angle of 30° (Fig. 9). Moreover, the particle size increased
with an increasing rotation angle. Therefore, it is apparent
that the particles are highly dependent on the exposure time
and rotation angle. Figure 9 presents the ImageJ analysis
results for the particle size distributions of the Ag films pro-
cessed using laser pulse powers of 2, 3 and 4 W, respectively,
and various rotation angles and exposure times. The results
confirm that, for a constant pulse power, the particle size
increases with an increasing rotation angle. Furthermore, for
a constant rotation angle and exposure time, the particle size
reduces with an increasing laser power. For example, given
a rotation angle of 90° and an exposure time of 5 s/25 s, the
particle size reduces from 205 to 122 nm as the laser power
increases from 2 to 4 W, respectively. Finally, for a given
laser power and rotation angle, the particle size decreases
with an increasing total exposure time. Overall, the results
show that the minimal particle size is approximately 110 nm
at a rotation angle of 30°, an exposure time (second step) of
55 s, and a laser power of 4 W. It is noted that the present
findings are consistent with those of Peter et al. [33], who
showed that two-dimensional structures can be obtained in
stainless steel using a line interference pattern by adding a
second process step in which the surface is rotated by 90°
[33].

Figure 10 presents the absorption spectra of the Ag films
processed using laser pulse powers in the range of 2~4 W
and rotation angles of 0, 30, 60, and 90°, respectively. It can
be seen that the absorption peak wavelength undergoes a
red shift as the rotation angle increases and a blue shift as
the laser power increases. The absorption peak wavelength
varies between 434 and 465 nm depending on the size of the
nanoparticles. It is noted that this value is consistent with
that of 430 mm reported by Oh and Lee [21] for dewetted
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Ag films with an average particle size of 37 nm. Overall, the
results indicate that the resonance band of the patterned grat-
ings undergoes a red shift as the nanoparticle size increases
and a blue shift as the particle size decreases.

Observing Fig. 10, it is evident that the half-height widths
of the absorption peaks for the films patterned with differ-
ent rotation angles are wider than that of the films patterned
without rotation. In other words, it is inferred that the films
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Fig. 9 Particle size distributions for different exposure times and laser
powers of (a) 2 W, (b) 3 W, and (c) 4 W
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Fig. 10 Absorption spectra of interference films processed using
exposure time of 25 s and laser powers of (a) 2 W, (b) 3 W, and (c)
4 W

patterned with two-step rotation exposure have a wider par-
ticle size distribution. Moreover, the half-height width value
increases with an increasing rotation angle, suggesting that a
larger rotation angle broadens the particle size distribution.

It is consistent with the result in Fig. 8, and the particle sizes
are uniform at lower rotation angle of 30°.

4 Conclusions

Pure Ag thin films with a thickness of 10 nm were deposited
on glass substrates and patterned with periodic grating struc-
tures using a Michelson interferometer dewetting process.
The effects of the laser pulse power, exposure time, and path
length difference on the size distribution of the resulting
Ag nanoparticles were systematically explored. The nano-
particle size was found to decrease from 67 to 61 nm as
the path length difference increased from 0.0532 to 0.2 mm.
Moreover, the particle size also decreased with an increasing
exposure time and laser power. In particular, the particle size
reduced from 190 nm for a laser power and exposure time of
2 W and 5 s, respectively, to 150 nm for a laser power and
exposure time of 4 W and 60 s.

A second series of experiments was performed in which
the Ag films were exposed in a two-step process involv-
ing a rotation angle in the range of 30~90° and a modified
exposure time. For a constant laser power, the particle size
increased with an increasing rotation angle. By contrast, for
a constant rotation angle, the particle size decreased with an
increasing laser power and total exposure time. The mini-
mum particle size was found to be around 110 nm for a rota-
tion angle of 30°, a laser power of 4 W, and a second-step
exposure time of 55 s. The absorption peak wavelength of
the Ag interfered films underwent a red shift as the rota-
tion angle increased, but underwent a blue shift as the laser
power increased (the particle size decreased). Finally, the
half-height widths of the absorption peaks in the Ag films
processed using different rotation angles were found to be
wider than those of the absorption peaks in the films pro-
cessed without rotation, indicating that the rotation process
resulted in a wider particle size distribution. Overall, the
results presented in this study show that the structural and
optical properties of Ag thin films patterned using a laser
interference dewetting process are highly dependent on the
interference parameters.
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