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Abstract. We demonstrate that the surface plasmon resonance of Ag nanoislands
(NIs) can be conveniently tuned through the laser power and irradiation time. For
instance, the resonance wavelength of Ag NIs can be tuned from 548 nm to 452 nm
under the 3 W laser power simply by varying the irradiation time from 5 sec to 2 min.
Interestingly, the position-dependent optical absorption spectra and SEM analysis
reveals that the Ag NIs gradually disappear from the irradiation center even at 3 W
if the irradiation time is longer. This means that the macroscopic diffusion of Ag
atoms on the substrate takes place during the CO; laser irradiation, and its driving
force would be the temperature gradient along the radial direction with respect to the
irradiation center due to the spatial beam profile of the laser.

1. Introduction

Metallic nanostructures are actively used for the manipulation of light, and indeed they
have proved their usefulness for biosensors, photovoltaic devices, energy harvesting,
plasmonics, ete. [1, 2, 3, 4. When metallic nanostructures are exposed to light at
an appropriate wavelength free electrons in metallic nanostructures interact with light,
and the collective oscillation of surface electrons leads to the surface plasmon resonance
(SPR) [5, 6], which plays an important role for many applications. Obviously, how to
fabricate nanostructured metallic films is a very important issue, and many techniques
have been developed for that. Some of them are electron or ion beam lithography [7],
wet chemical synthesis [8], inert gas condensation [9]. The other technique is annealing
to transform structureless metallic films to the nanostructured metallic films through
dewetting, and roughly speaking there are two types of annealing, i.e., thermal annealing
and laser annealing techniques.

For thermal annealing [10] a film is heated to a certain temperature (but still
below the melting point) by an electric furnace [11, 12, 13|, and atoms in the film
diffuse to lower the surface energy. Such an atomic diffusion results in the formation
of nanostructures, and this is so-called solid-state dewetting [14, 15]. Compared with
the previously mentioned techniques, thermal annealing of thin metallic films is a very
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simple and inexpensive method to obtain nanostructures. The main drawback is that,
including the heating and cooling time before and after reaching the target temperature,
thermal annealing takes a few hours. A variant of thermal annealing is also known by
replacing a conventional electric furnace by a special one for rapid thermal annealing
(RTA) [16, 17, 18].

As for laser annealing [19] usually ultraviolet (UV) [19, 20, 21, 22] or occasionally
mid-infrared lasers [23, 24, 25] are employed to fabricate metallic nanostructures. By
laser annealing in the UV wavelength the energy from a laser is absorbed by the film
itself to instantly (within the pulse duration) heat it beyond the melting point to induce
liquid-phase dewetting [26]. Although it works even for metallic films with high melting
points, the drawback is that the laser beam has to be focused so that it can heat the film
beyond the melting point, and accordingly the dimension of the nanostructured area is
typically no more than a few hundred pm. In contrast, if the laser is in the mid-infrared
wavelength (8~12 pm), the energy from the laser is mainly absorbed by the substrate
which is typically made of glass or silicon. This means that a film deposited on the
substrate is also heated, and annealing would take place [23, 24, 25]. A COy laser is
one of the most well-known mid-infrared lasers, and models with various laser powers
(from a few W to tens of kW) are commercially available. Because many of the CO,
lasers operate in the continuous wave mode or nearly continuous wave mode (i.e., pulse
duration ~ pulse interval), the substrate and hence a film on it is continuously heated
during CO, laser irradiation, so that the film can undergo dewetting at temperatures
well below the melting point. That is, irradiation of COs laser in the nearly continuous
wave mode can induce solid-state dewetting. Recently a focused CO, laser beam has
been employed to induce nanostructures in thin films [27, 28]. More recently we have
demonstrated that the irradiation of a non-focused CO, laser beam with a power density
of 4~6 W/cm? to a 5 nm Au film on a glass substrate for several seconds is sufficient
to induce Au nanostructures [29]. Knowing that CO, laser annealing of thin Au films
works well, how it works for thin Ag films is an interesting question, since they are also
frequently used for many applications. Note that the effect of CO5 laser annealing on
thin Ag films is not necessarily the same with that on thin Au films, presumably because
their melting points and masses are different: The melting points of bulk Au and Ag
are 1064 and 962 °C, while the masses of the respective atoms are 197 and 108.

In this work we demonstrate that the wavelength of SPR of Ag NIs can be tuned
quite a lot by the choice of the laser power and irradiation time. For instance, for the
5 nm Ag films prepared under the same sputtering condition, the resonance wavelength
of Ag NIs can be tuned from 548 nm to 452 nm at the 3 W laser power simply by
varying the irradiation time from 5 sec to 2 min. Compared with the relatively simple
and straightforward well-known technique to tune the wavelength of SPR of noble metal
films through the deposition rate, film thickness, and substrate temperature [30], our
technique offers a simple and quick alternative, since a nanostructured Ag film with a
SPR at the desired wavelength can be fabricated on demand from the Ag films which
have been prepared beforehand under the same sputtering condition. Perhaps more
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interestingly, the reduction of the height of SPR set in after the 30 sec irradiation at
3 W for Ag films and it almost disappears after the 10 min irradiation if the laser power
is 5 W, while it did not happen for Au films up to the 1 min irradiation even at 6 W [29].
The gradual loss of plasmon color, which means the disappearance of Ag Nls, at the
irradiation center on the film implies that the diffusion of Ag atoms over the macroscopic
distance occurs during the laser irradiation, and this interpretation is confirmed by the
SEM analysis: Lesser and lesser Ag NIs are observed at the irradiation center as the
irradiation time becomes longer.

2. Experimental details

We employ a cover glass (borosilicate glass, 18x18x0.15 mm) for a microscope as a
substrate. Before use we clean all substrates in the ultrasonic bath with deionised water
for 5 min. After that an Ag film with a 5 nm thickness is deposited on the substrate
by magnetron sputtering (MSP-mini, Vacuum Device Ltd.) using an Ag target (purity
99.95 %).

For laser annealing of Ag films we employ a COs laser at the wavelength of 10.6 ym
(AL30P, Access Laser Co., peak power 60 W, pulse duration 100-400 us depending
on the laser power, repetition rate 2.5 kHz). The laser beam has a nearly Gaussian
transverse mode with M? ~1.1, and its diameter is ~10 mm at the film position.
To ensure the maximum absorption of laser energy by the glass substrate the laser
is irradiated from the back side (i.e., glass side) of the film. In reality, however, whether
the COq laser is irradiated from the front or back side of the film does not matter if
the film thickness is 5 nm, but it matters if it is beyond ~7 nm [29]. The temperature
of the Ag film during laser irradiation is measured using a thermocouple with a size
of ~1 mm. To characterize the morphological and optical properties of the film we
employ a scanning electron microscope (SEM) (JSM-6500FE, JEOL) with 10 kV and
a compact CCD spectrometer (USB2000+, Ocean Optics). Note that the SEM images
and the optical absorption spectra shown in this work are obtained at the irradiation
center of the film, unless otherwise noted. We fabricate Ag NI films several times
under the same irradiation conditions to ensure that the reproducibility of
Ag NIls is very good. Characterization of the fabricated films in terms of
the number of particles, average diameter, density, and packing fraction has
been performed by analyzing the SEM images of the Ag films with an open
software, ImageJ v1.45.

3. Results and discussions

Figure 1(a) shows the SEM image of the as-deposited (0 W) Ag film with an enlarged
view in the inset. As can be seen, the sputtered Ag films exhibit squashed island shapes
(Volmer-Weber growth mode [31]). Figure 1(b) shows the SEM image of Ag NIs after the
laser irradiation at 1 W for 5 sec. The applied laser power and/or irradiation time does
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Figure 1: SEM images of Ag NIs after 5 sec laser irradiation at the laser powers of (a)
0 W (as-deposited), (b) 1 W, and (¢) 2 W, and (d) optical absorption spectra.

not seem to be sufficient to induce the isolated NIs. When the laser power is increased
to 2 W, the temperature of the substrate and the film reaches ~90 °C in 5 sec, and
this laser power and irradiation time seems to be sufficient to form elongated NIs, as
we see in figure 1(c). The optical absorption spectra of those films are summarized in
figure 1(d). Although the spectrum of the as-deposited Ag film does not show the SPR,
that of the NIs at 1 W exhibits a broad SPR with a long tail on the long wavelength side,
because the NIs are neither well-isolated nor very round. The spectrum at 2 W exhibits a
much sharper SPR, because they are more round. Although tuning the surface plasmon
resonance wavelength is possible by controlling the parameters of thermal evaporation
deposition [30] it is difficult to obtain round nanoislands without an additional process
such as laser/thermal annealing. As additional remarks regarding figure 1(d) we
note that the small peak at ~350 nm must originate from the glass substrate
itself, since the absorption spectrum of the laser-annealed substrate without
an Ag film on it still shows the small peak at the same wavelength (not shown
here). A small quadrupole resonance of Ag Nls is also visible in figure 1(d)
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Figure 2: SEM images and size distributions of Ag NIs after laser irradiation at the laser
powers and irradiation times of (a) 2 W for 5 sec, (b) 3 W for 5 sec, (¢) 2 W for 2 min,
and (d) 3 W for 2 min. Optical absorption spectra of Ag NIs after laser annealing at
the laser powers of (e) 2 W and (f) 3 W.

at around 390 nm.

From figure 1(d) we have learned that, for the irradiation time of 5 sec, at least a
laser power of 2 W is necessary to induce NIs with a clear SPR. Now, we perform the
laser irradiation to the Ag films at 2 and 3 W for the irradiation times of 5 sec and
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2 min. Figure 2 shows the SEM images together with the size distribution of NIs and
the optical absorption spectra. In the case of laser irradiation for 5 sec the use of higher
laser power results in the larger size of NIs (compare figures 2(a) and (b)). In the case
of longer irradiation time, i.e., 2 min, the size distributions of NIs formed at the laser
powers of 2 and 3 W turn out to be other way around, i.e., the use of higher laser power
results in the smaller size of NIs. The optical absorption spectra of NIs obtained under
those conditions are presented in figures 2(e) and (f) for the employed laser power of 2
and 3 W, respectively. Those absorption spectra are consistent with the SEM images
shown in figures 2(a)-(d): when the employed laser power is 2 W the peak position
of SPR shifts to the longer wavelength side for the longer irradiation time, since the
average diameter of NIs becomes larger. In contrast, when the employed laser power
is 3 W the peak position of SPR shifts to the shorter wavelength side for the longer
irradiation time, since the average diameter of NIs becomes smaller. We point out that
a similar trend has been reported by others [32]. More interestingly, the height of the
SPR at 3 W becomes smaller for the longer irradiation time (i.e., 30 sec-2 min), and this
implies that a non-negligible mass transport of Ag atoms from the irradiation center
to the peripheral region already set in at this laser power. This phenomenon becomes
more prominent at the higher laser power, and we will make more discussions later on
in this paper.

Since we have found that the laser power and the irradiation time on Ag films
significantly affect the properties of NIs, we now carry out the comprehensive study
on the morphological and optical properties of NIs. They are summarized in figure 3
together with the temporal variation of film temperature. First, the time evolution of
film temperature is shown in figure 3(a) for the case in which the laser is suddenly turned
on and off at time 0 and 120 sec, respectively. For all laser powers the film temperature
rapidly increases and reaches the steady-state temperature during the first 30 sec, and
then goes down to the room temperature in 1 min when the laser is suddenly turned
off. Figures 3(b)-(d) shows the variation of the average diameter, number density, and
packing fraction of induced Nls, defined by (total area of Nls)/(area of SEM image), as
a function of time. Although the behavior of the number density of NIs (figure 3(c)) is a
bit irregular, in particular for the first 30 sec, the behaviors of all those three quantities
may be roughly divided into two groups in terms of the laser power: low laser power
(1-3 W) and high laser power (4-6 W) groups. For instance, after the 2 min irradiation
the average diameter of Nls is relatively large (55-70 nm) when the laser power is low,
while it is smaller (17-34 nm) when the laser power is high. It is interesting to point
out that the variation of the average diameter for the case of 4 W (figure 3(b)) reveals
a sharp drop from 70 to 35 nm during the first 30 sec, after which it stays nearly the
same. This behavior seems to lie between those of low and high laser power groups.
A possible reason for this is that the diffusion speeds of Ag atoms/clusters/NIs on the
substrate increases at the higher film temperature [33] so that some of NIs under the
laser irradiation at 4 W may have moved out of the irradiation center. It is not likely
that the NIs melt at this laser power, since the film temperature at 4 W cannot be
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Figure 3: Variation of the (a) film temperature and (b) average diameter, (c) number
density, (d) packing fraction, (e) height of the SPR peak, and (f) wavelength of SPR of
Ag NIs as a function of laser irradiation time at the different laser powers (1, 2, 3, 4,
and 5 W).
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higher than 400 °C (figure 3(a)) and the melting point of Ag Nls cannot be lower than
90 % of that of bulk Ag [34]. The behavior of packing fraction (figure 3(d)) is simple
and clear at any laser power. At a low laser power (1-3 W) the packing fraction hardly
changes, while at a high laser power (4-6 W) it rapidly decreases during the first 30 sec
and then remains nearly the same. These results also seem to suggest that some amount
of NIs have moved out of the observed area.

Now we turn to the optical properties of NIs. Figures 3(e) and (f) show the height
and resonance wavelength of SPR as a function of time. The behaviors of the height of
SPR (figure 3(e)) do not show any clear trend, and therefore we look into the respective
result at the different laser power: At 1 W the height of SPR increases for the longer
irradiation time without so much change in the number density or packing fraction.
This means that the NIs change their shapes from the irregular or elongated ones to
the more round ones without coalescence or break up. At 2-3 W the laser power is
sufficient to induce NIs during the first several seconds, and then they have ripened so
that little morphological change occurs. This is why the height of SPR remains nearly
the same. At 4 W, however, the movement of NIs out of the irradiation center becomes
faster and hence non-negligible due to the faster diffusion speed of NIs at the higher
film temperature. At 5 W, more NIs move out of the irradiation center. Accordingly,
the height of SPR decreases down to ~0.3 in 120 sec (figure 3(e)). Finally, the behavior
of the resonance wavelength (figure 3(f)) essentially reflects the behavior of the average
diameter of NIs shown in figure 3(b). Recall that the similar phenomenon was not
observed in 5 nm Au films at least up to 1 min irradiation at 5 W, and even after the
5 min irradiation at 5 W the reduction of the height of SPR was very little [29].

If the laser irradiation time is chosen to be much longer we can more clearly see the
interesting behavior of NIs mentioned above. Figures 4(a)-(c) show the SEM images of
NIs obtained by the 10 min irradiation at the laser powers of 1, 3, and 5 W, respectively.
It is interesting to point out that the properties of Nls after the 10 min irradiation is
very different by the choice of the laser power: When the laser power is 1 W, the
NIs, which are not well-isolated after the 5 sec irradiation (figure 1(b)), become much
better-isolated after the 10 min irradiation without so much change in the number
density (figure 4(a)). This morphological change (figure 1(b)—figure 4(a)) is consistent
with the change in the optical absorption spectra (figure 1(d)—figure 4(d)). When the
laser power is 3 W, the SEM images of NIs after the 5 sec, 2 min, and 10 min irradiation
(figure 2(b)—figure 2(d)—figure 4(b)) are somehow different, and the average diameter
of Nls is smaller after the longer irradiation time. This fact is also consistent with the
optical absorption spectra shown in figure 2(f) and figure 4(d). When the laser power
is 5 W, however, we hardly see NIs after the 10 min irradiation (figure 4(c)). This does
not mean that there are many small NIs which are not visible by SEM, since, if so, a
clear SPR must appear in the optical absorption spectrum. The fact is that, we see a
very small SPR at ~410 nm, as shown in figure 4(d). Obviously, the small SPR at such
a short wavelength arises from the contribution of some small NIs which are not visible
by our SEM. Therefore, the disappearance of Nls after the 10 min irradiation at 5 W
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implies that most of the NIs have moved out of the irradiation center to the peripheral
region.

To confirm the above interpretation it is necessary to clarify how the spatial profile
of the laser beam influences the morphological and optical properties of Nls induced
at different positions on the Ag films. For this purpose we take the SEM images at
different positions with respect to the irradiation center. The results are summarized in
figures 5(a)-(e) for the case of 10 min irradiation at 5 W. Figure 5(f) shows the photo of
the entire (18 mm x 18 mm size) Ag film after the laser irradiation. As we notice the
central part with a few mm diameter is nearly transparent (figure 5(f)) with
a very small SPR (figure 6(b)), implying that most of the NIs have moved out
of the irradiation center to the outer region to leave the irradiation center
with very few Ag NIs (figure 5(a)). Moreover, the disappearance of Ag NIs at
the irradiation center is not due to the jumping of nanoparticles [35] because
the deformation speed of NIs on the substrate during solid-state dewetting
is very slow. This is consistent with the SEM images and the optical absorption
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Figure 4: SEM images of Ag Nls after the 10 min laser iradiation at the laser powers of
(a) 1 W, (b) 3 W, and (c) 5 W, and (d) optical absorption spectra.
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spectrum at the irradiation center (i.e., 0 mm) shown in figures 4(c) and (d) (for 5 W).
However, at the further position from the irradiation center more NIs are observed
(figure 5(a)—figure 5(b)—figure 5(c) corresponding to 0 mm—3 mm—4 mm). By going
even further away from the irradiation center (figure 5(d)—figure 5(e) corresponding to
5 mm—6 mm) the NIs exhibit more irregular and elongated shapes compared with
those at 4 mm (figure 5(c)). Clearly, this is reminiscent of the NIs induced by the laser
irradiation at the low laser power (figures 1). Interesting that the

The number density and packing fraction of Ag NIs as well as the optical absorption
spectra at the different positions from the irradiation center are presented in figures 6(a)
and (b), respectively, under the same irradiation condition employed for figure 5.
Figure 6(b) clearly shows that, at the laser power of 5 W and the irradiation time
of 10 min, the distance of 4 mm from the irradiation center is most appropriate to
obtain more homogeneous Ag NIs with the highest packing fraction.

Before closing this section we emphasize that the macroscopic diffusion of Ag atoms
does not require the laser power of 5 W and long irradiation time. Figure 7 demonstrates
that it occurs even at the laser power of 3 W within 30 sec, and by referring to Figure 3(a)
the film temperature does not exceed 320 °C under this irradiation condition. Of course,
if the solid-state dewetting is induced by thermal annealing with an electric furnace this
kind of atomic diffusion would not take place since there is no temperature gradient on
the substrate. However, similar phenomena would be observed if laser annealing with
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Figure 5: SEM images and size distributions of Ag NIs at (a) 0 mm, (b) 3 mm, (c)
4 mm, and (d) 5 mm, and (e) 6 mm from the center of the irradiated area. Laser power
and irradiation time are 5 W and 10 min for all (a)-(e). (f) Photo of the irradiated film.
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a focused UV laser is employed to induce NIs. To our knowledge there is no such a
report in the literature. One possible reason for this would be that, although the similar
effect is perhaps there by UV laser annealing, it may be smeared out after scanning the
irradiated spot (typically a few tens of ym) on the film to make the area of NIs to a few
mm or larger. Another possible reason for this is that, if a single laser pulse, typically
with a fs ~ ns duration, is employed to induce nanostructures, the time duration for the
atoms in the film to be at the sufficiently high temperature is too short to move over a
sufficient distance. To observe the visible color as well as structural change in the target
film multiple irradiation onto the same spot would be necessary. In contrast our CO,
laser is nearly continuous wave since the pulse duration is comparable to the pulse
interval, and the atoms in the film have sufficient time to move on the substrate. An
interesting application of Ag NIs films with the radial plasmonic color change as shown
in figure 7 is to use them for SERS (surface enhanced raman scattering) substrates:
Since the broad range of resonant wavelengths is realized on a single film different pump
laser wavelengths can be used for a sample on a single Ag NIs film only if the irradiation
spot is appropriately chosen.

4. Conclusions

In conclusion, we have demonstrated that the surface plasmon resonance of Ag NIs can
be tuned over the wide wavelength range through the laser power and irradiation time.
Interestingly, we have observed the gradual loss of plasmon color at the irradiation center
during the irradiation, and from the position-dependent optical absorption spectra and
SEM analysis we have confirmed that the diffusion of Ag atoms from the irradiation
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Figure 6: (a) Number density (left axis) and packing fraction (right axis) of Ag NIs as
a function of distance from the center of the irradiated area. (b) Optical absorption
spectra of Ag NIs at the different positions (0, 3, 4, 5, and 6 mm) from the center of
irradiated area. The laser power and irradiation time are 5 W and 10 min, respectively,
as employed for figure 5.
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Figure 7: Color change of Ag NI films after the COs laser irradiation at 3 W for the
irradiation times of (a) 5, (b) 10, (c) 15, and (d) 30 sec.

center to the peripheral region takes place. The temperature gradient of the substrate
due to the spatial profile of the laser beam is the driving force for this. Our results
imply that we are able to conveniently fabricate Ag NI films with radial-position-varying
optical and morphological properties on a single film, which can be useful, for instance,
for SERS applications.
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