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Abstract

We systematically investigate the formation of nanostructures in magnetron-sputtered Au films
using a CO laser. By comparing the optical properties and surface morphologies of Au films
on different kinds of substrates before and after laser irradiation with different laser powers
and irradiation times, we find that the nanostructures are most rapidly formed in the Au film
with 5 nm thickness on a thin glass substrate. With the laser power of 6 W and a beam diameter
of ~10 mm at the Au film, only a few tens of seconds of irradiation time is sufficient to induce

nanostructures with the area size of ~10 mm in the 5 nm Au film on a thin glass substrate.

1. Introduction

Over the decade, nanoparticles (NPs) have been of great interest due to its remarkable
application in various fields [1-6]. Synthesis and characterization of nanoparticles have been
the main issues, because NPs possess novel chemical, electronic, optical, and magnetic
properties. One of the most important and useful features of NPs is a presence of surface
plasmon resonance (SPR) [7]. It was found that the peak position and width of SPR primarily
depend on the particle size, particle shape, and the surrounding environment [8-10]. SPR is
extensively used to enhance, for example, the Raman signals from chemical or biological

systems. This is so-called surface enhanced Raman scattering (SERS) [11-13].

Although there is no doubt that NPs are very useful for various applications, it is not so easy
to uniformly disperse synthesized NPs on a target material, since aggregation of NPs can take
place. In some cases, fabricating a thin film first on a target material, and then induce
nanostructures in it by thermal or laser annealing may be more convenient. Indeed, it has been
demonstrated that thermal annealing of Au and Cu films leads to the formation of
nanostructures [14-18]. Similarly, laser annealing can also induce nanostructures on Au and

other metallic films [19-23] with the main difference that laser annealing can induce local
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nanostructures at the desired spot on the film. Effect of laser annealing has also been reported
for bimetal (Au/Ag) films [24] and other inorganic films [25, 26]. So far, most of the existing
studies for laser annealing of Au films employs UV [19-21, 24-26] or visible laser pulses [22,
23, 26] so that the laser pulse energy is absorbed by the film itself to melt the film and induce
liquid phase dewetting. Accordingly, the substrate serves as a heat dissipater. Only a few
studies have reported the effects of laser annealing with mid-infrared (mid-IR) laser pulses [27-
31] in which the mid-IR laser pulse energy is mainly absorbed by the substrate to induce
nanostructured particles in a dielectric matrix [27, 29, 31] or to induce nanostructures in the
metallic film itself [28, 30]. Although there is no clear statement in Refs. [28] and [30] for the
formation mechanism of nanostructures in the Au and Ag films it is presumably liquid-phase
dewetting, since the CO: laser beam is focused to the diameter of 30-200 um and the scan speed
of the beam over the film is fast so that the effective irradiation time for a given segment is

very short (presumably less than one second).

The purpose of this study is to investigate the formation of nanostructures in the magnetron-
sputtered Au films using a COz laser. Similar to the related studies [27-31] the energy of the
CO:- laser is mainly absorbed by the glass substrate with which the Au film is heated. Through
the comparison of optical properties and surface morphologies of Au films with different
thicknesses on different kinds of substrates by varying the laser power and irradiation time, we
find that the nanostructures can be very rapidly formed in a 5 nm Au film on a thin glass
substrate. Unlike the related studies [28, 30], however, our CO. laser beam is not focused
(diameter~10 mm at the target) and the laser power is very modest (<6 W). As a result, the film
temperature during the laser irradiation stays well below the melting point of Au, and the
formation mechanism of nanostructures in Au films on glass substrates is solid-state dewetting

[32] in our case.

2. Experimental Procedure

The substrates we use for this study are cover glass (borosilicate glass, thickness 0.15 mm),
slide glass (crown glass, thickness 1 mm), fused silica (thickness 2 mm), and CaF (thickness
1 mm) substrates, as summarized in Table 1. From Table 1 we find that the transmittance of
the substrates other than that of CaF. is practically 0 at 10.6 um. Before sputtering all the
substrates are soaked into the mixture of H.O2 and ammonium hydroxide for 30 min, and then
acetone for 10 min, and finally rinsed with deionized water. After the above pretreatment Au
films are deposited onto the substrates by magnetron sputtering (MSP-mini, Vacuum Device
Ltd.) using an Au target (purity 99.95 %). By measuring the sputtered Au film thickness with



a profiler (P-16+ stylus profiler, KLA-Tencor) we have confirmed that we can fabricate Au
films with desired film thicknesses by controlling the sputtering time with the accuracy of about
+0.2 nm. The surface morphology of the bare substrates as well as Au films before and after
laser annealing are measured over the area of 1umx1um using atomic force microscope (AFM)
(VN-8000, Keyence). The optical properties of Au films are measured using a CCD
spectrometer (USB2000+, Ocean Optics).

For laser annealing of Au films, we employ a CO: laser (AL30P, Access Laser Co.) at 10.6
um. Its peak power, repetition rate, and pulse duration are, respectively, 60 W, 2.5 kHz, and
100-400 ps with a rising and falling time of ~100 ps each, depending on the laser power. The
laser power we employ in this study ranges from 2.5 to 8 W, which corresponds to the pulse
energy of 1 to 3.2 mJ/pulse. The laser beam has a nearly Gaussian transverse mode with M?~1.1,
and its diameter is ~10 mm at the film position. The CO: laser is irradiated from the front side
of the film, and the temperature of the Au film during laser irradiation is measured using a

thermocouple with a size of ~1 mm.

Table 1 Properties of the employed substrates

Substrate Cover glass Slide glass Fused silica CaF:
Substrate thickness (mm) 0.15 1 2 1
Surface roughness (nm) 2.7 2.5 1.9 2.1
Transmittance at 10.6 um 0 0 0 0.36

3. Results and Discussions
Since a sputtered Au film itself does not have a SPR at the CO> laser wavelength, the laser

energy is mostly absorbed by the substrate. Therefore, the choice of the substrate would
influence the efficiency of CO> laser annealing. In Fig. 1 we show the optical absorption spectra
and AFM images of laser-annealed 5 nm Au films deposited on four different kinds of
substrates listed in Table 1, i.e., cover glass, slide glass, fused silica, and CaF substrates. The
employed laser power and irradiation time are 6 W and 1 minute, respectively. The absorption
spectrum of the 5nm Au film on a cover glass (red curve of Fig. 1(a)) shows the SPR of Au
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Fig. 1. (a) Comparison of optical absorption spectra and (b)-(f) the respective AFM
images of the 5nm Au films on different substrates by CO> laser annealing. Employed
substrates are (b) and (c) cover glass, (d) slide glass, (e) fused silica, and (f) CaF:
substrates, respectively. Employed laser power and irradiation time for (c)-(f) are 6 W
and 1 minute. (b) shows the AFM image of the cover glass before annealing.
centered at around 550 nm, which implies that the nanostructures of Au have been formed by
laser irradiation. Formation of nanostructures of metallic films is caused by the well-known
dewetting mechanism, which was first found for thin polymer and then metallic films by
thermal annealing [33-35]. Indeed, the absorption spectrum by the CO. laser annealing
resembles the one for the 25 nm Au film after thermal annealing at 400-500 °C [15]. Except
for the case of cover glass, however, the annealing effect is almost negligible. All these
observations can be well understood if we recall that the substrate, rather than the Au film, is
the main absorber of CO; laser energy, and upon energy absorption it also serves as a heat sink:
The temperature increase of a thicker or more transparent substrate is expected to be smaller.
To confirm this interpretation we measure the temperatures of the 5nm Au films on the different
substrates at the laser power of 6W, and obtain 497, 193, 198, and 143 °C, respectively, for the
cover glass, slide glass, fused silica, and CaF. substrates. As expected, the substrate
temperatures are quite different for the different substrates irradiated at the same laser power,
which is mainly due to their different thicknesses and transmittances, and this explains why

only the 5 nm Au film on the cover glass shows the SPR after the 1 minute CO; laser irradiation
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Fig. 2. Temperature of the 5 nm Au film on a cover glass under the different incident
laser powers as a function of laser irradiation time. The CO; laser is turned on at 100
sec, and turned off at 400 sec. The incident laser powers are 2.5 (blue) , 4 (red), and
6 W (green).

at 6 W. Our results for the optical absorption spectra (Fig. 1(a)) and the AFM images (Figs.
1(c)-(f)) are consistent for all substrates.

Clearly, the choice of the cover glass as a substrate turns out to be most efficient to perform
CO laser annealing of Au films, and hereafter we measure the temperature of the 5 nm Au
film on a cover glass at the different laser powers as a function of irradiation time. The results
are shown in Fig. 2. After the rapid temperature increase for the first ~60 seconds the film
reaches the steady-state temperature, which is different for the different laser power. They are
about 280, 380, and 500 °C, respectively, at the laser power of 2.5, 4, and 6 W. If the employed
laser power is 8 W, the temperature of the 5 nm Au film can be as high as 585 °C. To clarify

100nm

Fig. 3. AFM images of a bare cover glass (a) before and (b) after CO> laser annealing
at the laser power of 8 W for 5 min.



whether and how much change occurs on the substrate itself at such a high temperature, we
check the surface morphology of a bare cover glass before and after the CO-

laser annealing at the 8 W laser power for 5 minutes. The results are shown in Fig. 3. The
speckles before laser irradiation (Fig. 3(a)) disappear after laser irradiation (Fig. 3(b)).
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Fig. 4. Optical absorption spectra of Au films on cover glasses before and after CO>
laser annealing at 8 W laser power for 1 minute. The Au film thickness is (a) 5, (b)

7.5, and (c) 10 nm, respectively. In all (a)-(c), black and red curves represent the
spectra before and after annealing.



Now, we compare the annealing effect of Au films with different thicknesses (5, 7.5, and 10
nm) on the cover glass. The results at the laser power of 8 W for 1 minute are shown in Fig. 4.
From Fig. 4, we notice that the thickness of the Au film must be sufficiently thin to induce
nanostructures with our CO> laser. Corresponding to Fig. 4(a) for the film thickness of 5 nm,
the surface roughness increases from ~0.3 nm (excluding the speckles) to ~4.3 nm, which also
indicates the formation of nanostuctures on the 5 nm Au film by CO; laser annealing. In
contrast, there is practically no change in the absorption spectra when the Au film thickness is
7.5 and 10 nm. To understand why the nanostructures are not formed for the 7.5 and 10 nm
films we measure the film temperature at the laser power of 8 W to find that they are 244 and
217 °C, respectively, which are significantly lower than 585 °C mentioned before for the 5 nm
film on the cover glass at the same laser power. These differences must arise from the fact that
all the Au films in this study are irradiated from the front side of the film. Namely, the
transmittance of the CO. laser through the Au film seems to rapidly drop as the Au film
thickness increases from 5 to 7.5 nm, while it does not drop so much when the film thickness
further increases from 7.5 to 10 nm, as the measured film temperatures suggest. In terms of the
film structure there must be a transition from the island to uniform structure as the film
thickness increases from 5 to 10 nm.

To investigate the relation of employed laser power and induced nanostructures in the Au
films, we now vary the CO> laser power for the fixed irradiation time of 5 minutes, and take
the optical absorption spectra and AFM images. Fig. 5 shows the results. Note that the speckles
in Fig. 5(a), which are the same with those in Fig. 3(a), are still observed in Fig. 5(b) after the
2.5 W laser irradiation for 5 minutes. This implies that the 2.5 W laser irradiation does not
sufficiently heat the substrate and the film (see Fig. 2) to induce nanostructures in the Au film,
as the optical absorption spectrum in Fig. 5(f) also implies. Obviously, the laser power of more
than ~4 W is necessary to induce sufficient nanostructures (Fig. 5(c)) within 5 minutes so that
a clear SPR emerges (Fig. 5(g)). Although the laser parameters are different, our results of
surface morphology for increasing laser power are qualitatively similar to the change of
nanoparticle size as the laser fluence increases [30].
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Fig. 5. AFM images (left column) and the optical absorption spectra (right column) of
5 nm Au films on cover glasses after CO> laser annealing at different laser powers. The
employed laser powers are (a, €) 0, (b, f) 2.5, (c, g) 4, and (d, h) 6 W, respectively.
Irradiation time is 5 minutes for all cases. The spatial variation of surface roughness is
also plotted along the vertical line in the respective AFM image. Ra’s in panels (a)-(d)
represent the arithmetic surface roughness. Note that the vertical scale of the curves of
surface roughness shown on the right side of panels (a)-(d) is not calibrated, and does
not represent the local film thickness itself.



As demonstrated above, CO- laser annealing of 5 nm Au film on a cover glass at 8 W for 1
minute (Fig. 4(a)) or >4 W for 5 minutes (Figs. 5(g) and (h)) leads to the formation of
nanostructures, as confirmed by the emergence of SPR in the optical absorption spectra. To
better understand the mechanism of CO> laser annealing we measure the optical absorption
spectra and surface morphology of 5 nm Au films on cover glasses at different irradiation times
at the fixed laser power of 6 W. The results are shown in Fig. 6. From Fig. 6 we find that the
nanostructures start to emerge within only 6 seconds (Figs. 6(a) and (b)), and the nanostructures
become finest after the irradiation of 20 seconds (Fig. 6(d)). Further irradiation time results in

the larger nanostructures, which imply the coalescence of finer nanostructures, as we notice by
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Fig. 6. (a) Comparison of optical absorption spectra and (b)-(f) the respective AFM
images of the 5nm Au films by CO> laser annealing with different irradiation times.
Annealing times are (b) 6, (c) 12, and (d) 20 sec, and (¢) 1 and (f) 5 minutes, respectively,
and the laser power is 6 W for all cases. The spatial variation of surface roughness is also
plotted along the vertical line in the respective AFM image. Ra’s in panels (b)-(f)
represent the arithmetic surface roughness. Note that the vertical scale of the curves of
surface roughness shown on the right side of panels (a)-(d) is not calibrated, and does not
represent the local film thickness itself.



going from Figs. 6(d) to (). This is consistent with the optical absorption spectra in Fig. 6(a)

for the irradiation times of 20 seconds—1 minute—5 minutes.
4. Conclusion

In conclusion, we have carried out the systematic study on the formation of nanostructures in
magnetron-sputtered Au films using a mid-infrared laser (CO: laser). For the mid-infrared laser,
the primary absorber of laser energy is a glass substrate, and the laser-heated substrate anneals
the Au film on it. With the laser system we have (wavelength 10.6 um, maximum laser power
~10W, pulse duration 100-400 ps, beam diameter at the Au film ~10 mm, and repetition rate
2.5 kHz), we are able to induce nanostructures on a 5 nm Au film sputtered on a cover glass
within a few minutes of irradiation at the laser power of >4W. As the laser power increases the
required irradiation time to induce the nanostructures becomes significantly shorter. At 4 W
the necessary irradiation time is about 5 minutes, while at 6 W it is only 10-20 seconds. Because
high power CO: lasers are commercially available at a reasonable cost due to the industrial use

they can be a convenient tool to quickly fabricate metallic films with nanostructures.
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