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Pulsed infrared laser irradiation was used to modify the optical and physical properties of gold
nanoparticles in a SiO2 substrate. The primary laser wavelength used for annealing was 8 �m,
where the primary absorption was in the substrate. The optical absorption spectra exhibit a typical
surface plasmon peak at 520 nm, which increases with laser fluence. This implies growth of the gold
nanoparticles during laser annealing but the size distribution remains narrow, unlike some thermal
annealing procedures that produce bimodal size distributions. The results were confirmed by
scanning transmission electron microscopy and were consistent with the calculations of expected
extinction spectra. © 2008 American Institute of Physics. �DOI: 10.1063/1.2909965�

I. INTRODUCTION

Nanocomposite materials comprised of metal nanopar-
ticles embedded in a dielectric matrix have potential appli-
cations based on their enhanced third-order optical
nonlinearity.1 These materials have been fabricated by alter-
nating deposition metal and dielectric matrix layers,2

cosputtering,3 ion exchange,4 and ion implantation.1 Laser
annealing is one of the postprocessing techniques used to
modify the nanocomposite and its effects on the composite
materials have been extensively studied.5–11 The laser wave-
length, fluence, and pulse duration are the usual variable pa-
rameters of the laser annealing experiments. In most previ-
ous experiments, the laser wavelength is in a spectral region
where the dielectric matrix is transparent so that the laser
light is primarily absorbed by the metal nanoparticles. There
are also several experiments6,9,11,12 that make use of matrix
absorption in the ultraviolet �UV�. However, there are no
reported experiments on the effects of laser light on the in-
frared �IR� absorption region of the dielectric matrices.

In this study, we report successful IR laser annealing of
nanocomposites consisting of Au nanoparticles embedded in
a fused-silica matrix. The experiments demonstrate the
unique effects of fast thermal heating of the matrix on the
size and size distribution of embedded metal nanocrystals,
using photons with energies far below the bulk bandgap of
the matrix. We find that the ambient environment has no
influence on the IR laser-induced ripening. The process dif-
fers from that found in UV laser annealing of transparent
substrates, where most of the laser energy is absorbed by the

nanoparticles and the nanoparticle ripening is assisted by
free-electron heating. Also, in the case of silicate glasses,13

where there is a strong matrix absorption of UV light, the
primary interaction is nonthermal, such as electron-hole pair
creation, followed by thermalization processes. However,
what we have demonstrated is a true rapid thermal annealing,
where the nanocomposite material is fully in thermal equi-
librium. This opens the door to direct writing of waveguides
and other interesting structures in metal-silica nanocompos-
ites. In addition, since the optical penetration depth in fused
silica is a strong function of wavelength in the 7–10 �m
region, this technique can also be used to control annealing
depth in these nanocomposites14,15

II. EXPERIMENT

In our experiments, Corning 7940, type III fused-silica
substrates were implanted with 1.1 MeV Au+ ions at Oak
Ridge National Laboratory using a tandem implanter. The
substrate was held at 400 °C during implantation and the
current densities were maintained below 15 �A. The ion
dose was 6�1016 ions /cm2. The projected and longitudinal
straggling ranges that were calculated using SRIM 2003 pro-
gram were 267 and 36 nm, respectively. The Vanderbilt
Mark-III free-electron laser16 �FEL� was used to anneal the
samples at different fluences. The FEL is tunable in the
mid-IR from 2 to 10 �m and the mode structure of the beam
is TEM00. The pulse frequency is 30 Hz. Each pulse is about
4 �s long and is composed of a train of picosecond pulses
separated by approximately 350 ps. The metal implanted
layer was well within the 1 /e absorption length for SiO2

��3.4 �m� at 8 �m wavelength. Optical absorption spec-
troscopy and scanning transmission electron microscopy
�STEM� were used to characterize the samples. The Mie
theory was used to fit the optical spectra, and thus, obtained
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particle size data were compared to STEM data where these
were available.

The FEL beam was scanned across the surface of the
sample at approximately 1 mm/s with an angle of incidence
of 45°. A CaF2 lens with a focal length of 500 mm was used
for focusing. The spot diameter at the surface was �300 �m
which allows for a good overlap of two consecutive macro-
pulses. The energy per pulse used for annealing was in the
range from 5 to 9 mJ, which corresponds to a fluence range
of 2.5–4.5 J /cm2. All optical absorption spectra were mea-
sured with a Cary 5000 UV-visible-near-IR dual-beam spec-
trophotometer in the 200–800 nm wavelength range with an
analyzing beam of 5 mm in diameter. The samples were also
characterized using 1.8 MeV He+ Rutherford backscattering
spectrometry �RBS�. The backscattering collection angle was
175° and the collected charge was 3 �C. The energy reso-
lution was 22 keV and the beam current was kept under 10
nA. The RBS data were normalized to channel 200 in order
to compensate for variations in surface charging effects from
sample to sample. STEM was performed at the Oak Ridge
National Laboratory using 300 kV �VG microscopes�
HB603U scanning transmission electron microscope
equipped with aberration corrector �Nion Co.�.

III. RESULTS AND DISCUSSION

Figure 1 �Ref. 7� shows the optical absorption spectra of
the Au implanted samples after laser annealing at different
pulse energies. With increasing fluence, the intensity of the
surface plasmon resonance peak at 520 nm increases. This
increase is similar to that observed in thermal annealing
experiments17 attributed to the increase in the mean particle
diameter. The effects of the IR pulsed laser annealing, while
similar to the effects of furnace annealing in air, are not
dependent on atmosphere whereas conventional thermal an-
nealings are very dependent on annealing atmosphere.

To test the influence of the atmosphere, we performed a
simple experiment wherein two pieces of the Au implanted
sample were laser annealed, one in air and the other in
vacuum �4�10−2 Torr�. The resulting optical spectra were
identical, which leads to the conclusion that the IR laser
annealing is not affected by the surrounding atmosphere. A

possible explanation is that the pulsed laser annealing is so
fast �4 �s /macropulse� that there is insufficient time for the
atoms or molecules present in the atmosphere to diffuse into
the matrix and influence the processes that are taking place
there.

During laser annealing, the pulse energy is deposited
into the near-surface layer whose thickness depends on the
laser wavelength and the absorption coefficient of the matrix
material at that wavelength. For silica, there is a significant
absorption both in the UV and IR regions of the spectrum.
There have been numerous studies investigating the effects
of excimer �UV� laser pulses on metal-glass composites. In
those cases, the coupling mechanism of the laser light is
through excitation of bound electrons into the conduction
band and subsequent free-electron heating. The overall effect
of intense excimer laser pulse is the heating of the surface
layer following the absorption of the UV laser light in the
matrix and also the metal nanoparticles.12

The laser wavelength used in our experiment was 8 �m,
well within the mid-IR absorption region of fused silica
which starts at a wavelength around 6 �m and peaks at
9.6 �m. The coupling is thermal since the energy of 8 �m
wavelength photons is close to the excitation energy of the
Si–O bond vibrational mode. Moreover, the macropulse du-
ration is comparable to the thermal diffusion time
��14 �s� �Ref. 20� for fused silica so that the condition for
thermal confinement of the laser energy is more or less sat-
isfied. From the energy of the pulse and the basic thermal
parameters of the silica matrix, it is possible to make a
simple estimate of the surface temperature during laser an-
nealing. For the used maximum pulse energy �9 mJ�, the
estimated temperature ��2250 K� is higher than the soften-
ing point of the fused silica �1958 K� and is significantly
higher than the temperatures used in furnace annealing.17

However, high temperature is only present in the near-
surface layer and is rapidly quenched due to heat diffusion.
For the estimated temperature rise of �1950 K within the
pulse duration of 4 �s, the heating rate is 4.9�108 K /s.
Nanoparticle melting is expected since the bulk gold �1340
K� melting temperature is lower than the estimated tempera-
ture rise in the silica surface layer and the melting tempera-
ture of the nanoparticles is even lower than the bulk melting
temperature due to thermodynamic size effects.18 The tem-
perature at which the Au particles and possibly also silica
matrix melt, together with fast heating and cooling rates,
allows rapid diffusion of the Au atoms implanted in the near-
surface layer. Even though such conditions last for only a
very short time after the laser pulse, the time is evidently
sufficient to cause significant growth of the Au nanoparticles,
which is similar to the growth that occurs during furnace
annealing in air.17

RBS measurement was used to study the effects of IR
laser annealing on the depth distribution of implanted Au
ions. The data show that laser treatment has no effects on the
depth profile or on the amount of Au inside the matrix, which
is in agreement with the fact that the Au diffusivity in SiO2 is
low.22 Using a simple backscattering analysis,21 the projected

FIG. 1. �Color online� Optical absorption spectra of the Au implanted
samples that are laser annealed at different fluences.
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range was calculated for as-implanted sample to be 260 nm
and for the 4.5 J /cm2 annealed one to be 252 nm. These
results agree well with the value of 267 nm calculated by
SRIM, noting that the calculation did not include surface sput-
tering.

Figure 2 shows the STEM images and the Au cluster size
distributions of the as-implanted sample �Fig. 2�a�� and the
IR pulsed laser annealed �fluence=4.5 J /cm2� sample �Fig.
2�b��. The average cluster size changes from �D�
=2.4�1.2 nm for the as-implanted sample to �D�
=6.5�2.5 nm for the laser annealed one. Another thing to
notice is that the cluster density was significantly reduced
�approximately five times� by the annealing process. This
suggests that the smaller size particles dissolve into the ma-
trix and then contribute to the growth of the larger clusters. A
similar process was observed in the thermal annealing ex-
periments performed in air atmosphere.23 Interestingly, the
width of the size distribution that is stated as a fraction of the
average diameter actually narrows in the FEL annealed
sample, in contrast to what one usually observes during the
conventional thermal annealing.

A nonlinear fit to the optical spectra was employed to
extract the average diameter in comparison with the STEM
analysis by using the procedure of Miotello et al.17 The defi-
nition of the optical density

OD��� = A�
0

�

dRf�R���R,�� �1�

was used as the fitting function, where the constant A is
proportional to the particle concentration and the thickness
of the implanted layer. The extinction cross-sectional ��R ,��

was calculated using the Mie theory with a finite-size correc-
tion to the Au bulk dielectric function.19 f�R� was assumed to
be a log-normal distribution function. Figure 3 shows the
optical spectra of the two STEM analyzed samples along
with the corresponding nonlinear fits. The average cluster
diameter that was extracted from the fitting process is �D�
=2.3 nm for the as-implanted sample and �D�=5.5 nm for
the laser annealed sample. These values correlate well with
the STEM data. The slight discrepancy between the experi-
mental and fitted average cluster diameters for the laser an-
nealed sample could be caused by the fact that the size dis-
tribution �Fig. 2�b�� does not exactly have log-normal shape.
However, when we fit the optical spectra using a normal
distribution, the extracted average cluster diameter �D�
=5.6 nm is essentially the same as that for the log-normal
distribution fit.

IV. CONCLUSION

The results of Fig. 2 demonstrate that the IR laser radia-
tion results in the growth of the Au nanoparticles with a
narrowing of the size distribution in a region whose size and
depth can be precisely controlled by laser parameters. The
results of Fig. 1 demonstrate that this process produces a
pronounced effect on the optical properties and is expected
to produce a similar significant effect on the nonlinear opti-
cal properties of these composites. The rapidity of the an-
nealing process, the lack of atmosphere dependence, the abil-
ity to spatially localize the annealing effect, and the existence
of the broad IR absorption wavelength region for many op-
tical substrates are the advantages that can make the IR
pulsed laser annealing a useful tool in processing the nano-
composite optical materials.
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