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ABSTRACT

In the present work, we have used swift heavy ions (SHI) irradiation and post irradiation annealing to synthesize Ag
nanoparticles in fused silica. Fused silica samples deposited with 15 nm of Ag film were irradiated using SHI beam of 120 MeV
Ag® ions at different fluences and post irradiation annealing was done at 500 °C in air for 30 min. The samples were
characterized using UV-vis absorption spectroscopy, Rutherford Backscattering Spectrometry (RBS), GAXRD, Transmission
Electron Microscopy (TEM), and open aperture z-scan measurements. The signature of Ag nanoparticles was observed in
optical absorption spectra and the average size of the Ag nanoparticles was estimated using Mie’s theory. The size of the
nanoparticles (~3 nm) was also confirmed from the GAXRD and TEM measurements. RBS results for Ag/SiO, irradiated with
the fluence of 5 x10™ ions/cm? shows the decrease in slope at the interface of the Ag profile, indicating a partial mixing at a
fluence of 5 x 10" ijons/cm®. Open aperture z-scan measurement of Ag/SiO, SHI irradiated sample after annealing shows a
saturation behavior, indicating that the sample is optically non-linear. The sample shows saturation behavior but does not show
optical limiting behavior, which indicates that the size and number density of nanoparticles are low. The ability to control the
particle size using ion beam technique as a function of fluence and observed nonlinearity results provide concrete evidence that
Ag nano composite glasses can be used in nonlinear and optical limiting application. Copyright © 2015 VBRI press.
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Introduction

Over the last decade, there has been an ever increasing
interest in metal nanoparticles as they are considered
candidates for many technological applications such as
biosensor, plasmonic devices, optical limiters, Surface
Enhanced Raman Scattering (SERS) and plasmonic chain
waveguides [1-5]. Metal Nanoparticle Composite Glasses
(MNCQG), exhibit an enhanced third order optical Kerr

susceptibility (x®) in the picosecond regime which can be
used to realize all-optical switching devices [1, 6]. Precise
control of particle sizes during the synthesis of metal
nanoparticles in a glass matrix is of prime importance as the
optoelectronic properties of nanoparticles depend primarily
on nanoparticles size, shape, distribution, interparticle
distances and variations in size degrade the performance [7,
8]. In this context, ion beam based techniques to create and
modify shape and arrangement of the metal particles are of
great interest since they provide a very powerful and
flexible tool to control and optimize the linear and
nonlinear optical properties of these materials [8, 9]. lon
beam offers great flexibility in the nanoparticle formation
by control of the process parameters, considerable freedom
from thermodynamic limitations and extreme chemical
purity. Additionally, it enables dense packing of
nanoclusters, and is compatible with the integrated circuit
technology [10].
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High-energy heavy ions with velocities comparable to
or higher than the orbital electron velocity are referred to as
swift heavy ions (SHI). At such energies (a few tens of
keV/nucleon and higher) SHI lose their energy in the target
mainly via inelastic collisions leading to the excitation of
the target electrons. Swift heavy ion beam mixing is
strongly related to nuclear track formation [11]. Such latent
nuclear tracks (i.e. amorphous cylindrical region of some
nm in diameter) were often found in insulating materials,
while metals seem to be much less sensitive to electronic
energy deposition [12, 13]. Track formation occurs only if
material-dependent threshold S of the electronic stopping
is exceeded (Typical values reported are 1.8 keV/nm, 67
keV/nm for SiO, & Ag respectively) [13, 14].

However, there are few reports for mixing across the
interfaces of metallic bilayers systems due to inelastic
thermal spike, consisting of one Se-sensitive and another Se-
insensitive metal, by heat exchange along the ion track [15-
18]. In both the cases, the melting temperature of Se-
insensitive material was lower than that of S.-sensitive
material. Eventhough bulk metal is insensitive to SHI
irradiation; it was found that mixing increases with fluence
and with the electronic energy loss [17]. At the interface,
the insensitive material behavior could be modified by the
sensitive material under heavy ion irradiation, leading to
the appearance of a molten phase in some layers of
insensitive material. Therefore, the intermixing at the
interfaces of SHI irradiated bilayers is usually attributed to
interdiffusion in the molten ion tracks, although mixing is
lower than the case where both materials are sensitive to S,
[17].

These studies motivated us to study SHI induced mixing
in a metal/ceramic (Ag/SiO,) system where the Se-
insensitive material has a lower melting temperature than
that of the corresponding Se-sensitive material. This would
help to check for the applicability of the hypothesis of heat
exchange across the interface along the ion track under the
present configuration (Ag/SiO, bilayer system). In this
article, we explore a route to form Ag nanoparticles in
fused silica glasses using ion beam mixing of a thin Ag
layer deposited on the fused silica glass substrates. The
effect of post-irradiation thermal annealing is manifested by
the growth of these embedded Ag particles. We also, have
investigated the nonlinear optical transmission of these
samples using pulsed laser (pulse width 5 ns) of 532 nm
wavelength.

Experimental
Materials

High-purity fused silica glass plates, of size 10 mm x 10
mm x 1.5 mm, were chosen as substrates. The glass slides
were ultrasonically cleaned in distilled water and acetone,
for 15 minutes.

Method

Silver films of 15 nm thickness were deposited on the fused
silica substrates using vacuum evaporation at a pressure of
3 x 10° mbar. The coated samples were then irradiated at
fluence of 5 x 10'2 and 5 x 10*® ions/cm? using 120 MeV
Ag® beam, provided by the pelletron accelerator of the
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IUAC, Delhi. After irradiation, the samples were annealed
at 500 °C in air for 30 min, to promote nanoparticle
growth/formation. 4 MeV proton beam from Folded
Tandem lon Accelerator (FOTIA) at BARC, Mumbai, was
used for Rutherford backscattering (RBS) measurements at
backscattering angle of 160°. The RBS data was fitted with
Rutherford Universal Manipulation Program (RUMP) code
[19]. Optical absorption studies were carried out using
Shimadzu 3600 UV-Vis-NIR spectrometer. GAXRD was
done on X’pert-Pan Analytical XRD machine having an X-
ray wavelength of 0.154 nm (Cu-K, source). The samples
for transmission electron microscopy (TEM) were prepared
by cutting 3 mm diameter discs from the irradiated area
with a slurry drill, mechanical grinding of the disc from the
backside to a thickness of about 20 um was carried out. The
final thinning to the electron transparency was achieved by
planar back thinning by Ar ion milling (IV4: Technoorg
Linda, High Energy lon Polishing System), operating at 4
kV. Here milling was started with high energy and slowed
to the lower energy as the perforation approached to avoid
the physical damage to the sample. The prepared samples
were examined in a Transmission electron microscopy
(TEM) wusing JEOL 200 FX microscope. Optical
nonlinearity in the prepared samples was determined using
the open aperture z scan method. The measurements of the
nonlinear optical transmission at 532 nm were made with
an Nd:YAG laser (pulse width = 5 ns).

Results and discussion

The electronic energy loss (Se) and nuclear energy loss (S;)
in SiO, at the Ag/SiO, interface for 120 MeV Ag®* ions
estimated using the SRIM code are 8.63 keV/nm and
0.042 keV/nm respectively. The S, values clearly exceeded
the 1 keV/nm threshold value for track formation in fused
silica (SiOy); tracks of 3 nm radius are reported to be
formed for S, = 8 keV/nm [20]. Thus ion energies were
sufficient to produce tracks of radii greater than 3 nm in
fused silica [21]. Also, from S, and S,, values, the value of
S, for 120 MeV Ag® ions in SiO, near the Ag/SiO,
interface is two orders of magnitude lower than the
corresponding S, value and the dominant process during
nanoparticle formation in SiO, is electronic energy loss.

lon Beam Mixing (IBM) is a process in which the atoms
of two different atomic species across an interface mingle
together under the influence of the passage of ion beam.
Mixing achieved at low energies (keV) is referred to low
energy ion beam mixing with the dominance of elastic
collisions followed by nuclear energy loss while the mixing
at higher energies (MeV) is referred to swift heavy ion
induced mixing with the major contribution of inelastic
collisions followed by electronic energy loss [16-18]. lon
beam effect on the materials depends on the ion energy,
fluence and ion species. The interaction of the ion with
material is the deciding factor in the ion beam induced
material modification. Depending on the energy density, the
melting point of the materials can be exceeded in a region
around the ion track [17 - 18].

Fig. 1 shows the RBS spectra of Ag/SiO, ion beam
mixed sample at different fluences by SHI irradiation in
comparison with the as deposited films. The peak, due to
metal atoms, shows reduction in height and decrease in
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slope of the rising part of Gaussian (on the interface side).
The decrease in slope indicates partial ion beam mixing at
the interface. The decrease in height indicates decrease in
number of metal atoms due to sputtering. The sputtering
yield of two to three orders of magnitude higher than that
expected for bulk Ag was observed by Singh et al. [21]
from SHI irradiation of thin Ag film by 120 MeV Ag ions.
The observed modifications were found at much below the
predicted threshold values of defect production for Ag thin
film. This may be due to small thickness of the film, which
may decrease mobility of the conduction electrons. This
mobility change can be due to interface scattering resulting
in confinement of the deposited energy to a smaller region
thus raising its temperature and enhancing the
interdiffusion. During SHI irradiation the electronic
excitation and electron-phonon and phonon-phonon
coupling processes are expected to produce defects due to
the atomic rearrangements and thereby enhance mixing at
interfaces [18].
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Fig. 1. RBS spectra of Ag/SiO, samples (1) unirradiated, and irradiated
with 120 MeV Ag® ion irradiations at the different fluencies:
(2) 5 x 10* ions/cm? (3) 5 x 10%® ions/cm?.

The greater the electron—phonon coupling constant the
more will be the energy transferred to the lattice causing
more vibrations of the atoms. In the sample each impinging
ion produces a track and their number and size increases
with increasing energy due to overlapping and
accumulation of individual tracks. In the framework of the
thermal spike model, the excited electrons are in a
thermodynamical equilibrium in some 10™ s via electron—
electron interactions and release their energy to lattice
atoms via electron—phonon coupling in 10-10"° s. This
generates a transient thermal spike (=1000 K, depending on
the ion and the solid) in the lattice subsystem for time
duration of a fraction of a pico second to about 100 ps [12].
The temperature spike, and hence the electronic sputtering,
depends strongly on the electron phonon (e—p) coupling
strength, g, which is dependent on the mean diffusion
length, A of the excited electrons by the relation [12].

g — De (Te;:e (Te ) (1)
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where, D¢(Te) is the spatial energy distribution, C(T.) the
electronic specific heat of the system & T,: temperature of
electronic subsystem. In any particular system, one of the
most salient factors that decide the lattice temperature
developed is A. The increase in thermal energy density in
the lattice due to the restricted motion of excited electrons
is discussed in literature [21]. This enhances the e-—p
coupling strength according to Eg. (1) which is the
increased ability to transfer the energy to the lattice
subsystem. Hence, from the basic heat diffusion equations
of thermal spike model [11-13] we can say that the
temperature spike generated in the lattice subsystem of the
thin film is high. The thermal energy in the lattice dissipates
less efficiently in thinner film, due to smaller available
cross sectional area (Fick’s law). Therefore, the spike
temperature will prevail for a longer duration in thinner
film. However, higher temperature spike and sustaining the
spike temperature for a longer duration causes higher
sputtering of the thinner films. Also, ion irradiation leads to
the formation of Ag nanoparticles in the SiO, matrix (as
revealed from absorption spectroscopy for higher fluence as
shown in Fig. 2 due to partial beam mixing at the interface
which is revealed from the RBS spectrum. This is due to
increase in electron phonon coupling at the thin film
interface which leads to the heat exchange across the
interface in few layers of the film along the ion track under
the present configuration (Ag/SiO, bilayer system).
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Fig. 2. (a) UV-vis absorption spectra of Ag/SiO, samples (1)
unirradiated, and irradiated with 120 MeV Ag®* ion irradiations at the
different fluences (2) 5 x 10*2 ions/cm? (3) 5 x 10% ions/cm? and (b)
Optical density of Ag/SiO, sample after irradiation with 120 MeV Ag®*
ion irradiations at the fluences of 5 x 10%%jons/cm?.
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Fig. 2 (a) shows the UV-vis absorption spectra for
Ag/SiO, samples before and after 120 MeV Ag”,
irradiation as a function of the ion fluence. The spectra of
the irradiated samples show two peaks at 215 and 245 nm
arising from the E” and B, defect centers created in the SiO,
substrates [14]. With the increase in fluence the absorption
of this defect peak intensity increases without changing the
peak position implying the increase in defect concentration
with fluence. Transmission window seen in Fig. 2 (a) at
325 nm is attributed to semitransparent film of Ag
displaying its characteristic color (yellow). Fig. 2 (b) shows
the data for Ag/SiO, irradiated samples at 5x 10"
ions/cm? fluence after baseline correction. Fig. 2 (b) also
shows a Gaussian fit to the experimental data. The average
size of the Ag nanoparticles was calculated using the Mie
formula [22] from Fig. 2 (b) which is 1.1 nm; given in
Table 1.

Table 1. SPR peak position, FWHM, area of the absorption peaks and
radius of the Ag nanoparticles obtained after irradiation of Ag/SiO; at
different fluences followed by 900 °C annealing for 30 min. in air.
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Sample SPR peak FWHM Area under Particle
position the SPR peak radius
nm
(Ispr)nm nm
Ag/SiO,  irrad 444.36 147.22 5.84 11
5el3
Ag/SiO, irrad 431.44 124.67 26.40 14
5el2 annealed
Ag/SiO, irad 407.22 34.71 8.23 3.01
5el3annealed

For the irradiated samples, when sufficient thermal
energy is supplied to the system during post irradiation
annealing, atomic mobility across the interface is enhanced
due to SHI induced defects. Fig. 3 (a) shows the annealing
effect (500 °C in air for 30 min) for samples SHI irradiated
at two fluences of 5 x 10* ions/cm? and 5 x 10*2 ions/cm?
and Fig. 3 (b) shows the data for Ag/SiO, irradiated
samples at different fluences followed by annealing after
baseline correction. Fig. 3 (b) also shows a Gaussian fit to
the experimental data.

The average size of the Ag nanoparticles was calculated
using the Mie formula [22] from Fig. 3 (b) is given in
Table 1. Radius of the Ag nanoparticles increases with the
fluence after annealing at fixed temperature of 500 °C.
Also, the FWHM values decrease indicating that with the
increase in fluence after annealing more uniform Ag
nanoparticles are formed.

Fig. 4 shows the GAXRD plots of the Ag/SiO, SHI
irradiated sample at fluencies of 5 x 10** ions/cm? followed
by annealing at 500 °C. The diffraction peaks due to Ag
(111) and Ag (200) planes are observed at 26 = 38.2 and
44.3. The peaks are broad as the particle size is small. The
size of the Ag nanoparticles is calculated using the Scherrer
formula which is 3.15 nm.

Fig. 5 shows the TEM image and the electron
diffraction micrograph taken from the same region, of
Ag/SiO, SHI irradiated sample at a fluence of
5 x 10" ions/cm® followed by annealing at 500 °C. The
average radius of Ag nanoparticle obtained from TEM is
3.2 nm which correlates well with the size obtained from
the GAXRD and Mie fit to the SPR peak in UV-vis
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absorption spectra. The Ag/SiO, SHI irradiated sample at
high fluence contains nanoparticles of approximately 1 nm
radius, and the associated SPR is relatively weak and
broad. When this sample is annealed to higher temperatures
of 500 °C, the clusters grow to a larger size showing
enhanced SPR and absorption.
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Fig. 3. (a) UV-vis absorption spectra of Ag/SiO, samples irradiated with
120 MeV Ag® ion irradiations at the different fluences (1) 5 x 10%?
ions/cm?, and (2) 5 x 10* ions/cm? followed by annealing at 500 °C in air
for 30 min. and (b) Optical density of Ag/SiO, samples irradiated with
120 MeV Ag® ion irradiations at the different fluencies (1) 5 x 10%?
ions/cm? (2) 5 x 10* ions/cm? followed by annealing at 500 °C in air for
30 min.
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Fig. 4. GAXRD spectra for Ag/SiO, sample SHI irradiated with 5 x 10%3
ion/cm? followed by annealing at 500 °C.
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Fig. 5. (a) TEM micrograph showing the presence particles in Ag/SiO,
sample SHI irradiated with 5 x 10 ions/cm? followed by annealing at
500 °C, (b) Diffraction micrograph in which the rings for Ag (11 1), (20
0) & (2 2 0) planes shown (c) Frequency distribution of the radius of
nanoparticles seen in the TEM image as seen in Fig. 5 (a).

Fig. 6 shows the results of open-aperture z-scan at 532
nm laser (5 ns) energy of 50 uJ for Ag/SiO, SHI irradiated
sample at fluence, of 5 x10* ions/cmZafter annealing at 500
°C. Nonlinearity is not observed for Ag/SiO, SHI irradiated
sample at a fluence of 5 x 10 jons/cm? before annealing,
in which no nanoparticles were observed as seen in a
absorption spectroscopy (Fig. 2). Fused silica glass without
any treatment did not show any nonlinearity (not shown
here) and hence we can conclude that the origin of the
optical nonlinearity in all the investigated samples is due to
the presence of metal nanoparticles only. The result shows
the saturation behavior. Nonlinearity will be enhanced
when excited near the SPR, due to the local field
enhancement. If metal nanoparticles of dielectric constant
gm are distributed uniformly and randomly in the dielectric
host having a dielectric constant g4, the local field is given
by Eqn (2),

3¢
E =—9 E, )
gm +2€d
where, E, is the applied optical field. Near the
SPR¢&,, + 25, is minimum, so that E; is a maximum. The
corresponding nonlinear polarization is given by Eqn (3),

4

3¢

PuLs :3p[d j Zr(ns)Eg @)
Em +2&4

which scales as fourth power of the local field factor
[23, 24]. It is very clear that only SHI irradiated and
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Ag/SiO, SHI irradiated at 5 x 10* ions/cm® followed by
annealing samples does not show nonlinear absorption
(NLA) but the Ag/SiO, SHI irradiated sample at
5 x 10" ions/cm? shows NLA of a saturable absorption
nature (Fig. 6). The obtained NLA is fitted numerically to
the propagation equation describing the saturable
absorption process [24] given by,

dl

il
dz 1 +1/];

where, ag is the linear absorption coefficient, | is the
incident intensity, s is the saturation intensity and z is the
propagation distance. The value of the saturation intensit
obtained from the numerical fit to the data is 3.3 x 10™*
W/m?,

T= ((17 R)Z exp(—apL) /70, )Tln[lJr o exp(ftz)}it 4

where, g, = SL—R)l Ly and Ly = (1—e %)/ g

here T is the net transmission of the samples, L and R are
the sample length and surface reflectivity respectively, oy is
the linear absorption coefficient, I, is the on-axis peak
intensity, and B is the two-photon absorption coefficient.
The value of two photon absorption coefficient 5 calculated
from numerical fits to the experimental data is 3.3 x 10**
W/m?,
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Fig. 6. Open aperture z-scan plots for Ag/SiO, SHI irradiated sample (a)
at a fluence of 5 x 102 jons/cm? (b) at a fluence of 5 x 10%% ions/cm? (c) at
a fluence of 5 x 10*2 ions/cm? followed by annealing at 500 °C and (d) at
a fluence of 5 x 10* jons/cm? followed by annealing at 500 °C. (Line
through solid circles representing the experimental data is a saturable
absorption fit to the experimental data).

Conclusion

RBS results for Ag/SiO, irradiated with the fluence of
5 x10" ions/cm? shows the decrease in slope at the
interface of the Ag profile, indicating a partial mixing. The
optical study shows that at high fluence of
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5 x 10" ions/cm® used in the present work nanoparticle
formation in the fused silica glass matrix is observed & post
irradiation annealing result in growth of the nanopartciles.
Open aperture z-scan measurement of SHI irradiated
Ag/SiO, sample after annealing shows a saturation
behavior, indicating that the sample is optically non-linear.
The sample shows saturation behavior but does not show
optical limiting behavior, which indicates that the size and
number density of nanoparticles are low. The observed
saturation peak in z-scan result indicates that the optical
nonlinearity is enhanced due to nanoparticle formation. The
control over the particle size as a function of SHI ion beam
technique and observed nonlinearity results provide
concrete evidence that Ag nano composite glasses can be
used in nonlinear and optical limiting application.
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