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Abstract Ag nanoparticles (NPs) embedded in a zirconium
oxide matrix in the form of Ag:ZrO, nanocomposite (NC)
thin films were synthesized by using the sol-gel technique
followed by thermal annealing. With the varying of the concen-
tration of Ag precursor and annealing conditions, average sizes
(diameters) of Ag nanoparticles (NPs) in the nanocomposite
film have been varied from 7 to 20 nm. UV-VIS absorption
studies reveal the surface plasmon resonance (SPR)-induced
absorption in the visible region, and the SPR peak intensity
increases with the increasing of the Ag precursor as well as with
the annealing duration. A red shift in SPR peak position with
the increase in the Ag precursor concentration confirms the
growth of Ag NPs. Surface topographies of these NC films
showed that deposited films are dense, uniform, and intact
during the variation in annealing conditions. The magnitude
and sign of absorptive nonlinearities were measured near the
SPR of the Ag NPs with an open-aperture z-scan technique
using a nanosecond-pulsed laser. Saturable optical absorption
in NC films was identified having saturation intensities in the
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order of 10'* W/m?. Such values of saturation intensities with
the possibility of size-dependent tuning could enable these NC
films to be used in nanophotonic applications.

Keywords Nanocomposites - Ag nanoparticles - Surface
plasmon resonance - Nonlinear absorption

Introduction

Investigations on the plasmonic nanocomposites (NCs) com-
prising noble metal nanoparticles embedded in dielectric oxides
are of paramount concern for variable linear and nonlinear
optical (NLO) properties. Particularly, NLO properties are in-
teresting owing to the possibility of fabricating photonic devices
with superior performances. Strong NLO response of plasmonic
NCs makes them suitable for devices of advanced telecommu-
nication systems such as saturable optical absorbers and as
optical limiters. Saturable optical absorbers in bistable optical
devices provide optical switching or all optical memory func-
tions; on the other hand, optical limiters can be used to prevent
laser-induced damages [1, 2]. The ability of local field enhance-
ment by noble metal nanostructures provides the prospects of
the elaboration of ultrafast optical switches [3], optical limiters
[4], reverse saturable absorbers [5], etc. The origin of nonlinear
optical absorption due to local field enhancement by plasmons
in metallo-dielectric NCs has been analyzed theoretically [6, 7]
in detail, but only few relevant methods, e.g., Z-scan method [1,
2, 8, 9], can be used to experimentally investigate their NLO
response.

These NCs show characteristic surface plasmon resonance
(SPR) absorption in the visible region due to collective electron
density oscillations at resonance frequencies [10, 11]. The peak
position and the bandwidth of the plasmon absorption band
depend on the size, shape, density distribution of nanoparticles,
and also on the dielectric constant of the surrounding medium
[12]. Altering postsynthesis external conditions (temperature,

@ Springer



130

Plasmonics (2014) 9:129-136

irradiation, etc.) cause changes in the effective dielectric con-
stant of NCs which will significantly perturb the electron
density oscillations, i.e., SPR absorption band in the NC
film. This in turn affects the NLO behavior of the NC
films because both the subpicosecond NLO response and
thermomodulation are associated with the perturbation of the
Fermi distribution of electrons in metal [13]. The shape- and
size-dependent localized surface plasmon absorption effect in
metallic nanoparticles makes them suitable candidates for ap-
plications viz. surface-enhanced Raman scattering, bimolecular
detection, dielectric constant measurements, tailored plasmonic
resonance, etc. [14—19]. The size dependence of the dielectric
constant is determined by a free path effect [20, 21], which is
based upon the Drude—Sommerfeld theory, and gives an ex-
pression for a size-dependent collision frequency of conduction
electrons. The particle surface is considered as a scatterer of
conduction electrons. The appropriate mean free path Lgphere Of
an electron, disregarding its coupling to the Fermi liquid, is
calculated to be equal to the particle size (). Provided that all
scattering mechanisms of the conduction electrons in a spherical
particle are independent of one another, the effective collision
frequency wp is given by wp=wp, puk+vr/F, where vy is Fermi
velocity and wp, puik is collision frequency of electrons in bulk
metal. The local field enhancement inside nanoparticles is
estimated with the field factor fi=3¢,/(¢+2¢,,), where ¢ and
€m are dielectric constants of metal and embedding matrix,
respectively [10, 13]. The nonlinearity of the composite is
associated with the local field factor, absorbance, and the
nonlinear susceptibilities, using arguments of effective medium
approximations. The value of the third-order nonlinear suscep-
tibility y® of Ag nanoparticles at the wavelength of the second
harmonic radiation of a Ti:sapphire laser (=400 nm) was mea-
sured to be 1.5x 107 esu [3]. Ag nanoparticles have an advan-
tage over other metal nanoparticles (i.e., Au and Cu) from the
point of view that the SPR energy of Ag is far from the
interband transition energy. So, in the Ag nanoparticle system,
we can investigate the NLO processes caused solely by surface
plasmon contribution.

In this direction, the NLO properties of Ag NPs embedded in
Si0,, TiO,, and Al,O; matrices have been reported [22, 23].
ZrO, has also emerged as an interesting choice of matrix
because of higher refractive index, high band gap, and higher
thermal stability as compared to other conventional oxide or
polymer dielectrics [24, 25]. Anija et al. [26] have reported the
NLO properties of different core—shell structures prepared by
chemical route. However, to the best of our literature knowl-
edge, the NLO properties of Ag:ZrO, NC thin films have not
been investigated in detail so far. Such kind of study is very
important because the stability of thin films (with nanometer
thickness) to laser beam is usually considered a constraint
during NLO measurements. Recently, we reported the synthesis
procedure of Ag:ZrO, NC thin films without using any chem-
ical capping agent and tailoring of SPR-induced absorption

@ Springer

with postdeposition treatments [27-29]. The present work
mainly emphasizes on validating the role of Ag precursor
concentration on the linear and nonlinear optical properties of
NC thin films.

Fabrication and Experiment

The Ag:ZrO, NC thin films (thickness ~300 nm) were pre-
pared by sol-gel dip-coating method using different concen-
trations of Ag precursors (0.1, 0.05, and 0.025 M) followed by
thermal annealing. The details of the synthesis methodology
are described in our previous papers [27, 28]. Microstructural
studies and Ag nanoparticle size estimation were carried out
using a Philips TEM CM-12 fitted with a Hamamatsu digital
camera model C-4742-95. The surface topography of films
was recorded in contact mode with an atomic force microscope
(Nanoscope IlIa Veeco). Optical measurements were recorded
with a UV-VIS-NIR spectrophotometer (PerkinElmer, model:
Lambda 900), and absorbance 4 (4=100—R—T) is calculated
using the measured spectral transmittance (7) and spectral
reflectance (R) data. To investigate the nonlinear optical
properties of Ag:ZrO, NC films, an open-aperture z-scan mea-
surement is carried out using 7-ns (FWHM) pulses from a Q-
switched Nd:YAG laser (Quanta Ray Spectra Physics) emitting
at the second harmonic wavelength at 532 nm (2.33 eV). A
laser pulse energy of 15 pJ was used for the measurements.

Results and Discussions

TEM micrographs of the Ag:ZrO, NC films, prepared with
0.025, 0.05, and 0.1 M Ag precursor concentrations and
annealed at 300 °C for 4 h are shown in Fig. 1 as a, b, and c,
respectively. Micrographs show that grown Ag nanoparticles
are spherical in shape and showing no agglomeration. Size
(diameter) estimation shows that the size of the nanoparticles
ranges mainly from 2 to 25 nm, and their distribution gets
broadened with increase in Ag precursor concentration.
Particle size distributions of Ag NPs in films prepared with
0.025, 0.05, and 0.1 M Ag precursor concentration and iden-
tically annealed at 300 °C for 4 h are shown as d, e, and f,
respectively, in Fig. 1. Histograms are plotted after estimating
the size of 120 particles in each film. The distribution of
particles is spread in the same range; however, the particle
size shifts from 7 to 20 nm when the Ag concentration is
increased. The average sizes of Ag particles are compared as a
function of Ag precursor concentration, and it is observed
that increase in Ag precursor concentration from 0.025 to
0.05 M, and to 0.1 M, results in growth of average size of
the particles from 7 to 12 nm and to 20 nm, respectively
(as shown in micrographs a, b, and c). A typical HRTEM
micrograph of film annealed at 450 °C for 4 h (not shown here)
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Fig. 1 TEM micrographs of
Ag:ZrO, nanocomposite thin
films, prepared with Ag conc.
0.025 M (a), 0.05 M (b), and
0.1 M (¢), and corresponding
size distribution of nanoparticles
for Ag conc. 0.025 M (d),
0.05 M (e), and 0.1 M (f),
annealed identically at 300 °C
for4 h

exhibits well-separated crystalline planes of Ag nanoparticles
and of ZrO, matrix. The typical size of Ag nanoparticles in this
case was found to be around 14 nm. If the average nanoparticle
size is compared with Fig. 1 micrograph b, it is evident
that the increase in the annealing temperature enhances the
average nanoparticle size, which is in agreement with our
earlier study [28].

Since the deposited films were prepared by sol-gel tech-
nique which involves sensitive variations in the porosity of
films as a function of temperature, it may lead to a variation in
surface features (i.e., roughness, areal density) which can have
adverse effects in determining the linear and nonlinear optical
properties of NC films. For this purpose, the surface topogra-
phy of films is studied as a function of temperature. The
surface topography of Ag:ZrO, NC films, as deposited,
annealed for 4 h at 200, 300, and 450 °C, is shown by AFM
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micrographs a, b, ¢, and d, respectively, in Fig. 2. These
micrographs reveal that deposited films were dense, uniform,
and intact on the substrate during thermal annealing; however,
the surface topography exhibits significant variation. With the
increase in annealing temperature from as deposited to 200
and to 300 °C, RMS roughness is found to increase from 16.4,
to 26.7, and to 34.4 nm, respectively. However, a further
increase in annealing temperature to 450 °C does not show
an increase in RMS roughness and rather shows a decrease to
22.8 nm. The skewness variation is found to be —0.2, 0.5, 0.2,
and 0.3 nm for films as deposited and annealed at 200, 300,
and 450 °C, respectively. The reversal of negative values of
skewness into positive values is evident from the fact that the
as-deposited film has a porous surface structure, which gets
modified, when films are annealed at temperature >200 °C.
When the films were annealed up to 300 °C, the observed
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Fig. 2 AFM micrographs of film a
as deposited (a), annealed at

200 °C (b), at 300 °C (c), and at
450 °C (d) [x and y scales, | pm
per division, and z scale, 150 nm
per division]

1.000 pmrdly
150,000 nmidiy

% 1,000 pmidiy
T 150.000 resdiv

increase in RMS roughness from 16.4 to 34.4 nm is because in
this temperature region, a remnant part of the solvent escapes,
and conversion of silver oxide into Ag starts up. At 300 °C,
the escaping is over, and further annealing to 450 °C does not
increase RMS roughness, but a decrease is observed from 34.4
to 22.8 nm. Crystallization of the matrix at the same time leads
to local rearrangement of metal clusters grown inside the
porous ZrO, and hence modifies the surface roughness. If
we compare the variation in RMS roughness of the NC films
as a function of temperature with the incident spectral window
of interest (around 400-600 nm), the variation is one order
shorter than the incident wavelengths; hence, we can ignore
the effects of surface variations in the present case.

Spectral variation in absorptance 4 versus incident light
wavelength for the NC films prepared with different concen-
trations of Ag and annealed in identical conditions is shown in
Fig. 3. The red and black curves correspond to the Ag con-
centrations of 0.025 and 0.05 M while blue traces correspond
to 0.1 M. It is apparent from the figure that absorptance spectra
exhibit resonance behavior depicting a strong absorption at a
certain frequency of the incident light where incident light
frequency matches with the natural frequency of oscillation of
electrons in the particle which can be defined based upon the
shape and size of the Ag nanoparticles. It can be noted from
the figure that absorptance increases as the Ag concentration
goes up. The absorptance is more prominent in the case of
0.1 M Ag concentration because of the largest size of the
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nanoparticles compared with the cases of 0.05 and 0.025 M
of Ag concentration. The observed red shift in peak position is
also an indication of the growth of Ag nanoparticles with the
increase in Ag precursor concentration.

In order to have an appreciation of the resonant absorptance
behavior of metallic nanoparticles with respect to the incident
radiation as well as shape and sizes of the nanoparticle, we
theoretically analyzed our experimental observations. The
optical response of noble metallic nanoparticles, embedded
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Fig.3 Variation in SPR peak intensity, having fixed annealing conditions

for Ag:ZrO, nanocomposite thin films of Ag concentrations of 0.025,
0.05, and 0.1 M
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in a glass matrix, depends on size-dependent permittivity
e(w,R) of Ag particles and absorption extinction (o) of Ag
particles, as given in the following in the quasistatic regime
where R<<\[10]:

e(w,r) = g|(w) + iez2(w,r) = g,(w) + i{glbu”‘(w) + 77%)32 <V7F>} ’
1

187Cen®? (w)ea (w, 7)
)\((51 (W) + 2em(W))? + £22(w, r))

K =

where ¢, and e, are the real and imaginary parts of the
dielectric constant of metal particles, ¢y is the dielectric
constant of the matrix, w, is the Drude plasma frequency
(for Ag, w,=1.46x10"%s™"), g is the Fermi velocity (for Ag,
vp=14x10° ms ") and C is the volume concentration of
embedded particles; the parameter 7 is written as the sum of
two additive terms describing size and interface effects.
From Eq. 2, it is evident that maxima in absorption extinc-
tion can be obtained if condition e,(w)=—2¢, is fulfilled,
which leads to resonance when coupled with photons. This
resonance corresponds to the first order mode of scattering
of light by a metallic sphere. From Egs. 1 and 2, it is clear
that the position and the intensity of the absorption peak
are strongly dependent on the size of particles and on the
local environment.

In Fig. 4, we show the variation of SPR peak intensity with
annealing duration of NC thin films prepared with two differ-
ent Ag concentrations of 0.05 and 0.1 M at a fixed annealing
temperature (300 °C). One may note that SPR peak intensity
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Fig. 4 Variation in SPR peak intensity, with different annealing dura-
tions for Ag:ZrO, nanocomposite thin films of Ag concentration of
0.05 and 0.1 M

initially increases with annealing duration and then saturates.
The saturation times of 8 and 12 h are observed for the films
prepared with 0.05 and 0.1 M Ag concentration, respectively.
A rise in the peak intensity can be attributed to the continuum
formation of Ag nanoparticles in the beginning when the yield
of nanoparticles increases with time. Once the maximum
nanoparticle concentration is achieved, the peak intensity is
expected to saturate. The maximum nanoparticle concentra-
tion will occur when most of the Ag ions undergoing nucle-
ation have been utilized in the formation of nanoparticles.
Further, we observe that the rate of enhancement in peak
intensity depends on the Ag concentration. A lower concen-
tration of Ag nanoparticles, i.e., 0.05 M leads to a slower
rate of formation and hence lesser time for saturation. This
behavior is anticipated as the number of Ag ions is less in
the lower Ag concentration film, leading to formation of
less silver oxide molecules; hence, less thermal energy is
needed for the decomposition of silver oxide into Ag
nanoparticles. As evident from the figure, one may get
the same absorptance A4 in less annealing duration for the
higher Ag concentration.

The open-aperture z-scan technique has been used to mea-
sure the nonlinear optical properties. This technique is based
on the single beam intensity versus transmission measure-
ment, by focussing the beam and translating the sample in
the focussed beam along the z-direction. We used a fully
automated z-scan setup for the measurements [30]. The
obtained open-aperture z-scan curves show the saturable ab-
sorption behavior. The observed NLO results can be modeled
by using the homogenous equation describing saturation ab-
sorption [31]

(0

Here, « is the unsaturated linear absorption coefficient at
the excitation wavelength, / is the input laser intensity, and /; is
the saturation intensity. For calculating the transmitted inten-
sity for a given input intensity, the propagation equation,

2o ()

is numerically solved. Here, z' indicates the propagation
distance within the sample. By determining the best-fit
curves for the experimental data, the nonlinear parameters
are calculated.

Open-aperture z-scan curves of NC films prepared with Ag
precursor concentrations 0.1, 0.05, and 0.025 M annealed at
300 °C for 4 h are shown in a, b, and c of Fig. 5, whereas the
open-aperture z-scan curve of the NC film prepared with the

a(l) =
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Fig. 5 Open-aperture z-scan curve of Ag:ZrO, nanocomposite films with Ag precursor concentration a 0.1 M, b 0.05 M, ¢ 0.025 M (each annealed at

300 °C for 4 h), and d 0.05 M (annealed at 450 °C for 4 h)

Ag precursor concentration 0.05 M annealed at 450 °C for 4 h
is shown in d. It has been observed that as-deposited films
prepared with the highest Ag precursor concentration (0.1 M)
were not stable at the highest laser fluence (i.e., at z=0).
However, plots a, b, ¢, and d demonstrate that these NC thin
films are stable with respect to highest fluence. For the quan-
titative evaluation of the saturation intensity (/;), best-fit curves
were obtained using Eqs. 3 and 4. Values of /; are estimated as
1.3x10', 1.6%10"%, 6.1x10'* and 1.1x10'> W/m? for plots
a, b, ¢, and d, respectively. The values of saturation intensities
versus the estimated average sizes of Ag particle diameters
are presented in Table 1. It is clear from the table that for

Table 1 The variation in saturation intensity versus the average particle
size of Ag nanoparticles

No.  Agprecursor  Annealing Particle diameter I, (W/m®)
conc. temperature  (avg.)

1. 0.1 M 300 °C 20 nm 1.3x10"

2. 0.05M 300 °C 12 nm 1.6x10"

3. 0.025 M 300 °C 7 nm 6.1x10"

4. 0.05 M 450 °C 14 nm 1.1x10"
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identical thermal conditions (300 °C for 4 h), the values of
I increase with decrease in the average size of Ag nanoparticles.
In the same line, when particle size was increased (from 12 to
14 nm) by increasing the annealing temperature (from 300 to
450 °C) for a fixed concentration of precursor (0.05 M), the
decrease in values of I; was induced. The contradicting
trend in the case of films prepared with 0.1 M concentration
annealed at 300 °C (average size=20 nm) and that of 0.05 M
concentration annealed at 450 °C (average diameter=14 nm),
where we observed a decrease in /5, which can be explained
considering the fact that the matrix of NC films, prepared with
0.1 M concentration and annealed at 300 °C, is mainly com-
posed by Ag nanoparticles and matrix having Ag,O3 and
ZrO,, which affect the variation in the effective dielectric
constants of matrix, and in turn on the nonlinear susceptibil-
ities. Here, it must be emphasized that at annealing condition
300 °C for 4 h, we do not get the complete reduction of Ag,O5
into Ag, which is clearly evident from Fig. 4. The exact
proportion of unreduced Ag,0; can be estimated by compar-
ing the core level spectra of silver oxide and of metallic Ag,
which has already been elaborated in our earlier work [28].
On the other hand, in the matrix of NC films prepared with
0.05 M concentration and annealed at 450 °C, most of the
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Agr05 is decomposed in Ag metal, and the matrix is largely
composed by ZrO, only. Such kind of complete decomposi-
tion of Ag,O5 into Ag at 450 °C has already been reported in
our earlier work [28]. In the present case, the information is
being obtained from the dependence of the detected signal
on the position of sample with light induced lens along the
focused laser beam. At resonance excitation, at least two
contributions can take place; the first is the cumulative
nonlinearity having a decay time much longer than the
pulsewidth and associated with the population of excited
states or local heating, and the second is Kerr nonlinearity
having instantaneous response and decay times relative to
the pulsewidth. Understanding the influence and strength of
the individual contributions from an experimental or theo-
retical point of view would help to optimize materials. In
order to improve saturable absorption, one has to under-
stand the individual mechanisms that take place when
intense laser light interacts with materials. Ganeev et al.
reported the I values as 1.1x 10° W/cm? for Ag nanoparticles
embedded in sodalime silicate glass and 1.4x10° W/cm? for
Ag nanoparticles embedded in silicate glass of 1-mm thick-
ness [2]. In the comparison of such values, / in the present
case (in the order of 10'*> W/m?) for ~300-nm-thick NC films
will be an interesting choice of material for nanophotonic
applications.

Conclusion

In conclusion, we have successfully synthesized Ag:ZrO, nano-
composite thin films and investigated their size-dependent
linear and nonlinear optical properties in detail. The TEM
micrographs of the nanocomposite films confirm the formation
of spherical nanoparticles with diameters ranging from 7 to
20 nm by varying the Ag precursor and annealing conditions.
The UV-VIS absorption studies revealed the existence of
surface plasmon resonance absorption from Ag nanoparticles
in the visible region. The intensity of the SPR peak was found
to increase with Ag precursor concentration as well as with the
annealing duration. The magnitude and sign of absorptive
nonlinearities near the surface plasmon resonance of the Ag
NPs in ZrO, matrix were measured by an open-aperture z-scan
technique employing nanosecond-laser pulses. Z-scan results
showed remarkable values of saturation intensities (in the order
of 10'* W/m?) for thin films which are found to be tunable
with the varying Ag precursor concentrations as well as
annealing temperature.
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