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Abstract Nanocomposite thin films consisting of Cu
nanoparticles embedded in silica matrix were synthesized
by atom beam co-sputtering technique. Plasmonic, optical,
and structural properties of the nanocomposite films were
investigated by using ultraviolet (UV)—visible absorption
spectroscopy, nonlinear optical transmission, X-ray diffrac-
tion (XRD), and low-frequency Raman scattering. UV—
visible absorption studies revealed the surface plasmon
resonance absorption at 564 nm which showed a red shift
with increase in Cu fraction. XRD results together with
surface plasmon resonance absorption confirmed the presence
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of Cu nanoparticles of different size. Low-frequency Raman
studies of nanocomposite films revealed breathing modes in
Cu nanoparticles. Nanocomposites with lower metal fractions
were found to behave like optical limiters. The possibility of
controllably tuning the optical nonlinearity of these nano-
composites could enable them to be the potential candidates
for applications in nanophotonics.

Keywords Plasmonic nanocomposites - Nonlinear
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Introduction

Noble metal nanoparticles (MNPs) embedded in a dielectric
matrix have attracted significant research interest due to
their fascinating optical, electrical, and mechanical proper-
ties, which find a wide range of applications in nano- to
biotechnology [1-8]. When noble MNPs embedded in a
dielectric matrix are excited by light, the electric field
vector of the electromagnetic (EM) wave induces charge
density oscillations called plasmon oscillations. When the
frequency of EM wave equals to the plasmon oscillation
frequency, i.e., under resonance condition, strong absorp-
tion of light occurs, which is known as localized surface
plasmon resonance (LSPR) absorption. LSPR phenomenon
in metal nanoparticles (NPs) under EM radiation results in
strong enhancement of local electric fields by orders of
magnitude, which in turn leads to significant enhancement
in their linear and nonlinear optical properties [9—12]. Due
to this, nanocomposites embedded with noble metal nano-
particles find widespread applications in chemical and
biosensors, surface-enhanced Raman scattering, sub-
wavelength lithography, and nonlinear optical devices
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[13-21]. The optical nonlinearity and optical-limiting
phenomena in noble metal dielectric nanocomposites are
promising for potential applications in photonics, opto-
electronics, waveguides, and lasers. The plasmonic or
optical properties of noble metal dielectric nanocompo-
sites mainly depend on the type of matrix, size and
shape of NPs, and inter-particle separation (IPS) which
is mainly responsible for coupling of electric field when
IPS is below a threshold value [22, 23]. In nanoscale
region (1 to 10 nm), the surface contribution strongly
dominates over bulk properties and the phenomenon like
inter- and intraband contributions also come into picture
along with plasmon oscillations in the noble MNPs under
EM excitation. Therefore, a detailed understanding of their
optical properties is of interest from both fundamental as
well as technological point of view. Development of
techniques for synthesizing monodisperse MNPs with
desired sizes and IPS has been a major challenge over
the years. Several techniques [23-29] have been used to
fabricate MNPs embedded in various dielectric matrices.
In this paper, we report the synthesis of Cu-silica nano-
composite thin films by a simple and versatile process of
atom beam co-sputtering. The effects of metal fraction on
the surface plasmon resonance (SPR) absorption and the
nonlinear optical properties of nanocomposites are inves-
tigated. Size-dependent, low-frequency, Raman-breathing
modes in Cu nanoparticles have been investigated and
optical-limiting response is also reported.

Experimental Details

Nanocomposite films of Cu-silica (marked as a, b, and c)
with increasing concentration of Cu were prepared by atom
beam co-sputtering of Cu and silica targets with 1.5 keV
neutral Ar atoms. Cu thin foils symmetrically glued (in
square pieces) on 3-in. diameter silica disc was used as
sputtering target. The FAB neutral Ar atom source is
mounted at an angle of 45° to the sputter target and the
distance between source and target was adjusted in such a
manner that the beam covers the entire area of target. The
circular substrate holder with diameter slightly less than
3 in. was mounted exactly below the target so that the
whole area of target receives maximum yield of sputtered
atoms from the target. The relative areas of Cu foils and
silica disc, exposed to the Ar atom beam, and the sputtering
yields were taken into consideration for deciding the metal
content of the nanocomposite films. The uniformity of the
co-sputtered films was achieved by rotating the substrate
with a DC motor. Films deposited on silica glass were used
for ultraviolet (UV)—visible optical absorption, z-scan, and
low-frequency Raman scattering studies, while films on Si
(100) substrates were used for X-ray diffraction (XRD) and
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Rutherford backscattering spectroscopy (RBS) investiga-
tions. RBS using 900 keV He' ions at a backscattering
angle of 165° was used to quantify the Cu concentration
and thickness of the nanocomposite films. UV-visible
absorption spectra were recorded using a dual beam
spectrophotometer Hitachi U3300 in the spectral range of
300-800 nm. Grazing incidence X-ray diffraction spectra
were recorded by Bruker D8 Advance diffractometer at
grazing incidence angle of 2°, using a CuK,, (A=1.5406 A°)
source operating at 40 kV and 40 mA. Low-frequency
Raman scattering (LFRS) studies at room temperature in
the backscattering geometry were carried out using Spex-
14018 monochromator and 488 nm line of an Ar ion laser
was used as excitation source. To study optical nonlinearity,
open aperture z-scan measurements were carried out at
532 nm using 7-ns laser pulses from a frequency-doubled
Nd:YAG laser (Quanta Ray-Spectra Physics). The z-scan is
a widely used technique developed by Bahae et al. [30] to
measure optical nonlinearity of materials and the open
aperture z-scan gives information about the nonlinear
absorption coefficient. Here, a laser beam is focused using
a lens and passed through the sample. The beam’s
propagation direction is taken as the z-axis, and the focal
point is taken as z=0. The beam will have maximum energy
density at the focus, which will symmetrically reduce
towards either side for the positive and negative values of
z. The experiment is done by placing the sample in the
beam at different positions with respect to the focus
(different values of z) and measuring the corresponding
light transmission. The graph plotted between the sample
position z and the normalized transmittance of the sample T
(norm.) (transmission normalized to the linear transmission
of the sample) is known as the z-scan curve. The nonlinear
absorption coefficient of the sample can be numerically
calculated from the z-scan curve. In our experiment, z-scans
were recorded at three different laser pulse energies (18, 22,
and 33 plJ) to ensure reproducibility of the results. The
beam focal spot radius (wg) was 18 pum, yielding a Rayleigh
range (zo) of 1.9 mm. The laser was run in the single shot
mode using a data acquisition program, with an approxi-
mate interval of 2 to 3 s between each pulse. This low
repetition rate prevents sample damage and heating of the
sample during the z-scan.

Results and Discussions

Figure 1 shows a typical RBS spectrum of Cu-silica
nanocomposite (sample a) deposited on Si substrate, along
with the simulated spectrum. The Cu content and thickness
of the nanocomposite film have been estimated to be 18+
1 at.% and 130 nm respectively from Rutherford universal
manipulation program simulations [31]. The Cu contents of
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Fig. 1 A typical RBS spectrum of Cu-silica nanocomposite (a) along
with the simulated spectrum, shown by continuous red line

nanocomposites b and ¢ have been found to be 35+2 and
63+3 at.%, respectively.

The optical absorption spectra of Cu—silica nanocompo-
sites (a, b, and c) with increasing Cu metal-filling fractions
are shown in Fig. 2. The spectrum for sample a shows the
presence of a broad-absorption band at ~561 nm (inset of
Fig. 2), which is due to the SPR absorption of Cu NPs
embedded in silica matrix. The increased absorption in the
UV region is mainly due to the interband contributions. The
absorbance for sample b shows a prominent SPR peak at
564 nm. Further increase in Cu metal fraction of the
nanocomposite films (sample c) results in a significant
increase in the intensity of SPR peak which is red shifted to
~579 nm along with slight increase in full width at half
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Fig. 2 UV-visible absorption spectra of Cu—silica nanocomposites (a,
b, and ¢) having different metal fractions

maximum (FWHM). The observed red shift, broadening,
and increased intensity of the SPR peak are attributed to
increase in size and density of embedded Cu NPs in the
nanocomposites [9]. In addition, the IPS becomes compa-
rable or smaller than the size of Cu NPs leading strong
coupling of plasmons which again results in the creation of
strong local electric fields, and hence enhanced absorption
of electromagnetic radiation. This can be clearly seen in the
spectrum for sample c, in which the IPS is estimated to be
smaller due to higher Cu content of the nanocomposite.

The XRD spectra of the nanocomposite films (a, b, and
c) are shown in Fig. 3, which reveal that embedded Cu NPs
are in face-centered cubic phase. The broad peaks in XRD
pattern reflect the finite size of Cu NPs. The most intense
peak (at 43.1°) in XRD pattern is due to the reflection from
(111) plane and the broad peak around 50.3° is due to the
(200) reflection from Cu NPs. The appearance of an
additional peak at ~35.5° in XRD spectra can also be seen
for samples b and c, which can be attributed to (—111) the
reflection of CuO. It can also be clearly seen from Fig. 3
that the FWHM of the (111) peaks in the XRD spectra
decreases with increase in the Cu content of nanocompo-
sites, which indicates the increase in the average size of
embedded Cu NPs.

LFRS is commonly used to determine the size of NPs
embedded in dielectric matrices. The confined acoustic
phonons in metal or semiconductor NPs give rise to low-
frequency (few cm ' to few tens of cm ') modes in the
vibrational spectrum. The energy ecigenvalues of these
vibrational modes mainly depend on the elastic properties
(longitudinal and transverse sound velocities) of the
material and the size of NPs. These modes are characterized
by two indices / and n, where / is the angular momentum
quantum number and 7 is the branch number. Here, n=0
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Fig. 3 XRD spectra of Cu-silica nanocomposites (a, b, and ¢) having
different metal fractions
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represents the surface modes. It has been verified both
theoretically and experimentally that only two types of
acoustic vibration modes are Raman active. These are the
symmetric surface spheroidal mode (breathing mode)
corresponding to /=0 and the asymmetric surface quad-
rupolar mode corresponding to /=2. The frequencies of the
spheroidal mode (breathing mode) w, and the quadrupolar
mode w, are given as [32]:

5
=A)— 1
o OdC ()
Vr
= A, — 2
() 2dc ()

where wy and w, are the frequencies of the vibration modes
with /=0 and /=2, v and vt are the longitudinal and
transversal sound velocities, 4y and 4, are proportionality
coefficients depending on the angular momentum /I, the
harmonic number n, and the ratio between the longitudinal
and transverse sound velocities, ¢ is the velocity of light in
vacuum, and d is the diameter of the NPs. Since the
frequency is inversely proportional to the size of the
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particles, small NPs would result in LFRS peaks at
relatively higher wave numbers, which are weak in
intensity and very difficult to detect. Nanoparticles of larger
size gives rise to LFRS peaks, at very low wave numbers,
submerged with the Rayleigh peak. However, it is possible
to detect LFRS peaks lying in the range of 5 to 40 cm ™'
which corresponds to particles which are few nanometers in
size. Hence, LFRS can be used to determine the size of
small metal or semiconductor NPs embedded in dielectric
matrices.

LFRS was used to determine the size of Cu NPs
embedded in silica matrix. Montagna and Dusi [33] have
calculated the values of coefficients 4y and 4, as a function
of vi/vr. The value of 4, comes out to be 0.83 using their
calculation and the reported values of sound velocities for
bulk copper v =4,828 m/s and vr=2,648 m/s. We have
estimated the size (diameter) of Cu NPs from the observed
frequencies of the low-frequency Raman peaks using these
parameters from Eq. (1). The low-frequency Raman spectra
of Cu-silica NC films with different Cu metal-filling
fractions (samples a, b, and c) are shown in Fig. 4. The
observed peaks have the following frequencies: 24 cm '
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Fig. 4 Low-frequency Raman spectra for Cu—silica nanocomposites (a, b, ¢) having different metal fractions
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(5.6 nm) for sample a, 24.2 cm ™' (5.6 nm) for sample b, and
22.2 cm ' (6 nm) and 28.9 cm ™' (4.6 nm) in case of sample
c. The values in the brackets are the corresponding average
diameters of Cu NPs, estimated assuming the observed
Raman peaks originated from the spheroidal “breathing
mode” (/=0) of Cu NPs.

The formation and growth of Cu NPs inside silica
matrix by atom beam co-sputtering can be explained as
follows. Nanoparticle formation inside an insulating
matrix by atom beam co-sputtering involves processes
of (a) surface and bulk diffusion of sputter-deposited
atoms, (b) nucleation and growth of nanoparticles, and
(c) adsorption and desorption of atoms from these
nanoparticles. In the present case, 1.5 keV Ar atoms
have been used to sputter silica target with some area
covered homogenously with thin Cu foils. Irradiation
with 1.5 keV Ar atoms leads to the sputtering of O, Si,
and Cu atoms with energies varying from few electron
volt to hundreds of electron volt, as estimated using
stopping and range of ions in matter (SRIM) code [34].
These sputtered atoms get deposited on the substrates
leading to the formation of thin films, which gets
continually irradiated with the energetic sputtered atoms.
The projected range and range straggling of these
sputtered atoms are estimated to be in the range of few
angstrom from SRIM simulations [34]. These atoms
diffuse on surface and into the matrix because of their
remaining energy. Due to the very low solubility of Cu in
silica matrix, the diffusing Cu atoms combine to form
clusters which then act as nucleation centers for the
growth of Cu NPs. The nucleation and growth of Cu
NPs depends on average interatomic separation of Cu
atoms arriving in the film, which is dependent on the Cu
content of the nanocomposite films. The size of Cu NPs
formed depends on the Cu content of the films and the
energies of the sputtered atoms irradiating the films during
its growth. An increase in Cu content results in the growth
of Cu NPs with increased number density.

Figure 5a shows the open aperture z-scan curve giving
the nonlinear transmittance of the Cu-silica nanocomposite
sample a. In Fig. 5b, we show the normalized transmittance
as a function of the input laser intensity. Since we are using
nanosecond laser pulses for excitation, there is a possibility
for photobleaching and sample melting. These will lead to
the loss of symmetry of the z-scan about the z=0 point, and
an increased light scattering when the sample is at and near
the beam focal point. However, the z-scans shown in
Fig. 5a are symmetric. Moreover, we had visually checked
for increased light scattering from the samples throughout
the z-scan, but did not observe any. These observations
indicate that the sample has undergone no physical or
chemical changes due to laser excitation. At the excitation
energy used an optical-limiting behavior is clearly seen for
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Fig. 5 (a) Open aperture z-scan plots of Cu-silica nanocomposite
film a and (b) normalized transmittance as a function of input laser
intensity. Open symbols are the measured data points while solid
curves are numerical fits to the data for a two-photon absorption
process given by Eq. 3

the nanocomposite with lowest Cu content (at lower
energies an absorption saturation behavior may be expected
in noble metal nanoparticle systems). For sample a, which
behaves like an optical limiter, the nonlinearity is found to
fit well to the transmission equation for a two-photon type
absorption (2PA) process, given by [35]

- <<1 —R>7wgq§<—aw) | w[ViTaeeca]a

(3)

where T is the actual z-dependent sample transmission
(product of linear transmission and normalized transmit-
tance), and L and R are the length and surface reflectivity of
the sample, respectively. « is the linear absorption
coefficient. g is given by B(1 — R)IoL.ss, where 3 is the
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nonlinear absorption coefficient, and [ is the on-axis peak
intensity. L,z is given by 1—exp(—al/c). Since the residual
absorption of sample a at the excitation wavelength is 61%,
the quantity ( here is derived not only from genuine 2PA,
but also from interband, intraband, and free carrier
absorptions. Collectively, these pheneomena act as a reverse
saturable absorption process, and /3 may therefore be called
the effective 2PA coefficient. The effective 3 values are
calculated to be 2x1077, 3x1077, and 610" m/W for the
excitation energies of 18, 22, and 33 pJ, respectively. The
observed values of nonlinear absorption coefficient § have
been compared to the results reported earlier for different
nanocomposites. Under similar excitation conditions, we
have measured the effective (3 values of ZnMgO thin films
in the range of 107> m/W [36], PbSrTiO; films in the range
of 1077 m/W [37], while for Au: Ag-PVA, Ag-PVA, and Au-
PVA nanocomposite films, these values were measured in
the range of 1077, 10°%, and 10 m/W, respectively [38].
Irimpan et al. [39] have shown that the effective (3 values of
ZnO-Ag nanocomposite can be tuned from 2x107'% to 2x
10 m/W by increasing the Ag metal fraction. Kartikeyan
et al. [26] have reported effective 3 values in the range of
5x107"% to 107" m/W for ion-exchanged Cu nanocompo-
site glass. Takeda et al. [25] have measured 3 of Cu-
implanted silica glass nanocomposites in the range of 10~
to 102 m/W. The observed effective 3 values are orders of
magnitude larger as compared to the values reported for
Cu-silica nanocomposites, prepared by other methods.
Thus, the nonlinear absorption coefficient measured by
z-scan technique reveals that the Cu—silica nanocompo-
sites investigated in the present study have good
nonlinear optical response and could be chosen as ideal
candidates with potential applications in nonlinear optics
and photonics.

Conclusion

In summary, we have synthesized Cu-silica nanocomposite
thin films with various Cu concentrations by a simple
process of atom beam co-sputtering of Cu and silica. UV—
visible studies revealed a clear SPR absorption band of Cu
nanoparticles which showed red shift of ~18 nm with
increase in Cu metal fraction. X-ray diffraction together
with low-frequency Raman scattering studies confirmed the
growth of Cu nanoparticles with an increase in Cu metal
fraction. The nucleation and growth of Cu nanoparticles in
silica during co-sputtering process have been discussed.
Nonlinear optical properties of nanocomposite films are
investigated in detail and we demonstrate that Cu-silica
nanocomposite with Cu metal fraction ~18 at.% behaves
like an optical limiter. Since optical limiters have several
applications in lasers and optoelectronics, Cu—silica nano-
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composite films can be potential media for photonics
applications.
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