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Abstract

Plasmon resonance in noble metals at nanoscale is technologically important for various
applications in plasmonic devices. The synthesis and optoelectronic properties of silver based
plasmonic metamaterial by ion-exchange (Ag*-Na") method in soda-lime glass matrix have been
investigated. The effects of annealing temperatures on plasmonic resonance of silver
nanoclusters are discussed. During annealing the Ag* are reduced to Ag° and subsequently form
silver nanoparticles in the oxidizing atmosphere. The particle size calculated from Mie theory are
in excellent agreement with the size measured from FEGTEM. The prepared materials were

characterized by XRD, UV-Vis, RBS, XPS and Raman spectra.
Keywords: Optoelectronics; Nanoparticles; Surface Plasmon Resonance; Metamaterials.
1. Introduction

Plasmonic nanostructure such as noble metal nanoparticle has attracted many researchers in the
past decade due to their intriguing size- and shape-dependent plasmonic and catalytic properties
compared to their bulk counterparts which can be used for various applications such as
photonics®, optoelectronics®®, biotechnology*® and biomedicine®. Metamaterials are made by the
combination or stacking of natural materials such as metals, semiconductors, and dielectrics
which are structured in such a way that the sizes of their particular pattern and geometries is
much smaller than the operating wavelength in order to yield an artificial material with
resonance in absorption to electromagnetic excitation. The plasmonic metamaterials based on
noble metals such as silver (Ag) and gold (Au) nanoparticles have unusual dispersion and optical
properties that arise from localized surface plasmon resonance (LSPR) in nanostructures that

access a very large range of wave vectors over a narrow frequency band. Particularly, nanoscale
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silver clusters embedded in a transparent dielectric matrix exhibit interesting surface plasmon
resonance (SPR) absorption usually observed in the visible region due to their coherent
oscillation of conduction band electrons when excited by electromagnetic radiations’®. The
plasmonic response of metallic nanoclusters can be tuned by controlling their size, shape,
volume, dielectric constant of the matrix and the interparticle separation in the metal
nanoparticles which gives a broad spectrum to scientific research in the field of plasmonics®*°.
Plasmonic materials such as noble metal nanoparticles are considered promising materials for
different nonlinear optical processes, like optical limiting"!, optical switching and computing
because of their ultrafast nonlinear response’®™®. Nonlinear optical properties of noble metal
nanoparticles dispersed in a transparent dielectric matrix have attracted much attention because
of high polarisabilities and fast nonlinear response that can be utilized in making optical devices
1718 Ultrafast optical switching devices generally act as key components for the next generation

broadband optical networks'"®

. In general, the major requirements of such devices are
plasmonic materials with less linear and nonlinear losses, good optical quality, mechanical
stability and ultra-short relaxation time. In this context, silicate glasses containing nanometer
sized clusters of noble metals are known to be among the most suitable and promising materials
due to their third order non linear susceptibility and ultrafast response’>?!. Generally high
efficient nonlinear optical materials based devices are expected to component for high-capacity
communication networks in which the ultrafast switching signal regeneration and high capacity
optical recording media is required®®. Soda-lime silicate glass embedded with silver nanoclusters
can be synthesized by various methods such as, ion-implantation, melt-quench techniques, low

energy ion- beam mixing, physical vapor deposition, ion exchange methods etc**%. Among

these methods the ion exchange method has been considered one of the most important
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techniques to introduce metallic nanoclusters inside the glass surface because the technique is
simple and does not require any sophisticated equipment. The ion exchange technique combines
with thermal annealing has received an increasing attention as it can be used to introduce
metallic nanoclusters such as silver, gold and copper into soda-lime matrix?*?°. The main
objective of the work presented in this paper is preparation and study of the plasmonic effects of
silver nanoclusters embedded in glass matrix by thermal ion exchange process.

2. Experimental

Silver nanoclusters embedded in a soda-lime glass matrix were prepared through the ion-
exchange (Ag'-Na") process followed by thermal annealing in oxidizing atmosphere.
Commercial soda lime glass slides (Blue Star Company) with composition (in weight %) of
72.0% SiO,, 14.0% Nay0O, 7.1% CaO, 4.0% MgO, 1.9% Al,0;, 0.6% K,0, 0.3% SO3, 0.1%
Fe,O3) of 0.5 mm thickness were cleaned ultrasonically by using distilled water,
trichloroethylene and acetone. Soda lime glass was ion exchanged for few minutes at 370°C in a
molten salt bath having 7 mol% AgNO3/ 93 mol% NaNOs; in a crucible of Al,O3 .Under these
conditions, the silver ions in a molten salt bath diffuse inside the glass matrix and replace the Na*
by Ag”ions. After inter-diffusion the ion exchange samples were removed from molten bath and
cleaned with distilled water and acetone to remove silver nitrate from the surface. The ion-
exchanged pristine samples were colorless or were in very faint yellow state. Annealing of these
prepared Ag ion exchanged samples were carried out at temperatures 450, 500 and 550°C for 1 h
which results in the growth of clusters inside the glass matrix. The exchanged soda-lime glass
samples are darkened after annealing significantly, which increases as the annealing temperature
increases is shown in Figure 1. The Figure 2 shows the possible exchange and annealing

mechanism which takes place during the growth of silver nanoparticles in glass matrix.
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Opacity Increases

Figure 1: Opacity increases with increases annealing temperature up to 550°C.

Figure 2: Exchange and annealing mechanism of silver nanoparticles in soda-lime glass

matrix.
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Darkening or increase in the opacity implies that optical absorption has increased consistently
with the annealing temperature. The silver nanoclusters formed in commercial soda-lime glass
was studied by X-ray diffraction (XRD), UV-visible absorption spectroscopy, field emission gun
transmission electron microscope (FEGTEM), Rutherford back scattering (RBS), X-ray
photoelectron spectroscopy (XPS) and photoluminescence (PL) measurements to understand the
formation mechanism during thermal annealing in air, which is the key to optimize thermal
processes for the formation of silver nanoclusters inside the soda-lime glass.

3.3. Results and discussion

The XRD pattern and Raman spectra were recorded for the entire samples. The pristine sample
and samples annealed at 450°C and 500°C were found to be amorphous in nature, while the
sample annealed at 550°C shows face centered cubic (fcc) silver structure (with the plane family
{111}, {200}, {220}, and {311}, space group fm3m and JCPDS file no. 4-0787). XRD pattern

for the Ag exchanged sample annealed at 550°C is shown in Figure 3.
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Figure 3: XRD pattern of Ag exchange sample annealed at 550°C.
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The Raman spectra for ion-exchanged and samples annealed at temperatures 450, 500, and
550°C for 1 hour respectively is shown in Figure 4. The Raman scattering of the pristine sample
shown in Figure 4 exhibits similar behavior as it shows for the glass slide (or glass matrices)
used in this experiment. There is no Raman band in the observed spectra which is a clear
indication that the silver nanoparticles are embedded in glass matrix as metallic silver

nanoparticles and does not respond to Raman spectroscopy.
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Figure 4: Raman spectra of pristine and annealed samples at different temperatures.

Figure 5 show UV-visible absorption spectra of ion-exchanged and thermally treated
samples in air at various temperature (450, 500 and 550°C) for 1 hour. The optical absorption
spectra of ion-exchanged Ag-doped glass samples do not show any SPR spectra indicating that
the silver clusters formation did not occur or the size of Ag nanoclusters were less than 1 nm in

size during 2 min ion exchange at 370°C or Ag" ion exists within the pristine sample?. After



RSC Advances

annealing the silver-exchanged samples at 450°C for 1hr, optical absorption band was observed
at 417 nm, which is apparently due to the surface plasmon resonance (SPR) band of silver
nanoparticles in the glass matrix. Annealing at higher temperatures (500 and 550°C) resulted in
the blue shift of SPR peak. A significant blue shift of 4 nm (from 417 to 413 nm) of the SPR

peak was observed in all the annealed samples.
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Figure 5: UV-Vis spectra of Ag ion-exchanged and annealed samples at different

temperatures.

The intensity of the absorption peak increases with the increase of annealing temperature
which can be attributed to the thermal growth of the silver nanoclusters in the glass matrix. The
shift is attributed to the reduction of the effective refractive index at the interface of the film?:.
The width of the absorption band reduces systematically with the increase in annealing

temperature as shown in Figure 6. This is because more Ag* ions were reduced into neutral Ag®
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atoms indicating an increase of volume fraction of silver nanoclusters in the glass matrix 2. For a
small clusters (R < 10 nm), this kind of decrease in FWHM with increase in clusters size is due

to the mean free path effect of electrons as shown in Figure 6%.
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Figure 6: FWHM and particle size versus annealing temperatures.

It is well known that the optical properties of Ag nanoclusters dispersed in transparent
glass matrix depend on permittivity e(w, R) of Ag nanoparticles and absorption extinction (K) of
Ag nanoparticles, as given in the following in the quasi-static or dipole approximation where

R « A,and A is the wavelength of light'"%'.
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where &; and &, denote the real and imaginary part of the dielectric constant of metal
particles respectively, &,,is the dielectric constant of the surrounding medium (assumed to be
frequency independent), w, is the Drude plasma frequency (for Ag, w,= 1.46 x 10" s™), vy =
1.39 x 10° m/s is the Fermi velocity for bulk silver and C is the volume concentration of the
embedded particles; the parameter ¢ is the sum of two additive terms describing size and
interface effects. The resonance occurs when &;(w)= -2 &,,, i.e. the condition of SPR is fulfilled.
The resonance condition is satisfied only for the noble metals such as Ag, Au and Cu
nanoparticles at visible wavelengths. Assuming Drude- like the free particles behavior of
electrons at nano- sized Ag particles, one can write,

R= vrt

Where R is the average radius of the silver nanoclusters and t is the mean free time (time
between two successive collisions) of the conduction electrons at nano-sized metal particles.
Spatial confinement and frequent scattering of conduction electrons over the silver nanoparticles
dispersed in a transparent glass matrix leads to quantum fluctuations (AE) of the average energy
of the free electrons around the surface plasmon resonance. Therefore by applying the
Heisenberg's uncertainty principle relation ( AE. At = &), the average cluster diameter is

calculated from the full width half maximum of the absorption bands using the formula®®:
d=2
AE
where h is the reduced Planck’s constant and d is the average diameter of the silver
nanoparticles. AE (in eV units) is the full width at half maximum of the optical absorption band.
The equation is valid as long the size of silver clusters is much smaller than the mean free path of

the electrons in the bulk metal*” ?°. The mean free path of the electrons is about 27 nm at room

temperature for bulk silver®®. By using this equation of Mie theory, the Gaussian profile was
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obtained from UV-Vis spectra of Ag nanoparticles and the average size of Ag nanoclusters was

calculated to be 2.8, 3.2 and 4.0 nm after annealing in air at 450, 500 and 550°C for 1 hour

respectively as shown in Table 1.

Table 1: Average clusters size estimated by using Mie theory at different annealing temperatures

Annealing Annealing time | SPR FWHM Particle size
temperature () wavelength eV) (nm)

(°C) (nm)

450 1 417 0.66 2.8

500 1 415 0.56 3.25

550 1 413 0.45 4.0

These results show that the size of Ag nanoclusters increases with increase in the annealing

temperature due to the diffusion-limited aggregation of silver nanoclusters inside the soda-lime

glass®. More detailed study on how the dispersion characteristics for the present structure can be

affected due to the blue shift and the different amounts of metal losses have been left for further

work.
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The Figure 7 shows FEGTEM micrographs of annealed sample at 450 and 500°C for 1
hour which was deposited on the carbon coated copper grid. The FEGTEM results clearly show

presence of spherical nanoparticles embedded into the glass matrix.
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Flgure 7: Silver ion exchanged glass after annealing; (a) FEGTEM image at 450°C for 1h,
(b) Average particle size by plotting histogram at 450°C for 1h, (¢) FEGTEM image at

500°C for 1h and (d) Average particle size by plotting histogram at 500°C for 1h.
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The Figure 8 shows FEGTEM micrographs of annealed sample at 550°C for 1 hour
which was deposited on the carbon coated copper grid. The FEGTEM results clearly show
presence of spherical nanoparticles embedded into the glass matrix.
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TEM image, (b) Average particle size by using histogram, (c) HRTEM image and (d)

SAED pattern of TEM image.
The average size of the nanoclusters estimated from the several TEM images is found to
be 2.8+1, 3.3t1.2 and 4.0+1.5 nm for sample annealed at 450°C, 500°C, 550°C for 1lh

respectively (as shown in the histogram plot) which are in good agreement with the cluster size
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calculated by using Mie theory. Analysis of high resolution TEM image and the selected area
electron diffraction (SAED) pattern for sample annealed at 550°C for 1h show the
polycrystalline nature of the spherical particles consisting the crystallographic plane (1 1 1) with
d-spacing of 0.24 nm of AgP clusters. These results closely match with the observations and
interpretations made from the UV—Visible spectroscopy on the Ag nanoparticle growth inside the
glass matrix.

The Figure 9 shows the room temperature photoluminescence spectra of Ag*. Na* ion
exchanged soda lime glass after annealing at various temperatures 450, 500 and 550°C for 1hr.

At the excitation wavelength of 325 nm the photoluminescence spectra of thermally treated glass

samples show drastic changes in PL intensity.
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Figure 9: PL spectra of silver ion exchanged glass samples after annealing at 450, 500, and

550°C for 1h.
PL intensity is maximum for 450°C, but the PL intensity decreases drastically after

annealing at higher temperatures (500 and 550°C) for 1 hour and is minimum at 550°C. Villegas
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et al. has reported that Ag® ions are luminescent in nature in both crystalline and glassy
matrices®’. The PL emission for Ag® (neutral atoms) at any excitation wavelength has been not
reported in the literature. This increase in PL intensity of the sample annealed at 450°C for 1 hr
was observed which may be due to the increase of volume fraction of Ag™ ions in the bulk soda
lime glass matrix. The decrease in PL intensity with further ion exchange at higher temperature
and/or annealing of glass samples results in reduction of Ag™ ions leading to increased formation
of Ag° atoms. Further increase in annealing temperature leads to the rapid growth of silver
nanoparticles and that might have resulted in the quenching of PL intensity for the samples
annealed at 550°C for 1h>*. Gangopadhyay et al. has reported similar results for Ag
nanoclusters in ion exchanged glass matrix followed by thermal annealing in vacuum®>*. The
results shown in PL are in good agreement with the XRD patterns as the samples show
amorphous nature at the annealing temperature of 450°C and 500°C.

The Figure 10 shows Rutherford backscattering spectra of pristine and thermally treated
glass samples in air at 550°C for 1 h. An analyzing beam of He" ions at energy of 2 MeV,
backscattered by an angle of 165°C was used during the backscattering measurements. It is
observed from the Rutherford backscattering spectra that silver atoms accumulate near the
surface of soda-lime glass during thermal annealing. Near-surface accumulation is due to the
thermal diffusion of silver ions in the soda-lime glass matrix. This outward diffusion of silver
ions relaxes the stress (which arises due to the difference in size of Ag" and Na* ions) and
minimizes the total energy in the system. The ion exchange at 370°C leads to incorporation of
Ag atoms into soda-lime glass matrix after substituting the Na atoms in glass matrix. These Ag
atoms in ion exchanged glass exist mainly in the form of Ag® ions together with a small number

of Ag® atoms?. The Ag-ion exchange process at higher temperature or increase in the annealing
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temperature and time results in the reduction of Ag” ions after capturing the electrons from the

glass matrix or from the impurities leading to increased formation of silver neutral atom (Ag®)®.
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Figure 10: RBS spectra of silver ion exchanged glass (pristine) and annealed sample at

550°C for 1h.

Therefore the coloration of annealed samples varies with annealing temperature (light to
dark red) with the increase in the size of Ag clusters. The increase in annealing temperature
further increases the formation of silver (Ag®) neutral atom. This clustering and precipitation of
Ag atoms leads to the formation of Ag nanoclusters which is responsible for plasmon resonance.

The silver atoms (Ag®) are mainly bound to non-bridging oxygen (NBO) in glass matrix. During
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thermal annealing Ag atoms diffuse towards the glass surface for thermal relaxation of the
surface which results into the tensile stress due to the size difference after cooling®®.

The XPS core level spectra of Ag are shown in Figure 11 for the pristine sample and the
sample annealed at 550°C. XPS measurements were carried out by the Perkin-Elmer PHI model
using monochromatic Mg-Ka radiations (1253.6 eV), produced by 15 KV electron impact on a
magnesium anode at a power level of 300 W and was used as an excitation source. The pass
energy was set at 25 eV to provide a resolution of 0.5 eV. The photoelectron spectrometer work
function was adjusted to get Au 4f;, peak at 84 eV. The binding energy of the core level
photoelectron of Ag was conventionally calibrated by assuming the binding energy of the surface
C 1s photoelectron to be 284.6 eV. There is no signal from pristine sample while the sample

annealed at 550°C shows the spin orbit splitting of Ag-3d level.
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Figure 11: XPS spectra of silver ion exchanged glass (pristine) and sample annealed

at 550°C for 1h.
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The core level spectra of annealed film show Ag-3ds/, (~373.6 eV), Ag-3ds, (~367.6 eV)
positions indicating the presence of silver in metallic form in the glass matrix as the difference
between two Ag peaks is 6.0 eV**®. In addition the chemical shift of ~0.4 eV was observed for
the Ag-3d peak towards low binding energy. This clearly indicates that the silver is also present
in the form of Ag” for the formation of silver oxide (Ag.0), as the required Ag-3d binding
energy for this compound is in the range of 367.6 ~367.7 eV®. In some studies it was observed
that, the chemical states of Ag associated with the Ag 3ds,, in Ag-doped semiconducting samples
exist as Ag® (metallic Ag) at 367.9 or 368.1 eV, Ag** (AgO phase) at 367.0 or 367.8 eV and Ag*
(Ag,O phase) at 367.6 or 367.7 eV in XPS signals respectively*®%.

4. Conclusions

The synthesis of Ag nanoclusters embedded in the soda lime glass by Na*™-Ag" ion exchange
followed by thermal annealing in air has been performed. It demonstrates that the ion exchanged
Ag nanoparticles diffuse in pure soda glass matrix during annealing process. After annealing
these particles are reduced to neutral silver atom (Ag®) and subsequently form silver
nanoparticles in the oxidizing atmosphere. The luminescence intensity of thermally exchanged
samples decreases with increase in annealing temperature. Photoluminescence, XPS and RBS
confirm clustering and precipitation of Ag atoms leads to the formation of Ag nanoclusters and
partial formation of Ag,O phase on the surface of glass matrix with increase in the annealing
temperature. TEM image shows the presence of spherical nanoparticles of average cluster size
with a maximum particle size of 4 nm after annealing at 550°C for 1 hour. The clusters size

calculated from Mie theory are in excellent agreement with the size measured from FEGTEM.
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