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Abstract

Plasmon resonance in noble metals at nanoscale is technologically important for various
applications as it is an important fundamental building block of plasmonic devices. Silver
embedded in a glass matrix followed by the deposition of gold embedded in a titania matrix
were synthesized in three to four steps by a simple and inexpensive thermal spray pyrolysis
technique. The effects of annealing temperature on the plasmonic response and optical
activity of silver and gold nanocluster in soda-lime glass and titanium dioxide matrices have
been investigated using UV-visible absorption spectroscopy and photoluminescence
spectroscopy. The surface plasmon resonance (SPR) at a hybrid metal-dielectric interface for
silver and gold was shown to be influenced by the presence of Ag" ion and increased particle
size of gold nanoparticles as a function of post annealing temperature. This study reveals that
the SPR and the luminescence properties are strongly dependent on the glass matrix, which
cannot be achieved in all types of glass slides. Field emission scanning electron micrographs
confirming the presence of randomly shaped nanoparticles whose size increases with

annealing temperature were inconsistent with the particle size calculated from Mie theory.

Keywords: surface plasmon resonance; nanostructures; Spray pyrolysis; optical

properties; silver; gold
1. Introduction

The plasmonic nanostructures in the vicinity of multiple semiconducting nanostructures
are of great interest due to the squeezing of light beyond the diffraction limit (about half of
the wavelength). The unique functionalities such as optical magnetism and a negative index
of refraction of plasmonic metamaterials based nanostructures have various applications in
nanoantennas, integrated nanophotonics, optical cloaks, sub-diffraction imaging, sub-

wavelength waveguides, plasmonic conducting substrates, infrared sensor and nanolasers.'”
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These 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. These properties arise from
localized surface plasmon resonance (LSPR) in nanostructures. LSPR access a very large
range of wave vectors over a narrow frequency band. The origin of this absorption is due to
the collective oscillation of conduction band electrons in response to the electrical field of the
electromagnetic excitation of light.>” These plasmons are longitudinal surface charge density
modes that exist at conducting interfaces in response to optical excitation to support light
waves that run along metallic surfaces in surface plasmon resonance (SPR) modes. This SPR
wavelength critically depends on the size, shape, inter-particle distance, volume fraction of
the metal, and the dielectric constant of the surrounding environment.®® Plasmonic materials
based on silicate glasses containing noble metal nanoclusters are exceptionally promising
candidates for ultrafast optical switches and modulators. These structures can be fabricated in
different matrices including glass for plasmonic resonance of metal nanoparticles by using
methods such as ion implantations, thermal ion exchange, melt quenching, sol-gel
processing, and other techniques.g'12 It is well known that the presence of plasmonic
nanoparticles (NPs) modifies the antireflection properties of TiO, layers.’ Titanium dioxide
(TiOy) is a high resistive semiconducting oxide material with a wide band gap (anatase: 3.2
eV; rutile: 3.0 eV) has been studied as a promising visible light photocatalyst and
photovoltaics material. Due to the large electron—hole recombination on titania (TiO,)

9-15

particles, its use as a photovoltaic material is practically difficult.” "~ There is a lack of

literature on the size and matrix dependent plasmonic properties that could be useful in light
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trapping photovoltaics for inorganic semiconducting materials by simple and low cost
fabrication techniques. Therefore a coherent study has been done here to investigate the
plasmonic properties of Ag-Au nanoparticles based semiconducting titania (TiO) thin film.
In this work firstly, the glass substrate was used as a matrix for the deposition of silver
nanoparticles, followed by the deposition of titanium dioxide (TiO,) thin film, which was
further used as a base matrix for the deposition of gold nanoparticles by simple thermal
pyrolysis method. This fabrication of a plasmonic metamaterials structure is a new approach
for increasing the absorption and trapping of light in semiconducting oxide based thin film,
where the film structure exhibits the properties that are usually not found in natural materials,

such as negative refractive index of materials.
2. Experimental

The preparation of plasmonic metamaterial based thin film was carried out using a
simple and low cost fabrication technique. The microscopic commercial soda lime glass
slides (purchased from Marienfeld and Duran Group, both made in Germany) with
composition (in approximate weight % of 72.0% SiO,, 14.0% Na,0, 0.6% K,O, 7.1% CaO,
4.0% MgO, 1.9% ALOs, 0.1% Fe O3, 0.3% SO3) of 0.5 mm thickness were used after
cleaning. The silver nanoparticles were first embedded into a preheated microscopic glass
substrate at 400°C through deposition by spray pyrolysis technique as reported previously
and a detailed process of deposition is also given in the supporting information (Sn.’
Subsequently the TiO, layer was deposited by using titanium chloride 1.0 M solution in
toluene (2 ml) as a precursor after dissolving in a beaker containing a mixture of distilled
water (20 ml) and toluene (20 ml) in a fume hood. This solution was then sprayed 5 times on
a preheated plane glass substrate and silver deposited glass substrate at 400°C with N, as a
carrier gas. After deposition, the titania films were continuously heated on a hot plate for

thirty minutes, resulting in a change in the color (reddish-purple) of the glass slide. The TiO»

4
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thin film prepared on a plane glass substrate (after deposition at 400°C) by spray pyrolysis
are termed “TiO; film” throughout the paper. The gold nanoparticles were then deposited on
these TiO; thin films by spraying 5 times at 400°C. The solution for the deposition of gold
nanoparticles was prepared by dissolving gold chloride (0.09 gram) (purchased from Sigma
Aldrich of 99.9% purity) in a mixture of water (20 ml) and ethanol (20 ml). After the
deposition of the gold nanoparticles, the films were maintained at a constant temperature for
4h on the same hot plate at 400°C and the films were then allowed to cool naturally up to
room temperature, resulting into the mixture of light red-pink-gold color thin films. The gold
coated Ag embedded TiO, thin films prepared at this stage (after deposition at 400°C and
constant heating for 4h) by spray pyrolysis are termed the “Ag-Au-TiO; film” samples. To
promote the formation and diffusion of Ag nanoclusters in the glass matrix (or glass
substrate) and Au nanoclusters in TiO, film (or titania matrix), thermal annealing of the
samples was carried out in an electrical tubular furnace at 600°C for two hours in the
presence of N, gas atmosphere. The “TiO; film” annealed at 600°C for 2h in inert atmosphere
is termed “TiO; annealed film”, and the gold coated Ag embedded TiO, annealed samples at
600°C for 2h in inert atmosphere is termed “Ag-Au-TiO; annealed film”. The change in the
color of the films after annealing was again observed, and this time the color of the thin films
became a light yellowish-pink-gold mixture. For comparison, the role of the matrix in the
growth mechanism, the gold nanoparticles were separately deposited on glass substrate and
Ag embedded (diffused) glass substrates but the gold nanoparticles did not adhere to the
surface and showed a similar morphology as that observed after deposition on titania thin
films. All of the experiments were repeated for spray deposition in the presence of N, gas
atmosphere in a specially designed quartz chamber to avoid from the contamination due to

deposition in atmospheric conditions. Schematic illustrations for film deposition in the
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presence of N, gas atmosphere are shown in Fig. 1(a), and the inset in Fig. 1(b) exhibits the

systematic deposition process of plasmonic metamaterials based thin film.
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Fig. 1 Tlustration of thin film grown using spray pyrolysis method, (a) in the presence of

nitrogen gas atmosphere and (b) the inset represents schematic deposition of Ag-Au-TiO;

film.

The experiments were repeated in different glass slides and on biological glass from
different companies, especially those made in India and South Korea, for spray deposition in
atmospheric conditions. However, in most of these, either plasmonic resonance was not
exhibited or the silver nanoparticles did not get embedded in the glass matrices. However, the
glass slides purchased from the Marienfeld and Duran Group (made in Germany) exhibited
similar plasmonic resonance after thermal spraying in atmospheric conditions. The gold-
silver nanoparticles formation in TiO; thin film deposited on glass matrix (deposited on
Marienfeld glass) was studied using X-ray Diffraction (XRD), Raman Spectroscopy, Fourier

Transform Infrared Spectroscopy (FTIR), UV-visible Spectroscopy and Photoluminescence
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(PL) Spectroscopy, X-ray Photoelectron Spectroscopy (XPS), Field Emission Scanning
Electron Microscope (FESEM), and Energy Dispersive X-ray Spectroscopy (EDS) to
understand the growth mechanism and the electronic, optical, and plasmonic properties
during deposition and thermal annealing in N> atmosphere. The typical step-wise details of

the synthesis procedure are given in section SI-1 of the supplementary information (SI).

3. Results and Discussion

The XRD plot is shown in Fig. 2 for “Ag-Au-TiO; film” and “Ag-Au-TiO, annealed
film”. In both samples, most peak positions are consistent with the diffraction pattern of
anatase-TiO, (JCPDS file no. 78-2486), and with the pure face centered cubic (fcc) silver
structure (with the plane families {111}, {200}, {220}, and {311}, space group fm3m and
JCPDS file no. 4-0787). In a previous study, after calcination of the powder sample at 600°C
in air atmosphere synthesized by sol-gel method, the anatase-rutile mix phase of TiO; (rutile-

TiO, JCPDS No 21-1276) was observed.'®

Ag-Au-TiO,annealed film a = anatase TiO,
= - r = rutile TiO,
o A=)

Intensity (a.u)

Ag-AuLT.%ﬁlm

10 20 30 40 50 60 70 80
Two Theta (degree)

Fig. 2 XRD pattern Ag-Au-TiO; film and Ag-Au-TiO, annealed film.
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An additional impure Ti;O; phase was observed in “Ag-Au-TiO; film”, which was removed
after annealing the sample at 600°C in an inert atmosphere. The presence of an Au-(200)
plane (ICDD card no 04-0787) in the form of metal is clearly observed in “Ag-Au-TiO,
film”, but is absent in “Ag-Au-TiO; annealed film”. This implies that after annealing, the
deposited Au nanoparticles entered into the vacant sites of either anatase TiO; or rutile TiO».
The appearance of rutile TiO, after annealing may in this case be due to the presence of
oxygen vacancies at higher annealing tempelrature.16 Other peaks relating to any crystalline

impurity (e.g., silver oxide and gold oxide) are absent in the XRD pattern.

Fig. 3 shows the Raman and FTIR spectra for glass substrate: TiO; film, TiO, annealed
film, Ag-Au-TiO, film, and Ag-Au-TiO; annealed film. The peak positions corresponding to
various Raman bands of anatase TiO, in TiO; film (TiO;, annealed film, Ag-Au-TiO; film,
and Ag-Au-TiO; annealed film) were assigned to Eg, Blg, and Alg + Blg for six allowed
modes.>? In the case of the Ag-Au-TiO; film and Ag-Au-TiO; annealed film, the anatase
TiO, peak position shifts and the new additional bands can be seen clearly. These additional
peak positions for the samples are mentioned in Table S1 of the supplementary information.
The absence and shifting of the few Raman bands in Ag-Au-TiO; film and Ag-Au-TiO,
annealed film was also observed which may be due to the multiphase nanostructures of
metamaterials, the different particle size distribution, the shape distribution, morphological
variations, discrepancy from stoichiometry, and types of defects that contribute to the
changes in the peak position, line width and shape of the mode in the Raman spectrum.2’3’9
The FTIR spectra show the hydroxyl groups in all the samples is very small, implying that a
large fraction of the O—H groups was removed during thermal spray reactions, while small
content of vibrational bands such as C—H and C-O bonds is observed in the Ag-Au-TiO; film

11-13

which reduces after annealing of the samples in inert atmosphere. The presence of Si—-O—

Si and Si-O weak band regions corresponding to the bending or stretching mode of the glass
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substrate is observed only in a few samples, indicating that most of the thin films are not
transparent and they are strongly bonded with the glass substrate. The band around 1210 cm™
due to Ti—O-Ti and Ti-O-Au vibrations has also been observed previously.'** The main

FTIR peak positions are mentioned in Table S2 of the supplementary information.
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Fig. 3 (a) Raman spectra and (b) FTIR spectra of the glass substrate: TiO, film, TiO,

annealed film, Ag-Au-TiO; film, and Ag-Au-TiO; annealed film.

The absorption spectra for the samples are plotted in Fig. 4(a). The anatase “TiO, film”
and “TiO; annealed film” have an indirect band gap of 3.1 eV (as calculated from the Tauc
plots of the indirect energy band gap) because of the transition from the O 2p level in the

valence band (VB) to the Ti 3d energy states of the conduction band (CB).'®"” The formation
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of silver and gold nanoparticles is confirmed by the observation of their localized surface
plasmon resonance absorption with a maximum at A = 410 nm and 560 nm, respectively, in
the “Ag-Au-TiO; film”. The intensity of the localized surface plasmon resonance (LSPR) for
silver nanoparticles increases after annealing and shows a noisy spectrum of which the
maxima is centered at 410 nm. The intensity of the Au LSPR peak at the TiO,
(semiconductor)-gold (metal) interface after annealing reduces drastically and exhibits a red
shift (595 from 560 nm). This is attributed to the increase in the particle sizes of gold
nanoparticles as well as to the inter-diffusion of gold nanoparticles inside the titania matrix.
Therefore, the annealing after embedding silver into glass and embedding gold into the TiO,
matrices resulted in the net increase in the refractive index of the surrounding medium.
According to Mie theory, the optical absorption a of metal nanoparticles embedded in a

medium of refractive index n is given by equation (1).’

a = 1811Qszn3
T A((g1 + 2n2)2+ £,2)

The volume fraction of the nanoparticles is represented by Q, and &; and &, are the
cluster-size dependent dielectric constants which are functions of radius (r) and wavelength
(M). The change in the effective refractive index of the film is associated with concentration,
pore formation, change in full width at half maxima (FWHM) with the change in
particle/cluster size, torques and optical forces on arbitrarily shaped nanoparticles, coupling
with the dielectric matrix, nature of matrices, and the defects induced after the removal of the
functional group present on the surface of the sample. For a small cluster (R < 10 nm), the
decrease in FWHM with increase in clusters size is due to the mean free path effect of
electrons. It has been shown previously that spherical nanoparticles exhibit a dipolar
plasmonic resonance at wavelengths where em = —2&4, where en and &q are the permittivities

9-10,18-21

of the metal and dielectric, respectively. The resonance condition is satisfied only for

10
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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= vpt

Where R is the average radius of the silver nanoclusters and 7 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 = h ), the average cluster
diameter is calculated from the full width half maximum of the absorption bands using the

formula®:

_ oo
d=20v @)

where h is the reduced Planck’s constant and d is the average diameter of the silver
nanoparticles, Vi = 1.39 x 10° m/s is the Fermi velocity of electrons in bulk gold and silver
(for copper Vp =1.57 x 10° m/s). AE (in eV units) is the full width at half maximum of the
optical absorption band. The average radii size of Ag and Au nanoclusters for “Ag-Au-TiO,
film” was calculated as 2 nm and 3 nm, respectively, using the formula derived from the Mie
theory of plasmonic resonance for spherical nanoparticles, as given in equation (2)'"?. The
average size of Ag nanoclusters is 8 nm for “Ag-Au-TiO, annealed film”. Equation (2) is
valid provided the size of gold 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 and 20 nm for bulk gold.lz'13 Therefore, the as deposited films
after annealing show a typical interference-like behavior for the deposited films. This
confirms the structural analysis since no Au nanoparticles are expected to induce the SPR

effect after the annealing due to the increase in the size of the Au nanopal“[icles.7’18'22

11
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Fig. 4(b) shows the PL spectra for the Ag-Au-TiO; film and the annealed film in order
to understand the SPR activity of Ag and Au nanoparticles. The PL emission peaks were
obtained within the visible range with peak positions at 405, 521, and 661 nm and in the IR

range with peak position at 854 nm for the Ag-Au-TiO; film.

12
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Fig. 4 (a) UV-Vis absorption spectra of the TiO; film: TiO, annealed film, Ag-Au-TiO; film,
Ag-Au-TiO; annealed film and, (b) PL spectra of Ag-Au-TiO; film and Ag-Au-TiO; annealed

film.

In Ag-Au-TiO; annealed film all the PL emission peaks were found within the visible

range with peak positions at 384, 464, 529, and 700 nm, respectively, which were either blue

13
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shifted or red shifted with respect to the Ag-Au-TiO, film. **** The first emissions in both the
film at 405 and 384 nm are attributed to the near band edge transition and direct transition
from the conduction band to the valence band of TiO,. To the best of our knowledge from the
literature survey, the Ago and Au’ atoms do not exhibit any luminescence properties. In
addition, the PL emissions in the Ag based ion-exchange matrix are known to be luminescent
in both crystalline and glassy matrices due to the presence of Ag® ions. This suggests that
silver becomes embedded into the soda-lime glass substrates during thermal spray by the

diffusion of Ag"ions in the ion exchange process.zz'34

The ion exchange process also occurs
at low temperatures between Ag” and Na® in the glass matrices, with the subsequent inter-
diffusion of the two species in order to maintain the electrical neutrality of the glass.

Therefore, to understand the Ag-Au plasmonics behaviors and luminescence mechanism,

XPS was carried out for “Ag-Au-TiO, film” and “Ag-Au-TiO, annealed film”.

Fig. 5(a) to 5(f) show the comparative XPS core level spectra of the main compositional
elements present in glass matrix for the Ag-Au-TiO; film and Ag-Au-TiO, annealed film. The
other details regarding XPS, comparative general scan spectra for both the film and the peak
positions for binding energies of annealed film, are mentioned in section SI-4 of the
supplementary information. Based on the general scan and core level spectrum, the presence
of C-1s (285.48 e¢V) and O-1s (~531.7 eV) due to the formation of anatase TiO, and Ti;O7,
and the presence of Si-2p (~102.18 eV) due to the presence of silicates in glass matrix are
evident and show clear peak positions for Ag-Au-TiO, film, whereas the peaks of Ag, Au,
and Ti are not detectable in this film. These absent peaks emerge after annealing the film,
whiles the others peaks get shifted after annealing in the N, atmosphere. The carbon
contamination has been significantly reduced after annealing and the peak position also gets
shifted. The core level spectra of the annealed film shows C-1s (at ~284.58 eV), O-1s (~530.2

eV), Ti-2ps2 (~458.98 eV), Ti-2py;» (~464.68 eV), Ag-3d3, (~373.68 eV), Ag-3ds;, (~367.68

14
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eV), Si-2p (~102.28 eV), Au-4f;, (~83.78 eV), and Au-4fs;, (~87.48 eV) positions, indicating
the presence of compositional elements.””>* The Ti-2ps;, peak position corresponds to TiO
bonding in film as is also evident by XRD. The annealed film illustrates spin—orbit splitting
of the Ag-3d and Au-4f levels, manifested as Ag 3dsn, Ag 3dsp, and Au-4fsp, Au-4fy,
respectively. The difference between the two Ag peaks is 6.0 eV, while 3.7 eV between the
two Au peaks confirms the incorporation of Ag-Au in metallic form in the glass- TiO, matrix,
respectively. In addition, the chemical shift of ~0.32 eV was observed for the Ag-3d peak
position towards low binding energy, while the shifting of ~1.5 eV in O-1s (from 531.7 to
530.2 eV), ~0.48 eV in Ti-2p (from ~458.5 to ~458.98 eV)™, and ~0.1 eV in Si-2p was also
observed. 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.2%3 In some studies, it was observed that the chemical states
of Ag associated with the Ag 3ds, in Ag-doped TiO, samples exist mainly as Ag’ (metallic
Ag) at 367.9 or 368.1eV, Ag™* (AgO phase) at 367.0 or 367.8 eV and Ag" (AgO phase) at
367.6 or 367.7 eV in the XPS signals, 1respectively.22’24’26 The presence of the Ag>,O phase
could not be detected by XRD as it may be present in a very small amount at the interface of
the TiO; layer and Ag embedded glass substrate. The chemical shift in the Ti 2p and O 1s
peak position is attributed to the presence of impurity elements such as chlorine, carbon, and
small residual functional groups (when the matrix is annealed at 600°C) from the precursors
present in the glassy network. This is evident from Raman and FTIR spectra, general scan
XPS spectra, and EDX pattern as shown in sections SI-2 to SI-5 of the supplementary
information.'” The shifting and reduction in intensity of the Si 2p peak position after
annealing confirming the change in the chemical environment of silicates (mainly Si-O
bonding) in the glass matrix indicates that the Ag ions are successfully embedded in the glass

matrix through the ion- exchange p1r0c:e:ss.24'34

15
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As expected, the possible explanation for the plasmonics behaviors and PL emissions is
now easy to understand due to the presence of Ag" ions in annealed film. This is also well
supported by the change in the colors of the thin film (from reddish to light yellowish) after
annealing as Ag" ions are unstable and can be reduced even at low temperatures.22 Since the
Ago atoms remain in the annealed film, the Ag" ions that cause the luminescence must be
present in the soda-lime glass or at the interface. The increase in PL intensity observed for the
annealed film at 600°C is correlated with the higher concentration of Ag" ions after the
thermally activated oxidation of silver. The main difference between pure silica glass and
silica based other commercially available glass is the compositional variations and presence
of network modifiers for diffusion of silver and other metal ions. The presence and role of
these network modifiers such as Mg, Ca, and Na for soda-lime glass is very crucial during
deposition and annealing process as evident from the general scan XPS and EDX pattern.
Thereby the glass slides purchased from the Marienfeld and Duran Group (made in Germany)
exhibited the plasmonic properties which are not achievable and all other kind of glass slides.
These elements in the form of network modifiers are responsible for the generation of oxygen
vacancy, defects, and non-bridging oxygen with unsaturated bonds, which act as pinning

centers for the Ag" ions to exhibit the PL emissions.****

Therefore, the emission signals due
to the presence of Ag+ ions at 464, 483, 494, 521, 529, 661, and 700 nm originate either from
the radiative recombination or from the charge transfer transition from an oxygen vacancy
trapped electron and may be a mixture of these two in the “Ag-Au-TiO; film” and “Ag-Au-
TiO, annealed film”. These Ag ions in the form of Ag,O nanoparticles may form a core-shell
type structure with Ag’ as a core at the metal-glass-TiO, interface, and thus a hybrid metal-
dielectric interface is constructed to generate a noisy plasmonic resonance of silver-silver ion

based nanoparticles. A detail study of noisy and anomalous plasmonic resonance and

photoluminescence in Ag based hybrid matrices will be reported elsewhere in our future
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work. The stability of the plasmonic behavior of these Ag embedded glass matrices followed
by the coating of TiO, and gold nanoparticles was tested at certain time intervals. The UV-
Vis absorption spectra of the films collected after a period of two month show similar
absorbance behavior as that of thin films, indicating that gold and silver nanoparticles are
stable with glass-TiO, within that time frame. All these results suggest that Ag-Au-TiO> thin
film gives an advanced plasmonic metamaterial based semiconducting thin film which may
be useful for superior light trapping low-cost photovoltaics and other optoelectronic

applications.

To understand the growth processes and the morphological changes of without annealed
and annealed film during the film formation, the thin films were characterized at different
stages by field emission scanning electron microscopy (FESEM) at different magnifications
as shown in Fig. 6. The micrographs indicate that the TiO; thin film has cavities similar to a
honeycomb structure, and is bonded to the glass substrate. Upon subsequent deposition of Au
nanoparticles on the TiO, film, the gold nanoparticles became embedded inside the TiO,
nanostructures, thus the film works as an active adsorptive centre for the deposition of Au
nanoparticles. It is clearly seen that the dispersion of the gold nanoparticles is homogenous
and the gold nanoparticles are well attached on the surface of the as-deposited TiO, thin film.
It is clearly observed that the sizes of Au nanoparticles grown on the TiO; matrix increase
after annealing (white particles in micrographs). Fig. 6(d) shows that the morphology for Au
nanoparticles in annealed thin film is similar to the morphology reported previously.7 The
size of gold NPs in each image was measured individually. The particle shape and size
distribution is random and is not perfectly spherical for the nanoparticles of different sizes.
The Au particles size before annealing in the TiO, matrix was in the range of 12 to 24 nm
which increases on an average in the range of 38-75 nm after annealing at 600°C in an inert

atmosphere. The results are not consistent with the particle size as calculated from the UV-

18

Page 18 of 25



Page 19 of 25

New Journal of Chemistry

absorption on the basis of Mie theory, due to the difference in shape of the nanoparticles, but
the results concur that the gold particle size in the range of 38-75 nm cannot give plasmonic
resonance. This illustrates the fact that for gold plasmonic absorbance, the particle size
should be quite small.” The film thickness was measured using the FESEM cross-sectional

area image of the thin film. The film thickness for gold coated TiO, thin film was observed to

SEI 10.0kV  X27,000 1Um WD 10.2mm

Fig. 6 FESEM of (a) Ag-Au-TiO; film at 1 um scale, (b) Ag-Au-TiO; film at magnified scale

of 100 nm, (c) Ag-Au-TiO; annealed film at 1 um scale, and (d) Ag-Au-TiO; annealed film at

magnified scale of 1um.

be 997413 nm by taking the FESEM micrographs from the cross-sectional area of the “Ag-
Au- TiO; annealed film”, as shown in section SI-5 of the supplementary information. The

chlorine impurity was identified in the EDX pattern on the surface of all the samples due to
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the precursor used in synthesis, and does not play a major role here for the plasmonic

behavior of silver-gold nanoparticles.

On the basis of above results the formation mechanism of the film can be briefly explained
here. The photographs for the formation of film at different stage are shown in Figure 7. The
silver nanoparticles were deposited first by thermal spray method on glass substrates (Fig.
7(a)). After spray deposition the continuous heating of the slides for an hour helped the silver
ions to get incorporated in to the glass materials by ion-exchange process.3 Silver ions
diffuses up to several micrometers in the soda-lime silicate glass during the ion-exchange
process. It has been observed that during the process silver ions partly reduce the neutral
silver atom species, possibly aggregating to form silver nanoclusters inside the glass matrix
and its coloration is shown in Fig. 7(b).** The following equation presents the possible

diffusion mechanism for silver exchange in soda-lime glass;
Glass + heating — » h* + ¢
Agt + € - > Ag’

where h*is a hole and ¢ is the electron.” During the deposition, the glass samples were
colorless and when the substrates were just removed after deposition then the films had no

measurable absorption in the visible region.

(a) (b) (c) (d)
Fig. 7 Photographs of (a) glass substrate, (b) Ag nanoparticles deposited on glass substrate,

(¢) Ag-TiO; film (matrix) and (d) Ag-Au-TiO, annealed film.
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There was a lack of significant surface plasmon resonance (SPR) of silver nanoclusters in the
glass during ion-exchange process in these experimental conditions, indicating the silver
aggregation did not occur. The soda-lime silicate glass coloring starts after the ion-exchange
process takes place in the experiment, and it takes around an hour of heating or longer than
this time. Once the coloration has appeared after exchange process then TiO, film was
deposited and heated for some time. The appearance of this Ag-TiO; film (matrix) is shown
in Fig. 7(c). Finally the gold nanoparticles were deposited by spray pyrolysis and annealed in
a furnace as explained in experimental details and supporting information. During the
annealing process Au ions and nanoparticles diffuses into Ag/TiO, matrix and results into the
Ag-Au- TiO; annealed film as shown in Fig. 7(d). There is a faint plasmonic resonance for
Au nanoparticles in this film at 595 nm as the resonance at SPR frequency strongly depends
on the dielectric function as well as the nanoclusters size and composition.”>>’ Therefore the
plasmonic properties observed here are of special interest due to ease of deposition by cost

effective techniques on glass substrate.
4. Conclusions

In conclusion, plasmonic metamaterials based Ag-Au-TiO» thin film on cost effective
soda-lime glass can be produced in a simple, fast, and inexpensive way by using a novel three
to four stage thermal spray pyrolysis method. This results in plasmon resonance of silver and
gold nanoparticles. The annealing in inert atmosphere affects the plasmonic resonance of
both silver and gold nanoparticles. It shows the possibility to control the concentration, shape
and average size of the plasmonic nanoparticles by controlling the precursor concentration
and deposition conditions such as pressure and temperature etc. Thus, the bonding of Ag-Au-
TiO, thin film can significantly trap the light of a particular wavelength by means of
plasmonic resonance for nonlinear optics, sensing, and superior photovoltaic and

optoelectronic applications. It has been observed that Ag" ions diffuse in pure silicates
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matrices during thermal spraying and annealing processes, most of them reduced to Ag” and
subsequently forming silver metallic nanoparticles along with the Ag,O phase, even in inert
atmospheres of N, gas. The Ag* ion gives characteristic PL emissions due to the presence of
network modifiers in the form of non-bridging oxygen in the TiO, based glassy matrix. It
illustrates that the plasmonic resonance and the luminescence properties are strongly
dependent on the glass or on the composition of dielectric matrices.
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