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ABSTRACT

Nanoscale silver clusters were prepared in a soda-lime glass matrix through the ion-exchange (Ag” <* Na") method followed by

thermal annealing in oxidizing atmosphere. The effects of annealing time and temperature on the plasmonic response and
optical properties of silver nanocluster in glass matrices have been investigated by using UV-visible absorption spectroscopy
and photoluminescence spectroscopy. The surface plasmon resonance of silver nanoparticles has been observed in annealed
samples. The blue shift has been observed as a function of post annealing time at a constant temperature. Transmission electron
micrographs show the presence of spherical nanoparticles with a maximum particle size of 4-5 nm after annealing, which is
consistent with Mie theory based results. The nano-sized Ag nanocluster on glass matrix is suitable as future prospective for

potential applications in optical data storage. Copyright © 2015 VBRI press.
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Introduction

Over the past few years, the plasmonic effects of metallic
nanostructures has been established as an important field of
physics due to their ability to manipulate light at the
nanoscale by exploiting the interaction of light with
metallic nanostructures for exhibiting the surface plasmon
resonance (SPR) properties [1, 2]. Noble metal based
metallic nanoparticles/ nanoclusters/ nanocomposites/
hybrid materials have numerous scientific and industrial
applications [3-12]. The growing scientific interest in this
area of research is due to their unique and unusual
physicochemical properties and functionalities compared to
their bulk counterparts which make them attractive in
various applications such as plasmonics [3, 4],
nanoelectronics [5, 6] and biotechnology [7, 8]. Plasmonic
materials with large third-order optical nonlinearities
susceptibility near the surface plasmon resonance frequency
with a picoseconds response time and fast nonlinear
response time are usually considered promising candidates
for potential applications in optoelectronics, photovoltaic
and photonic devices including flat screen TVs, electronic
book readers, optical computing, optical data storage, all-
optical switching devices, organic thin film transistors,
organic  photovoltaic  devices, biosensors, optical
telecommunications, solid state lighting and photodynamic
therapy [4-17]. Particularly, the noble metal nanoparticles
dispersed in a transparent dielectric matrix exhibit
interesting surface Plasmon resonance (SPR) absorption
usually observed in the visible region due to their coherent
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oscillation of conduction band electrons when excited by
electromagnetic radiations [11-14]. The wavelength of
surface plasmon resonance (SPR) absorption can be tuned
by the size, shape, inter-particle separation, volume fraction
of the metal nanoparticles and the dielectric constant of the
embedding matrix [14-15]. Generally high efficient non
linear optical materials based devices are expected to
become a key components for high-capacity
communications networks in which the ultrafast switching
signal regeneration and high capacity optical recording
media is required [16].

Noble metals based metallic nanoclusters can be
synthesized in soda-lime glass matrix by various methods,
such as direct ion implantation, sol-gel methods and ion
exchange. Conventionally, the ion exchange has been
considered one of the cheaper and important techniques to
introduce metallic nanoclusters in glass surface because the
techniques are simple and does not requires any
sophisticated equipments. The ion exchange technique
combines with thermal annealing has received an increase
attention as it can be used to introduce metallic
nanoclusters such as silver, gold and copper into sod -lime
matrix [18].

The main goal of the present work is the fabrication and
characterization of Ag nanoclusters embedded in soda-lime
glass which are based on thermal ion exchange process.
The work provides an insight on nano scale pattering and
plasmonic effects of Ag nanoclusters embedded in soda-
lime glass.

Experimental
Materials and methods

Nanoscale silver clusters were prepared in a soda-lime
glass matrix through the ion-exchange process of silver and

sodium ions (Ag" <* Na’). Commercial soda lime glass

slides (Marienfeld glass) with composition (in weight %) of
72.0% SiO,, 14.0% NayO, 0.6% K0, 7.1% CaO, 4.0%
MgO, 1.9% Al,Os, 0.1% Fe,Oz 0.3% SO;) of 0.5 mm
thickness were first cleaned ultrasonically by using distilled
water, trichloroethylene and acetone. Then the Ag doped
soda lime glass samples were prepared after dipping the
plane glass slides in a molten salt bath having the mixture
of 20 mol% AgNO; and 80 mol% NaNOs;. This mixture
was heated in a tubular furnace in air atmosphere at 370°C
for 2 min in a Al,O; crucible. Under these conditions, the
silver ions in a molten salt bath diffuse inside the glass
matrix and replace the Na* by Ag" ions in the glass as
shown in Fig. 1. After inter-diffusion the ion exchange
samples were removed from molten bath and cleaned with
distilled water and acetone to remove any silver nitrate
adhering from the surface. These samples are called pristine
samples and were colourless or in faint yellow state after
exchange.

Thus the whole mechanism for ion exchange process in
pristine samples takes place as follows [18].

=5i—0-Na+tAg* NO; 2=5i—0" —Ag* + Na* NO; 1)

Thermal annealing in an electrical tubular furnace was
employed to incorporate metallic nanoclusters in glass

Adv. Mater. Lett. 2015, 6(3), 242-246

ADVANCED MATERIALS Letters

matrix in air at a temperature of 550 °C for different
annealing time periods ranging from 10 minutes to 1h.

Soda-lime glass
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Fig. 1. Schematic diagram of Ag*-Na* ion-exchange in the molten salt
bath of AgNO3; and NaNOs.

Characterizations

The silver nanocluster formation in commercial soda-lime
glasses have been studied by ultraviolet visible (UV-Vis)
spectroscopy and photoluminescence (PL) measurements to
understand the formation mechanism during thermal
annealing in air, which is the key parameter to optimize the
thermal processes of soda-lime glasses. A JEOL JEM 2100
ultra high resolution field emission gun transmission
electron microscope (FEGTEM) operated at 200 kV was
used to characterize the synthesized Ag ion exchange based
annealed samples. Prior performing the FEGTEM
measurements the glass—-metal nanocomposites slides
(metal in glass matrices) were crushed to form the powder
samples by using the pestle mortar. The few milligrams of
obtained powder samples were dispersed in acetone and
then the solution was kept in an ultrasonic bath for 45
minutes. The resulted suspension was pipetted from top
portion of the liquid and few drops of the liquid were
placed on a carbon coated copper grid of 300-mesh. The
dispersed solution was then evaporated; the images were
recorded using FEGTEM..

Results and discussion
UV-visible absorption spectra

Fig. 2 show UV-visible absorption spectra of as-exchanged
and thermally treated soda-lime glass samples in air at a
temperature of 550 °C. The optical absorption spectra of
as-exchanged Ag-doped glass samples does 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. After
annealing the silver-exchanged samples, an absorption band
was observed at 435 nm at a temperature of 550 C for 10-
min, which is apparently due to the surface plasmon
resonance (SPR) band of the silver nanoparticles in the
glass matrix. The intensity of the absorption peak increases
with the increase of annealing time from 10 min to 1 h. This
is because more Ag* ions were reduced into neutral Ag’
atoms, which indicates an increase of volume fraction of
silver nanoclusters in the glass matrix [19].
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Fig. 2. Optical absorption spectra of silver ion exchanged soda lime glass
before and after annealing in air 60 minutes at temperatures of 550 °C.

A Dblue shift of 9 nm of SPR peak was observed with
increasing annealing time. The blue shift of SPR peak was
observed with increasing clusters size due to the lower
value of full width at half maxima (FWHM) for increasing
clusters size. 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 [20]. The average
size of Ag nanoclusters was calculated by using formula
given as follows in equation (1) [21]

2V
4= pp )

1z

where d is the average cluster size of the nanoparticles,
Vs = 1.39 x 10° m/s is the Fermi velocity of electrons in
bulk silver and AEy, is the FWHM of the SPR band.
Equation (2) 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
27nm at room temperature for bulk silver [9]. Using
equation (2), the average cluster size of the Ag nanoclusters
based on Mie theory were found to be 2.5, 2.95, 3.89 and
4.2 nm for exchanged glasses annealed at 550 °C for the
annealing time of 10, 20, 30 minutes and 1h respectively.
This results show that the size of Ag nanoclusters increases
with increasing annealing time due to the diffusion-limited
aggregation of silver nanoclusters [19]. The change in
optical properties occurs due to this inter diffusion in
glasses because of different electrical polarisabilities of the
exchanged ions, difference in their size (ionic radii) and
mechanical stresses [10,19-23]. It is well known that the
optical properties of Ag nanoclusters exchanged in
transparent glass matrix depend on size-dependent

permittivity £(ew,R) of Ag nanoparticles and absorption
extinction of Ag nanoparticles. The resonance occurs at the
SPR condition ie. when £, (@)= -2 £,,, where £; denote
the real components of the metallic nanocluster dielectric
constant of metal particles, £,,is the dielectric constant of

the surrounding medium which is assumed to be frequency
independent. If this condition of SPR is fulfilled, the light
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field induces a resonant coherent oscillation of free
electrons across the metal nanoparticles/nanoclusters [10].

Photoluminescence spectra

Fig. 3 shows the room temperature photoluminescence
spectra of Ag*- Na" ion exchanged soda lime glass after
annealing up to 1h at 550°C. At the excitation wavelength
of 325 nm, the photoluminescence spectra of Ag exchanged
soda lime glass show drastic changes in PL intensity after
annealing at 550 °C for 10 minutes to 1h. It is evident from
the figure that the PL intensity is highest for 10 minutes at
550 °C, but when annealing time is increased further from
20 minutes to 1h, the PL intensity decreases drastically and
is lowest for 1h at 550 °C. M. A. Villegas et al. has already
reported that Ag® ions are luminescent in nature in both
crystalline and glassy matrices [22]. In contrast, till now no
PL emission was observed for Ag® (neutral atoms) at any
excitation wavelength. In addition to this the increase in PL
intensity at an annealing temperature of 550 °C for 10
minutes could 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 thermal annealing of ion exchanged
glass 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 30
minutes and lhour [8, 23-26]. P. Gangopadhyay et al. has
reported similar results for silver nanoclusters in ion
exchanged soda lime glass followed by thermal annealing
in vacuum [24, 25].

25000
| A 10m
20000 |- X 20 m
| @ 30m

15000

10000

PL Intensity(a.u.)

5000

400 500 600 700 800
Wavelength(nm)

Fig. 3. PL spectra of silver ion exchanged glass after annealing at 550°C
for 1h.

Transmission electron micrographs

FEGTEM measurement for Ag ion exchange sample
annealed at 550 °C for 1h is shown in Fig. 4. The
micrographs show the presence of spherical nanoparticles
with a maximum radius of 4 to 5 nm which is in good
agreement with the cluster size calculated by equation (2).
The Ag (111) has been identified in the FEGTEM results
which confirm the crystalline nature of metallic silver in
amorphous glass matrices.
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Therefore ion exchange at 370 °C leads to incorporation
of Ag atoms into soda-lime glass matrix after substituting
the Na atoms of glass matrix. These Ag atoms in ion
exchanged glass exist mainly in the form of Ag"™ ions along
with a small population of Ag’ atoms [8]. The Ag-ion
exchange process at higher temperature or as the annealing
temperature / time increases results in further reduction of
Ag" ions after capturing the electrons from the glass matrix
or from the impurities on the surface leading to increased
formation of silver neutral atom (Ag®) as expressed follows
[25]:

=Si-0"-4g*)o Si-0-5i=+0" +(4g) * &)

20Y + 2Ag" & 2Ag°+ O, 4

Average Diameter D, = 4+1.5 nm

Particle's Distribution (%) (a.u)

Fig. 4. FEGTEM image of silver ion exchanged glass after annealing at
550 C for 1h; (a) at 5 nm scale: (b) at 20 nm scale. The inset in Fig. 3 (a)
shows the particle size distribution curve.

As annealing time and temperature increases further, the
following reduction reaction may take place resulting in an
increased amount of silver in the samples (or intense
coloration and strong SPR band).
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Agt +4g% = Ag* + A5° (5)

Therefore the coloration of annealed samples varies
with annealing temperatures and times (light to dark
yellow) as the size of Ag clusters increases. The increase in
annealing time and temperatures further increases the
formation of more 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 thermal annealing
Ag atoms diffuse towards the glass surface for thermal
relaxation of the surface which results into the tensile stress
which was observed due to the size differences after
cooling [23].

Conclusion

The synthesis of Ag nanoclusters embedded in soda lime
glass by Na*-Ag" ion exchange process followed by thermal
annealing in atmospheric conditions has been performed.
The ion exchanged Ag nanoparticles diffuses inside the
soda-lime glass matrix during annealing processes. After
annealing these particles are reduced to neutral silver atom
(Ag®) and subsequently form silver nanoparticles in
oxidizing atmosphere. The luminescence intensity of
thermally exchanged samples decreases with increase in
annealing time at a particular annealing temperature.
FEGTEM image shows the presence of spherical
nanoparticles with the average cluster size of 5 nm for the
sample annealed at 550 °C for 1h, which agrees with the
average cluster size calculated by Mie theory. Thus the
nano-sized Ag nanocluster embedded on glass matrix is
suitable for future prospective as it can significantly trap
light of a particular wavelength by means of plasmonic
resonance. These materials can have potential applications
in optical data storage, plasmonics solar cell and
optoelectronic devices as well as to increase the separation
of photo-generated carriers for superior photovoltaic
applications.

Acknowledgements

The authors are highly thankful to Prof. (Dr) Rajat Gupta (Director NIT
Srinagar) and Fayaz Ahmad Mir (Registrar NIT Srinagar) for taking keen
interest in research and extending financial support for carrying out the
research work. Mr. Promod Kumar is thankful to Shri P. L. Sapporo (PA
to Director) of NIT, Srinagar for his generous help and support in
administrative understandings. Mr. Promod Kumar is thankful to Dr
Arvind Agarwal and Mr. Mohan Chandra Mathpal of MNNIT, Allahabad,
India for their kind support and valuable discussions for carrying out the
research work.

Reference

1. Maier, S. A.; Plasmonics: Fundamental and Applications, Springer,
New York, 2007.

2. Lai, Y. H.; Hui, P. M.; Opt. Comm. 2013, 304, 11.
DOI: 10.1016/j.optcom.2013.04.036.

3. Maier, S.A; Kik, P.G.; Atwater, H.A.; Appl. Phys. Lett. 2002, 81,
1714.
DOI: 10.1063/1.1503870.

4. Pillai, S.; Catchpole, K.R.; Trupke, T.; Green, M.A.; J. Appl. Phys.
2007, 101, 093105.
DOI: 10.1063/1.2734885.

Adv. Mater. Lett. 2015, 6(3), 242-246

Copyright © 2015 VBRI Press


http://dx.doi.org/10.1063/1.1503870
http://dx.doi.org/10.1063/1.2734885

Kumar and Ahmad

_____________________________________________________________________________________________________________________|

5. Sato, T.; Ahmed, H.; Brown, D.; Johnson, B.F.G.; J. Appl. Phys.
1997, 82, 696.

DOI: 10.1063/1.365600.

6. Mukherjee, B.; Mukherjee, M.; Appl. Phys. Lett. 2009, 94, 173510.
DOI: 10.1063/1.3127233.

7. Kumar, A,; Vemula, P.K.; Ajayan, P.M.; John. G.; Nat. Mater. 2008,
7,236.

DOI: 10.1038/nmat2099.

8. Riboh, J. C.et al; J. Phys. Chem. B, 2003, 107, 1772.
DOI: 10.1021/jp022130v.

9. Heilweil, E.; Hochestrasser, R.M.; J. Chem. Phys. 1985, 82, 4762.
DOI: 10.1063/1.448693.

10. Mathpal, M. C.; Kumar, P.; Balasubramaniyan, R.; Chung, J. S.;
Tripathi, A. K.; Singh, M. K.; Ahmad, M. M. Pandey, S. N.;
Agarwal, A.; Mat. Lett. 2014, 128, 306.

DOI: 10.1016/j.matlet.2014.04.169.

11. Hamanaka, Y.; Nakamura, A.; Hayashi, N.; Omi, S.; J. Opt. Soc. Am.
B 2003, 20, 1227.

DOI: 10.1364/JOSAB.20.001227.

12. Mathpal, M. C.; Tripathi, A. K.; Kumar, P.; Balasubramaniyan, R.;
Singh, M. K.; Chung, J. S; Hur, S. H.; Agarwal, A.; Phys. Chem.
Chem. Phys. 2014, 16, 23874.

DOI: 10.1039/C4CP02982H.

13. Lin, A,; Son, D. H.; Ahn, I. H.; Song, G. H.; Han, W. T.; Opt.
Express 2007, 15, 6374.

DOI: 10.1364/OE.15.006374.

14. Ju, S.; Nguyen, V. L. et al.; J. Nanosci. Nanotechnol. 2006, 6, 3555.
DOI: 10.1166/jnn.2006.055.

15. Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C.; J. Phys. Chem.
B. 2003, 107, 668.

DOI: 10.1021/jp026731y.

16. Philip, R.; Ravindra K. G.; Sandhyarani, N.; et al.; Phys. Rev. B
2000, 62, 13160.

DOI: 10.1103/PhysRevB.62.13160.

17. Battaglin, G.; Calvelli, P.; Cattaruzza, E.; et al.; Appl. Phys. Lett.
2001, 78, 3953.

DOI: 10.1063/1.1380243.

18. Farah, K. et al.; Nucl. Instr. Met. Phys. Res. B, 2014, 323, 36.
DOI: 10.1016/j.nimb.2014.01.019.

19. Chen, F. et al.; Mater. Res. Bull. 2013, 48, 4667.

DOI: 10.1016/j.materresbull.2013.08.032.

20. Manikandan, P. et al.; Spectrochim. Acta Part A: Mol. Biomol.
Spectr. 2014, 124, 203.
DOI: 10.1016/j.5aa.2014.01.033.

21. Sheng, J.; Int. J. Hydr. Energy 2007, 32, 2602.
DOI: 10.1016/j.ijhydene.2006.10.007.

22. Villegas, M.A.; J. Sol-Gel Sci. Technol. 1998, 11, 251.
DOI: 10.1023/A:1008654228678.

23. Wang, P. W.; Appl Surf Sci. 1997, 120, 291.

DOI: 10.1016/S0169-4332(97)00237-7.

24. Gangopadhyay, P.et al.; Phys. Rev. Lett. 2005, 94, 047403.
DOI: 10.1103/PhysRevLett.94.047403.

25. Rozra, J.; Adv. Mat. Lett. 2013, 4(8), 598.

DOI: 10.5185/amlett.2013.1402.

26. Mathpal, M. C.; Tripathi, A. K.; Kumar, P.; Agrahari, V.; Singh, M.
K.; Agarwal. A.; Che.l Phy. Lett. 2014, 614, 162.

DOI: 10.1016/j.cplett.2014.09.035.

vBRl P
P

a rapid publication platform

Advanced Materials Letters @ JOURNAI

Publish your article in this journal

ADVANCED MATERIALS Letters is an international journal
published quarterly. The journal is intended to provide top-quality
peer-reviewed research papers in the fascinating field of materials
science particularly in the area of structure, synthesis and
processing, characterization, advanced-state properties, and
applications of materials. All articles are indexed on various
databases including DOAJ and are available for download for free.
The manuscript management system is completely electronic and
has fast and fair peer-review process. The journal includes
review articles, research articles, notes, letter to editor and short
communications.

Adv. Mater. Lett. 2015, 6(3), 242-246 Copyright © 2015 VBRI Press 246


http://dx.doi.org/10.1063/1.365600
http://dx.doi.org/10.1063/1.3127233
http://dx.doi.org/10.1063/1.448693
http://dx.doi.org/10.1364/JOSAB.20.001227
http://dx.doi.org/10.1364/OE.15.006374
http://dx.doi.org/10.1166/jnn.2006.055
http://dx.doi.org/10.1103/PhysRevB.62.13160
http://dx.doi.org/10.1063/1.1380243

