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Abstract: Na,O-BaO-Borate glasses were synthesized with silver nano-particles of varying silver concentrations
by the method of melt-quenching. Their densities of the glasses and hence molar volumes were computed. The
existence of the silver nano-particles was depicted by characteristic band in the absorption spectra of UV- Visible
studies known as plasmon band. Further the matrix also showed a small amount of nanostructures of the host
which imparts the nonlinear behaviour. They were further visualized by the Scanning and Transmission electron
microscopy. Optical band gap and Urbach energies were found. The band gap values change exactly in the opposite
manner of density with silver doping. The wide luminescence band in the visible region formed for the excitation
of plasmon band may be utilized for the luminescence enhancement of luminescent material like rare earth ions.
The very significant result perceived from this is that the glass as such with silver nano-particles showed broad
emission in the, green & blue portions of electromagnetic spectrum in the close vicinity of white light with the
variation of silver content which can be utilized for the enrichment of the emission of lanthanide ions in the visible
section of electro-magnetic spectrum.

Keywords: Band gap energy; Silver nanoparticles; Surface plasmon resonance.

1. Introduction

Glass is a very vital material both in the ancient times as well as in the present scenario. Materials are used in
the form of glass from scientific laboratories equipments to more sophisticated instruments in the medical field.
The significance of glasses lies in its ease of formation as well as it can tailored into any desired shapes like sheets,
glass wools, rods, thin films, fibers etc. Glass as such is highly transparent dielectric material and mainly attracted
by its beautiful colours and its vast application. It is a very good material especially for accomodating the impurities
to impart the desired structural[1], optical[1,2], mechanical[3], conducting[4] and magnetic properties[5]. Though
wide applications of silica glasses are satisfactory, the borate glasses are also receiving more attention due to their
low cost, low melting point and ease of glass forming[6]. Borate glasses are attracting more interest due to their
optical and electro-chemical applications such as luminescent, optical waveguides materials, solid-state batteries
[7]. Most of the studies on borate glasses were conducted on their structural,optical, magnetic and electrical studies
[8-10].

It was planned for the creation of silver nano-particles in the glass host. As less work was done with silver
nanoparticles in borate glasse despite of its many desired qualities.For this purpose we chose the borate glasses as
a result of its numerous beneficial properties like lower melting temperature, higher transparency, higher ability
to form glass, higher solubility of rare earth. Barium oxide, one of the heavy metal like TeO,, Bi,O3z, PbO metal
utilized as a modifier and it grants nonlinear behavoiur to the glass. Sodium oxide is likewise utilized as a modifier
which decreases the melting temperature and additionally works as electron rich centre apart from acting as a
reducing agent.

The present work was focussed on synthesizing strong glasses with silver nano-particles both chemically and
physically stable. And to achieve this, we attempted glasses with above said chemicals with different variations
of silver nitrate. The preparation of the borate glasses, modified by barium oxide and sodium oxide, with silver
nanoparticles was done successfully by utilising the melt quenching method. The investigations of these glasses
in relation to their physical, molecular-structural, optical absorption and luminescence properties were made with
the aid of many sophisticated instruments which are discussed. Silver nitrate showed very good solubility than the
silver chloride.The silver nanoprticles generated were studied with spectrometric techniquices.The Plasmon
behaviour of the silver nanopaticles were tried to use for the enhancement of luminescence which may be further
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used for the rare earth luminescence boosting when the glasses were doped with both silver nanoprticles and the
lanthanide ions.

2. Experimental procedure

Sodium-barium-borate glasses with varying silver nitrate content were prepared by the traditional melt-
quenching procedure. The chemicals used for the preparation were all analytical grade. The chemicals used were
boric acid (HsBOs3), barium carbonate (BaCOs), sodium carbonate (Na;COs) and silver nitrate (AgNOs).

Required quantities of the chemicals according to the stoichiometry were weighed with the electronic balance.
The mixture was powdered and blended well for uniform distribution of all the involved materials. And this solid
mixture was placed into a Muffle furnace and heated till a clear molten liquid is formed with frequent stirring.
After ensuring no air bubbles, at 1000°C the melt was immediately poured between the two preheated brass moulds
to prepare the glasses. Since these glasses were very delicate, they were kept for annealing for two hours without
any delay at 300°C and then naturally cooled to room temperature. The annealing is needed to reduce the strain
developed due to the sudden cooling the melt and the glass also become tough after annealing. With the help of
emery papers of different grade 100-1200 the glasses were polished starting with lower value to higher and used
for different studies. Archimedes procedure was employed to evaluate the density of these glasses and then molar
volume was determined. Structural studies were worked out by P.X-ray diffraction (Powdered XRD), fourier-
transform infra-red spectroscopy (FTIR) and Raman spectroscopy (RS). The size, shape of nanoparticles and their
distribution were analysed by microscopic techniques, scanning - electron microscopy (SEM) and transmission -
electron microscopy (TEM). Optical absorption and luminescence studies were carried out by UV-Visible
absorption and spectro-fluoremeter respectively.

3. Results and discussions
The different chemical and their stoichiometric molar compositions of the glasses prepared are shown in the

table 1.
Table 1. The chemical composition of borate glasses with different silver concentration

Glass Code B,0s BaO Na,O AgO
B-0 60 10 30 0.0
BA-0.25 59.75 10 30 0.25
BA-0.5 59.50 10 30 0.5
BA-0.75 59.25 10 30 0.75
BA-1.0 59 10 30 1.0
BA-1.25 58.75 10 30 1.25

The BaO and Na,O modified borate glasses were prepared with varying molar concentrations of silver oxide of
0.0, 0.25, 0.5, 0.75, 1.0 1nd 1.25mol%. All the materials involved for the preparation of glass were of analytical
grade. Borates from boric acid were used for glass network because of their higher affinity towards glass forming.
Lead oxide (PbO), the most commonly used but more toxic heavy metal oxide was replaced by the barium oxide
which acts as modifier and imparts non-linear properties to the glass as well. The alkali oxide, Na,O is another
modifier. It decreases the hygroscopic nature of the borate glass and helps in the reduction silver ions. Silver oxide
from silver nitrate is used for the formation and growth of silver nanoparticles.

3.1 Physical appearance

The glasses prepared were observed to be strong, stable, and highly transparent. The glasses without silver were
white transparent. The silver doping gave slight yellow colouration, which increased with the silver content
increase in the glass and the glasses were also transparent. These are named as silver doped borate glasses or
simply BA-glasses with varying silver concentration from 0 to 1.25 with a step size of 0.25.

3.2 Density and molar volume

Using the Archimedes principle the densities of the prepared BA glasses with varying silver doping were found
by measuring the weight of the glass in air and in toluene, which were taken for immersing the sample.

The density of the samples was computed using the equation

pglass = Ptoluene (Wtair/loss Othtoluene ) (1)

The molar volueme of the glasses was calculated using the formula
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M, = Mm/pglass (2)

where Mpn- molar mass of the glass

The densities and the molar voluemes were plotted (Fig. 1). With the increase in silver doping the density of
BA glasses initially increased and then started decreasing with further silver content increase, in the glass. However,
the molar volume showed opposite trend as that of density. This is because initially the silver goes in the voids
and interstitials with more addition of silver may be volume is increased in order to accommodate the increased
silver doping hence density is decreasing and the molar volume in increasing with the silver concentration.
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Figure 1. The variation of density and molar volume of the BA- glasses with the concentration of silver doping

3.3 Structural properties

3.3.1 Powdered X-ray diffraction (PXRD)
The PXRD of the BA- glasses (Fig.2) showed no sharp peaks which suggested the amorphous nature of the
prepared glasses [11]. This disordered arrangement of entities substantiates the amorphous nature of the samples

prepared.
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Figure 2. Powdered X-Ray diffraction spectrum of the B-0 and BA-0.25 Glasses

Table 2. The position of the two broad humps of the silver doped borate glasses

Glasses Broad hump | Broad hump Il
B-0 24.35 43.22
BA-0.25 24.35 43.22
BA-0.5 24.35 43.22
BA-0.75 24.95 44.23
BA-1.0 25.52 44,98
BA-1.25 25.52 44,98
Average 24.84 =25 43.98 = 44
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The peak envelops are shown as insights and their peak positions after fitting the peaks are shown in the table
2. A negligible variation in the two wide peaks positions was observed. The two broad absorption humps were
seen around 25° and 44° (average values) and were due to the collective scattering of all the molecules and atoms
simultaneously. The lack of long range order and the absence of sharp and discrete peaks which is characteristics
of systematic periodic arrangement of atoms or molecules were observed. The lack of regular repetitive positioning
is also known as glass.

3.3.2 FTIR studies of the silver doped glasses

The FTIR spectra of BA- glasses were shown in the figure 3. The spectra are repetitive and all the absorption
peaks of composite nature having multiple peaks overlapping on one another, because of the presence of both
tetragonal and trigonal structural groups were observed. Clear examination of the spectra indicated presence of the
bands of vibration due to different collection of BO3; and BO4structural units. Many absorption bands were detected
at 1333, 1132, 994, 944, 854, 826, 707 and 464cm* in this spectra. The trigonal BO3 unequal stretching vibrations
were observed at 1333cm™ [12] in the wavenumber range 1200-1600cm™, Stretching vibrations of B-O bond in
tetrahedral BO. group in the range 800-1200cm”, BOB bending vibrations and BOBa stretching vibrations were
observed.

The band identified at 707cm™ revealed the B-O-B bending vibrations in the borate glass net-works [13]. The
small, weaker bands near 464cm-*< 600cm-* can be assigned to Ba, which replaced Na in the matrix [14, 15]. The
peak around 994cm -Ydipicts the stretching vibrations of the bond B-O-Ba. [15]. There were no boroxol rings in
the absence of peak 800cm™. The peak 826cm ™ is assigned to the diborate linkage [15]. The B-0 glass showed
minimum and the BA-1 glass maximum values of absorbance for all the observed peaks. The peak intensity is
found to increase with silver doping and at 1.25mol% doping it showed a decrease. The least intensity of
absorbance was seen in the base glass. The silver doping may be facilitating the breaking of larger borate structure
into smaller ones which in turn may be responsible for the increased intensity of the doped glasses.

3.3.3 Raman studies

Raman spectroscopy was employed to study the structure of materials by their molecular vibrations by
absorbing particular wavelength. Figure 4 shows the Raman spectra of the silver doped glasses. Largely small
groups of triborate (BO3) and tetraborate (BO4) are the main constituents of the borate glasses. Based on the
combinations of these two groups they are named as Boroxol ring, triborate, di-triborate with and without non-
bridging oxygen atom, diborate, metaborate, pyroborate, orthoborate etc.
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Figure 3. FTIR spectra of BA- glasses Figure 4. Raman spectra of Silver doped borate
glasses

Raman Spectra show the absorption around the wave numbers 124, 157, 225, 264, 329, 407, 579, 766, 952,
1183, 1339, 1527, 1678cm™. The peak 597 cm™ is more prominent only in base glass. The highest intensity peak
1339 shows shift with respect to the silver doping and also variation in intensity. Deconvoluted Raman spectra are
shown in the figure 5.

Tetrahedral BO, was assigned to the Raman bands around 407 and 264cm™[14] in barium diborate.
Comparatively wider and weak band between 950- 962cm™ were attributed to asymmetric stretching of BO3
present in barium borates [15]. The band 766cmassociated to symmetric vibrations six membered ring in which
one or two triangular BO3 groups were replaced by tetrahedral BO4 groups[16].

The bands in the range 1300-1600cm? signify the triborate structures involving one non-bridging oxygen atom
[17]. The highest frequency band between 1200-1600cm[18] was assigned to B-O that does not belong to the
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boroxol rings. The peaks formed by the presence of other metal oxides fall in the wavenumber less than 500cm*
[19]. 1183cm is assigned to the BOs also. The peak position and the width of the borate glasses are shown in the
table 3 and table 4. The band position and the band width were found to decrease and then increased with the silver
concentration. All the peaks are showing increasing intensity with silver concentration upto1.0 mol% and then it
decreases with further increase of silver as depicted in the table 5. And 4" and 6" peaks showed an increase in the
intensity for all concentration. First peak showed a small decrease initially and then a gradual increase in intensity
with silver doping. This increase in intensity may be attributed to the silver nanoparticles whose ease of forming
dipoles in the field may be facilitating the oscillation of the borate groups.

Table 3. Deconvoluted bands peak positions of Raman spectra of silver doped borate glasses

Peak No B-0 BA-0.25 BA-0.5 BA-0.75 BA-1.0 BA-1.25
1 129 134 132 131 131 131
2 256 248 245 246 229 289
3 1234 1219 1221 1223 1225 1206
4 1353 1354 1356 1353 1351 1356
5 1461 1468 1468 1462 1455 1484
6 1602 1583 1589 1597 1610 1582

Table 4. Deconvoluted bands peak widths of Raman spectra of silver doped borate glasses

Peak No B-0 BA-0.25 BA-0.5 BA-0.75 BA-1.0 BA-1.25
1 65 52 46 47 46 57
2 515 535 510 515 573 444
3 175 154 160 157 156 150
4 98 102 102 101 99 106
5 158 139 136 148 162 120
6 365 371 379 354 327 389
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Figure 5. Deconvoluted peaks of the silver doped glasses

Table 5. Deconvoluted bands peak Intensity of Raman spectra of silver doped borate glasses

Peak No B-0 BA-0.25 BA-0.5 BA-0.75 BA-1.0 BA-1.25
1 423 312 371 418 443 320
2 313 531 483 532 606 517
3 707 1100 1290 1509 1718 1237
4 1594 3306 3821 4103 4243 4487
5 944 1322 1603 2073 2699 1462
6 1386 2809 3538 3390 3219 3965

3.4 UV-Visible studies

Optical properties arise because of the electromagnetic interaction with matter. Nature of the material and the
smoothness of the surface, results into different phenomenon. Accordingly the materials may be reflecting (R),
transparent (T) or absorbing (A). No substance is perfectly reflecting or perfectly transmitting or perfectly opaque.
The sum of the fraction of radiation reflected, transmitted and absorbed is given by R+T+A=1.

3.4.1 UV-Visible absorption
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UV-visible absorption spectra of BA- glasses recorded at room temperature are shown in the figure 6. As the
wavelength decreased, the absorption very slowly increased and at lower wavelengths the absorption increased
drastically. These glasses are transparent to infrared and opaque to ultraviolet light. The absence of sharp band
edge indicated the amorphous nature of the material of the glasses. A small absorption band was seen at around
417nm in the silver doped glasses. This band is more intense in BA-1.0 glass. The peak became more prominent
with the increase in silver concentration till 1.0mol% and then the band became less intense with further increase
in silver content. This band formed due to the collective absorption of silver nano-particles known as band of
surface plasmon resonance (SPR). All the silver nanoparticles oscillate in resonance with the incident wavelength.
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Figure 6. UV-Visible absorption spectra of BA- glasses

The plasmon band indicates the formation of silver nanoparticles which has been explained with the help of
SEM and TEM analysis in our further studies in this paper. The peak position changed slightly in the range 414-
419nm and the band edge is decreased with the silver addition. SPR peaks at 410nm and 411nm have been reported
by previously [20-21]. Similar SPR peaks due to gold nanoparticles were seen in 610-681 nm [22]. At 424nm the
SPR band was observed in chitosan mediated silver nanoparticles [23]. SPR band height and the width indicate
the number and the size distribution of the nanoparticles. However, for the higher concentration the SPR is found
to decrease which may be due to concentration quenching.

3.4.2 Optical band gap energy

The optical absorption edge was found by absorption constant which exponentially rises with energy of photon
in amorphous semiconductors.

With the help of the Davis and Mott equation [24] relating the absorption co-efficient and the energy of the e-
m waves the optical band gap energies (Eopt) of the prepared glasses were determined by the following the formulae.

a(w) =2.3034/d @)
a(w) = B (hv — E,p )" /hw 4)

where in formula 3, o(w), the absorption coefficient, A - the absorbance and d - the thickness of the glass and in
formula 4, ho the incident energy, Eqp €nergy difference from the valence to the conduction bands and n is the
exponent depends on the inter-band transition mechanism. The values of n may have the values 1/2, 2 for direct
allowed and indirect allowed inter band transitions respectively.

The relation between energy and (ahv)2 and energy against (ahv)*2 were plotted as depicted in the figure 7 and
figure 8 respectively. The tangents drawn to these curves were extrapolated till (¢hv)2 =0 and against (ahv)¥?=0
in the corresponding figures and thus the direct and indirect band gap energies were obtained. The obtained band
gap energies with the silver doping are shown in the figure 9. It is found to decrease in the beginning, with silver
doping into the base glasses and with further increase in the silver doping the band gap energy increased. But direct
band gap energy is always more than the corresponding indirect band gap energy.

The increased in band gap energies depicts that the structure is becoming more open. This may be correlated
with the density of the glasses which showed exactly the reciprocal changes with the silver concentration. As the
density increases the energy levels spacing decreases and hence there is a decrease in the band gap energy. With
the decrease in the density the energy levels will be more spaced and this may be the reason for the increased band
gap (Eg) energy. The increasing band edge indicates the non-bridging oxygen formation.
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Figure 9. Correlation between the density and band gap energies

3.4.3 Urbach energy
Urbach energy is the measure of disorder which is determined by the UV-Visible absorption data of absorption

coefficient and the corresponding energy.

In the exponential region, the shape of the absorption in the tail indicates the disordered nature of the material.
In the forbidden band gap, the band edge gives a measure of disorder in the structure of the materials which is
evaluated by the use of Urbach rule [25]. The energy against log (o) was plotted to determine the Urbach energy
which is 1/ slope of the band edge (Fig. 10). The Urbach energy of these glasses increased initially with silver
addition into the matrix and later decreased with further doping of silver which is presented in figure 11. The more
the density the more is the disorder observed in the glasses and vice-versa.
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Figure 10. Energy vs. In [o] plot for the determination Figure 11. The variation Urbach energy correlated to

of Urbach energy density with the silver variations
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3.5 Particles analysis

3.5.1 Scanning - electron microscopy (SEM)

The Scanning - electron microscope (SEM) was used for the particles morphology. The figure 12 shows the
images of the glass samples with scanning electron.

The Ag nano-particles were observed in the BA- glasses. However, in addition to the approximately small
spherical nanoparticles, nanowires were also observed. The nanowires were seen in the base glasses also. The
nanowires were formed by the matrix of the glass without silver doping. In order to get more clear information of
the nanoparticles, transmission electron microscope images were obtained.
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Figure 12. SEM images of base a] and b] and c] and d] BA-1 glasses

3.5.2 Transmission electron microscope (TEM)

These glasses were further examined with transmission electron microscope. It is one of the more significant
sophisticated instruments for the analysis of particles. Figure 13a and 13b show the base and the silver doped
glasses’ TEM images with 10nm and 20nm resolution.

In the B-8 glass without silver, small amount of wire type structures of barium borate nanowires were observed
whose average width was around 25nm. Using the surface area electron diffraction (SAED) and the image software
they were indexed with the card number 15-860[26 - 28]. In the figure 13c and 13d the silver nanoparticles can be
seen with resolution 10 and 20nm.They were further investigated by the SAED and indexed with help of JCPDS
card no 65-2871[23]. Silver nanoparticles average size was estimated to be 4nm and identified them as cubic with
space group Fm-3m [23].
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Electromagnetic (EM) wave whose wavelength, close to the plasmon band if incident on the silver nano-
particles, they start to oscillate collectively in resonance is identified as surface plasmon resonance (SPR). Some
of the metals, whose conduction electrons readily absorb the EM energy and form surface plasmons are silver,
gold and copper etc. These metal nanoparticles serve as sensors and enhance the properties such as luminescence,
Raman scattering, electrical properties. The luminescence of the luminescent ions in the vicinity of the silver
nanoparticles can be modified by two methods, one through the direct energy transfer from nanoparticles to the
ion and other by the electric field enhanced by the surface plasmon.

According to literature this surface plasmon band formed by silver nanoparticles produces luminescence
enhancement or luminescence quenching. Our interest was to understand what changes it brings in our barium
sodium borate glass with erbium doping so that these glasses may find a place in plasmon application.

Figure 13. TEM images of a] and b] base & c] and d] BA-1 glasses

3.6 Photoluminescence study

The photoluminescence spectra of the BA-glasses are displayed in the figure 14 for the wavelength excitation
of 417nm (Plasmon).

Broad and prominent emission band in the visible region was observed which is the characteristic feature of the
silver nanoparticles and is formed due to the SPR of silver nanoparticles. The emission intensity increased with
the silver doping and later decreased after 1mol% of silver content. Increase in both width and height of the
plasmon band was seen up to 1mol%. In order to compare, the emission spectra of base glass is also shown. Base
glass was found to show least intensity without any plasmon resonance band. In the table 6 the emission intensity
and emission enhancement of BA glasses are shown. The enhancement increased up to 817 times for 1mol% of
silver and thereafter it decreased. All the BA glasses showed increased photoemission.

Photoluminescence spectral data were fed to get CIE (International Commission on Illumination) diagram to
perceive the colour of emission. The Co-ordinates of CIE chromaticity of silver doped glasses were found and
tabulated in the table 7.
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Table 6. The emission intensity enhancement of BA glasses

Glass Code Silver doping Emission Intensity Intensity enhancement
B-0 0 9850 -
BA-0.25 0.25 39640 402
BA-0.5 0.5 56286 571
BA-0.75 0.75 73380 745
BA-1.0 1 80439 817
BA-1.25 1.25 60448 614
8.0x10"
2 6.0x10°
z
2 s.0x10°
2
£
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Figure 14. Photoluminescence spectra of silver doped borate glasses

Table 7. CIE co-ordinates and CCT values of the Silver doped glasses

Glass samples Colour Co-ordinates

X y CCT
B-0 0.3 0.36 6896
BA-0.25 0.3 0.39 6678
BA-0.5 0.31 0.36 6438
BA-0.75 0.31 0.39 6295
BA-1.0 0.3 0.41 6567
BA-1.25 0.3 0.39 6678

The temperature of the colour emitted proposed by Planckian black body known as the correlated colour
temperature (CCT) were also determined and are shown in the table 7. For understanding the emission colour
quality the Empirical McCamy equation [29-32] was used.

CCT = —449n® + 3525n2 — 6823n + 5520.33 (5)

where n=[x-xc]/[y-yc] and the chromaticity epi centre (xe, ye) = (0.32 0.1858) [33]. The mean CCT obtained was
6531K.

The CCT values less than 4000 emitted the apparent warm colours consisting of more red and yellow colours
used for dim lighting. The CCT values greater and equal 4000 emitted the apparent cool colours consisting of more
crisp white or blue light used for more sophisticated applications. All the glasses displayed the emission in the
green and blue portion of electro-magnetic radiation very near proximity of white light with varying intensity and
highest being for BA-1 glass.

The silver nanoparticles collectively oscillated when excited by the plasmon wavelength and gave a broad
emission in the visible region very close to white light as shown in the figure 15. This broad luminescence band
may be used to enhance the luminescence of rare earth ions [36]. The energy of emission of all of the silver
nanoparticles when plasmon excited oscillate together and may transfer the energy directly to the nearby emission
centers like rare earth ions or this collective oscillation may produce the high electric field which may also excite
the rare earth ions and help in improving the emission of rare earth ions [34-37]. This plasmonic phenomenon can
be used in enhancing the luminescence of the rare earth ions which used in the LED applications.

4. Conclusion

Sodium-Barium-Borate glasses tamper with silver nano-particles were successfully synthesized by the melt-
quenching practice with different silver concentrations. The Amorphous behaviour of glasses was understood by
the lack of clear and distinct peaks in the XRD. The FTIR and Raman studies revealed the presence of BO3 and
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BO4 units. In the UV-Visible absorption studies, formation of silver nanoparticles was confirmed by the
appearance of plasmon band. Further size, shape and the distribution of nanoparticles were understood by the SEM
and TEM analysis. The band gap energies and Urbach energies were found to vary with the density of the glasses
indirectly and directly respectively. A broad emission band was witnessed due to the plasmon resonance of the
silver nanoparticles, for the excitation wavelength of plasmon peak. This broad emission of silver nanoparticles
may be harnessed to enhance the rare earth emission in the visible region.
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Figure 15. CIE-diagram showing the emission colour of silver doped glasses
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