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Impact of ZnO on the Physical and Optical
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The structure of the £ZnO-30PbO—(70 — 2)B203 (x = 5-20 mol%) glass system is investigated by
analysing the physical parameters like molar volume and density. An increase in density (5.31-5.7 g/ Cm3)
and consistent decrease in molar volume (20.95-20.03 cm?®/mol) of glass samples is observed with the
rise in ZnO content. The X-ray diffraction pattern confirms the amorphous nature of glass samples. The
ultraviolet-visible spectroscopy technique is utilized to detect changes in optical parameters, like optical
band gap and refractive index. The results depicted a reduction in optical band gap (2.63-2.41 eV) with
an increase in ZnO content. Other parameters, such as oxygen packing density, ionic behaviour and
average boron-boron separation of prepared glasses, have also shown a variation with a change in ZnO
content. Infrared Spectroscopy measurements confirm the change of borate coordination from trigonal
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BOs3 to tetrahedral BOy.
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1. Introduction

Glasses have always captivated mankind, fulfill-
ing the needs of diverse technological areas due to
their unique ability to be fabricated in a variety of
compositions as required by the particular appli-
cation [1-3]. Borate glasses have the highest glass
forming tendency because they do not crystallize
even at slow cooling rates. Apart from this, borate
glasses also exhibit high transparency at lower tem-
peratures [4]. Borate or BoO3 can develop glass with
BOg units alone, however, when different cations are
added, the BO3 units are converted into BO4 units.
This is possibly due to the borate’s high flexibility in
creating the BO4 tetrahedral structure rather than
yielding non-bridged oxygen and rupturing B-O-B
bridges [5].

In recent times, transition metal oxide (TMO)
doped glasses have received a lot of attention be-
cause of their valuable physical, optical and elec-
trical properties [6, 7]. Among transition metal ox-
ides, Zinc oxide (ZnO) is the most suitable glass
former as it is known to lower the viscosity at
the melting temperatures of oxide glasses. In other
words, it has a lower softening point compared
to other types of glasses. This unique property of
7Zn0O has a notable impact on the properties of the
glasses. The impact of ZnO content on the struc-
tural properties of the glass is also very significant
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since it can play the role of the intermediate, i.e.,
it can behave as a network modifier as well as
a network former depending upon the percentage
composition [8-11]. Zinc oxide is a semiconducting
material having a large band gap and is also re-
garded as a reliable material for visible and near-
ultraviolet applications [12, 13]. It has numerous
applications in the fabrication of electronic and op-
tical devices, such as laser diodes, organic photo-
voltaics and light-emitting diodes (LEDs), due to
its high dielectric constant and high exciton bind-
ing energy at room temperature [13-15]. Apart from
that, ZnO is widely used as a radiation-resistant
material, making it a suitable candidate for space
applications [15, 16].

Borate glasses containing ZnO are expected to
be highly electrically resistant, mechanically strong
and thermal and chemically stable. In addition,
these glasses are spectrally transparent in the vis-
ible and infrared ranges [17]. Extensive research is
being pursued on transparent glass materials that
are useful as insulating layers between the arrays of
front electrodes in display panels. ZnO-based glasses
meet all the prerequisites to be used for application
in display panels [18, 19].

PbO glasses are commonly used in technological
applications due to their unique properties, such as
good radiation shielding [20], a large glass formation
region, and low melting temperatures [21]. Borate
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Composition, density, molar volume, and boron—boron separation (dg_g) of the glass samples. TABLE 1
. 3 Molar volume
Glass ZnO [%] | PbO [%] | B20s [%] | Density (D) [g/cm?] 3 (d—B) [nm]
(Vi) [em®/mol]
Zn-5 5 30 65 5.31 20.95 0.368
Zn-10 10 30 60 5.52 20.33 0.348
Zn-15 15 30 55 5.63 20.10 0.333
Zn-20 20 30 50 5.7 20.03 0.322
glass structures, in particular those containing lead,
are significant due to their high light transmittance 50 I
in the visible region of the electromagnetic spec- U‘/\L’\J\V-WQ;VM‘\ .‘Mm
trum [22]. Heavy metal oxides, such as PbO and U, Moo A zn-s
ZnO, act as network exchangers in borate glasses, 607 S I\“W\mewwm 9
lowering their phonon energy [23]. = o
The additive impact of zinc oxide (ZnO) on = Zn-10
a glass system £Zn0O-30PbO—(70 — 2)B203 was in- Z a0,
vestigated in this work, where 2 represents the dif- E T 4 7015
ferent mole percentage of ZnO. The research aims Uf A
to review the physical and optical properties of 204 Wwwmr A s
these glasses by examining X-ray diffraction pat- %\m Zn-20
terns, density, molar volume, optical band gap, and %
other parameters to determine their compositional oL
dependence on ZnQO. This is necessary to determine 10 20 30 40 50 60 70 80
the suitability of these glasses for a variety of appli- 20 [degree]
cations.
Fig. 1. X-Ray Diffraction of ZnO-PbO-B2O3
2. Experimental details glasses.

The conventional melt-quenching technique is
used for the preparation of glass samples of the
type £ZnO-30PbO—(70—2)B303 (z = 5-20 mol%),
where z is the mole fraction of lead oxide (20-50%).
The raw materials of zinc oxide (ZnO), lead oxide
(Pb0O), and boric oxide (B2O3) in suitable quanti-
ties are mixed and ground finely to get a batch of
15 g. This mixture is then melted in a silica crucible
in an electric furnace for one hour at a temperature
of 1000°C in a normal atmosphere till a bubble-
free liquid is formed. This bubble-free liquid is
then quenched into a preheated steel mould and
toughened at a temperature ranging from 400°C
to room temperature to remove thermal and me-
chanical stress. Chemical data for all the above-
mentioned glasses are shown in Table I.

2.1. Characterization

We have used the X-ray diffraction (XRD) tech-
nique to check the amorphous/crystalline nature
of the samples using XRD-7000 (Shimadzu) X-ray
diffractometer (Cu K,, k = 1.54434 A) at the rate
of 2°/min and varied from 10 to 70° for 2 h. The
density of glass samples is found using the standard
Archimedes principle with the help of a sensitive
microbalance, and pure benzene is used as the im-
mersion fluid. The molar volume (V,,) is calculated
using the formula

Vo = 5 S i (1)
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where x; is the molar fraction of the component
and M; is its molecular weight, and D is den-
sity. The optical absorption spectra of the polished
samples were recorded with the help of a UV-Vis
PerkinElmer Lambda 35 Spectrometer in the range
of 200-800 nm at room temperature.

The infrared transmission spectra of the glasses
were measured at room temperature in the wave
number range 400-4000 cm~! by a Fourier Trans-
form computerized infrared spectrometer (Thermo
Nicolet 380 spectrometer). The prepared glasses
were mixed in the form of fine powder with KBr
in the ratio of 1:100. The weighed mixtures were
then subjected to a pressure of 150 kg/cm? to pro-
duce homogeneous pellets. The infrared transmis-
sion measurements were taken immediately after
preparing the pellets.

Chemical data for all the above-mentioned glasses
are shown in Table I.

3. Results and discussion

3.1. XRD spectral analysis

Figure 1 depicts the X-ray diffraction (XRD) pat-
tern of prepared glass samples. The existence of
broad humps and the absence of well-defined peaks
confirms the amorphous nature of glasses [24].
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3.2. Density and molar volume

Density is an important tool to detect the alter-
ation in structure with changing glass composition.
It has been discovered that the density of borate
glasses shows a non-linear but increasing trend as
ZnO is added at the expanse of BoOg. The fraction
of four-coordinated borons or tetrahedral BO4 units
governs the density trend.

The density is determined using the following

relation
Wa
= ——-+— . 2
o= (s ) 7 @)

In the present study of ZnO-PbO-B;03 glasses,
it has been observed that the value of density in-
creases from 5.31 to 5.7 g/em?® with the addition
of ZnO, as shown in Table I. This is due to the
conversion of BO3 units to BO4 units as they con-
tain more bridging oxygens, thus making the struc-
ture more compact. This trend continues with the
further addition of ZnO. The inclusion of zinc is
also thought to increase the density of glass due
to the smaller ionic radius of Zn?t compared to
Pb%* [Pb%+(1.32) > Zn%+(0.74)].

There is indeed a finite possibility that Zn?* ions
may be found at interstitial sites in the glass net-
work. These factors (zinc ion size and formation of
BOy4 groups) play a significant role in this hike in
density.

The molar volume, which can be seen in Table I,
shows the exactly reciprocal behaviour to that of
density, as depicted in Fig. 2. This corresponding
decrease in molar volume is caused by a reduction
in bond length or interatomic spacing among glass
network atoms which causes the structure to be
compact.

3.3. Average boron—boron separation (dg_g)

Average boron—boron separation is calculated us-
ing the relation [25]
1/3
)NA] ’

(dp-B) = [2(1_‘/;}() (3)

where V,,, is the molar volume, Xj, is the molar frac-
tion of BoOgs, and N, is Avogadro’s number.

As the ZnO content increases, the value of (dp_p)
decreases continuously, and the presence of Zn?*
aids in the reduction of the average boron-boron
separation. This alteration supports the role of ZnO
as a modifier in the glass network. The addition of
ZnO at low concentrations tends to result in the
compaction of glass networks, which correlates well
with the density and molar volume results, thus
confirming them. The calculated (dg_p) values are
given in Table L.

3.4. UV-VIS absorption spectra

The UV-VIS absorption spectra of all the synthe-
sised glasses have been investigated at room temper-
ature. It can be seen that as the ZnO concentration
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Fig. 2. Variation of density and molar volume for

ZnO-PbO-B203 glasses.
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Fig. 3. Optical absorption of ZnO-PbO-B2O3
glasses.

increases, the band edge shifts to a higher wave-
length, as shown in Fig. 3. The values of band
edge wavelength observed from these graphs are dis-
played in Table II. This shift in band edge towards
a longer wavelength is attributed to the availability
of a large number of oxygen ions changing the glass
network from trigonal (BOg3) to tetrahedral (BOy)
units [26].

UV-VIS absorption spectra have been used to
evaluate the optical band gap by plotting Urbach
graphs between (ahv)/? and energy (hv) of ZnO-
PbO-B,0j3 glasses (Fig. 4). Here, o, h and v and are
the absorption coefficient, Planck’s constant, and
frequency, respectively. The plots indicate that the
optical band gap in the glass samples decreases with
the addition of ZnO, which again confirms the ZnO
role as a network modifier. The preceding discus-
sion demonstrates that the optical band gap energy
is composition-dependent, so it can be adjusted by
the varying composition of the material. This may
help design some suitable semiconductor devices for
special purpose solid state applications.
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Fig. 4. Optical band gap of ZnO-PbO-B203
glasses.

TABLE II

Optical band gap, refractive index, oxygen packing
density (OPD), covalency, and ionicity of the glass
samples.

Optical Refracti

Glass | band e. ractive OPD | Covalency | Ionicity
index

gap [eV]
7Zn-5 2.63 2.51 109.81 0.870 0.130
Zn-10| 2.58 2.52 109.41 0.867 0.133
Zn-15 2.53 2.54 101.87 0.864 0.136
Zn-20| 2.41 2.55 95.13 0.861 0.139

3.5. FTIR (Fourier transform infrared
spectroscopy)

FTIR analysis is a powerful technique for inves-
tigating the essential structural unit arrangement
and functional groups presented in the materials.
The modes of vibrations of borate are investigated
and classified into three IR regions [27].

In Fig. 5, the band in the range of 400-
800 cm~! occurs due to B-O-B bending vibra-
tions of trigonal [BOs| and tetrahedral [BO4| group
units [27, 28]. At 990 cm ™!, the band ranging from
800 to 1200 cm ™! is prevalent in sample Zn-5. This
band is attributed to the stretching vibrations of
the B-O bonds in BOy4 units of borate groups. At
higher concentrations of ZnQO, there is a slight shift
of this band towards higher wavelengths along with
an increase in its intensity [27, 28]. This observation
provides strong evidence that as zinc levels rise, the
BOj structural groups transform into tetrahedral
BOy4 units, indicating that zinc acts as a modifier
in the glass network. Furthermore, at 1368 cm™!,
broadband in the province of 1200-1600 cm™! is
observed, which is linked with the B-O stretching
vibration of BO3 units in various borate groups.
The intensity of this band decreases as the ZnO
content of the glasses increases [27, 28|. This shows
that the presence of zinc oxide causes the conver-
sion of BO3 to BO,4 groups due to the availability
of more oxygen.
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tive index for ZnO-PbO-B203 glasses.

3.6. Refractive index

The refractive index values also play a significant
contribution to the material properties in various
applications. It has been observed that the refrac-
tive index of glasses increases gradually with the
decrease in optical band gap corresponding to thr
increase in ZnO concentration. The calculated val-
ues are shown in Table II. The following factors are
responsible for the increase in the refractive index:

e The change of the borate coordination from
trigonal BO3 to tetrahedral BOy.

e The polarizability of Zn (0.286) being greater
than that of B3* (0.003).

The graph between refractive index, band gap,
and mol% of ZnO shows the opposite trend as zinc
concentration increases (Fig. 6).

3.7. Oxygen packing density

Oxygen packing density (OPD) is calculated from
the density values using the following relation [2§]

- P
OPD = 1000C - (4)
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Fig. 7. Variation of ionicity and covalency for
Zn0O-PbO-B203 glasses.

where C' is the number of oxygens per formula
unit. Oxygen packing density decreases in accor-
dance with the change in molar volume and den-
sity values. This is due to the formation of more
bridging oxygens, which helps to create a com-
pact glass structure, thus resulting in changes in
the physical and chemical properties of the glass
samples.

3.8. Covalency and ionicity

The covalency and ionicity of the glass samples
are calculated using the relation given in the past
study [29] and are shown in Table II. Figure 7 de-
picts the variation of ionicity and covalency for
ZnO-PbO-B,03 glasses with the percentage com-
position of ZnO. The trend indicates that covalency
decreases and ionicity increases continuously with
the rise in ZnO content in the glass samples. This
behaviour confirms the transition of covalent bonds
to ionic bonds inside the glass structure, which is
responsible for a decrease in optical band gap with
a rise in ZnO concentration.

4. Conclusions

In the present work, we successfully synthesized
ZnO-PbO-B,03 glasses with the help of a conven-
tional melt quenching technique. Various calculated
parameters like molar volume, density, refractive in-
dex, optical band gap, bond ionicity and covalency
are in good agreement with one another.

X-ray diffraction study confirms amorphous
structure of glass samples as no sharp peaks are
observed. The density of glass samples increases
with the increase in ZnO content and hence causes
a corresponding reduction in molar volume, indi-
cating the compaction of the glass network due to
the formation of BO4 units and smaller ionic ra-
dius of Zn%t compared to Pb?T. The optical band
gap increases with an increase in zinc oxide con-
tent, confirming the role of ZnO as a network mod-
ifier in the glass networks. FTIR measurements
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confirm that the borate coordination is changed
from trigonal BOgs to tetrahedral BOy4. The refrac-
tive index increases gradually with the decrease
in the optical band gap. Covalent behaviour de-
creases while ionic behaviour increases, indicating
that the covalent bonds have been converted to ionic
bonds.
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