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ABSTRACT

The effect of TiO, into a borosilicate glass matrix is investigated for structural and optical properties. Glass
samples with varying TMO concentrations were prepared using the melt-quench technique. X-ray
diffraction confirmed the amorphous nature of the synthesized samples. The FTIR studies showed
structural changes with TiO, addition. The UV-Vi’s spectroscopy demonstrated a red shift in optical
absorption profiles. The optical band gap and Urbach energy are also discussed. The improved optical
properties of the prepared samples were observed on TiO, doping.
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INTRODUCTION

In today’s context, glasses have become decisive materials due to their innumerable applications. Glasses
due to amorphous nature have exceptional properties. They have exceptional optical properties, dielectric
properties, transparency, high corrosion and chemical resistance etc. Now, these properties have
extensively useful applications in optoelectronics, photonics, radiation shields, laser industry, aerospace
industry, defensive coating for metals, luminescent materials, optical fiber communications, useful
bioactive materials etc [1-5].

The borosilicate oxide (BS) glass network is made up of two subsystems. The first subsystem consists of
boron network in which trigonal coordination BO; and fourfold tetrahedral coordination BO, unit exists.
The trigonal coordination BO; can be connected via oxygen atom to form borate bridging oxygen (B-O-
B). Along with this, the second subsystem consists of silicate network SiO, which has four electrons in
its valence band. These electrons could be connected together to form four covalent bonds with non-
bridging oxygen (NBO) atoms to form SiO, tetrahedra. These two sub-networks of boron and silicate are
interconnected to develop Si-O-B covalent bonds [6, 7]. They are most widely utilized types of glasses.
The main properties of BS glasses are outstanding chemical durability, good transparency and low
coefficients of thermal expansion etc. These glasses have a wide range of applications such as laboratory
glassware, utensils, glass used in medical devices, thermal shock-resistant containers, chemically resistant
containers, substrate for liquid crystal displays, glasses and optical components for various applications
(8-10].

Taha et al. [11] prepared the glasses 55 B,05-35 Li,O-10 ZnOxTiO, (where x = 0, 1, 2, 3 and 4, TiO, wt
%) by melt quench method. The XRD results showed no any crystalline peak for all the five glass samples.
This confirms the amorphous nature of TiO, doped borate glasses. The decrease in optical band gaps
(3.04-3.02 eV) and increase in urbach energy (1.01-0.67 V) was seen. The refractive index and dielectric
constant vary with increasing wavelength. These variations show interactions between photons and
electrons. Finally, authors suggested borate glasses (doped with TiO,) as having good scope in
optoelectronic devices.

Herein, two glass samples with increased concentration of TiO, in composition 30SiO,-50B,05-(1-x) Li,O-
xTiO, (x = 1.0 and 2.0 mol %) were synthesized via the melt quench technique. Various properties such
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as physical, structural, optical properties of samples were studied using XRD, FTIR spectroscopy, UV-
visible spectroscopy etc. Based on these results the impact of transition metal oxide (TiO,) on optical,
structural and physical properties of borosilicate glass was provided in this paper. Further, the optical
behavior of all fabricated glass samples was examined in view of their useful applications in fabrication of
optoelectronic devices.

2.0 EXPERIMENTAL WORK

2.1 Synthesis of glasses

In present work a series of glasses with composition 50B,0530SiO,(20x) Li,OxTiO, (where, x =1.0 and
2.0 mol %) were synthesized using melt-quench method. This series of two samples were named as LT 1.0
(x=1.0) and LT 2.0 (x=2.0). The starting chemicals (H;BOj3, Li,O, SiO,, and TiO,) were used of 99.99%
purity from Sigma-Aldrich Company. The Appropriate amounts of SiO,, H;BO;, Li,O, and TiO, were
mixed and ground using acetone medium in an agate mortar and pestle for 2.5 hours. The powder so
obtained was taken in high grade alumina crucible and melted in a high resistance programmable furnace
at 1550 °C. The melt so obtained was quenched by pouring it between two copper thick plates at room
temperature. The quenched samples are kept for annealing (at 450 °C) in muffle furnace for 4 h to remove
stresses produced due to rapid cooling.

2.2 Characterization techniques

o check the amorphous nature of so prepared samples, the XRD analysis was employed. X-ray diffraction
analysis of the powdered glass samples was performed by a PANalytical X’ Pert Pro MPD diffractometer.
The Cu-Ka radiations (A = 1.54 A) is used with a scan rate of 2°/ minute. The Fourier transform infrared
transmission spectra of all Ti- doped glasses were recorded at room temperature in the wave number range
400-2000 cm™ by a Shimadzu FTIR-8001 Fouriertransform computerized infrared spectrometer. The IR
transmission measurements were using the KBr pellet technique. A double beam UV-Vis
spectrophotometer (Model: Hitachi 3900 H) is used to record the absorption and diffused reflectance
spectra (DRS) of powder samples in the wavelength range of 200-800 nm.

3. RESULTS AND DISCUSSION

3.1 Physical Parameters

The density (p) of Ti-doped samples at room temperature was computed by employing Archimedes
principle with xylene as buoyant liquid using following equation [12];

Wair
= X 2 —— (1)
P pxylene (Wair—Wxylene)

where, Wyyiene and Wy, are the weight of the sample in xylene and air respectively and pyyene is the
density of xylene (0.863 gem”) at room temperature.
The molar volume (V,,) of TiO,-doped glass samples was estimated using the following equation [12]:

Vy, = % cm?3 mole™? ()

Where, )i M; the sum of molar masses of constituent oxides and p is the density of the samples,
respectively. The obtained physical parameters of all as quench glass samples are displayed in Table 1.
The density (p) of composition 50B,03-30SiO,-(20x) Li,OxTiO, (where x = 1.0 and 2.0 mol %) increases
(2.32 to 2.39 g/cm’) as concentration of TiO, increases from 1.0 to 2.0 mol% at the expense of TiO,
content. The density is an additive nature [13] and increasing with an increase in doping of TiO, which
is due to the 2.11 times density of TiO, (4.26 g/cm’) than Li,O (2.01 g/cm’). The molar volume decreases
(25.56-25.02 cm’/mol) with the doping of TiO, at the expense of Li,O content. The Molar volume
depends on molecular weight and density. The density and molar volume have reciprocal relation to each
other as shown in equation (2). In present samples, molar volume and density show general behavior i.e.
density increases whereas molar volume decreases.

For present samples, the variation of ionic concentration (N,) and inter-ionic distance (Ti) as a function
of TiO, concentration for 50B,0530Si0,(20x) Li,OxTiO, (where x = 1.0 and 2.0 mol %) glass
compositions is given in table 1. It is observed that titanium ion (Ti*) concentration (Np;) increases,
whereas inter-ionic distance (Ry;) decreases on addition of TiO, in the place of Li,O.
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Table 1: Summery of physical parameters of Titanium-doped lithium borosilicate glasses with their labels.

Physical parameters LT 1.0 LT 2.0
M"(lgaznfi“:?) M 59.309 59.809
3
Molar Vi‘;‘fl’)vm (cm 25.564 25.024
Density, p (g cm™) 2.32 2.39
Molar Vo(lfr;%ergilﬁf"ge“’ Vo 11,066 10.786
Oxygen Packing density,
OPD (mol litre?) 90.36 92.71
Lithium lonic
concentration, Ny; (x10*! 4.47 4.33
cm™)
Lithium Ingm&gm distance, 6.06 6.13
Li
Titanium lonic
concentration, Ng, (x10%° 9.42 19.25
cm™)
Titanium Inter-ionic
distance, Rp. (A) 10.20 8.03

3.2 Structural Properties
3.2.1 Xeray diffraction (XRD) analysis

The XRD patterns of as-quench samples with TiO, content (where x = 1.0 and 2.0 mol %) are shown in
Fig. 1.
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Fig.1. X-ray diffraction patterns of LF1.0 and LF2.0 glass samples

The XRD patterns of these samples do not show any sharp peaks, which confirm the amorphous nature
of all the prepared samples. Moreover, the XRD patterns of glass samples show a broad halo centered at
22.12°, which also indicates the short-range order characteristics of a glassy amorphous material.

3.2 Optical Properties

3.2.1 Absorbance and optical band gap
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In absorption spectra of the prepared glass samples show strong absorption around 250-280 nm
wavelength as shown in Fig. 2. The absorption band around 250-280 nm confirms the presence of
titanium ion most predominantly in Ti* state.
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Fig. 2. Variation in absorbance with wavelength of titanium oxide doped borosilicate glass samples.

The light absorption coefficient () can be calculated for all the prepared glass samples as follows:

a(v) = A/t 3)

Here, A and t refer to the sample’s absorbance and thickness, respectively.

The UV-Visible-NIR spectrophotometer is used to determine the amount of radiation absorbed by a
material over the wavelength range 200-800 nm. The optical absorption and band edge characteristics
provide valuable information about the energy gap and band structure of glass materials [14]. The optical
band gap is calculated with the help of absorption coefficient (@) at the absorption edge by the following
relation as suggested by Tauc and explained by Davis and Mott [15, 16].

ahv = A(hv - Eopt)n 4)

Where n is the index number, A is called the band tailing parameter (a constant), hv is the input photon
energy, and « is the absorption coefficient. The exponent term (n) can have values 2, 3, 1/2 and 3/2
which corresponds to indirect allowed, indirect forbidden, direct allowed and direct forbidden transitions,
respectively. The optical band gap was determined for indirect allowed transitions (n = 2), by extrapolating
the best linear fit of Tauc plot between (ahv)*vs phonon energy (hv) (Fig. 3 a & b).
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Fig. 3. Optical band gap measurement of titanium oxide doped borosilicate (a) LT1.0 and (b)  LT2.0
glass samples using Tauc plot.

The optical band gap experiences a decrease from 3.25 eV to 3.04 eV with the addition of TiO, (1.0 to
2.0 mol% ) at the expense of Li,O content (Table 2). The sample with the lowest concentration of TiO,
(x=1.0) shows the highest optical band gap (3.25 V) while the sample with the highest concentration of
TiO, (x=2.0) shows the lowest optical band gap (3.04 eV). This decrease in E,, is due to an increase in
non-bridging oxygens (NBOs). The similar kind of decrease in E,, with the introduction of CuO in
borosilicate glasses is also reported by Kaushik et al. [10].

3.2.2  Urbach energy

The irregularity in the band gap of glass samples are measured in terms of Urbach energy. The Urbach
energy is shown by AE and determined using the following equations.

a(v) = B.exp(hv/AE) )
and
In a(v) = (hv/AE)+ C (6)

Where h is the Planck constant, f is also a constant, v is photon frequency and C stands for a constant.
The Urbach energy is determined by examining the inclination of the linear portions in the In (@) versus
the energy (hv) curves. The values of Urbach energy are shown in Table 2. The Urbach energy increases
from 4.95 to 9.27 eV with the TiO, addition. Therefore, the disorderness increases due to an increase in
NBOs, anomalous bonds creation and dangling bonds in glass samples [10, 13, 17, 18].

Table 2: Optical parameters of Titanium -doped lithium borosilicate glasses with their labels:
Optical parameters LF 1.0 LF 2.0

Band gap (E,) (eV) 3.25 3.04
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Urbach Energy (eV) 4.95 9.27

3.2.3 Refractive index and extinction coefficient determination

The refractive index of a material plays vital role in optical devices design. It finds wide applications in
optical switches, optical filters and modulators, etc. Its real part is reciprocal to wave propagation velocity.
The imaginary part of refractive index gives information about attenuation of electromagnetic wave [19].
The refractive index is termed as a complex function (N) of wavelength in the following form:

N =n—ik (7)

Where, the complex refractive index (N) having two parts namely n is the real part of N and k is the
imaginary part of N. The real refractive index (n) of melt quench glasses with the doping of TiO, on the

cost of Li,O is estimated using reflectance (R) as follows [20];
_ (n—1)%+k?

= v ®)

If k << n, equation (8) is reduced to
_ 1+VR ©
n=7 )

The variation of refractive index (n) of all the prepared glasses as a function of wavelength in the range of
200-800 nm is shown in Fig. 4(a). The refractive index decreases with increasing wavelength (1) which
shows its normal dispersion behavior. The refractive index of the prepared glass samples increases (from
5.59 to 5.69) with increasing TiO, content. The change in refractive index depends on the several factors
such as density, concentration of heavy metal, polarizability and NBOs etc [21, 22]. The increase in
refractive index with increasing TiO, content is due to the higher density and molar mass of TiO, (79.86
g/mol) than Li,O (29.88 g/mol). The increase in the refractive index can also be due to an increase in the
number of non-bridging oxygen.
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Fig. 4. Change in (a) refractive index and (b) extinction coefficient with wavelength of LT1.0 and LT2.0
glass samples

The extinction coefficient (k) was calculated from the reported relation as follows:

=« (10)

Where, A is the wavelength of incident radiation. The variation of k of all the prepared glasses as a function
of wavelength in the range of 200-800 nm is shown in Fig. 4(b). The extinction coefficient (k) gives the
total optical loss caused by scattering, absorption, transmittance etc. The extinction coefficient of as
quench glasses increases with increasing wavelength from 200 to 800 nm. The extinction coefficient is
also found to be increased with increasing TiO, concentration [23]. Similar kind results also reported by

Kaushik et al. [24].
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CONCLUSION

The structural and optical properties of TiO, doped borosilicate glasses examined. Physical properties
such as density, molar volume, ionic concentration (Ti) and their inter-ionic distance are discussed. The
xray diffraction pattern suggests glass nature of the prepared samples. The FTIR spectra confirm the
conversion of BOj structural units into BO, units on addition of Ti,O_The band gap energy varies from
3.25 eV to 3.04 eV. The refractive index increases with an increase in TiO, doping. The Urbach energy
shows an increasing trend along with the TiO, concentration.
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