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By conventional melt-quenching, we have prepared novel optical amorphous borate-based glass sample
series of B2O3–ZnO–TiO2 host materials to investigate their optical properties and microstructure.
Following the successful preparation, the density ρ and molar volume Vm of the samples were calcu-
lated by the Archimedes principle. In addition, microstructural and optical properties of the materials
were determined by the experimental techniques, such as the Fourier transform infrared, Raman, X-ray
diffraction, scanning electron microscopy, and UV-vis absorption techniques. The microstructure of the
prepared borate-based optical glass materials shows two crystalline phases for various glass composi-
tions, such as titanium oxide TiO2, and zinc borate Zn3(BO3)2. Finally, the direct energy band gaps
were 3.5, 3.55, and 3.6 eV for the xZnO contents (x = 45, 50, and 55 mol%), respectively.
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1. Introduction

With quite a lot of different applications, borate
(B2O3)-based optical glass materials have attracted
the attention of many researchers and famous com-
mercial companies. Appropriate B2O3-based op-
tical glasses which are most suitable as host ma-
terials have been investigated over the last years
and related papers have been published [1–5] due
to the variety of their industrial applications, such
as transparent dielectric layer [6], bulk lasers, op-
tical fibers, waveguide lasers and optical ampli-
fiers [7, 8]. Borate-based glasses might exhibit dif-
ferent interesting optical, thermal, and mechani-
cal properties when compared with silicate (SiO2),
phosphate (P2O5), tellurite (TeO2) and fluorite
glass materials [9–11]. Borate-based glass materi-
als — when compared to tellurite glasses — have
two important extra properties, namely, high trans-
parency and mechanical stability, therefore they are
highly desirable in various applications. Borate-
based glass materials can be produced over a large
compositional range with high transparency in both
the visible (vis) and near-infrared regions (NIR)
(300–6000 nm) [12].

In addition, borate-based glasses show more
chemical and mechanical stabilities in three-
dimensional random networks with triangular BO3

and tetrahedral BO4 stretching modes [7, 8]. More-
over, B2O3-based optical glass samples also have
an easy glass forming tendency due to the B3+ com-
bination with oxygen sides in a glass network [13].
As in the glass network, the addition of ZnO in-
creases the ionic properties, refractive index [14],
and decreases the melting temperatures [15]. A pre-
vious study reported that a ZnO addition increased
the transmission window of glass samples [14]. Ma-
sai et al. explored ZnO-based glass materials
and ceramics with high transparency, high dielec-
tric conductivity [16], and high refractive index
properties [17].

It has been known that the addition of transition-
metal oxides as a dopant to the B2O3-based glasses
might change their chemical and physical prop-
erties, such as ionic conductivity, refractive in-
dex, transparency, and stability [18]. For instance,
Prasad et al. stressed that the incorporation of tita-
nium oxide (TiO2) to the glass matrix [2] not only
improves its chemical durability but also increases
its nonlinear refractive index [19, 20]. Therefore,
TiO2:B2O3-based glasses might be very promis-
ing candidates to be used as nonlinear optical
devices [21–23]. Depending upon glass concentra-
tion, the heavy-metal oxide may take a role ei-
ther as a glass network modifier or as a network
former.
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Borate-based optical glass materials also have
other important applications in decorative and ex-
terior fields due to their mechanical and thermal
stability, as well as transmission window proper-
ties. Moreover, borate-based glass materials have
applications in electronic and optical communica-
tion fields since they are a suitable good host ma-
terial as a laser glass former for rare-earth ele-
ments, such as Eu3+, Tb3+, Er3+, Er3+/Yb3+,
Yb3+ [24–32]. However, when faced with other oxi-
dized glass materials, such as TeO2, the higher melt-
ing temperature and the refractive index might be
considered a disadvantage in industrial production.
At present, Nd3+ (purple glass), Er3+ (light purple
glass), and Yb3+ (colorless glass) are among the
most commonly used rare-earth elements for solid-
state lasers [33].

In this research, microstructural and optical
properties of the ternary novel glass series of
B2O3−ZnO–TiO2 host materials have been char-
acterized by using systematic experimental meth-
ods, such as the Fourier transform infrared (FTIR),
Raman, X-ray diffraction (XRD), scanning electron
microscopy (SEM), and UV-vis absorption tech-
niques. Investigations of xZnO various glass com-
positions (x = 45, 50, and 55 mol%) on their mi-
croscopic and optical parameters give rise to clarifi-
cation, and exploration of rare-earth ions (REI) for
future researchers, and electronic applications.

2. Experimental work

Optical laser glass samples, (95−x)B2O3–xZnO–
5TiO2, planned for this study were prepared
by the best-known conventional melt-quenching
method for various glass compositions x = 45, 50,
and 55 mol%. The reactive grades of all chemical
components used in experimental production con-
sist of B2O3 (99.8% purity, Sigma-Aldrich), ZnO
(99.9% purity, Sigma-Aldrich) and TiO2 (99–100%
purity, Sigma-Aldrich) commercial high purity pow-
ders. Batches of 5 g in size were mixed and melted
for 1 h using a platinum crucible with a closed lid
in an electrically heated ash furnace at 1200 ◦C for
all homogeneous glass samples. The high-melting
glasses were then cast onto a stainless-steel plate
and pressed with another stainless-steel plate at
room temperature to quench. The same glass com-
positions doped with Yb3+, prepared by the conven-
tional method, were investigated in [34]. All opti-
cal glass samples obtained were annealed at 300 ◦C
for 24 h. Glass materials examined with different
glass compositions (95−x)B2O3−xZnO−5TiO2 are
hereinafter referred to as BZT2, BZT5, and BZT3
for ZnO (x = 45, 50, and 55 mol%).

The density of each glass sample was measured in
a precise step using the Archimedes principle, with
distilled water as the dipping liquid. For experimen-
tal characterization purposes, FTIR spectra were
recorded with a Perkin Elmer FTIR Spectrometer
in the range of 1200–400 cm−1. The microstructure

of the prepared tellurite optical glasses was mea-
sured with an FT-Raman spectrophotometer (Dig-
ilab FTS 7000 Series) in the range 0–1200 cm−1.
Digital density data were recorded at 1 cm−1

intervals. To determine the Raman spectrum,
an Nd:YAG laser system operating at 1064 nm was
used as the excitation source, and the sample was
excited with a power level of about 500 mW. The
scattered radiation was detected by cooling the Ge
detector with a spectral resolution of 8 cm−1.

The XRD technique, as a common well-known
technique, was performed on both powdered as-cast
glasses, and annealed glass samples using a Rigaku
XRD, Ultimate III, to investigate the glass struc-
ture and identify the crystallized phases. All traces
were recorded using Cu Kα radiation, and the
diffractometer setting in the 2θ range from 10 to 90◦
by changing the 2θ with a step size of 0.02◦. All of
the glass samples were ground to fine powders, and
Eva Software (Bruker) was used to label peaks, and
then distinguish the crystalline phases existing in
the sample. After obtaining the glasses, the Interna-
tional Center for Diffraction Data (ICD) files were
used to identify the crystallized phases by compar-
ing the intensities, and the peak positions. The ab-
sorption spectra for the well-polished glass samples
were recorded with a UV-3150 Shimadzu UV-vis-
NIR spectrophotometer in the 400–800 nm wave-
length range to calculate the optical energy band
gap by using the Lambert–Beer law.

The scanning electron microscopy was carried out
both in a ZEISS EVO’50 and equipped with the
energy dispersive spectrometer attachment Bruker
EDAX. The SEM technique was used to investigate
the microcrystallization processes, and to determine
the crystallization mechanism both on the surface
and the cross-sections of the glass samples.

3. Results and discussion

In this research, the conventional melt-quenching
method was used for the preparation of optical
glasses with various glass compositions, such as
x = 45, 50, and 55 mol% (B2O3–xZnO–5TiO2). All
the glass samples were transparent, colorless, homo-
geneous, and non-fragile at room temperature. We
calculated the density of the glass samples that in-
crease with increasing the glass composition due to
the heavier Zn-atomic mass in the glass network as
shown in Fig. 1. As x varied from 45 to 55 mol%,
the measured density of the glass samples increased
from 3.95, 4.75, to 5.27 g/cm3. Moreover, the molar
volume Vm of the glass samples [cm3] was calculated
according to [35], i.e.,

Vm =
Mglass

ρglass
, (1)

where

Mglass =
(95− x)MTeO2 + xMZnO + 5MTiO2

100
,

(2)
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Fig. 1. (a) Density and (b) molar volume of the
glass samples.

where Mglass and ρglass are the mass and density of
the glass samples, respectively. As seen in Fig. 1,
molar volume (Vm = 18.97, 15.90, and 14.44 g/mol)
decreases when the density (ρglass = 3.95, 4.75,
5.27 g/cm3) of the samples increases. Naga Raju
et al. stressed that the decrease in molar volume
could be related to the densities of glass materials
due to the contraction of the glass network [16]. For
the 50B2O3 + 15Na2O + 15ZnO + (20 −x)CaO +
xBi2O3 glass network, Abouhasva and Kavas deter-
mined the density and molar volume as a function
of Bi2O3 glass compositions that affect the glass
structures by filling the interstitial spaces by higher
density, and molecular weight [36].

The FTIR spectra were measured for both the
powdered glass materials, and annealed at around
792, 767, and 792 ◦C temperature for the BZT2,
BTZ5, and BZT3 samples shown in Figs. 2 and 3,
respectively. Here, in order to examine the struc-
tural changes of glass materials obtained for FTIR
more clearly, heat treatment was carried out ac-
cording to differential thermal analysis (DTA) on-
set temperature changes. The FTIR spectra show
three main absorption regions, namely from 561
to 758 cm−1 which was explained as the de-
formation modes of the B–O–B linkage bend-
ing [37, 38], 791–1083 cm−1 which was assigned as
the stretching vibrations of both tetragonal BO4,
and 1156–1516 cm−1 which was assigned as the tri-
angular BO3 borate units [39]. However, Gaafar
et al. stressed that there are four distinct frequency
regions between 140 and 1600 cm−1 in the glass sys-
tem (1 − x)(29Na2O–4Al2O3–67B2O3)–xZnO [40].
In addition to the FTIR spectra of the glass struc-
tures, the annealed optical glass samples at 792 ◦C
with 10 ◦C/min heating rate, as seen in Fig. 3, show
the FTIR absorption spectrum peaks. In Fig. 3,
IR absorption peaks labeled in detail as 565, 673,
716 cm−1 resulted from B–O–B bending vibra-
tions. The peaks labeled as 813, 862, 903, 986, and
1064 cm−1 resulted from B−O symmetric stretching
vibrations of BO4 units. Further, the peaks labeled
as 1234, 1302, and 1360 cm−1 resulted from B–O

Fig. 2. FTIR spectra for the glass samples: (a)
BZT2, (b) BZT5, and (c) BZT3.

Fig. 3. FTIR spectra for the samples: (a) BZT2,
(b) BZT5, and (c) BZT3 annealed at 792, 767, and
792 ◦C temperature, respectively.

stretching vibrations of trigonal BO3 units, and
1481 cm−1 resulted from the asymmetric stretch-
ing relaxation in trigonal BO3 groups [41, 42].

Here, for the basic structural units of boron-
based optical glasses, the glassy structure of
B2O3 determined by Zachariasen is stated to be
a 3-dimensional network [24]. Whenever a glass
modifier, such as ZnO and Na2O, is added to
the B2O3 structure, the triangular BO3 structural
units transform into the tetragonal BO4 structural
network unit [24].

Moreover, for the binary zinc borate glass ma-
terials, the effect of the ZnO glass ratios on the
FTIR absorption spectra includes different regions
due to the structural deformation, such as 654, 844,
880, 926, and 1214 cm−1. The absorption band at
654 cm−1 may be assigned as the vibration of the
Zn metal cations in their oxygen bonding [35], and
the band 844 and 888 cm−1 might be attributed to
the vibration of natural bond orbital (NBO) of BO4

groups, and the other band of spectrum 926 may
represent B–O groups. In addition, the band of ab-
sorption spectrum at 1214 cm−1 was attributed to
the B–O stretching vibrations of BO3 units for the
borate sites [35].
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Fig. 4. Raman spectrum for the sample BZT2 at
room temperature.

Fig. 5. XRD diffraction patterns for (a) BZT2 an-
nealed at 792 ◦C, (b) BZT5 annealed at 767 ◦C, and
(c) BZT3 annealed at 792 ◦C.

As seen in Fig. 4, the Raman spectrum con-
sists of three regions between 200 and 600 cm−1,
600–1000 cm−1, and 1000–1400 cm−1, as triangular
(BO3)

3−, tetrahedral BO4, and asymmetric stretch-
ing BO3 units which might be comparable with
crystalline phases for the obtained glass samples.
The Raman spectrum is generally closely related
to the bonding between the atoms that make up
the structure, due to the vibrational energies of the
atoms in this structure. For this reason, the Ra-
man spectrum of borate optical glass structures oc-
curs at different intensities due to the symmetric
and asymmetric vibration situations between the B
and O atoms that make up the structure. Until
now, no original research on BZT has been encoun-
tered in the literature, but the Raman bands re-
lated to tetrahedral BO4, and asymmetric stretch-
ing BO3 have been determined in articles on other
different components of boron-based optical glass
materials [42, 43].

Figure 5 shows the XRD pattern for various glass
compositions x = 45, 50, and 55 mol% ZnO which
were annealed according to the DTA plot in which
the crystalline structure was affected by glass com-
positions. The BZT2 glass sample was annealed
at 792 ◦C, the BZT5 sample — at 767 ◦C, and the
BZT3 sample — at 792 ◦C for 60 min, respectively.

Fig. 6. SEM micrographs from the surface of the
annealed samples without etching for the BZT2 in:
(a) 50 µm, and (b) 20 µm size.

All the annealed samples were pulverized to be able
to get the XRD powder pattern. As seen in Fig. 5,
the XRD pattern has two crystalline phases, such
as Zn3(BO3)2, and TiO2 structural units which are
determined by considering the JCPDS 74-1099, and
JCPDS file No. 71-5576, respectively.

In addition to XRD, and FTIR spectroscopic
analysis, the spectrum of the absorption edge in
the UV-vis region has been considered as a useful
method to investigate the optical transition T% and
optical energy band gap Eg in crystalline and non-
crystalline materials. Two kinds of optical transi-
tions are direct and indirect transitions that can
occur at the fundamental absorption band edge of
crystalline and non-crystalline materials [25, 26].
Furthermore, surface morphology of the annealed
samples was examined under the SEMmeasurement
to be able to determine the micrographs of the sur-
face without any etching procedure. The scanning
electron microscopy shows topological differences
between the 50 and 20 µm size as seen in Fig. 6.
As seen in Fig. 6a and b, SEM pictures show the
porosity and cracks of the surface. Although the
surface is seen better as smooth in Fig. 6a, possible
crystal distributions become evident in a slightly
rod-like structure in Fig. 6b.

As mentioned by Rayappan et al., according
to the Tauc, Davis, and Mott theory, whenever
an atom or molecule is irradiated by an induced
photon, an electron in the ground state rises
to the excited state because of interaction with
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Fig. 7. Optical absorption spectra of: (a) BZT2,
(b) BZT5, and (c) BZT3 glass samples.

Fig. 8. Optical energy band gaps of: (a) BZT2,
(b) BZT5, and (c) BZT3 glass samples.

the induced photon, and thus absorption occurs.
At this point, the Mott and Davis theory defines
these related transitions as the direct or indirect
transition, considering that the induced photon ab-
sorbed either the lattice or the electrons in the va-
lence state of the atom [3]. Absorption spectra
of the prepared borate-based optical glass samples
measured in the wavelength range of 300–800 nm
at room temperature are shown in Fig. 7. The ef-
fect of the ZnO content on the optical energy band
gap of the glass samples was calculated from the
UV-vis absorption spectra. The absorption coeffi-
cient α (ω) is given by [44],

α (ω) =
log (I0/I)

l
, (3)

where l is the thickness of the sample [cm].
The absorption coefficient α (ω) at the fundamen-

tal edge in terms of the theory given by Davis and
Mott [45] for direct and indirect transitions can be
written in the following form

α(ω) =
C

~ω
(}ω − Eopt)

n, (4)

where C is the constant and Eg is the energy gap.
The direct and indirect optical energy band gap al-
lowed transition is described for n = 1/2 and n = 2,
respectively. Thus, the optical energy band gaps
of the glasses were determined by extrapolating

the linear region of the curves, obtained by plot-
ting (α~ω)1/2 in [(eV/cm)1/2] units versus ~ω [eV],
to (α~ω)1/2 = 0.

For example, when we compare the direct optical
energy band gap values for the preparation, which
are highly transparent (as seen in Fig. 7) B2O3–
ZnO–TiO2 glasses with TeO2–B2O3−ZnO glasses,
in both cases the values gradually increased with the
increase of glass modifiers [29]. As seen in Fig. 8, di-
rect optical energy band gaps increase as 3.5, 3.55,
and 3.6 eV for 45, 50, and 55 mol% ZnO glass com-
positions, respectively. It is determined that the
electronic structure is directly affected by the opti-
cal absorption spectrum of the material, and as ZnO
increases, the absorption spectrum band edge shifts
to the longer wavelength, and the optical energy
band gap also increases. Sing et al. calculated that
the optical energy band gaps of the B2O3−ZnO–
Bi2O3 material also showed similar properties, and
emphasized that it was related to different struc-
tural changes [46].

4. Conclusions

By melt-quenching we have prepared novel com-
positions based on (95−x)B2O3–xZnO–5TiO2 glass
network and their structural and optical proper-
ties were examined. As x varied from 45–55 mol.%,
the density of the glass samples showed dependence
on the glass compositions (increased from 3.95
to 5.27 g/cm3). The glass structure showed that
the crystalline phases were affected by the increas-
ing ZnO compositions. The FTIR spectra proved
that the increase of B stretching modes can be re-
lated to the increase of ZnO contents in the glass
network. The determined optical energy band gaps
showed the increment of Eg due to the glass network
promotion of BO formation within glass structures.
The crystalline phases of the heat treated glass sam-
ples were determined as Zn3(BO3)2, and TiO2.
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