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Abstract

ZnO–ZnF2–B2O3 glasses were synthesized and crystallized with different concentrations of TiO2 (0–0.5 mol% in the steps of 0.1) as
nucleating agents. The prepared samples were characterized by XRD, SEM and DSC. These studies have revealed that the samples contain well
defined randomly distributed crystalline phases with the complexes of Ti4+ and Ti3+ ions. Optical absorption studies have indicated that a part of
titanium ions exist in Ti3+ state in the bulk samples. Dielectric properties were also studied over broad ranges of temperature and frequency of the
glass ceramics. The obtained results were analyzed in terms of different polarization mechanisms. The dielectric break down strength of titled
glass ceramics was also measured at room temperature in the air medium. The break down strength is found to decrease with the concentration of
nucleating agent. The analysis of the results of dielectric properties indicated a decrease of insulating strength of the glass ceramic samples with
increase of TiO2 content.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

ZnO imparts a unique combination of optical, electrical and
magnetic properties when used in glass matrices like borate.
It reduces the coefficient of thermal expansion, imparts high
brilliance, luster and high stability against deformation under
stress of the glass [1–3] and makes the glasses nontoxic and
nonhygroscopic. These features make them very promising
candidates for application as laser materials.

The conventional glasses viz., borates, silicates with ZnO as
a component posses low specific heat, high thermal conduc-
tivity. The dissipation of heat due conduction is more rapid in
these glasses when compared with that of glasses containing
heavy metal oxide modifiers like BaO and PbO. Because of
these characteristics ZnO containing glasses find newer appli-
cations such as low-melting glass for metal-to-glass seals,
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thermistors for use as lighting arresters and devitrified glasses
of low thermal expansion. Further, ZnO improves the dielectric
strength of the host glass. For this reason thin layers of these
glasses are being extensively used as insulating layers in
plasma display panels [4,5].
Concerning the optical properties, zinc oxide makes the

glass as an outstanding extender for the absorption in the
ultraviolet region, it endows direct wide band gap and large
exciting binding energy to the host glass. Because of these
qualities, glasses containing ZnO are being used for the
development of optoelectronic devices, solar energy conver-
ters, ultraviolet emitting lasers and gas sensors [6–8]. Further,
ZnO based glasses and glass ceramics are good luminescent
materials and emit light in the UV and visible regions due to
the transition of trapped electrons owing to the intrinsic defects
such as oxygen vacancies, oxygen interstitials and zinc
interstitials [9]. For these applications, the key property of
ZnO is its high electrical conductivity combined with low
absorption of visible light [1]. Addition of ZnF2 to ZnO–B2O3
ghts reserved.
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glass matrix decrease the viscosity and liquidus temperature to
a substantial extent [10,11]. Moreover, it is also predicted that,
that the presence of compounds like zinc fluoride in the glass
matrices, widens the glass-forming region of the system [12].

Partial crystallization of the glasses with appropriate nucle-
ating agent is expected to influence several physical properties
i.e., optical, mechanical, electrical, thermal and chemical
durability. Transparency of glass after the crystallization can
be retained by monitoring the crystallization of a glass
precursor with appropriate chemical composition and appro-
priate nucleating agent. Investigations along these lines have
been carried out on several borate, silicate, fluoride or oxy
fluoride glass systems [13–16]. The characteristics of glass
ceramic depend on the kind and quantity of the crystalline
phase formed as well as on the residual glass composition.

Among various crystallizing agents, TiO2 is expected to be
more effective mineralizer especially in the glass systems like
ZnO–ZnF2–B2O3 when compared with the other nucleating
agents. In general, the ions of titanium, exist in the glass in
Ti4+ state and participate in the glass network forming with
different principal polyhedral, viz., TiO4, TiO6 and sometimes
with TiO5 (comprising of trigonal bipyramids) structural units
[17,18]. The inclusion of Ti4+ ions into this glass is an
advantage since the empty or unfilled 3d-shells of Ti ions
contribute substantially to the non-linear second-order polar-
izabilities described by the third rank polar tensors. This one
allows to produce multi-functional elements for quantum
electronics with these glasses. Titanium ions may also exist
in Ti3+ valence state in glass matrices [19] and expected to
influence the physical properties of the glass to a large extent.

In the present investigation we have synthesized ZnO–
ZnF2–B2O3 glasses, crystallized them with different concen-
trations of TiO2 as nucleating agent and characterized them by
a variety of techniques viz., XRD, SEM and DSC. Later, we
have recorded IR, optical absorption and dielectric dispersion
and analyzed the results in order to have some understanding
over the influence of titanium valance states and their
coordination with oxygen on structural features of the ZnO–
ZnF2–B2O3 glass ceramics. Such studies may be helpful for
considering these glass ceramics for the applications discussed
above.

2. Experimental

The detailed compositions of the glasses used in the present
study are as follows:
TC0: 10.0ZnO–30ZnF2–60B2O3

TC1: 9.9ZnO–30ZnF2–60B2O3: 0.1TiO2

TC2: 9.8ZnO–30ZnF2–60B2O3: 0.2TiO2

TC3: 9.7ZnO–30ZnF2–60B2O3: 0.3TiO2

TC4: 9.6ZnO–30ZnF2–60B2O3: 0.4TiO2

TC5: 9.5ZnO–30ZnF2–60B2O3: 0.5TiO2
Among various glass compositions, this range of concentra-
tion seems to have formed a relatively clear and transparent
glass. The starting materials used for the preparation of the
glasses were analytical grade reagents (99.9% pure) of ZnO,
ZnF2, H3BO3 and TiO2. Powders of these compounds taken
into appropriate amounts (all in mol%) were thoroughly mixed
in an agate mortar and afterwards were melted in a platinum
crucible within the temperature range 1000–1050 1C in a PID
temperature controlled furnace for about 1 h till a bubble free
liquid was formed. The resultant bubble free melt was then
poured on rectangular brass mold (containing smooth polished
inner surface) kept at room temperature. The samples were
subsequently annealed at 250 1C in another furnace and cooled
to ambient temperature at the rate of about 1 1C/min. For the
crystallization, the glass specimens were initially heated up to
crystallization temperature 700–750 1C (identified from DSC
traces) at the rate of 3 1C/min and then were held at the
specified temperature for 72 h. After that the samples were
cooled slowly (for about 3 h) to the offset temperature of the
crystallization peak (to avoid cracks, voids due to subsequent
sudden cooling) and then chilled in air to room temperature.
The samples synthesized were mechanically ground and

polished to mirror-like surface with cerium oxide powder. The
final dimensions of the samples used for the measurements
were about 1.0� 1.0� 0.2 cm3. Scanning electron micro-
scopy studies were carried out on these samples to observe the
crystallinity using HITACHI S-3400N Scanning Electron
Microscope. The crystalline phases in the heat treated samples
were identified using Rigaku D/Max ULTIMA III X-ray
diffractometer with CuKα radiation. The density of the glasses
was determined with precision up to (70.0001) by the
standard Archimedes' method using o-xylene (99.99% pure)
as the buoyant liquid. The mass of the samples was measured
with an accuracy of 0.1 mg using Ohaus digital balance Model
AR2140 for evaluating the density. The refractive index (n) of
the samples was measured at λ¼589.3 nm using Abbe
refractometer with mono-bromo naphthalene as the contact
layer situated between the glass and the refractometer prism to
an accuracy of 0.001. The dielectric measurements were
recorded using LF-impedance analyzer (Hewlett-Packard
Model 4192A) in the frequency range 102–106 Hz and in the
temperature range of 30–300 1C. The accuracy in the measure-
ment of dielectric constant ε′ is �70.01 and the dielectric
loss (tan δ) is �70.001. The dielectric breakdown strength of
all these glasses was determined at room temperature in air
medium using a high a.c. voltage breakdown tester (ITL Model
BOV-7, Hyderabad) operated with an input voltage of 230 V
at frequency of 50 Hz. The details of other measurements viz.,
DSC, IR and optical absorption are similar to those reported in
our earlier papers [20–21].
3. Results

From the measured values of the density and average
molecular weight M of the samples, various other physical
parameters such as titanium ion concentration Ni, mean
titanium ion separation Ri, polaron radius Rp in ZnO–ZnF2–
B2O3:TiO2 glass ceramic samples were evaluated and



Fig. 1. SEM pictures of ZnO�ZnF2�B2O3 glass ceramics doped with different concentration of TiO2.

Table 1
Physical Parameters of ZnO�ZnF2�B2O3 glass ceramics doped with different concentration of TiO2.

Sample Density (g/cm3) Dopant ion conc. Ni (� 1020 ions/cm3) Inter ionic distance (Å) Polaron radius (Å) Refractive index (n)

TC0 3.344 – – – 1.648
TC1 3.345 2.48 7.38 2.97 1.652
TC2 3.353 4.98 5.85 2.36 1.658
TC3 3.355 7.47 5.11 2.06 1.663
TC4 3.374 10.02 4.64 1.87 1.670
TC5 3.378 12.54 4.30 1.73 1.675
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presented in Table 1. The density of the samples is observed to
increase slightly with the concentration of TiO2.

The scanning microscopy pictures for some of the crystal-
lized samples are shown in Fig. 1. The pictures clearly indicate
that the samples are embedded with well defined, randomly
distributed crystals of different sizes (varying from 1 μm to
5 μm). The residual glass phase is acting as interconnecting
zones among the crystallized areas, making the samples free of
voids and cracks. The pictures further indicate a gradual
increase in the volume fraction of crystallites in the samples
with increasing concentration of TiO2 indicating that TiO2,
enhances the phase separation tendency of various crystalline
phases.

X-ray diffraction pattern for the ZnO–ZnF2–B2O3 glass
ceramic doped with 0.1 mol% of TiO2 is shown in Fig. 2(a).
The patterns exhibited peaks due to deflect crystal phases;
some of them are αZn(BO2)2, ZnTiO3, ZnO, Zn2TiO4, TiF3,
TiOF2; the details JCPDS card numbers for these crystalline
phases can be found in Ref. [22]. The XRD patterns for all the
crystallized glasses are shown in Fig. 2(b). Most interestingly
we have observed diffraction peaks with significant intensity
and full width at half maximum due to ZnTiO3 (2θ¼30.05),
Zn2TiO4 (2θ¼34.880, 42.399, 61.795) and TiOF2 (2θ¼
23.662, 48.144 and 54.463) crystal phases. This observation
points out that part of titanium ions exist prevailingly in Ti4+

state even after crystallization. However, the intensity of these
peaks is found to decrease with the increase of TiO2 content.
Diffraction peaks originating from TiF3 crystal phase at about
2θ¼22.919, 46.902 and 52.463 are also observed in the
pattern. The presence of such phases clearly suggests that a
fraction of the titanium ions exists in Ti3+ valence state which
may serve as a network modifier. The intensity of these peaks
is found to increase with increasing of TiO2 content.
DSC scans for ZnO–ZnF2–B2O3:TiO2 glass ceramic sam-

ples are shown in Fig. 3. The thermograms of all glass ceramic
samples indicate presence of weak glass transitions with the
inflection point situated between 575 and 620 1C, accompanied
by the multiple exothermic peaks at the three steps of crystal-
lization temperatures. From the measured values of Tg (inflec-
tion point), Tc (peak crystallization), the glass forming ability
parameter (Tc�Tg), that give the information on the stability of
the glass against devitrification for all the glass ceramics are
presented in Table 2. The variation of (Tc�Tg) parameter
exhibited a decreasing trend with the increasing TiO2 content.



Fig. 2. (a) XRD patterns of ZnO�ZnF2�B2O3: TiO2 glass ceramic doped with 0.1 mol% of TiO2. (b) XRD patterns of ZnO�ZnF2�B2O3: TiO2 glass ceramics
doped with concentrations of TiO2. For the sake of comparison, the XRD pattern of one of the pre-crystallized samples (TA1) is also included.

Fig. 3. DSC traces of ZnO�ZnF2�B2O3: TiO2 glass ceramics doped with
concentrations of TiO2.

Table 2
Summary of data on differential scanning calorimetric studies of
ZnO�ZnF2�B2O3 glass ceramics doped with different concentration of TiO2.

Sample Glass transition temperature
(1C) (Inflection) (Tc)

Crystallization temperature
(1C) (peak) (Tg)

Tc�Tg

TC0 618 751 133
TC1 610 739 129
TC2 602 723 121
TC3 594 713 119
TC4 590 706 116
TC5 575 688 113
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For the sake of comparison the thermogram for one of the
glass (pre-crystallized) samples (TA1) is presented in the same
figure. The figure indicates enthalpy increase, which is
proportional to the area under crystallization peak when
compared with that of corresponding crystallized sample.
Thus the results of SEM, XRD and DSC techniques clearly

confirmed that the thermal treatment for prolonged times with
different concentrations of TiO2 caused the conversion of
ZnO–ZnF2–B2O3 glass samples into glass ceramics with
entrenchment of fine crystals of different phases with Ti4+

and Ti3+ ions as components.
Fig. 4 presents optical absorption spectra of ZnO–ZnF2–B2O3:

TiO2 glass ceramic samples recorded at room temperature in
the spectral wavelength range 350–850 nm. The absorption edge
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observed at 330 nm for TiO2 free glass ceramic sample TC0

exhibited spectrally red shift with the introduction of titanium
oxide. The spectrum of the glass ceramic TC1 exhibited two weak
absorption bands at about 517 and 686 nm. When the concentra-
tion of TiO2 is increased, the half width and intensity of these two
bands are increased. The summary of the data on optical
absorption spectra of these glasses is furnished in Table 3.

From the observed absorption edges, we have evaluated the
optical band gap (Eo) of these samples by drawing Tauc plots [23]
between (αћω)1/2 vs. ћω and (αћω)2 vs. ћω as per the equations

ðαℏωÞ1=2 ¼Cðℏω�EOÞ ð1aÞ
and

ðαℏωÞ2 ¼ Cðℏω�EOÞ ð1bÞ
which represent indirect and direct band gaps, respectively. Fig. 5
(a) and (b) represent such plots of all these glass ceramics. From
the extrapolation of the linear portion of the curves, the values of
both indirect and direct optical band gap (Eo) are determined and
presented in Table 3; the value of Eo is found to decrease gradually
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Fig. 4. Optical absorption spectra of ZnO�ZnF2�B2O3: TiO2 glass ceramics.

Table 3
Absorption band positions and optical band gaps of ZnO�ZnF2�B2O3 glass cera

Sample Cut-off wave length (nm) Band positions

2B2g-
2B1g

2B

TC0 330 – –

TC1 337 517 68
TC2 344 518 68
TC3 351 522 69
TC4 358 525 69
TC5 365 530 70
from 3.41 eV (TC0) to 2.95 eV (TC5) with increase in the
concentration of TiO2.
Infrared transmission spectra of TiO2 free ZnO–ZnF2–B2O3

glass ceramic exhibited two groups of bands: (i) in the region
1200–1600 cm–1, (ii) in the region 800–1200 cm–1 and another
band at about 690 cm–1 (Fig. 6). The second group of bands is
attributed to the BO4 units while the first group of bands is
identified as being due to the stretching relaxation of the B–O
bond of the trigonal BO3 units and the band at 670 cm–1 is due
to the bending vibrations of B–O–B linkages in the borate
network [24,25]. Additionally, a band at about 488 cm–1 is also
observed in the spectra of all the glasses; this band is attributed
to the vibrations of ZnO4 tetrahedral units [26]. The spectrum
of the samples crystallized with (0.1 mol%) of TiO2 exhibited
two new bands in the regions 710–750 cm–1 and 625–640 cm–1.
These bands are identified as originated from Ti–O–Ti sym-
metric stretching vibrations of TiO4 (tetrahedral) and due to
the vibrations of TiO6 (octahedral) units, respectively [27,28].
As the concentration of TiO2 is increased, the band due TiO6

(octahedral) grows gradually at the expense of TiO4 tetrahedral
band. In addition, with increase in the concentration of TiO2,
intensity of band due to BO3 structural units is observed to
increase at the expense of band due to BO4 structural units. The
summary of the data on various band positions of infrared
spectra of the titled samples is given in Table 4.
Fig. 7 depicts the dispersion of dielectric constant, ε′(ω), vs.

temperature, whereas Fig. 8 represents the same dependence at
different temperatures of ZnO–ZnF2–B2O3 glass crystallized
with 0.3 mol% of TiO2. The parameter, ε′(ω), increases with
decreasing frequency. At larger frequency ε′(ω) approaches to
achieve a constant value, ε′1(ω) which normally results in a
rapid polarization processes occurring in the glasses under
applied field [29,30]. The variation of dielectric constant with
temperature and frequency for all the other glass ceramics
demonstrated similar behavior. However, for the sake of
comparison, in the inset of Fig. 7 variation of dielectric
constant with temperature measured at 1 kHz for ZnO–ZnF2–
B2O3 glasses crystallized with different concentrations of TiO2

is presented. The variation exhibited increasing trend of
dielectric constant with increasing TiO2 content.
The dielectric loss, tan δ, dispersions at different tempera-

ture and vice versa at fixed temperature and different frequen-
cies for the glass ceramic TC4 are presented in Figs. 9 and 10,
respectively. The loss dispersion curves have exhibited distinct
mics doped with different concentration of TiO2.

Optical band gap (eV) Direct band gap (eV)

2g-
2A1g

3.41 3.60
6 3.34 3.55
9 3.25 3.47
2 3.19 3.45
8 3.02 3.33
0 2.95 3.22



Fig. 5. (a) Tauc plots of ZnO�ZnF2�B2O3: TiO2 glass ceramics. (b). (αhν)2 vs. hν plots of ZnO�ZnF2�B2O3: TiO2 glass ceramics.
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maxima. With increasing temperature, the frequency maximum
is shifted towards higher frequencies and with increasing
frequency the temperature maximum is shifted towards higher
temperatures. These observations confirm the relaxation char-
acter of dielectric loss peak for these glasses [29,31]. The
origin of such variations of the dielectric loss dispersion vs.
temperature is found to be similar for all the studied samples.
However, the observations on dielectric loss variation with
temperature for the samples crystallized with different con-
centrations of TiO2 indicate an increase in the broadness and
(tan δ)max of relaxation curves with the shifting of maxima
towards lower temperature with increase in the concentration
of TiO2. From these curves, the effective activation energy Wd,
for the dipoles is evaluated for the glasses crystallized with
different concentrations of TiO2 and presented in Table 5; the
activation energy is found to be the lowest for the glass
crystallized with 0.5 mol% of TiO2 (Table 5). The a.c.
conductivity sac is calculated at different temperatures using
the equation

sac ¼ωε′ðwÞεo tan δ ð2Þ
(where εo is the vacuum dielectric constant) for different
frequencies are evaluated. In Fig. 11 the plot of log sac against
1/T for a glass ceramic (TC5) at different frequencies is
presented. The graph at lower temperatures especially at higher
frequencies exhibited a plateau and at higher temperatures
exhibited near linear tendency. The behavior of log sac against
1/T for all other samples is found to be the similar. The
conductivity is found to increase considerably with increase in
the concentration of nucleating agent TiO2 at any given
frequency and temperature (inset (a) of Fig. 11). From these
plots, the activation energy for the conduction in the high



Table 4
IR spectral band positions (in cm�1) of ZnO�ZnF2�B2O3 glass ceramics doped with different concentration of TiO2.

Sample Band positions TiO4 units TiO6 units ZnO4 units

BO3 BO4 B�O�B

TC0 1385 1020 668 – – 418
TC1 1380 1025 668 709 637 433
TC2 1360 1032 669 719 631 458
TC3 1351 1038 670 726 633 469
TC4 1346 1050 671 739 631 475
TC5 1334 1058 676 744 625 492

Fig. 7. Variation of dielectric constant ε′(ω) with temperature for the glass
ceramic (TC3) at different frequencies. Inset represents variation of dielectric
constant ε′(ω) with temperature for different glass ceramics measured at 1 kHz.
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temperature region over which a near linear dependence of
log sac with 1/T could be observed is evaluated and presented
in Table 5; this activation energy is also found to decrease
gradually with increase in the concentration of the crystallizing
agent (inset (a) of Fig. 11). The value of the dielectric
breakdown strength is observed to decrease with the content
of TiO2 in bulk sample (Table 5).
4. Discussion

Among different constituents of ZnO–ZnF2–B2O3: TiO2

glass ceramic B2O3 is a strong glass former, when it is mixed
with ZnO generally, tetrahedral boron entities dominate in the
Zn-rich domain and form easily B–O–Zn bridges, whereas
trigonal boron entities prevail in the borate-rich side. The
highest stability occurs for fully polymerized glasses and can
be related to the energetics of the reaction B–O–B+Zn–O–
Zn¼2(B–O–Zn) which also suggests that the B–O–Zn linkage
is more stable relatively to the mixture of B–O–B and Zn–O–
Zn linkages [32,33].
Titanium ions exist mainly in Ti4+ state in ZnO–ZnF2–B2O3

glass network. Nevertheless, the reduction of Ti4+–Ti3+ is
quite possible during melting and crystallization processes of
the glasses. Ti4+ ions occupy both tetrahedral and also
substitutional octahedral sites as corner-sharing [TiO6]

2�

units, whereas Ti3+ ions occupy only modifying positions
and depolymerize the glass network [34]. TiO4 and TiO6

polyhedral of Ti4+ ions enter the glass network and form
linkages of the type Zn–O–Ti and B–O–Ti.
The entry of TiO2 into borate network may be presented as

follows:
TiO2� [TiO4/2];
B2O3+2TiO2+2O2-2[BO6/2]

3�+[TiO4/2]+[TiO6/2]
B2O3+3TiO2+2ZnO+3O2-2[BO6/2]

3�+2[ZnO4/2]
+

+2[TiO4/2]+[TiO6/2]
The formation of ZnTiO3, Zn2TiO4, TiOF2 and TiF3 crystal-
line phases detected from the XRD studies emphasizes that
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titanium ions do exist in both Ti4+ and Ti3+ states in these
glass ceramics. The gradual increase in the intensity of the
diffraction peaks due to the TiF3 crystallites with increase in
the concentration of TiO2 indicates increasing proportions of
titanium ions in Ti3+ valence state.
The appearance of peaks due to different crystallization
temperatures in the DSC pattern also suggests the presence of
different phases of crystallization in the samples. The crystal-
lization in the glass samples may take place following the
surface and bulk nucleations. The apparent increase in value of
enthalpy with increase in the nucleating agent suggests that the
crystallization starts initially inside the material and expands to
the surface gradually [35]. The real calorimetric exothermic
effects (peaks) caused by crystallization in the amorphous
sample have been suppressed by mutual movement and
revolution (aggregation) of metal-oxygen octahedral (endother-
mic) in the plastic (flexible) phase, at temperature range which
appear in the same temperature as the crystallization. This
effects decreases actual enthalpy of crystallization, due to
heating up to crystallization temperature (Fig. 3). During this
process, the metal-oxygen bond length changes (may be that of
Ti�O) as manifested by the other measurements.
The electronic configuration of Ti3+ ion is 3d1. In octahedral

field or tetrahedral filed, the ground state 2D of the 3d1 ion
splits into 2E and 2T2 states. In the tetragonally distorted
octahedral field, the 2T2 state further splits into three 2B2

(viz.jxy〉, jyz〉 and jzx〉) states, whereas the 2E excited state
splits into A1j3z2�r2〉 and B1jx2�y2〉 states by tetragonal
distortion. For ions in tetragonally compressed octahedron,
the ground state is B2jxy〉. The bands observed in the optical
absorption spectra at about 520 nm and 690 nm of the studied
glass ceramics are identified as being due to 2B2g-

2B1g and
2B2g-

2A1g octahedral transitions of the Ti3+ (d1) ions,
respectively [36]. The observed gradual growth of these two
bands with increase in the concentration of TiO2 indicates that
there is an increasing fraction of Ti4+ ions that have been
reduced in to Ti3+ ions. Further, we have noticed a gradual
decrease in the optical activation energy associated with these
bands with increase in the concentration of TiO2. For example,
the excitation energy associated with 2B2g-

2B1g transition is
decreased from 2.40 to 2.34 eV when the concentration of
TiO2 is varied from 0.1 to 0.5 mol%. This is clearly a
characteristic feature for inter-valence transfer or a polaronic
type of absorption. It means that the associated electrons are
trapped at shallow sites within the main band gap and as a
consequence possess smaller effective wave-function radii.
This kind of situation is only possible if the local potential
fluctuation may be neglected with respect to transfer integral, j.
A small overlap between electronic wavefunctions (corre-
sponding to adjacent sites) due to strong local disorder is
contributive to polaron formation. So within a framework of
polaronic model, the electron delivered by the impurity atom at
Ti4+ site converts this one into a lower valence state Ti3+.
Afterwards the trapped electron at this Ti3+ site is transferred
to the neighboring new Ti4+ site by absorbing a photon
quantum. Thus the optical absorption in the glass samples is
dominated by polaronic transfer between the Ti3+ and Ti4+

species [20,37].
The validity of the Eqs. 1(a and b) related to optical band

gap points out that the band gap is caused by amorphous
optical absorption edge as well as indirect band gap (i.e. the
transitions in the different points of the Brillouin zone) valid



Table 5
Summary data on dielectric studies of ZnO�ZnF2�B2O3 glass ceramics doped with different concentration of TiO2.

Sample Temp. region of relaxation
(K)

A.E. for conduction
(eV)

A.E. for dipoles
(eV)

Exponent (s) N(EF) (� 1021, eV�1/cm3)
(70.01)

Breakdown strength
(kV/cm)

TC0 395�482 0.55 1.44 0.81 3.40 12.92
TC1 386�474 0.51 1.41 0.83 4.35 12.27
TC2 377�468 0.48 1.37 0.86 6.03 11.85
TC3 365�452 0.43 1.32 0.89 7.58 11.32
TC4 353�446 0.41 1.29 0.91 9.51 10.97
TC5 345�440 0.36 1.26 0.92 11.35 10.54

Fig. 11. Variation of a.c. conductivity with 1/T for the glass ceramic (TC5) at
different frequencies. Inset (a) shows the variation of a.c. conductivity and
activation energy with concentration of crystallizing agent TiO2 and (b) shows
the variation of a.c. conductivity with activation energy.
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for crystalline materials. This confirms the fact that the studied
materials are formed by direct and partial indirect transitions
between the valence band and the conduction band.

The gradual increase in the concentration of Ti3+ ions
causes a creation of large number of donor centers; subse-
quently, the excited states of localized electrons originally
trapped on Ti3+ sites begin to overlap with the empty 3d state
on the neighboring Ti4+ sites. As a result, the impurity band
becomes more extended into the main band gap. This devel-
opment may cause a shift of the absorption edge to the lower
energy (Table 3) which leads up to a significant shrinkage in
the band gap with increase in the concentration of TiO2, as
observed.

The gradual increase in the intensity of the bands due to
BO3 and TiO6 structural units (at the expense of the bands due
to BO4 and TiO4 structural units) in the IR spectra with
increase in the concentration of the nucleating agent TiO2 also
supports the view point that there is a gradual increase in the
degree of disorder in the glass network. This is once again a
manifestation of higher concentration of Ti3+ ions that act as
modifiers in the samples crystallized with higher contents of
TiO2.
The observed increase of ε′(ω) at higher temperatures and at

lower frequency can be attributed to the bulk surface charge
polarization of the glass ceramics resulted from the presence of
metallic electrodes accumulated with charge species. The
behavior of frequency dependence of dielectric permittivity
is related to the application of the field which favours electron
hopping between two different sites in the glasses. This also
leads to an increase of the electronic component in dielectric
constant dispersion. At higher frequency, the charge carriers
will no longer be able to rotate sufficiently rapidly, so their
oscillation will begin to lay behind this field leading to a
decrease of dielectric permittivity, ε′(ω).
The increase of TiO2 content up to 0.5 mol% in the glass

network causes increase of permittivity, ε′(ω), at any fre-
quency and temperature. This observation supports an increase
in degree of disorder in the network with increasing content of
the crystallizing agent TiO2 [21,38]. From the optical absorp-
tion studies it is evident that with the gradual increase of TiO2

there is a continuous fractional increase in the concentration of
Ti3+ ions. The Ti3+ ions, similarly to Zn2+ ions, act as
modifiers and create dangling bonds and non-bridging oxygen
ions by disrupting B�O�B and B�O�Zn linkages. Such
produced defects create an easy pathways for the migration of
charge carriers that would enhance the space charge polariza-
tion causing an increase ε′(ω) with the increase of TiO2

content up to 0.5 mol% [39–41].
The way the dielectric loss varies with temperature indicates

that there is a spreading of relaxation times for the studied
glass ceramic samples. Such spreading is possibly due to the
coupling of individual relaxation processes, one site needing to
relax before the other can do so. Even if each relaxation site
has the same value of τ the coupling between them ensures that
the time domain is effectively stretched leading to the
spreading of relaxation times as observed [42,43]. The possible
contributors to the dipolar effects in addition to the octahedral
complexes of Zn2+ ions are the complexes of Ti3+ ions [44].
The decrease of activation energy for dipoles and also the
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relaxation time with increase in the content of TiO2 (Table 5),
suggests increasing degree of freedom for dipoles to orient in
the field direction in the network.

When a plot is made between log sac vs. activation energy
for conduction, a near-linear relationship is observed (inset (b)
of Fig. 11). This observation suggests that the conductivity
enhancement is directly related to the thermally stimulated
mobility of the charge carriers at higher temperatures. The
glasses under study are expected to exhibit mixed, ionic and
polaronic, conductivity. Generally, electronic conduction is
due to the polaron hopping between Ti3+ and Ti4+ ions,
whereas ionic conduction is predominately due to migration of
zinc ions [45].

For the studied glasses, a.c. conductivity increases with
increasing content of TiO2. The possible explanation for such a
behavior is that with the gradual increase of TiO2 content,
there is a growing presence of Ti3+ ions that act as modifiers
and enhance the concentration of dangling bonds in the glass
network. This in turn causes a decrease in the electrostatic
binding energy and the strain energy for the easy passage of
zinc ions, which consequently leads to a substantial decrement
in the jump distance for these ions. Such behavior is in good
agreement with the observed decrease in activation energy for
conduction. To be more specific, the decrease in activation
energy and increase in the conductivity with increasing TiO2

content are caused by two mechanisms. One is related to
significant ionic contribution due to easy pathways for zinc
ions and second one is caused by an increase of Ti3+�Ti4+

pairs since there is a gradual increase of TiO2 content and Ti3+

ions concentration. Generally, the high fragmentation of the
zinc borate in the present compositions due to higher Ti3+ ions
concentration can promote this mechanism, by stabilizing
temporary sites with interstitial rather than vacancy character,
through local distortion of the network.

The real part dispersion for a.c. conductivity is usually described
by power law dependence s(ω)pωs when the mean square
displacement of ions is small and the ion transport is characterized
by the non-random forward–backward hopping process. The
variation of the exponent (obtained by plotting log s(ω) vs. ω) is
found to increase with increasing the concentration of TiO2

(Table 5) suggesting that dimensionality of conducting space
increases with the content of TiO2 [46–48].

The a.c. conductivity in the low temperature region (near
plateau region) can be understood following the quantum
mechanical tunneling model. Based on Austin and Mott's
model (quantum mechanical tunneling model) [49], the density
of defect energy states near the Fermi level, N(EF), at nearly
temperature independent region of the conductivity (low
temperature) is evaluated using

sðωÞ ¼ ðπ=3Þe2kBT NðEFÞ½ �2ðα′Þ�5wðlnðνo=ωÞ�4 ð3Þ
In Eq. (3), α′ is the electronic wave function decays constant,
ν0 (�5� 1012 Hz) is the phonon frequency. The value of N
(EF) was calculated at a frequency of 1 kHz, T¼370 K, taking
α′¼0.50 (Å)�1 (obtained by plotting log sac against Ri), and
the values obtained are presented in Table 5. The value of N
(EF) is found to increase with increasing the concentration of
TiO2 thus supporting view point that there is an increasing
concentration of defect energy states with increase in the
concentration of TiO2 supporting the view point that there is a
gradual increase in the concentration of Ti3+ ions that increase
degree of disorder in the glass ceramic network.
The specific dielectric loss i.e., the loss per unit volume of

the dielectric when placed under an alternating electric field is
given by [50]

ρl ¼ E2ωε′ðωÞεo tan δ W=m3 ð4Þ
Eq. (4) indicates the specific dielectric loss is proportional to
ε′(ω)tan δ of the sample. The dielectric breakdown strength is
in fact inversely proportional to the specific dielectric loss. The
measurements on dielectric properties of the titled samples
exhibited increase of ε′(ω′)tan δ with the concentration of
TiO2.
The observations on breakdown strengths of ZnO–ZnF2–

B2O3 glass ceramics, as mentioned earlier, indicated decreas-
ing trend with the concentration of nucleating agent. This is
well in accordance with the observed variation of the specific
dielectric loss with the concentration of TiO2. Thus the
experiments on the dielectric breakdown strength of ZnO–
ZnF2–B2O3 ceramics reveal that there is an increase in the
disorderliness in the samples with increase in the concentration
of TiO2 possibly due to increase in proportion of Ti3+ ions that
act as modifiers.

5. Conclusions

ZnO–ZnF2–B2O3 glasses doped with different concentrations of
TiO2 were synthesized and subsequently crystallized. The char-
acterization of the samples by SEM, XRD and DSC techniques
indicated that the samples contain well defined and randomly
distributed grains of different crystalline phases. The XRD studies
revealed that the samples were embedded with crystalline phases
like ZnTiO3, Zn2TiO4, TiOF2, TiF3 in which titanium ions exist
Ti4+ and Ti3+ states. The IR spectral studies have indicated that the
glass ceramic samples contains various structural units with the
linkages of the type B–O–B, Zn–O–Zn, B–O–Zn, the increasing
content of TiO2 in the glass ceramics seemed to have weakened
such linkages. The analysis of the results of optical absorption, the
studied glass ceramics have indicated that a considerable proportion
of titanium ions do exist in Ti3+ state in addition to Ti4+ state
especially in the samples crystallized with higher mol% of TiO2.
The variations of dielectric constant, ε′(ω), and loss, tan δ,

with temperature have been analyzed on the basis of dielectric
polarization. The frequency and temperature dependence of the
dielectric loss parameters have exhibited relaxation character.
The relaxation effects have been attributed to complexes of
Zn2+ and Ti3+ ions. The observed increase in the electrical
conductivity and decrease in the activation energy with
increase in the concentration of the crystallizing agent (TiO2)
is attributed to two effects. One is due to the contribution of
polaron Ti3+–Ti4+ pairs and the other is related to the
significant ionic contribution due to an increase in the
concentration of dangling bonds which leads to the substantial
decrement in jump distance for zinc ions.
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