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Abstract

Europium oxide (Eu,O,) doped lithium tellurite glasses were prepared via melt quenching method. The effects of Eu,0O,
doping at varying concentration on the physical, electrical and optical properties of tellurite glasses were determined. The
physical properties by means of density and molar volume are determined. Electrical and dielectric constant in the 0.01 - 10
MH?z frequency range were monitored as a function of temperature (298 — 398 K). At room temperature, the conductivity
and activation energy increase with increase Eu,0, concentration. Small polarons hopping (SPH) is used to explain the
conduction mechanism. The density of localized state is found to decrease with increasing Eu,O, concentration in the range
of 21.3% 10°% 10 17.3% 10°% eV cm?. Dielectric parameters which are dielectric constant and loss tangent are found to
increase with the increase in the concentration of Eu,O,. In order to study the spectroscopic properties of fabricated glasses,
absorption and emission spectroscopy has been performed. UV-Vis-NIR absorption spectra of glass samples divulged two
significant peaks. Under the excitation of 393 nm laser diode, six emission bands were observed in the Eu®* single doped
glasses. Increasing intensity ratio ranging from 1.13 to 2.13 with increased Eu,O, concentration is attributed to the low sym-

metry environment around Eu’* ions. The proposed glass system is demonstrated to be beneficial for diverse applications.
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Nowadays, use of oxide glass materials has evolved from the simple conventional passive functions to more sophisticated active func-
tions in many optical, electronic, structural, chemical and biochemical interdisciplinary applications [1]. Among the oxide glasses,
tellurium dioxide (TeO,)-based glasses have been widely studied because of their potential applications as compared to other conven-
tional glasses. This is due to their high indices of refraction, large infrared transparency, high density, low melting point, high dielec-
tric constant and electrical conductivity and good chemical durability as well as low glass transition temperature [1, 2]. Conversely,
TeO, is a conditional glass former and it cannot easily transform into the glassy state under conventional quenching conditions. Few
modifiers or glass forming agents such as alkali oxides (M,0) are required to enhanced the glass formation ability (GFA) by breaking
the Te-O-Te bridging and forms the Te-O-M bonds [3]. Tanaka et al. [4] study the structural of LiCl-Li,O-TeO, glasses and they show
that, the presence of LiCl and Li,O creates non-bridging oxygen (NBO). Cl- and O* is considered to be fully ionized hence creates Te-
Cl,,bond and Te-O_, bond. Since O* has a higher negative charge than CI', O* ion would donate more electrons to Te through Te-O |
bond than CI" ion does through the Te-Cl  bond. The formation of this bond strengthened the Te-O_ bond therefore the formation of
TeO, trigonal pyramid is suppressed. Iwadate et al. 5] states that the TeO, trigonal bipyramids are changed into polyhedra containing
NBO by the increase of Li,O and LiCl, and then shifted to TeO, trigonal pyramids which is considered to restrict the glass formation.
This can be explained by the weakening Te-O_ bond with the increase of LiCl which act as a network modifier. LiCl breaks down the
TeO, network structure by creating NBO.

Introduction of alkali ions in tellurite glasses is considered to be predominant factor playing the role of enhancing the conductivity of
the glass system and hence can be applied as solid electrolytes in high density batteries, electrochromic display, fuel cell and sensors
[6-8]. Tellurite based glasses exhibit relatively high dielectric constants and electrical conductivity as compared to the other glass
systems, owing to the unshared pair of electrons of the TeO, group that do not take part in the bonding [9]. The dielectric properties
of tellurite glasses depend on the size of the modifier ions in the glass structure, their field strengths and the composition of the glass.
The introduction of lithium is anticipated to enhance the conductivity of tellurite glass as Li* ions are ionic conductor [10, 11]. This
is because lithium is light and highly electro-positive. Consequently, lithium-based glasses find potential applications in high energy
density solid state batteries [12]. Hence, the connection between the position of lithium ions in tellurite glass network and the elec-

trical properties of these glasses is quite interesting.

Incorporation of rare earth (RE) ions such as La, Ce, Nd, Eu, Er, etc., into glasses enhances their optical properties such as refractive
index, optical band gap, laser amplification and optical amplification [10, 13-15]. Recently, up-conversion (UC) luminescence of Eu**
has been studied due to its favorable green and red emissions. However, it is interesting to study the electrical conductivity in these
glasses to understand conduction mechanisms operated in these systems. Influence of RE ions additives on electrical conductivity
of different glasses has been previously studied [10, 13-16], which indicated that the electrical conductivity depended on the glass
composition and atomic size of RE ions [13]. In addition, a decrease in conductivity with the increase in the atomic weight of RE
ions has been observed in different rare earth ions doped tellurite glasses, which was attributed to the low mobility of RE ions due
to their heavy masses [14]. Meanwhile, tellurite glasses of composition 80TeO,-20ZnO doped with holmium (Ho**) ions exhibited a
decrease in the conductivity with the increase in holmium ionic content [15]. This was attributed to the formation of quasi-molecular
complex of RE ions with the glass network. The dc and ac electrical conductivities of barium tellurite borate glass doped with Nd,O,
having composition of 50B,0,-(20-x)BaO-20TeO,-10LiF or Li,O, where x = 0.5, 1, 1.5 and 2 mol% were measured [10]. The dc and ac
conductivity values were increased, whereas the activation energy of conductivities was decreased with increasing Nd,O, content in
the glasses containing LiF. Whereas, the addition of Nd,O, to glasses containing Li,O led to decrease the conductivity and increased

the activation energy [10].

Amongst of RE ions, Eu®* -doped glasses find a number of applications in a variety of optoelectronic devices such as red emitting
phosphors and optical storage devices [16]. By suitable selection of glass constituents, one can develop an entire range of electrical
conductors, from purely ionic to purely electronic. Glasses with such properties have found applications in the development of
integrated microbatteries [17]. Despite the technological and scientific relevance of tellurite glasses, the ac conductivity studies in
Eu,O, doped lithium-tellurite glasses are far from being clarified. In this fortitude, the objective of the present work is to evaluate the

physical, electrical and optical properties of the representative TeO,-Li, O-LiCl (TLL) glass doped with different concentration of Eu’*
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ions. The electrical and dielectric properties of such glass samples as a function of frequency (100 Hz-1 MHz) and the temperature

(298K-398K) was analyzed by employing impedance spectroscopy at 373 K.

Analytical grade raw materials to prepare the TeO,-Li,O-LiCl-Eu,O; glass samples were obtained in the powder form. Pure oxides of
TeO2 (Sigma-Aldrich > 99%), Li,CO, (Sigma Aldrich, 99.99% purity), LiCl (Fluka, 99% purity) and Eu,O, (Sigma Aldrich, 99.99%
purity) were used as glass constituents. The prepared samples had nominal composition of (75-x) TeO,-5Li,O-20LiCl-xEu,O, where
x=0.0,0.5, 1.0, 1.5 and 2.0 mol%. The raw materials with required proportion are weighted using a very sensitive weighing machine
(Electronic Balance Precisa 205A SCS). The total weight of each batch of glass was 15 gram and calculated in mol%. The selected
composition was placed in an alumina crucible and melted by raising the temperature of an electrical furnace (Model: Carbolite As-
ton Lane, Hope Sheftield S30 2RR, England) to 900 °C for 20 minutes to achieve homogenous melting. In order to obtain transparent
viscous melt, the batches were stirred frequently. The quenching process started by pouring the melt between two preheated stainless
steel moulds in an alternate furnace as fast as possible to avoid solidification due to humidity. Then, the glass samples were kept at 300
°C for about 2 hr for annealing process to reduce the thermal and mechanical strains. After two hours, the furnace was switched oft
and the samples were allowed to cool down gradually to room temperature (25 °C). Cooling rate was a vital factor in determining the
glass formation. The glass sample is cut in the dimension of 1 cm x 1 cm x 1 cm using diamond cutter. Finally, samples are polished

by diamond compound with grade point of 1 1, 3 pand 6 p until each of the sample have uniform thickness ~0.2 cm.

The glass density (p in g.cm?) is determined using Archimedes method with distilled water as an immersion liquid. Density is cal-

culated from,

p=—2(py-p,) W
Aa— By ‘

Where A and B, are the weight of the sample in the air and in distilled water, respectively with p, is the density of pure water and p_

is that of air. The molar volume (V) in terms of the molecular weight (M) yields,

The concentration of rare earth ion, N, is given by,

mol%6 R xpxN,
E = % 3)

m

where g is density of the glass and N, is the Avogadro’s number. The polaron can be treated as an electron with virtual phonon. The
cloud of virtual phonons resembles physically to the electron where it pulls nearby positive ions and push nearby negative ions away.
Assuming the distribution of Eu,O, in lithium tellurite is uniform, the polaron radius R, can be calculated by the following equation

respectively,

ENES

On the other hand, the inter-nuclear distance, R, which denoted the distance between two nuclei in a molecule is calculated as

following,

Ri(A):( 1 j; (5)
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The amorphous nature of glasses were examined via a Bruker D8 Advance X-ray diffractometer (XRD) which uses CuKa radiations (k
=1.54 A) at 40 kV and 100 mA with 26 ranges from 10° to 80° with step size 0.02° and resolution of 0.01°. Shimadzu ultraviolet visible
near infrared (UV-Vis-IR) spectrophotometer (Model: UV-1301PC) was used to record the absorption spectra of the glass samples
with a resolution of 1 nm. The absorption spectrum was measured in spectral range of 200-2000 nm by using Tungsten Halogen lamp
(HL) as a radiation source. Both sides of the glass samples were polished to avoid any unfavorable surface scattering during optical
measurements. Perkin-Elmer photoluminescence (PL) spectra (Model: LS 55) (fitted with a pulsed Xenon lamp operates as a source
of excitation) was used to measure the emission spectrum of the glass samples in visible (~ 400 to 700 nm) and the near infrared
region (up to 800 nm). Gold electrodes are deposited on both side of polished glass sample using thermal evaporation technique.
The conductivity measurement is done using Solartron SI 1260 Impedance/Gain-Phase Analyzer. The measurement is taken in the
frequency range of 100 Hz to 1 MHz and in the temperature range of 298 K to 398 K and the voltage is kept constant at 1V. To avoid
initial polarization, the measurements are started 5 minutes after voltage across samples is constant. Measurements are repeated

several times to ensure the reproducibility of the data.

Physical properties

Table 1 summarizes the calculated physical properties of all glass samples. Compositional behavior of density and molar volume is
shown in Figure 1. The decrease in glass density from 4.88 to 4.73 g.cm” due to the introduction of Eu,0, which is ascribed to the
alteration in the network structure via the generation of more NBOs. However, the density of the glass increases from 4.73 to 4.77
g.cm” with further addition of Eu,O,, which is due to higher charge and coordination number of Eu** which tend to develop highly
packed glass structure [18]. The variation of molar volume with concentration of Eu,O, is presented in Figure 1. It is quite clear
from Figure 1 that there is an increase in the molar volume from 26.4 to 27.8 cm’®.mol™ as the concentration of Eu,O, is increased
into the system. The molar volume is inversely proportional to density which they are expected to show opposite behavior to each
other. However, in this glass system, the molar volume shows the same behavior with the glass density where they both increase
with increase of Eu,O, concentration. Sidek et al. [19] stated that the molar volume is affected by the bond length or inter-atomic
spacing between atoms. In this glass system, TeO, is replaced by Eu,0, where the bond length of Te-O and Eu-O are 1.99 A and 2.04
A, respectively. On the other hand, their respective ionic radius is 0.52 A and 0.947 A. The replacement of Eu,0, with longer bond
length and ionic radius is believed to contribute to the increment of molar volume. This also indicates that the addition of Eu,O, may
break the structure of the glass by the formation of NBOs. Consequently, the spatial distances in the system increase and loosen the
structure [20]. Rada et al. suggest that the increase in molar volume is due to the excess oxygen from Eu,O, that are not filling the
interstices of glass network but they form Eu-O-Eu bond [21].
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Figure 1: Compositional variation of density and molar volume of TLLEx glasses
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Glass Sample P v, N, R R,
TLLE 0.0 4.88 £0.01 26.4+£0.2 - - -
TLLE 0.5 4.73 £0.02 27.5+0.1 1.10 8.42 20.89
TLLE 1.0 4.74 £0.01 27.6 £0.1 2.18 6.70 16.61
TLLE 1.5 4.76 £0.03 27.7 £0.2 3.26 5.86 14.54
TLLE 2.0 4.77 £0.03 27.8 £0.2 4.33 5.33 13.22

Table 1: Density, p (g.cm—3), ion concentration, NRE (x1020 ions.cm-3), molar volume, Vm (¢cm3.mol-1), polaron radius, Rp (A) and
inter-nuclear distance, Ri (A) of Eu3+-doped lithium tellurite glass

The ion concentration, polaron radius and inter-nuclear distances are also calculated and summarized in Table 1. A direct relation
between the increases of ion concentration with increasing Eu’* ions is evident. An inverse relation is observed between the ion
concentration and inter-nuclear distance. Thus a perfect connected for the current samples could be expected. In contrast, the
polaron radius and inter-nuclear distance for Eu-Eu ions shows an expected decrease on increasing Eu,O, content. This is most likely
due to the glass system become packed by rare earth existence hence average rare earth-oxygen distance decrease [22]. However, the
value of polaron radius is smaller (8.420 A - 5.326 A) than the inter-nuclear distance (20.893 A - 13.215 A) which suggesting the
formation of small polaron.

XRD pattern

Figure 2 displays the typical XRD pattern of TLLE 2.0 glass. Complete absence of any sharp peak in the XRD pattern and the
appearance of a broad hump in the angular range of 15-35°verified the true amorphous nature of the proposed glass. The occurrence
of halo pattern clearly indicated the absence of long-range atomic arrangement or three-dimensional network periodicity in the

prepared material.

Intensity (a.u.)

10 20 30 40 50 60 70 80
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Figure 2: Eu’* ions concentration (mol%) dependent XRD patterns of TLLE 2.0 glass sample
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Ionic conductivity
Temperature dependent conductivity

A deeper insight into the electrical properties of the glasses can be obtained from the complex impedance plane plot analysis. The
impedance (Z"(w) and Z"(w)) in the frequency range of 100 Hz-1 MHz of the studied glasses were recorded and found to exhibit
non-ideal semicircle (Cole-Cole plots) which could be originated from the dielectric dispersion in the glasses. The typical complex
impedance cole-cole plots (Nyquist plots) obtained at a representative temperature, 373 K, for the case of TLLE 0.0 glass is depicted in
Figure 3. The cole-cole diagram of the all the investigated glasses exhibited similar behavior with a single semicircle which specified a
single relaxation process. Table 2 enlists the estimated values of cole-cole parameters of studied glasses and their codes. The presence
of an inclined spike (and arc) on the lower frequency side of the semicircle was resulted from the jonic adsorption and accumulation
at the interface with the blocking electrode, as well as charge transfer [23]. Therefore, the conductivity of the glass system was assumed
as mainly ionic. This behavior of cole-cole plots was characteristic of the conducting nature of the glass samples. The intercept of
the semicircle with real axis on the low frequency side was normally referred as the bulk resistance (R,) of the glass samples. The
bulk resistance of the glass can be obtained through circle fit by using ZView Version 2.5b. The intercept of the semicircle was
shifted towards the higher Z’ value with the increase of Eu** ions content, indicating the increase in the bulk resistance and thereby

decreasing conductivity. From Figure 3, the magnitude of conductivity can be calculated as following:

d
R,A

(6)

O =

where d is thickness of sample and A is the area of conductance of sample. The variation of conductivity of these glasses can be well

represented by Arrhenius equation.

E, (7)
ky

o =0,exp| —

where E_is activation energy, g, is pre-exponential factor, K, is Boltzmann’s constant; 8.617%10° eV K, and T is temperature. The
variation of the corresponding conductivities for the TLLEx series of glasses is shown in Figure 4 in a semi-log plot as a function of

inverse temperature.

Theconductivitywasfoundtoincreasewithincreaseintemperature(seeTable2),whichrevealsthesemiconductingnatureofthepresentglass
samples[24]. Thechargecarriermaybethermallystimulatedathighertemperatures. Theincreasingtemperaturedecreasestheelectrostatic
binding energy which ease the mobility of Li+ ions, henceforth the conductivity increase [25]. The electrical conductivity, at all studied
frequencies, decreasedwithincreaseintherareearthionconcentration. Theelectricalconductivity, atallstudied frequencies, decreased with
increase in the rare earth ion concentration. On the other hand, the activation energy is the amount of electrostatic term which
combines the mean barrier height created by the Coulomb forces and the energy of migration [26]. The activation energy (E) is
calculated from the slope fitting lines using Equation (7) and is shown in Figure 5. In Table 3, the values of the activation energy have
been presented at different concentration of Eu,O,. From Figure 5, it can be seen that the conductivity decrease while the activation
energy increase with increase Eu,O, concentration. The dependence of conductivity on activation energy suggest that the decrease of
conductivity is directly related to the decrease of movement of lithium ions [18]. The decreament in the conductivity can be related
to the addition of Eu,O, which lead to the increasing of density of the glass network. In addition, the heavy atomic mass of the RE
partially prevented the lithium ion movement thus lead to the decrement of conductivity [24, 27]. The activation energy increase
from 0.10 eV to 0.23 eV as the concentration of Eu,0, increased. It is suggested that the more Eu,O, added to the glass network,
the glass become more packed. Hence, the vacant sites for Li* mobility decrease. This leads to the reduction of polaronic hopping

distance. Therefore, more energy is required for charge carrier transportation [14, 18].
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K 10T | TLLE 0.0 TLLE 0.5 TLLE 1.0 TLLE 1.5 TLLE 2.0

R, o Logo |[R, |0 Logo |R, |0 Logo | R, o Logo | R, Y Log

o

298 336 |501 |1.33 |-6.88 |6.08|1.02|-699 |559 125 |-690 |6.05 |0.98 |-7.01 |627 |1.05 |-6.98
323 |3.10 |4.69 |1.42 |-6.85 [6.06 |1.03 |-699 |6.20 |1.66 |-6.78 |6.12 |097 |-7.01 |568 |1.16 |-6.94
348 287 426 |1.56 |-6.81 [546 |1.14 |-6.94 |5.14|2.01 |-6.70 |539 |1.10 |-6.96 [4.50 |146 |-6.83
373 |2.68 |435 |1.53 |-6.82 [4.63 |1.34 |-6.87 |4.30 240 |-6.62 |538 |1.10 |-6.96 |4.46 |147 |-6.83
398 |2.51 411 |1.62 |-6.79 [4.17 | 149 |-6.83 |4.00 |1.74 |-6.76 |449 |132 |-6.88 |[4.13 |159 |-6.80

Table 2: Bulk resistance, R, (x 10° Q) and conductivity, o (x 107 Scm™) of the proposed glass samples at constant frequency
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Figure 3: Complex impedance plots of TLLE 0.0 glass at 373 K
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Figure 4: Arrhenius relation of Log(c) versus 1000/T for all samples
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Studied glass E, g tan § N (E)
TLLE 0.0 0.10 17.70 0.097 21.3
TLLE 0.5 0.21 13.48 0.087 19.7
TLLE 1.0 0.23 11.52 0.078 23.0
TLLE 1.5 0.23 10.63 0.073 19.8
TLLE 2.0 0.10 9.81 0.055 17.3

Table 3: Values of E, €} tan § and N (E,) (x 10*eV"' cm™) for different compositions of glasses at 398 K and in the relaxation frequency
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Figure 5: Variation of Log(c) and activation energy for TLLEx glasses

Frequency dependence conductivity

To describe the influence of frequency on the conductivity of a material, Jonscher suggested a suitable formula acknowledged as

power-law relation [28 which can be expressed as:
o(w)=Aw’ (8)

The exponent s represents the degree of interaction between mobile ions with the lattices around them, while the prefactor exponent

A determines the strength of polarizability and w is the angular frequency. Therefore, s is defined as:

. 6(10g 0)

- d(logw) )

The straight line is obtained by least square fitting of experimental data. Various models have been proposed to ascertain the
conduction mechanism on the basis of parameter s. Among these models, quantum mechanical tunnelling model (QMT), correlated
barrier hopping model (CBH), small polaron hopping (SPH) and the overlapping large-polaron (OLP) are the most applicable
models.

Frequency dependence of total conductivity for 1.5 mol% Eu,O,-doped glass at different temperatures is shown in Figure 6. Similar
nature of variation of log(o, ) with log(w) has been observed in remaining samples. A flat dc plateau can be observed (Figure 6) at
low frequencies. From Figure 6 it can be noticed that the ac conductivity (o, ) increases as the frequency increases. The frequency
dependence of ac conductivity indicates that conduction is attributed to the increase of the thermally activated small polarons

hopping (SPH) [24, 29]. In fact, the polaron comprises the electron plus its surrounding lattice deformation. (polarons can also
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be formed from holes in the valence band). If the deformation extends over many lattice sites, the polaron is “large” and the lattice

can be treated as a continuum. Charge carriers inducing strongly localized lattice distortions form small polarons [30]. At the high

frequency, end the curves overlap indicating the possibility of the presence of space charges. This assumption is reasonable since the

space charge effect vanishes at higher temperature and frequency. Also, it is observed that the power law fit is good throughout the

frequency range, hence single exponent fit seems to be adequate.
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Figure 6: Frequency dependence of the conductivity, cac(T), at temperatures shown for the TLLE glass doped 1.5 mol% Eu203

To determine the predominant conduction mechanism of the ac conductivity for the sample, one can suggest the appropriate

model for the conduction mechanism in the light of the different theoretical models correlating the conduction mechanism of ac

conductivity with s(T) behavior. If s is temperature independent, QMT is expected. The CBH is usually associated with a decrease in

s with temperature. SPH conduction is predominant if s increases with temperature. In the OLP conduction mechanism, s decreases

with temperature reaching a minimum value and then increases again. For the presently studied glass samples, frequency dependence

of s has increasing trends with temperature, suggesting the SPH model (Figure 7). The ac conductivity and frequency exponent

expressions of SPH model are given by the following equations:
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Figure 7: Variation of the exponent parameter, s with temperature for TLLE 2.0 glass

STECHNOLOCK | www.stechnolock.com

Volume 1 | Issue 1



I Int J Nucl Mater

nl Lo Wa (10)
o,) K,T

where Tp is the characteristic relaxation time which is of the order of 7= 10"*s, W, is energy for polaron transfer, and T'is the
temperature. Generally, for ionic conductivity, the power law exponents (s) may lie between 1 and 0.5, representing ideal long-range

pathways and diffusion-limited hopping [55. In our work, s it less than unity, the result suggest the polaron conduction.

According to this model, the ac conductivity is given by the following equation

() kyTa ' @[N(E, )] R,

o = 11
. 2 (11)
Where
Rw :L h L — Wm (12)
2a o, ) kT

where o' is the spatial extension of the polaron, N(E,) is the density of states near the Fermi level, R is the tunneling distance and

W is the maximum height of the barrier over which carriers must hop.

Using the equation (11), the density of defect energy state, N(E,) at 298 K is obtained and listed in Table 3. From Table 3, a plot of
density of defect energy state against Eu,O, concentration can be made and is shown in Figure 8. It can be seen that the value of
N(E,) obtained are found to be around ~10*° eV cm™ which suggest that the localized states are near Fermi level [31-33]. The value
of N(E,) is found to be decrease from 21.3%10%° eV"' cm™ to 17.3%10* eV"! cm™ as the concentration of Eu,O; increased. This can
be explained by the decreasing disorder in the glass network [34]. The introduction of Eu,0O, into the glass leads to the creation of
quasi-molecular complexes that is the condition where the rare earth coordinated to the non-bridging oxygen which are attached
to glass network at one end. The formation of quasi-molecular complexes are believed to have a reasonably constant coordination

polyhedron [15]. The lowering value of N(E,) also indicate the decreasing presence of charge carrier in the glass network [35].
Dielectric Investigation

Dielectric relaxation studies are important to understand the nature and the origin of dielectric losses, which may be useful in
determining the structure and defects in solids. The dielectric relaxation is described by a cole-cole model. Dielectric properties
of glasses are complex functions of frequency, shape, dimension, and spatial ordering of the constituent atoms. The real (') and

imaginary (g") parts of dielectric constant were calculated via:

g'= d— (13)
g,4
and
tanézg—' (14)
g

where C is the capacitance of the sample, &p is the permittivity of free space (8.8542 10" F/m), A is the cross-sectional area of the
electrode and tan & is the dissipation factor or loss tangent. The frequency dependence of the dielectric constant (¢’) and loss factor
(tan §) are studied for the TLLE 1.5 glass sample and shown in Figure 9(a) and (b). The temperature dependence of ¢ and tan §
(case of TLLE 1.5 glass sample) as a function of logarithmic frequency at several temperatures is depicted in Inset of Figure 9(a)
and (b). It is observed that dielectric constant measured at lower frequency is greater than higher frequency at all temperature. The
larger values of dielectric constant at low frequencies is attributed to the role of more charge carriers at the interfaces, which can

contribute in increasing net dipoles on interface. These dipoles alter the net polarization of the ionic medium, which contributes
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to dielectric constant. Whereas at higher frequencies, the periodic reversal of the applied field takes place so quickly such a way that
there is less time for polarization to form completely and no charge buildup at the interface resulting in constant ¢’ value. Atomic
and electronic polarization usually occurs at higher frequency. In accumulation, as shown in the insert of Figure 9, that the value
of dielectric constant show considerable increase with temperature and the increment is more pronounced at frequencies lower
than 100 Hz. The increasing dielectric constant with temperature can be explained by the weakening of bond energy. Hence, the
intermolecular forces decreases which results in the increase of orientational vibration [12, 36]. The charge carrier acquired thermal

energy hence they are able to move freely within the glass network [37].

30

[
tn
L

3
=
L
|
|

—
wn
L

N(Ep (<1020 ev-1 cm3)
|

[y
—]

0.0 05 1.0 15 2.0
Eu703 Concentration (mol%)

Figure 8: The calculated density of localized state, N(E,) as function of Eu,0, concentration at 298 K
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Figure 9: The frequency dependence curves at room temperature of dielectric constant €'(w) (a) and loss factor (b) for TLLE1.5 glass
sample. Inset shows the variation of &'(w) and tan(J) at different temperatures case of 1.5 mol% Eu203

The dielectric constant, ¢" and Dissipation factor (tan §) are tabulated in Table 3. The dielectric constant is observed to decrease
from 17.70 to 9.81 with Eu,O, concentration. Such behavior is similar to that exhibit by ac conductivity. The large molecular mass
of Eu, O, acts as hindrance to the mobility of charge carrier, hence there is decrease of electronic polarization contribution to the
total polarizability [12, 24]. The electronic polarization is part of the total polarization where it is a polarization that occur due to the

displacement of valence electron relative to the positive nucleus [38].

Dissipation factor (tan ) measures the inefficiency of the insulator. When an insulator is applied to an electric field, the heat is
emitted due to the high resistance of the insulator. From Figure 9(b), the increasing value of dissipation factor with increasing

temperature is more pronounced at frequency below 100Hz. However, it starts to decrease at higher frequency and remain almost
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constant. The dissipation factor dependence of frequency is associated with losses by conduction or mobility of charge carriers inside
the glass network in addition to the electron polarization loss [39]. The high value of dissipation factor at low frequency suggests that
charge carriers are able to move around hence promoting dielectric loss. As the frequency increase, the mobility of charge carriers

decrease hence ion vibration is the only source of dielectric loss [24].

From Table 3, it is observed that the dissipation factor decrease from 0.097 to 0.055 with increasing Eu,O,. This is due to the heavy
mass of Eu,0, (351.93 g mol™) that acts as hindrance to the movement of charge carrier. The suppressed movement of charge carrier
leads to the decreasing conductivity and dielectric loss. With Eu** acts as hindrance to the movement of Li* ion, there is decrement

of electronic contribution to the total polarizability [12, 24].
Optical properties
Absorption spectra

The room temperature UV-Vis-NIR absorption spectra recorded in the range of 350-700 nm of selected glass samples are presented
in Fig. 10. The absorption bands located at 464 and 533 nm were ascribed to the electronic transitions from “F > °D, and ’F - °D, of
Eu** ions, respectively. Overall, the spectral profile of every sample was altered accompanied by a slight peak shift for each band. These
alterations in the absorption peak positions were attributed to the Stark splitting of the degenerate 4flevels in the presence of the host
material’s crystalline field. This observation clearly indicated the homogeneous incorporation of Eu** ions (without agglomeration)
into the tellurite glass network. Moreover, the slight peak shift was ascribed to the variation of ligand field strength at the REIs site.
Generally, the 4f inner shell behaviour of REIs is not affected by the surrounding Eu** ions that produce effective shielding on 4f
electrons by the completely filled 58 and 5P shells. This creates more intense lower energy bands compared to the higher one [40].
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Figure 10: Absorption spectra of glass samples in the UV-Vis region

The Davis and Mott theory [41] was used to evaluate the direct and indirect optical band gap energy of the amorphous materials. In
both the transitions, the electromagnetic waves interact with the electrons in the valence band across the fundamental gap and rise to
the conduction band [42, 43]. According to Davis and Mott, the absorption coefficient a(v) can be expressed as a function of photon

energy (hv) for the direct and indirect allowed transition:

(hU—Eg)r (15)
ho

a(u) =B

where r is the index number. In Figure 11 (a) and (b), the Tauc’s plots of the TLLEx glass sample are drawn between (ahv)”" and
photon energy (hv), by substituting the value r = 1/2in Eq. (15) for direct allowed transitions and r = 2 for indirect allowed transitions.

Here, B is constant, [, is the optical band gap and a(v) is the absorption coefficient represented by:
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2.3034
o)==

(16)

where ¢ is the thickness of the sample and A corresponds to absorbance. The optical band gap values were obtained from the linear
part of the curves extrapolating at (ahv)? = 0 and (ahv)'* = 0 for direct and indirect transitions, respectively. The absorption coeflicient
a(v) near the absorption band edge exhibit an exponential behavior on the photon energy (hv) and obeys the empirical relation given
by Urbach [44].

a(v) = a, exp(hv/AE) (17)

where a is a constant and AE is the Urbach energy which is calculated by the inverse slope of the In & against hv in the lower photon

energy level. This exponential behavior is due to the band tails associated with the valence and conduction bands which extends into

the band gap.
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Figure 11: The values of band gap energy for (a) indirect, (b) direct allowed transitions and the (c) Urbach energy for the prepared glass sample

The values of band gaps and Urbach energy of the prepared samples are listed in Table 4. The results in Table 4 depicts that the direct
and indirect optical band gaps decrease from 3.29 and 3.07 eV to 3.17 and 2.97 eV, respectively, as the concentration of Eu** ions is
increased up to 2 mol%. The decreasing value of optical band gap energy by increasing the Eu,O, content can be understood in terms
of the structural change that are taking place. It is generally accepted that the location of absorption edge depends on the oxygen
bond strength in the glass forming network [45]. The introduction of RE changes the oxygen bonding in glass forming network
and any change of oxygen bonding in glass network such as the formation of non-bridging oxygen (NBO) changed the absorption
characteristics. Conversely, when one molecule of Eu,0, was introduced into the tellurite matrix, coordination number of Te atoms
was changed. Optical band gap was influenced not only by the chemical composition but also by a structural arrangement of the
host matrix. It has been shown from ab initio molecular orbital calculations that the difference between Homo- and Lumo-state is
low for TeO, unit whereas it is high for TeO, [46] and even for TeO, , units [47]. It signified that broader optical band gap can be
observed for TeO, based glasses if the density of TeO, and/or TeO, | unit assisted significantly to the network formation. However,
these changes were not sufficient to account for the observed decrease in the optical band gap. With the substitution of Li into TeO,,
bridging Te-O-Te bonds are broken and non-bridging Te-O-Li** bonds were formed. The NBO bonds have a much greater ionic

character and much lower bond energies. Consequently, the NBO bonds have higher polarizability and cation refractions [46, 47].

Glass Sample » E, AE

TLLE 0.0 3.0710.01 3.2970.01 0.22630.001
TLLE 0.5 3.01%0.01 3.2610.01 0.2301£0.002
TLLE 1.0 2.9910.01 3.2030.01 0.28010.002
TLLE 15 2.98%0.01 3.1970.01 0.290%0.002
TLLE 2.0 2.9710.01 3.1710.01 0.30830.001

Table 4: Direct, E, (eV), and indirect, E, , (V) band gaps and Urbach energy, AE (eV) of the proposed TLLEx glasses
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The existence of AE, or band tail in the forbidden energy band gap in glass and amorphous materials represented the disorder in the
material [20]. The value of Urbach energy of TLLEx glass sample is shown in Figure 11(c). In Table 4, the AE values of the synthesised
glasses were found to be increased from 0.226 to 0.308 eV with the addition of Eu** content. It was evident that by increasing the

concentration of Eu** ions in present glass system, Urbach energy values were increased due to the increased disorder it the glass.

Photoluminescence spectra

The room temperature PL spectrum for samples without and with Eu,O; is shown in Figure 12(a), in the range of 500-750 nm upon
393 nm excitation. The relative luminescence intensity peak of such glasses is shown in Figure 12(b). Six evidenced emission bands
centered at 532 (green), 552 (deep-green), 586 (orange), 613 (red), 649 (deep-red) and 697 nm (deep-red) nm were assigned to
the transitions of °D, > ’F ,°D > ’F °D > ’F °D ->’F,°D > ’F,and °D > 'F, of Eu’" ion, respectively. An increase in the efficient
emission was observed (Fig. 12(b)) with the increase of Eu,O, content up to 2.0 mol%. As the concentration of RE species was

increased up to a certain value the optical gain showed an increasing trend.
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Figure 12(a): Photoluminescence spectra of the prepared glasses and (b) intensity ratio against Eu,O, concentration
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Sharp peak with highest intensity is observed at transition °D; - ’F, (613 nm) which is in red region. The °D > 7FI (J =2 and
4) transitions are electric dipole (ED) transitions while another transition D, > “F (586 nm) could be found as magnetic dipole
transition [48, 49]. Electric dipole transition has greater probability than the magnetic dipole transition when Eu** ions are located
at low symmetry environment [50]. On the other hand, the presence of transition *°D > "F (552 nm) indicated the low symmetry

environment of lithium tellurite glass upon the presence of Eu** ion [51]. This can be confirmed by the intensity ratio which has the
formula as following:
_ICDy>'F,) -
1CD,~'F)
The intensity ratio, R indicates the symmetry around Eu** ions where a higher value of R shows that the symmetry around Eu®* is
lower [52]. The calculated R for all sample are shown in Figure 12. A higher value of R shows a better quality of host matrix for laser
application [53. The R values of the presented lithium tellurite glasses are found to be 1.13, 1.83, 1.88 and 2.13 for TLLE 0.5, TLLE
1.0, TLLE 1.5 and TLLE 2.0 glasses respectively. With considerately high R values of glass sample, TLLE 2.0 is suggested for potential
laser applications. The region around Eu** becomes more asymmetry with increment of Eu,0, addition [52]. The Eu’* ions break the
Te-O-Te linkage and create non-bridging oxygen around the structure. Therefore, the structure around the dopant becomes random

and irregular. The intensity ratio of the prepared glasses is comparatively on the higher side than the other reported Eu** doped oxide

glass.

The possible energy level of Eu**in lithium tellurite glass is shown in Figure 13. From Figure 13, upon the excitation at 393 nm, the
Eu’* ions are excited from F to °L level by ground state absorption. Nonradioactive decay through multiphoton relaxation takes
place which results in the population of °D, and °D, level. As the result, transition D, > F, and °D, > 7F] (J=0,1,2,3,4) can be

observed throughout the spectra. This is in agreement with other researcher [52, 54, 55].
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Figure 13: Energy level diagram of the prepared glass system (GSA and NR signify ground state absorption and nonradiative
processes respectively)

We examined the physical, optical and dielectric properties of Eu,O, doped lithium tellurite glasses synthesized via melt quenching
method. Glasses were characterized using various analytical tools. The influence of Eu’* dopant concentration on conductivity,

dielectric constant and loss tangent are determined using Impedance Analyzer. The temperature dependence conductivity is found
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to follow the Arrhenius equation. The conductivity decrease while activation energy, E, increase with Eu,O, concentration. The

frequency dependent conductivity is found to follow the power law. The density of states is calculated using SPH model and found to
be decrease with Eu,O, concentration. The dielectric constant and loss tangent decrease with both frequency and Eu,O, concentration.
The optical band gap energy value for the direct and indirect allowed transitions were occurred in the range of 3.29 and 3.07 eV to
3.17 and 2.97 eV, respectively. The PL spectra revealed six prominent peaks with gradual increase in the peak intensity as a function of

Eu’** ions doping. Our study may provide useful information towards the device fabrication using Eu**-doped lithium tellurite glass.
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