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Abstract
The use of erbium ions, Er3+ to enhance the dielectric properties is investigated in tellurite glass system for the first time, to 
the best of our knowledge. A glass series of tellurite glass with chemical composition, {[(TeO2)70(B2O3)30]70(ZnO)30}100−y(E
r2O3)y (y = 0, 0.005, 0.01, 0.02, 0.03, 0.04 and 0.05) was fabricated via melt-quenched technique. The X-ray diffraction and 
Fourier transform infrared spectroscopy analysis proved the amorphous structure and the formation of nonbridging oxygen 
in the glass system. The Er3+ ions affect greatly to the dielectric constant, ε′ in which the dielectric constant, ε′ show high 
value at a lower frequency and higher temperature (above 110 °C). The reduction of dielectric constant, ε′ is found with the 
increment value of frequency, which corresponds to the formation of the hindrance effect on heavy dipoles caused by the 
mixed transition-ion effect. Meanwhile, the dielectric constant, ε′ is enhanced with the increase of temperature. The activa-
tion energy of the glass system is found to decrease, which is due to the high polarizability of Er3+ ions in the glass system. 
Based on these results, the erbium-doped tellurite glass is a potential kind of high-energy capacitor.

1  Introduction

Extensive research on high energy density storage capaci-
tors had been done to achieve high dielectric constant and 
high breakdown strength (> 5 MV/cm) [1]. Polymers and 
ceramics are the most common materials to be used for such 
applications due to their high breakdown strength (> 5 MV/
cm) [1]. However, these materials have relatively low dielec-
tric constant ε′, which reduce their capabilities in the high-
energy capacitor. Tellurite glass is known to have large 
dielectric constant ε′ and high breakdown strength, which 
is highly beneficial for high-energy capacitor [2]. The high 
compatibility of host glass with rare-earth ions is crucial to 
increase the polarizability of the glass system, which in turn 
increase the activation energy. Tellurite glass has the highest 
compatibility with various kind of rare-earth oxide as com-
pared with heavy metal glasses [3]. Moreover, tellurite glass 
has high electrical conductivity, which is due to the unshared 

pair of electrons of TeO4. Based on these properties, tellurite 
glass has a high potential for the high-energy capacitor.

Tellurite glass is not stable to form on their own. Thus, 
the glass modifiers are essential to stabilize the glass for-
mation. Zinc oxide is useful to reduce the melting tem-
perature and have high polarizability, which is necessary to 
enhance the dielectric properties. Meanwhile, boron oxide 
has a unique characteristic, which is the ability to convert 
the coordination number with oxygen and easily to form 
various structural units. Furthermore, borate oxide has high 
mechanical properties and increase the amount of nonbridg-
ing oxygen in the glass network. Hence, the combination of 
zinc oxide, ZnO, and borate oxide, B2O3 in the glass network 
may enhance the stability and strength of the tellurite glass 
network.

To achieve high-energy capacitor, a glass material with a 
high dielectric constant is necessary. The dielectric proper-
ties of tellurite glass depend on the type of modifiers exists 
in the glass network and their field strength. The presence 
of high polarizability of modifiers reduce the dielectric loss 
and enhance the dielectric constant in the tellurite glass sys-
tem. Generally, the dielectric properties of tellurite glass can 
be altered by doping rare-earth oxide in the glass network 
[4]. Erbium ions, Er3+ are known to have high coordination 
number and polarizability, which may enhance the dielectric 
properties and reduce the dielectric loss. Previous research 
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by Sajna et al. found that the dielectric properties of tel-
lurite glass can be tuned by altering the concentration of 
erbium oxide [5]. Xu et al. found that the rare earth oxide 
has a major role in reducing the dielectric loss in tellurite 
glass by increasing the concentration of rare earth oxide [6]. 
Moreover, there are only a few studies up to date on the role 
of Er3+ to improve the dielectric properties of tellurite glass 
system. Hence, the research on the erbium oxide effect on 
dielectric properties of tellurite glass system is the first step 
to produce high-energy capacitor.

Many works have been done to enhance the dielectric 
constant such as using the ceramics for the primary materi-
als of the capacitor, the mixed alkali effect, and stabilizing 
the network structure [1, 7]. However, only a few efforts 
had been made to utilize the tellurite glass doped with rare-
earth oxide to be used in the capacitor. It is known that glass 
materials have unique properties to enhance the dielectric 
properties such as the high number of non-bridging oxygen 
and great compatibility with rare earth oxide [8]. It is highly 
necessary to investigate the capability of tellurite glass to 
be used in the high-energy capacitor. The present work is 
aimed to measure and analyze both temperature and fre-
quency dependencies of the dielectric constant and dielectric 
loss for the application of high-energy capacitor.

2 � Experimental

The raw materials of tellurium(IV) oxide, TeO2 (99.99%, 
Puartronic, Alfa Aesar), boron oxide, B2O3 (99.98%, 
Assay, Alfa Aesar), ZnO (99.99%, Assay, Alfa Aesar) and 
erbium(III) oxide, Er2O3 (99.9%, Reacton, Alfa Aesar) were 
used to synthesize the glass materials. The chemical com-
position of the tellurite glass doped with different concen-
trations of erbium oxide, Er2O3 is as follows {[(TeO2)70(B
2O3)30]70(ZnO)30}100−y(Er2O3)y where y = 0, 0.005, 0.01, 
0.02, 0.03, 0.04, 0.05)}. The glass samples were prepared 
via the melt-quenched technique. The raw materials were 
weighed and mixed thoroughly. The batches were placed in 
an alumina crucible and preheated in an electrical furnace 
at temperature 400 °C for 30 min to reduce any tendency 
towards volatilization. The alumina crucible was transferred 
to a second furnace for the melting process at 900 °C for 2 h. 
The molten was then poured in stainless steel cylindrical-
shaped split mold which had been preheated at 350 °C for 
30 min. The mold containing the glass sample was annealed 
at 400 °C for 1 h. The furnace was turned off and allowed 
to cool down at room temperature for 24 h. The prepared 
glass sample was free from bubbles and pink in color. The 
sample was cut and polished into pallet with a thickness of 
2 mm. The samples were ground into powder form for X-ray 
diffraction (XRD) and Fourier transform infrared spectros-
copy (FTIR) measurement. The density of the samples was 

determined by the Archimedes principle, and the molar 
volumes were calculated. The glassy state of the system 
was characterized by using XRD measurement (X’pert Pro 
PanAlytical). The IR spectra were recorded using FTIR in 
the frequency range of 280–4000 cm−1 at room temperature. 
The dielectric constant and dielectric loss were characterized 
in the temperature range of 50–200 °C at frequency range 
10−2–106 Hz by using high dielectric resolution analyzer 
(Novo-Control).

3 � Results and discussion

3.1 � Density and molar volume

Figure 1 illustrates the density and molar volume of erbium-
doped tellurite glass. It can be seen from Fig. 1 that the 
density is increased from 3.630 to 3.960 g/cm3 along with 
erbium oxide concentration. The increment in the density 
can be explained by comparing the density of Er2O3 with 
TeO2. It is obvious that the density of Er2O3 (8640 kg/m3) is 
higher than TeO2 (5670 kg/m3), which cause the density to 
increase. The change in density corresponds to the change 
in the atomic mass and atomic volume of constituent ele-
ments. It is known that the atomic weight of erbium oxide is 
167.259 g/mol which is heavier than the atomic mass of ZnO 
(81.408 g/mol), B2O3 (69.620 g/mol) and TeO2 (159.608 g/
mol). The high in atomic weight of erbium oxide may con-
tribute to the increase in density.

Erbium oxide is known to have trivalent cation Er3+ 
which tends to release three electrons. Each of the Er3+ ions 
has a high tendency to capture one electron from the oxygen 
and thus, breaks the continuous network chain. The breaking 
of the continuous network leads to the formation of non-
bridging oxygen. Each of the Er3+ ions is capable of pro-
ducing three non-bridging oxygen ions, which increase the 
number of non-bridging oxygen in the glass network. The 
high number of non-bridging oxygen in the glass network 
may increase the density of the glass system. The degree 
of crosslinking in those glasses is progressively degraded, 
which leads to an increase in density. Hence, the increase 
in density may be due to the change in coordination num-
ber, crosslink density, and dimensional interstitial space and 
structural compactness [9, 10]. It can be summarized that 
the introduction of Er3+ ions which have a high number of 
charges and coordination number may lead to the formation 
of new linkages in the glass structure.

Molar volumes are found to increase with an increase of 
erbium concentration but slightly decrease at 0.04 mol of 
erbium. The behavior of molar volume follows an opposite 
trend, but, in this study, it is found that the density and the 
molar volume increase along with erbium oxide concen-
tration. The increase in molar volume is due to the atomic 
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radius of Er3+ (1.78 Å), which is higher than that of tel-
lurite (1.60 Å). Besides, the increase of non-bridging oxy-
gen may also contribute to the increase in molar volume. 
The transformation of trigonal pyramidal [TeO3] structural 
unit to trigonal bipyramidal [TeO4] unit indicates the high 
density of non-bridging oxygen. The slight decrease of 
molar volume at 0.04 mol may be due to the rearrange-
ment of the lattice and compact structure in the glass net-
work [11]. Another possibility is that the decrease in bond 
length between the atoms may increase the stretching force 
constant of the bonds in the glass network. Hence, the 
increase in stretching force constant may result in more 
compact and denser glass [11].

It is known that the borate oxide, B2O3 consists of 
threefold coordinated with oxygen when upon modifica-
tion with a rare earth oxide. The oxygen is lost by the 
oxide dissociation and will result in a transformation 
of BO4 coordination into BO3 coordination [12]. Thus, 
the increase in BO3 unit leads to a rise in non-bridging 
oxygen and responsible for the decrease in molar volume 
at 0.04 mol. The creation of non-bridging oxygen will 
increase the distance between structural groups of the 
studied glasses system. The larger the values of ionic radii 
between the molecules may increase the overall molar vol-
ume of the glass system. Another possibility is that the 
increase in molar volume may be due to the molar volume 
of tellurite glass 31.29 cm3, which is greater than tellurite 
crystal 26.60 cm3. Hence, the difference in molar volume 
between tellurite glass and tellurite crystal correlates with 
the longer number of TeO2 units that can be accommo-
dated in the more open structure of the vitreous state.

3.2 � Fourier transform infrared (FTIR)

Figure 2 represents the FTIR spectra of erbium-doped tel-
lurite glass. The peaks positions and their assignments are 
shown in Table 1. The assignment of pure tellurite oxide, 
TeO2 is centered at 640 cm−1 [13, 14]. The tellurite oxide, 
TeO2 structural unit is converted to trigonal pyramid TeO3 
and bipyramid TeO4 after the glass formation. The absorp-
tion band found in the range of 650–700 cm−1 correlates 
with TeO3 group, and the absorption band in the range of 
600–650 cm−1 correspond to TeO4 group. It can be seen 
from the figure. that the absorption band at 656–664 cm−1 
is observed which proved the assignment of trigonal pyra-
mid TeO3 group. This assignment is the indication of the 
existence of non-bridging oxygen in the glass system.

The non-existence of tellurite oxide, TeO2 assignment 
in FTIR spectra shows that the bridging oxygen of tellurite 
oxide, TeO2 is completely converted to non-bridging oxy-
gen. The inclusion of zinc oxide, ZnO in the glass system 
introduces the formation of Te–O–Zn by breaking up the 
Te–O–Te bond at a low proportion of zinc oxide, ZnO 
and the Te–O–B bonds indicates the coordination effects 
called as dangling bonds (Te-0- .. Zn2+.. O–Te), which 
in turn decreased TeO3 units by forming TeO4 units [15]. 
The appearance of the absorption peak at 414 cm−1 and 
421 cm−1 of tellurite glass system with 0 mol of erbium 
indicates that the zinc oxide, ZnO participate in the glass 
network with ZnO4 structural units and alternate with 
TeO4 units. Besides that, this band disappears when Er2O3 
content is introduced into the glass network. This trend 

Fig. 1   Variation of the mole 
fraction of Er2O3 with density 
and molar volume of erbium 
doped tellurite glass
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indicates that the zinc lattice is completely broken down 
after the inclusion of erbium oxide.

The pure borate oxide, B2O3 consists of a random net-
work of boroxyl rings at around 806 cm−1 where this band 
disappear during the formation of the glass network. The 
BO3 and BO4 groups were introduced after the glass forma-
tion, and these groups were in the form of a random network 
[16]. The assignment of IR bands to specific vibrations in 
borate groups will be based on the work of Krogh–Moe [16]. 
The transmission spectra of borate glass can be divided into 
three regions: (1) 600–800 cm−1 (bending vibrations of vari-
ous borate arrangement B–O–B), (2) 800–1200 cm−1 (B–O 
stretching of tetrahedral BO4

− units), (3) 1200–1800 cm−1 
(B–O stretching of trigonal BO3 units). The band at about 
1233–1253 cm−1 associated with the B–O (B) stretching 
vibrations of polymerized BO3 groups [17]. The absorp-
tion band in the range 1327–1343 cm−1 correspond to the 
trigonal B–O bond stretching vibrations in isolated trigonal 
BO3 units.

Furthermore, the absorption band in the range 
1200–1253 cm−1 are assigned to the trigonal B–O bond 
stretching vibrations of BO3 units from boroxyl groups and 
the absorption band in the range 1388–1410 cm−1 corre-
spond to trigonal B–O bond stretching vibrations of BO3 
units from varied types of borate groups. These bands can be 
from the FTIR spectra in the range of 1233–1253 cm−1 and 
1327–1343 cm−1. The increase of erbium oxide concentra-
tions leads to broaden the absorption band and reduce the 

intensity [18]. In general, the shift of the absorption band 
depends on the changes in the composition of the glass 
network.

3.3 � X‑ray diffraction (XRD)

The XRD analysis was used to confirm the amorphous or 
crystalline state of the materials. The XRD spectra of erbium 
doped tellurite glass are shown in Fig. 3. As can be seen 
from the figure, the broad peaks at lower scattering angles 
are found at around 2θ = 30° indicating the amorphous 
structural arrangement. The sharp peaks indicating the crys-
tal structural are absent which prove that the glass system 
is completely amorphous. In general, a glass is supposed 
to be a random arrangement of molecules and below the 
transformation region, the molecules are much less mobile.

3.4 � Electrical properties

3.4.1 � Frequency dependence of the dielectric properties

The plot of dielectric constant (ε′) along with the frequency 
at various temperature is shown in Fig. 4. It can be seen 
from the figure that the dielectric constant, ε′ decreases 
with an increase of frequency which is due to the dielec-
tric dispersion from the lag of the polarization process of 
the glass molecules [19]. This trend is in accordance with 
the previous research, which found a decrease in dielectric 

Fig. 2   FTIR spectra of erbium 
doped tellurite glass
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Table 1   Assignment of infrared transmission bands of sample glass

No. 0.005 0.01 0.02 0.03 0.04 0.05 Assignments

1 1340 1331 1325 1327 1333 1339 Trigonal B–O bond stretching vibrations in isolated trigonal BO3 units [1, 2]
2 1233 1257 1248 1243 1246 1251 Trigonal B–O bond stretching vibrations in isolated trigonal BO3 units from boroxyl groups [1, 2]
3 660 661 660 656 658 663 TeO3 group are exists in all tellurite containing glass [1, 2]
4 – – – – 421 – ZnO participate in the glass network with ZnO4 structural units and alternate TeO4 units [1, 2]
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constant with an increase of frequency [20]. The frequency 
dependent of dielectric constant is found in tellurite glass 
system. The polarization of glass is due to the vibrational 
configuration group. Meanwhile, the lattice defects is due to 
the deformation of the oxygen around tellurite and the boron 
ions. At low frequency, the dielectric constant increases with 
temperature, which is typical in oxide glasses and is not an 
indication for spontaneous polarization.

The features of the dielectric can be explained by consid-
ering the factor of frequencies, ionic, dipolar and interfacial 
polarization. In fact, all type of polarization contributes to 
the dielectric constant. The variation of dielectric constant, 
ε′ along with frequency is highly related to the polariza-
tion of ions from the applied field [21]. The contributions 
of interfacial polarization occur at frequency below 100 Hz. 
The interfacial polarization is due to the ionic motion in 
the presence of an electric field. At low frequency (below 
100 Hz), the impurity ion diffuse under the influence of the 
reversal applied field with the alternating voltage. According 
to the previous work [13], erbium ions, Er3+ possess cation 
polarizability equal to 2.253 A3 which higher than tellurite 
(1.595 A3), zinc (0.283 A3) and borate (0.002 A3). Based on 

these features, it can be assumed that the erbium ions, Er3+ 
are easier to polarize due to trivalent Er3+ ions and pos-
sess high polarity. Meanwhile, the nonbridging oxygen in 
the glass system possesses a high number of free electrons. 
Hence, the formation of nonbridging oxygen will increase 
the polarization mechanism.

As the polarization increases, the dielectric constant will 
be increased. Moreover, the increase in frequency leads to 
the restriction of electron hopping from the dielectric field 
fluctuations and hence, reduce the number of dielectric con-
stant, ε′ [22]. Besides that, the ionic motions are sensitive to 
the frequency of the alternating field and limit the mobility 
of the ionic motions at a higher frequency. From Fig. 4, it 
can be seen that the dielectric constant is approaching con-
stant after 1 kHz, which is due to the decreasing number of 
dipoles.

The frequency dependence of dielectric loss, ε″ is 
shown in Fig. 5. The change in dielectric loss strongly 
depends on the thermally activated relaxation of free 
rotating dipoles. The thermal energy is the only type of 
relaxation loss at higher temperatures, which is due to 
the electrical conduction with electrons hopping [23]. 

Fig. 3   X-ray diffraction pattern 
of erbium doped tellurite glass
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The variation of dielectric loss ε″, is observed clearly 
in the figure as the dielectric loss, ε″ is decreased with 
increase in frequency. Meanwhile, the dielectric loss is 
found to increase with an increase in temperature. It can be 
observed that there is a small broad dielectric loss absorp-
tion at a certain frequency and shifted towards the higher 
frequency with an rise in temperature.

The dielectric loss ε″, decreases monotonously with 
an increase of frequency and reach a minimum value at 
high frequency, which is due to the migration of ions. The 
similar trend is found by Mohamed et al. which proposed 
a decrease in dielectric loss ε″, with an increase of fre-
quency in tellurite glass [20]. The migration ions are the 
primary source of dielectric loss at lower frequencies [24]. 
At high frequency, the vibration of the electrons may be 
the only source of dielectric loss. Besides, the appearance 
of dielectric loss at high frequency, may due to the energy 
degenerated from the movement and vibration of free 
charge and the dipole polarization in the glass network. 
The dielectric loss ε″ decreases to a lower value at 1 MHz, 
which is strongly due to the vibrations of ions.

3.4.2 � Temperature dependence of the dielectric properties

Figures 6 and 7 show the variation of dielectric constant 
(ε′) and dielectric loss factor (ε″) in the range 50–200 °C 
of temperature with 100 Hz of frequency, respectively. In 
Fig. 6, it can be seen that the dielectric constant, ε′ increases 
with an increase in temperature and increases more rapidly 
at high temperature. This behavior is typical to the polar 
dielectrics in which the orientation of dipoles is facilitated 
with the rising of temperature, and thereby, the dielectric 
constant is increased. Moreover, the increase in the dielectric 
constant with temperature indicates the increase of orienta-
tion polarization of the lattice defects, polar portions in the 
amorphous phase and the rise in the number of translational 
motion of the free charges. These phenomena occur due to 
the formations of nonbridging oxygen in the glass system.

At low temperature, the effect of electronic and ionic 
components to the polarizability is small. Furthermore, the 
increase of dielectric constant, ε′ with temperature is usually 
associated with a decrease in bond energies [25]. As the tem-
perature increases, two types of effects on the dipolar polari-
zation may occur. First, the weakening of the intermolecular 

Fig. 5   Graph log dielectric loss 
factor versus log frequency of 
erbium doped tellurite glass at 
different temperature
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forces and result in the enhancement of the orientational 
vibration. Second, the increase of the thermal agitation and 
leads to the strong disturbance of the orientational vibrations 
[26]. As the temperature is increased, the electronic and 
ionic polarizability sources start to increase [27]. This trend 
might be due to the fact that as the frequency increases, the 
polarizability from ionic and orientation sources decreases 
and finally disappears due to the inertia of the ions. The 
obtained value of the dielectric constant is higher than the 
previously reported data in tellurite glass by Hisam et al. 
which found that the dielectric constant value is in the range 
of 1.0–4.5 [18].

In addition, it can be seen from the Fig. 7 that the dielec-
tric loss increases with an increase in temperature, which 
may be attributed to the relaxation loss at low tempera-
ture. As the temperature increases, there is a reduction in 
the relaxation loss and results in the rise in conduction loss 
more rapidly. From Fig. 7, it can be observed that the dielec-
tric loss, ɛ″ is increased rapidly at high temperature (above 
150 °C) and low-frequency, which is strongly due to the 
space charge polarization. The space charge polarization can 

be explained by using the Shockley–Read mechanism for 
low and middle-order frequencies and at high temperature.

3.4.3 � Fitting models of the dielectric properties

Figure 8 illustrates the graph of dielectric constant, ε′ and 
dielectric loss, ε″ along with frequency. It can be seen from 
the figure that the two processes are present, which is at low 
and high-frequency dispersion. The spectra parameters can 
be plotted by using the standard models, such as Debye, 
Cole–Cole, Cole–Davidson, Havriliak Nagami, Dissador 
Hill, and the dc and quasi-dc. The spectral function can be 
expressed as:
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a circuit shown in Fig. 9. The illustrated dielectric spectrum 
and the fitting of the 0.03 mol of erbium oxide at 200 are 
shown in Fig. 10. It can be seen from the figure that the theo-
retical values are in good agreement with experimental ones.

3.4.4 � Activation energy, Ea

The activation energy, Ea is obtained from the correlated 
master curve in all range of frequency and temperature, as 
illustrated in Fig. 11. The master curve technique consists of 
the translation of dielectric data with various temperatures. 
The plots of dielectric constant and dielectric loss seem to be 
merged in such a way that the overall shape of the resultant 

C0 Cb(iω)m-1

Ca(ω)m

Fig. 9   Equivalent circuit of erbium doped tellurite glass at 200 °C

Fig. 10   Plot of experimental 
and theoretical value of erbium 
doped tellurite glass at 200 °C

Fig. 11   Plot of experimental and theoretical value of erbium doped tellurite glass at 200 °C
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does not change with temperature. The plot of Ln f against 
1000/T (K−1) is represented in Fig. 11 and yielded a straight 
line which was fitted by using the Arrhenius equation from 
the following expression:

 where f0 and Ea are the reference frequency and activation 
energy, respectively. The activation energy, Ea is determined 
from the slope, and the parameter k is the Boltzmann con-
stant. The Ea was plotted in Fig. 12 and tabulated in Table 2. 
It is found that the activation energy value decreases from 
0.1389 to 0.0863 eV along with erbium oxide content. Pre-
vious research reported that the energy band gap is linearly 
decreased with an increase of erbium oxide content [11]. 
The decrease in the bandgap is strongly due to the decrease 
in activation energy. Hence, the trend of activation energy, 
Ea is in accordance with the value of optical band gap from 
the previous research. The oxygen ions in the glass system 
are the most polarizable ion and construct more space charge 
polarization in the glass network. These features lead to an 
increase of the dielectric parameters as observed and the 
decrease in activation energy (eV) [11].

4 � Conclusions

The XRD analysis confirmed that the glass samples are in 
an amorphous structure. The FTIR analysis consists of sev-
eral bands, which indicates the characteristic of Te–O and 
B–O vibrational groups. The density of the prepared glass 

f = f0 exp

(

+
Ea

kT

)

,

samples was found increases with an increase of erbium 
oxide. This trend was due to the high value of the atomic 
weight of erbium oxide as compared with tellurite oxide and 
the formation of non-bridging oxygen. The molar volume 
was found increases with an increase of erbium oxide. This 
trend was due to the large value of ionic radii of erbium 
oxide as compared to the other oxides in this glass system. 
The dielectric properties (dielectric constant, ε′, and dielec-
tric loss factor, ε″) of erbium-doped tellurite glass system 
decreases with a rise in frequency but increases with an 
increase of temperature. Such trend was found due to the 
electron polarization and space charge accumulation at the 
glass–electrode interface. The fitting model using equation 
C∗(�) =

C0Cb(i�)
m−1

C0+Cb(i�)
m−1

+ Ca(�)
m was proposed. The activation 

energy (Ea) was found to decrease along with erbium oxide 
concentration which is mainly due to to the increase of the 
bond length of BO3 structural unit which was the most polar-
izable ions and constructs more space charge polarization 
within the glass network. Hence, based on these results, we 
have managed to obtain potential materials to be used in the 
high-energy capacitor with excellent dielectric properties.
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Fig. 12   Activation energy of erbium doped tellurite glass

Table 2   Activation energy of 
erbium doped tellurite glass

Sample Activation 
energy (eV)

0 0.1389
0.01 0.1397
0.03 0.1180
0.04 0.1061
0.05 0.0863
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