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a b s t r a c t

Rare earth doped barium tellurite glasses were synthesised and explored for their radiation shielding
applications. All the samples showed good thermal stability with values varying between 101 �C and
135 �C based on dopants. Structural properties showed the dominance of matrix elements compared to
rare earth dopants in forming the bridging and non-bridging atoms in the network. Bandgap values
varied between 3.30 and 4.05 eV which was found to be monotonic with respective rare earth dopants
indicating their modification effect in the network. Various radiation shielding parameters like linear
attenuation coefficient, mean free path and half value layer were calculated and each showed the effect
of doping. For all samples, LAC values decreased with increase in energy and is attributed to photoelectric
mechanism. Thulium doped glasses showed the highest value of 1.18 cm�1 at 0.245 MeV for 2 mol.%
doping, which decreased in the order of erbium, holmium and the base barium tellurite glass, while half
value layer and mean free paths showed an opposite trend with least value for 2 mol.% thulium indi-
cating that thulium doped samples are better attenuators compared to undoped and other rare earth
doped samples. Studies indicate an increased level of thulium doping in barium tellurite glasses can lead
to efficient shielding materials for high energy radiation.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Radiation sources/facilities have been on the rise for the past
few decades which encompasses with that a possible health risk to
the personnel involved in its usage and application. Health risks
include external disfiguration to internal cell mutations leading to
genetic deficiencies. Hence, there is definitely a need to protect the
living species from the dangers of exposure to radiation. Conven-
tionally, lead based materials have been used as shielding mate-
rials, which due to their inherent drawbacks like toxicity had led
researchers towards finding new materials as replacement for
these lead-based systems [1e7].

One of the important criteria for shielding materials is that they
should possess higher absorption cross section. Glasses are one
N. Manikandan).

by Elsevier Korea LLC. This is an
important family of materials which have been explored for these
applications owing to their stability, density, compositional dura-
bility, ease of synthesis etc. Among various glasses, heavy metal
oxide doped tellurites have been explored in recent times for
shielding applications due to their higher density which is one of
the criteria for shielding materials [8e15]. These glasses are found
to have better chemical resistance, higher dielectric constant, lower
melting temperature etc., which all aids in their applications as
shielding materials. Barium/Bismuth doped heavy metal oxide
glasses with larger densities have been found to have higher
radioactive resistance and showed better shielding characteristics
depending on the increasing concentrations of these bismuth/
barium dopants [16e19].

Among the heavy metal oxide glasses, barium doped tellurite
glasses have been shown to exhibit good thermal and photonic
properties leading to probable applications in the fields of Raman
gain amplifiers and optical fibers [20]. These barium tellurite
glasses have also been shown to exhibit mean free path values
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Fig. 1. XRD Patterns of Rare earth doped barium tellurite glasses.
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lesser than standard shielding materials indicating their utilization
as better shielding materials [21]. Various modifications in the base
barium tellurite glass matrix have also been reported with mod-
erate fluorine doping improving the Raman gain coefficients and
also decreasing the absorption due to hydroxyl groups in the
samples [22]. Barium tellurite glasses in the form of fluorotellurite
had shown higher concentrations of barium leading to yield su-
perior radiation shielding properties [10].

Doping of rare earth oxides helps in improving the densities of
these glasses along-with their thermal properties and network
structure. And the fundamental nature of tellurite glasses allows
doping of these rare earth ions in higher concentrations which are
defined by the final applications [1,23,24]. These rare earth dopants
have efficient absorption-emission properties of EM radiation in
wide wavelength regions. But rare earth doped glasses have not
been sufficiently explored for radiation shielding properties. There
Table 1
Various physical properties and thermal stability of rare earth doped barium tellurite gla

Sample Code Molecular weight of RE (g/mol) Average Molecular weight (g/mol)

TZBB e 150.62
TZBBHo1.0 377.86 152.42
TZBBHo2.0 154.23
TZBBEr1.0 382.56 152.47
TZBBEr2.0 154.32
TZBBTm1.0 385.87 152.50
TZBBTm2.0 154.39

Fig. 2. DSC Patterns of Rare earth d
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have been few reports exclusively on shielding applications of rare
earth doped tellurites, some of which are given below. Doping of
Samarium oxide in tellurites have been shown to increase the linear
attenuation coefficient at all energies [25]. Effect of europium
doping in borotellurite glass matrix on the radiation shielding
properties have been explored by Rammah et al. [26]. Effect of
erbium doping in tellurite glasses in the medical diagnostic energy
range has been reported by Tijani et al. [27]. Bismuth barium tel-
luroborate glasses have been found to show higher shielding
capability when doped with larger quantities of erbium oxide [28].

In the present work, barium tellurite glasses with 20 mol.% of
barium have been used as the host glass. The host was doped with
two different concentrations of erbium oxide, holmium oxide and
thulium oxide respectively and their basic physical, structural and
thermal properties have been explored. Radiation shielding prop-
erties of these samples have been calculated and the obtained re-
sults have been analysed to predict the better rare earth dopant in
the present thermally stable tellurite glass matrix.

2. Materials and methods

Glass samples were synthesised using standard melt quenching
technique. High purity (Sigma-Aldrich, 99.99%) chemicals were
weighed for a total of 10 g, ground, mixed thoroughly and placed in
a platinum crucible. Mixed powders were melted at 850 �C for
60 min and then quenched in a preheated brass mould. As-
quenched samples were annealed at 290 �C for 300 min to
remove the internal stresses. Samples were then allowed to cool to
room temperature afterwhich they were cut and polished for
further characterisations. Sample compositions synthesised were
based on the tie-line 60TeO2e 20ZnOe4BaF2-(16-x) BaCO3-xRE
where RE- Tm2O3, Er2O3, Ho2O3 and x ¼ 1 & 2.

The sample code and compositions are as mentioned below.
60TeO2e 20ZnOe 4BaF2e 16BaCO3 - TZBB.
60TeO2e 20ZnOe 4BaF2e 15BaCO3e 1Tm2O3 - TZBBTm1.0.
60TeO2e 20ZnOe 4BaF2e 15BaCO3e 1Er2O3 - TZBBEr1.0.
60TeO2e 20ZnOe 4BaF2e 15BaCO3e1Ho2O3 - TZBBHo1.0.
60TeO2e 20ZnOe 4BaF2e 14BaCO3e 2Tm2O3 - TZBBTm2.0.
sses.

Density (g/cm3) Molar volume (cm3/mol) Band gap (eV) Thermal
Stability (�C)

5.402 27.88 3.615 135 [21]
5.448 27.97 4.020 121
5.486 28.11 3.964 122
5.466 27.89 3.964 114
5.513 27.98 4.051 117
5.473 27.86 3.300 101
5.518 27.97 3.573 119

oped barium tellurite glasses.
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60TeO2e 20ZnOe 4BaF2e 14BaCO3e 2Er2O3 - TZBBEr2.0.
60TeO2e 20ZnOe 4BaF2e 14BaCO3e2Ho2O3 - TZBBHo2.0.
Rigaku X-Ray diffractometer with Cu-Ka radiation (1.54 Å) was

utilized to record the XRD pattern of these glasses between 20 and
80�. Density of the samples was measured using Archimedes
principle in distilled water (immersion liquid) with an accuracy of
0.001 g/cm3. Thermal Analysis was done using Metler-Toledo dif-
ferential scanning calorimeter under Argon atmosphere. 20e30 mg
of powder samples were taken in a crucible and then heated from
ambient up to 550 �C at a heating rate of 10 �C/min. Raman spectra
of the glasses were measured with Nd:YAG laser (532 nm) as the
excitation source. Evolution 300, UVeVis spectrophotometer was
used to measure the absorption spectra in the wavelength range of
200e800 nm. On the other hand, the radiation shielding attributes
for the synthesised TZBB-X glasses were determined between
0.245 and 1.41 MeV, by generating the Phy-X computer program
[2].
3. Results and discussion

Amorphous nature of the samples was confirmed from the X-
Ray diffraction measurements. All the samples showed a broad
Fig. 3. Tauc Plots of Rare earth do
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hump indicating the absence of any crystallinity in these samples.
Representative diffractogram is given in Fig. 1.
3.1. Physical properties

Measured physical parameters like density and calculated molar
volume values showed an increase with all the dopant concentra-
tions (Table 1). Density of base glass was measured to be 5.402 g/
cm3. As these samples were initially doped with 1 mol.% and
2 mol.% of holmium oxide, density of the samples increased to
5.448 and 5.486 g/cm3 respectively. Similar increase was observed
for oxides of both erbium and thulium doping also. This increase
which depends on parameters like coordination number, intersti-
tial lattice spacing etc., has been attributed to the heavier mass of
the rare earth dopant atoms replacing the lighter barium atoms in
the matrix [29]. It could be noted that the ionic radii of these rare
earth dopants are in increasing order of thulium (0.880 Å) > erbium
(0.890 Å) > holmium (0.901 Å), which are still smaller than that of
barium (1.35 Å). As the network barium oxide gets replaced by
these rare earth oxides, owing to their smaller sizes, dense filing of
void spaces takes place leading to a consequent increase in density
and hence compactness of the network as reported earlier [20].
ped barium tellurite glasses.



Fig. 4. Raman Spectra of Rare earth doped barium tellurite glasses.
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Among the various dopants, owing to the higher mass of thulium
oxide, sample doped with lower radii thulium oxide showed the
highest density values compared to other dopants and the increase
was in the order of thulium oxide > erbium oxide > holmium oxide.
3.2. Thermal properties

Rare earth doped barium tellurite glasses have been subjected to
thermal analysis and their thermal parameters like glass transition
temperature and peak crystallization temperature were measured
from which the thermal stability of the samples was calculated.
Measurements were within an accuracy of ±2 �C. As seen from
Fig. 2, all these samples showed a single glass transition and crys-
tallization temperatures within the limits of measurement.
Measured glass transition temperatures of these samples were
found to be around 350 �C as like the base TZBB sample reported
earlier [20]. Variations seen in the measured transition tempera-
tures between different concentrations of rare earth dopants is
4109
attributed to the inherent nature of dopant atoms. All these glasses
were found to be thermally stable with thermal stability beyond
100 �C indicating that they can withstand thermal cycling below
their crystallization temperature without losing their intrinsic
glassy nature. This stability indicates that the glasses can also be
used in fiber amplifier applications along with the radiation
shielding applications explored in this paper.
3.3. Optical properties

Optical bandgap of these materials was calculated from the
absorbance spectra measured in the UVeVis region, which indi-
cated the amorphous nature of these samples with absence of any
sharp edges. Mott-Davis relation as given below was utilized to
calculate the bandgap of these materials,

a (n) hn ¼ B (hn � Eg)n … … … … …. (1)



Fig. 5. Linear attenuation coefficient for the prepared glasses.

Fig. 6. Linear attenuation coefficient for the Ho1.0, Er1.0 and Tm1.0 (and for the
samples. With 2 mol% of rare earth ions) at 0.245 and 0.444 MeV.
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where the value of n decides the direct or indirect bandgap [30].
Fig. 3 shows the Tauc's plot for indirect transition in rare earth

doped glass samples [31]. The calculated indirect bandgap value for
base sample was found to be 3.615 eV, which increased or
decreased with erbium/holmium or thulium doping respectively
and is shown in Table 1. It could be observed that an increment in
holmium concentration from 1 to 2 mol% led to a decrease in
bandgap values, while an increase in erbium and thulium
4110
concentrations led to an increase in bandgap values. The observed
changes in bandgap values can be correlated to the presence/
absence of bridging and non-bridging oxygen sites, that are affected
by the dopants ability to modify the network. Nevertheless, all the
samples showed a monotonic change with doping concentration
indicating the structural modifications affecting the bandgap
values due to doping with rare earth ions [32].
3.4. Raman Spectroscopy

Structure of these glasses were studied from Raman spectra
measured in the range of 200e1000 cm�1. All the samples showed
three dominant peaks around 450, 670 and 760 cm�1 (Fig. 4). Band
around 450 cm�1 corresponds to the bending modes of TeeOeTe.
Bands around 670 and 760 cm�1 correspond to the formation of
bridging and non-bridging oxygen atoms in the network respec-
tively. Two TeO4 trigonal bipyramidal units linked by an oxygen
atom form the basic building block of tellurite glass network. Based
on the previous report, it could be understood that presence of



Fig. 7. Half value layer for the fabricated glasses.
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Barium oxide leads to modification of the tellurite network causing
structural transition from TeO4 to TeO3 and TeO3þd units in the base
tellurite glass [20]. This is indicated by the presence of dominant
peak at 760 cm�1 that corresponds to the formation of non-
bridging oxygen atoms in the network which also acts as the pre-
dominant sites for rare earth incorporation in a glass matrix [33].
3.5. Radiation shielding features

The theoretical linear attenuation coefficient (LAC) determined
4111
by Phy-X software [2] in the energy range of 0.245 MeV up to
1.11 MeV for the TZBB, TZBB-Ho1.0, TZBB-Er1.0, TZBB-Tm1.0, TZBB-
Ho2.0, TZBB-Er2.0 and TZBB-Tm2.0 glasses is given in Fig. 5. In
order to study the influence of the Ho2O3, Er2O3 and Tm2O3 on the
LAC, we plotted the LAC for TZBB, TZBB-Ho1.0 and TZBB-Ho2.0 in
Fig. 5-a, while we presented the LAC for the TZBB glass and the
glasses with 1, 2 mol% of Er2O3 in Fig. 5-b and for the TZBB glass and
the glasses with 1, 2 mol% of Tm2O3 in Fig. 5-c. For the fabricated
base sample of barium tellurite glass (i.e. TZBB) and the rare earth
ion doped samples, the variation in LAC with the energy was found
to be almost identical. All the samples showed a decreasing
behaviour in LAC. The trend observed for the LAC is related to the
basic processes characterizing the interaction between the radia-
tion and the shielding material [34,35]. Apparently, all the samples
have the maximum LAC at 0.245 MeV (1.105 cm�1 for TZBB) and
then LAC reduces drastically. For example, between 0.245 and
0.344 MeV, the LAC reduces from 1.105 to 0.704 cm�1 (for TZBB)
and from 1.134 to 0.719 cm�1 (for TZBB-Ho1.0). Similar trend was
observed for the remaining glasses. The current behaviour in LAC
maybe explained by photoelectric mechanism, where the possi-
bility of occurrence of this mechanism can be simply written as:

t a
Zm

E3
(2)

In the above relation, m takes values between 4 and 5. This
denotes that the probability of this process to occur is high for the
photons with low energy.

Moreover, all the fabricated samples own nearly the same LAC
between 1.01, 1.09 and 1.11 MeV. This suggests that for
1.01 MeV < E < 1.11 MeV the attenuation capability for the fabri-
cated glasses depends weakly upon the composition. Between
these energies, Compton scattering is the crucial mode of interac-
tion and the probability for this mode is independent of the at-
tenuator's atomic number [36]. For example, the LAC values for
TZBB, TZBB-Ho1.0, TZBB-Er1.0 and TZBB-Tm1.0 at 1.11 MeV are
0.298, 0.301, 0.302 and 0.303 cm�1 respectively.

Also, the rare earth ions (Ho2O3, Er2O3 and Tm2O3) increased the
LAC values and the samples with any concentration of these rare
earth ions have higher LAC than that of the fabricated base sample
of barium tellurite glass (i.e. TZBB). From Fig. 5-a, the LAC follows
the trend of TZBB-Ho2.0> TZBB-Ho1.0>TZBB. The same is observed
in Fig. 5-b, namely the LAC follows the trend of TZBB-Er2.0> TZBB-
Er1.0>TZBB, and from Fig. 5-c, TZBB-Tm2.0> TZBB-Tm1.0>TZBB.
This is can be explained according to the fact that the TZBB has
lower density than the samples with Ho2O3, Er2O3 and Tm2O3. In
order to compare the effect of the three rare earth ions (Ho2O3,
Er2O3 and Tm2O3) on the LAC values, we plotted the LAC for TZBB-
Ho1.0, TZBB-Er1.0 and TZBB-Tm1.0 at two energies 0.245 and
0.444 MeV in Fig. 6. Also, we present the LAC at these two energies
for the glasses with 2 mol% of each of the rare earth ions. It is clear
that the glass with Tm2O3 has higher LAC than that of Er2O3 and the
lowest LAC is found for the glass with Ho2O3. This is related to the
atomic numbers of the elements Ho, Er and Tm (Z ¼ 67, 68 and 69
respectively).

It is deserved investigating the radiation attenuation compe-
tence for the chosen glasses in terms of half value layer (HVL) [35].
It denotes the thickness of the medium that reduces the incoming
radiation to 50% of its actual intensity. The theoretical determina-
tion of HVL for the chosen samples can be achieved from the LAC
using HVL ¼ 0.693/LAC. The HVL curves for the fabricated glasses
are plotted in Fig. 7. Before examining the curves, one must keep in
mind that for advantageous protection material, smaller HVL is
recommended. In this case, the number of gamma photons inter-
acting with the protection material is high and hence the



Fig. 8. Half value layer for the Ho1.0, Er1.0 and Tm1.0 (and for the samples with 2 mol% of. Rare earth ions) at 0.779 and 1.09 MeV.

Fig. 9. Mean free path (cm) for the fabricated glasses at 0.245 MeV.
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attenuation is also high. Clearly, HVL increases with increasing
energy and reaches a maximum value at 1.01 MeV and equals to
2.322 cm for TZBB glass. On contrast, the minimumHVL is reported
at 0.245 MeV and equals to 0.627 cm for TZBB glass. The addition of
Ho2O3 decreases the HVL and both samples TZBB-Ho1.0 and TZBB-
Ho2.0 have lowest HVL than the TZBB. The addition of Ho2O3 by
2 mol% leads to decrease of the HVL from 0.984 cm (for TZBB) to
0.948 cm (for TZBB-Ho2.0) at 0.344 MeV and from 1.743 cm to
1.705 cm at 0.689MeV. At all the investigated energies, the addition
of Ho2O3 reduces the HVL and thus the rare earth ions doped
glasses have better shielding performance than TZBB glass. Similar
result is found for both Er2O3 and Tm2O3.

In Fig. 8, we plotted the HVL for the three glasses TZBB-Ho1.0,
TZBB-Er1.0 and TZBB-Tm1.0 at 0.779 and 1.09 MeV. Also, we
included the HVL for the samples with 2mol% of the rare earth ions.
The aim of this figure is to compare the influence of Ho2O3, Er2O3
and Tm2O3 on the HVL values. Apparently, the HVL follows the
following trend: TZBB-Tm1.0< TZBB-Er1.0< TZBB-Ho1.0, and TZBB-
Tm2.0< TZBB-Er2.0< TZBB-Ho2.0. This is also correct for the other
energies, but only the comparison at 0.779 and 1.09 MeV is
4112
presented. From this result, TZBB-Tm2.0 is found to the best
attenuator among the glasses chosen in this investigation. Also, as
we found in the LAC curves, all the samples with rare earth ions
have better HVL and thus shielding competence than TZBB.

The gamma shielding properties of the TZBB glass and the
glasses with Ho2O3, Er2O3 and Tm2O3 are discussed using the
concept of the mean free path (MFP). We plotted the MFP for the
fabricated glasses at 0.245 MeV in Fig. 9. A notable decrease is
observed with addition of rare earth ions. Apparently, TZBB has
lower MFP than other glasses. For TZBB, the MFP is 0.905 cm, and
this decreased to 0.882 cm due to the addition of Ho2O3 by 1 mol%,
and to 0.878 cm due to adding 1 mol% of Er2O3 and to 0.875 cm due
to adding 1 mol% of Tm2O3. This result is in line with the results
obtained in the previous curves namely, the glass with Tm2O3 has
lowerMFP than that of Er2O3 followed by Ho2O3. Also, adding 2mol
% of each of these rare earth ions leads to more reduction in the
MFP.

4. Conclusions

One and two mol.% of thulium, erbium and holmium doped
barium tellurite glasses were investigated for their physical,
structural and radiation shielding properties. Owing to the mass
differences of dopant atoms, thulium doped glasses had highest
density and least molar volume. Bandgap value of 3.615 eV ob-
tained for barium tellurite glass was found to get altered owing to
rare earth dopant addition, which along with Raman spectral re-
sults indicated structural modifications occurring in the network.
Rare earth doped glasses were found to show higher linear atten-
uation coefficient values compared to base barium tellurite glass
and has been correlated to photoelectric mechanism or Compton
scattering depending on the range of energies. Among all the
investigated glasses for radiation shielding properties, thulium
doped glasses were found to be having highest linear attenuation
coefficient value of 1.18 cm�1 at 0.245 MeV for 2 mol.% doping
compared to all other glasses. Similarly, mean free path and half
value layer of 2 mol.% thulium doped showed the least values
indicating these are better attenuators among all the investigated
glasses.
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