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Erbium nanoparticles (NPs) doped zinc borotellurite glasses have been prepared by conventional melt-quenching technique
with the chemical composition {[(TeO2)0.70(B2O3)0.30]1−�(ZnO)�}1−�(Er3O2)� (where � = 0.005, 0.01, 0.02, 0.03, 0.04, 0.05). �e

structural properties of the prepared glasses were determined via X-ray di�raction (XRD) analysis and FTIR analysis. It was
conrmed that the prepared glasses are amorphous.�ebonding parameters of the glasseswere analyzed by using FTIR analysis and
were conrmed to be ionic in nature. �e refractive index increases as the content of erbium NPs increases. �e optical absorption
spectra revealed that fundamental absorption edge shi�s to longer wavelength as the content of erbiumNPs increases.�e value of
band gap had been calculated and shown to be decreased with an increase content of erbium NPs. �e Urbach energy was shown
to be linearly increased with an increase content of erbium NPs oxides.

1. Introduction

Rare-earth doped materials have made the largest interest to
develop the photonic system for various applications with
regard to their advance optical properties. Erbium oxide is
one of the most potential candidates among the lanthanide
group in the pursuit of photonic materials research. Erbium
consists of trivalent electronwhich is known to be advantaged
to ber amplier applications. Nowadays, special attention is

paid to explore the optical behavior of the Er3+ ions due to its
emission at 1.53 �m, which is ideal for applications in the eld
of optical data transmission [1].

�e choice of a suitable host matrix is important to obtain
the excellent optical properties. Tellurite oxide is known
to be the best candidate among the heavy metal materials
because of its unique optical and electrical properties. �e
compatibility and solubility of tellurite based glass to the
other oxide glasses are the most excellent among the heavy
metals. Recently, tellurite based glass has been used in several
photonic devices such as precursors for infrared bers and
windows. Formation of pure tellurite oxide glass does not
occur without contributions from external element.

Borate oxide is known as the best choice to stabilize
the glass formation due to its good rare earth ion solubility
and hardness. �e borate matrix possesses well dened
gathering of BO3 triangles and BO4 tetrahedra to form stable
borate groups such as diborate, triborate, and tetraborate
[2]. Contributions of zinc oxide in the glass formation
reduce the melting point and increases the glass forming
ability. It has been reported that [3] the e�ect of zinc oxide
decreases the optical energy gap and increase the refractive
index. Zinc oxide can occupy both network forming and
network modifying positions in the borate network glasses
and, as a result, the physical properties of such glasses exhibit
discontinuous changes, when the structural role of the cation
changes [4]. Borate oxide and zinc oxide will be used as the
glass stabilizer to obtain the suitable glass system.

�e information of erbium nanoparticles (NPs) oxide
doped glass is not being well investigated. Nanoparticles
are known to have unique quantum nature which alters the
materials properties. Nowadays, research on nanotechnology
has given attention to enhance the properties of materials. It
is strongly required to extend the research on nanoparticles
doped glass to obtain the excellent properties of photonic
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devices. Hence, this research is focused on the e�ect of
nanoparticles to the optical properties of zinc borotellurite
glass system.

2. Experimental

�e erbium nanoparticles (NPs) doped zinc borotel-
lurite glasses with chemical composition {[(TeO2)0.70(B2O3)0.30]1−�(ZnO)�}1−�(Er3O2)� (where � = 0.005, 0.01,
0.02, 0.03, 0.04, 0.05) were prepared by using conventional
melt-quenching method. �e high purity analytical grade
chemicals such as erbium (III) oxide, Er2O3 (99.9%, Reacton,
Alfa Aesar), erbium (III) oxide nanopowder, Er2O3 (99.9%,
Reacton, Alfa Aesar), tellurium (IV) oxide, TeO2 (99.99%,
Puratronic, Alfa Aesar), ZnO (99.99%, Assay, Alfa Aesar),
and boron oxide B2O3 (99.98%, Assay, Alfa Aesar) were
used to prepare the glasses. �e chemical powders of
Er3O2, TeO2, ZnO, and B2O3 were weighed by using digital
weighing machine with accuracy of ±0.0001 g. All the
weighed chemicals with composition of about 13 g were
mixed thoroughly and transferred to alumina crucible. �e
mixtures in alumina crucible were transferred to electrical
furnace and were preheated at 400∘C for 30 minutes.

�e alumina crucible was transferred to the second
furnace at 900∘C in 2 hours for themelting process.�emelts
were air quenched by pouring into stainless steel split molds
which had been preheated at 400∘C. �e molds were then
annealed in the rst furnace at 400∘C for 2 hours to remove
the formation of air bubbles, thermal stress and improve
the mechanical strength. �e prepared glasses were cooled
down to room temperature by switching o� the furnace. �e
prepared glass samples were cut at a thickness of 2mm by
using Isomet Buehler low speed saw machine. �e sample
was polished with various types of sand papers, 1500 grid,
1200 grid, and 1000 grid, to obtain �at and smooth surface.

�e density and molar volume of the prepared glass sam-
ples were calculated by using the Archimedes formula. Ace-
tone was used as the immersion liquid and digital weighing
machine was used to calculate the mass of the prepared glass
samples. �e refractive index of the prepared glass samples
was measured by using EL X-02C high precision Eilipsome-
ter where the wavelength of the light source is 632.80 nm and
the angle of incident 70∘. Optical absorption was recorded by
usingUV-1650 PCUV-Vis Spectrophotometer (Shimadzu) in
the wavelength range 190–1100 nm. Both refractive index and
optical absorption measurement were carried out at room
temperature with dark surrounding for better result. All data
were analyzed automatically and controlled by a CPU. �e
data of measurement were calculated by using di�erent equa-
tions for their optical energy gap and absorption coe�cient.

3. Result and Discussion

3.1. Density and Molar Volume. �e density of glass is an
important tool required for analyzing the changes in the
structure of the glass system. Density was used in calculation
of several important properties such as refractive index,
elastic properties, and thermal conductivity. �e density is

Table 1: Density and molar volume of erbium NPs doped zinc
borotellurite glass system.

Sample, � Molar volume
(m3/mol)

Density
(kg/m3)

0.000 32.2968 3.630

0.005 25.868 4.588

0.010 25.733 4.659

0.020 25.771 4.755

0.030 25.964 4.822

0.040 26.215 4.877

0.050 26.737 4.881
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Figure 1: Density for erbium NPs doped zinc borotellurite glasses.

a�ected by the structural so�ening/compactness, changes in
geometrical conguration, coordination number, cross-link
density, and dimension of interstitial spaces of the glass [5].

�e measurement data of densities of the prepared glass
samples are listed in Table 1. �e e�ect of erbium NPs
on the density of zinc borotellurite glass systems is shown
in Figure 1. It is observed that the density increases with
an increase content of erbium NPs. �e increasing value
of density indicates the increasing number of nonbridging
oxygen in the glass system. Erbium NPs are known to have
trivalent electrons which tend to release three electrons.
Er3+ ions will capture one electron from the oxygen and
thus breaks the continuous network chain. Breaking the
continuous network results in the formation of nonbridging

oxygen ion. Each of Er3+ ions is capable to produce 3

nonbridging oxygen ions. �e role of Er3+ ions increases the
number of nonbridging oxygen which leads the molecules

to become denser. �e increasing mole fraction of Er3+ ions
causes the crosslinking in the glass system to be degraded.
�iswill result in the increasing number of density in the glass
system. �e existence of nanoparticles in the glass system
leads the structure to become denser. Greenwood proposed
that high solubility of the smaller particles causes the particles
to be distributed uniformly throughout the bulk materials
[6]. �is will cause the structural network turn to be nearer
packing and thus the density will increase. It is known that
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Figure 2: Molar volume for erbium NPs doped zinc borotellurite
glasses.

the number of atomic mass of erbium (atomic mass of �Er =167.259 gmol−1) is greater than the atomic mass of tellurite

(�Te = 127.6 gmol−1). �e greater number of atomic mass
in erbium compared to that in tellurite will give rise to the
density in the glass system.

�e molar volume data for the prepared sample is listed
in Table 1. It is observed from Figure 2 that the molar
volume increases with an increase content of erbium NPs. It
is supposed that the relationship between density and molar
volume is inverse to each other in behavior, but, in the present
glass system, the relationship is di�erent. �is is due to the
fact that the ionic radius of erbiumNPs (� = 175 pm) is larger
than that of tellurite (� = 140 pm). �e increase of erbium
results in the formation of excess free volume which is due to
the di�erence of atomic radius between erbium and tellurite.
Another possibility is that the behavior of �� is attributed to
the changes in� with a greater rate than that of � [7].

3.2. X-Ray Di�raction Analysis (XRD) and Fourier Transform
Infrared Analysis (FTIR). �e XRD analysis was used to
conrm the amorphous or crystalline state of the materials.
�e X-ray di�raction pattern of erbium NPs doped zinc
borotellurite glasses was recorded in the range of 20∘ ≤ 
 ≤
80∘. Figure 3 represents the XRD pattern of the prepared glass
samples. It can be seen from Figure 3 that the XRD pattern
exhibits broad di�usion at lower scattering angles indicating
the presence of long range structural disorder. �is conrms
that the prepared glass samples are amorphous in nature and
no sharp peaks are shown in the XRD pattern.

�e FTIR spectroscopy is an analysis method which
provides structural studies to explore the fundamental and
functional groups in crystalline and non-crystallinematrices.
�e transmission spectra of the prepared glass samples
are recorded in Figure 4 with di�erent compositions of
erbium NPs oxide. �e observed broad bands are due to
the combination of higher degeneracy of vibrational states,
thermal broadening of the lattice dispersion, and mechanical
scattering of the powdered samples and the corresponding
band assignments [1]. �e FTIR spectra of the prepared glass

samples were recorded in the range of 400–2000 cm−1 as

shown in Figure 4. It can be seen that the spectra consist
of several peaks specifying their local structure. �e peaks
positions and their assignments are presented in Table 2. �e
transmission spectra of the glass system consist of three wide

absorption bands 656–664 cm−1, 1233–1252 cm−1, and 1327–
1343 cm−1.

Tellurite oxide consists of two types of structural cong-
uration units, that is, trigonal bipyramid, TeO4 and trigonal
pyramid, TeO3. �e characteristic of pure TeO2 glass was

centered at 640 cm−1. �e absorption band at 600–700 cm−1

was assigned by stretching vibrations of Te–O bonds in trigo-
nal bipyramid, TeO4 and trigonal pyramid, TeO3. Stretching
vibrations of TeO3 group possess higher frequency position
than that of TeO4 group. �e rst group of band formed

around 600–650 cm−1 which corresponds to TeO4 trigonal
bipyramid and the second group of band observed around

650–700 cm−1 which is due to the TeO3 trigonal pyramid [2].
�e band shi� of these groups depends on the changes in the
composition of the glass network [3].�e appearance band at

656–664 cm−1 indicates that TeO3 group exists in all tellurite
containing glass system. It can be seen that the band of ZnO
does not appear in the spectra which means the zinc lattice is
completely broken down.

�e absorption band of pure borate glass, B2O3, was
centered at 806 cm−1 frequency which indicates the char-
acteristic of boroxyl ring. �is band disappears during the
glass formation which means there is no boroxyl ring in the
glass system. Meanwhile, the BO3 and BO4 appear in the
absorption spectra a�er the glass formation which is due to
the substitution of boroxyl ring. �e absorption spectra of
the borate glass can be divided into three regions: (1) 600–

800 cm−1 (bending vibrations of various borate arrangements

B–O–B), (2) 800–1200 cm−1 (B–O stretching of tetrahedral

BO4-units), and (3) 1200–1800 cm−1 (B–O stretching of
trigonal BO3 units). �e observed spectra for the rst group

of band are at 1233–1253 cm−1 which corresponds to B–
O (B) stretching vibrations of polymerized BO3 groups.
�e second group of band was observed at 1327–1343 cm−1

associated with the trigonal B–O bond stretching vibrations
in isolated trigonal BO3 units. In addition, the absorption

band positioned at 1200–1253 cm−1 is assigned to the trigonal
B–O bond stretching vibrations of BO3 units from boroxyl
groups. Meanwhile, the absorption band positioned at 1388–

1410 cm−1 corresponds to trigonal B–O bond stretching
vibrations of BO3 units from varied types of borate groups.
�e absorption spectra of erbium NPs vanished during the
glass formation which may be due to the fact that the low
concentration of erbium NPs could not be detected by the
instrument.

3.3. Refractive Index andOptical Absorption. Refractive index
is the fundamental measurement carried out to determine
the compatibility of the materials to be applicable in optical
devices. Glasses have good compatibility with the optical
properties because of the unique structural and intensity
distribution. �e presence of nanoparticles in the materials
gives advantage to the transmission spectra of the materials.
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Figure 3: XRD patterns with di�erent concentration of erbium NPs doped glass samples.

2000 1500 1000 500

Wavenumbers

T
ra

n
sm

it
ta

n
ce

 (
%

)

80
60
40
20

80
60
40
20

80
60
40
20

80
60
40
20

80
60
40
20

80
60
40
20

Figure 4: FTIR spectra of zinc oxide, boron oxide, tellurite oxide, erbium NPs oxide and {[(TeO2)70(B2O3)30]70(ZnO)30}100−�(Er3O2)� glass
system.

Factors which a�ect refractive index are (i) polarizability
of the rst neighbor ions coordinated with it (anion), (ii)
coordination number of the ion (iii), electronic polarizability
of the oxide ion, and (iv) optical basicity of the glasses [8].
Refractive index data for erbium NPs doped glass samples
are listed in Table 3 and shown in Figure 5. �e refractive
index of erbium NPs doped glass samples is found in the
range of 1.774–1.924. It can be seen that the refractive index
increases with an increase content of erbiumNPs.�e results
revealed that the refractive index depends on the density of

the glass materials. �e addition of rare earth ions (Er3+)
to the network leads to the formation of dense packing of
the rare earth modiers into the host materials [9]. �is
is attributed to the directly proportional behavior between
refractive index and the dense packing. Higher amount of
dense packing results in the higher number of refractive index
of the glass system.

Trivalent erbium ions, Er3+, possess high polarity which
tends to form nonbridging oxygen. Each of erbium ions
will break the bridging oxygen and thus will increase the
nonbridging oxygen. Formation of nonbridging oxygen will
increase the polarizability of the materials. Nonbridging
oxygen possesses higher polarizability than bridging oxy-
gen. �e relationship between polarizability and refractive

index is a direct proportional behavior which means higher
polarizability results in higher refractive index of the glass

system. �e presence of highly polarizable Er3+ ions with

empty unlled d-orbital (outer electronic conguration: 5 d0

6 s2) contributes strongly to linear polarizability. Erbium ions,

Er3+, have cation polarizability that is equal to 2.253A3 [10]
which is also strongly polarizable. Cation polarizability of

erbium ions is much higher than that of tellurite (1.595A3),
zinc (0.283A3), and borate (0.002A3) [10]. �e increasing
molar fraction of erbium ions with higher cations polarizabil-
ity leads to an increase in refractive index.

A photon with a certain range of energy can be absorbed
by modifying ions in an oxide glass via either two processes:
(i) internal transition between the d-shell electrons or (ii)
transfer of an electron from a neighboring atom to the
modier ion and vice versa [11]. �e absorption coe�cient
near the absorption edge can be calculated by the following
formula:

� (�) = 2.303� , (1)

where  denotes the absorbance and � corresponds to the
thickness of the glass samples.�e optical absorption spectra
of the prepared glass samples are shown in Figure 6. �e
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Table 2: Assignment of infrared transmission bands of erbium NPs doped glass samples.

No. 0.005 0.01 0.02 0.03 0.04 0.05 Assignments

1 1348 1345 1334 1341 1338 1331 Trigonal B–O bond stretching vibrations in isolated trigonal BO3 units [5]

2 1226 1223 1225 1227 1226 1223 Trigonal B–O bond stretching vibrations of BO3 units from boroxyl groups [5]

3 642 637 633 637 645 645 TeO3 group exists in all tellurite containing glass [5]

4 — — — — — — ZnO participates in the glass network with ZnO4 structural units and alternate TeO4 units [5]

Table 3: Refractive index of erbium NPs doped zinc borotellurite
glass system.

Sample, � Refractive index, �
0.000 1.7000

0.005 1.7740

0.010 1.8180

0.020 1.8300

0.030 1.8550

0.040 1.8780
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Figure 5: Refractive index of erbium NPs doped glass samples.

absorption spectra of the prepared glass samples consist of

ve bands of Er3+ ions at 487.0; 521.5; 545.5; 652.0; and
920.5 nm wavelengths. �is corresponds to the absorption

from the ground state 5I8 to the excited states 4F7/2 +
2H11/2

+ 4S3/2 + 4F9/2 + 4I9/2 + 4I11/2. �e optical absorption
edge extended over wide wavelength, that is, no sharp edge
(Urbach edge), which indicates the amorphous nature of the
prepared samples [4]. It can be seen from the gure that there
is no sharp absorption edge which indicates the amorphous
characteristic of glassy state. �e absorption edge is a�ected
by the oxygen bond strength in the glass system.�e obtained
data shows the change of the oxygen bond strength in the
glass system. It is observed that the fundamental edge shi�s to
the longer wavelength with the increase of erbium NPs. �is
may be due to the less rigidity of the glass system [3].
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Figure 6: Optical absorbance spectra for erbium nanoparticles
doped glasses {[(TeO2)0.70(B2O3)0.30]1−�(ZnO)�}1(Er3O2)�.

3.4. Optical Band Gap and Urbach Energy. Optical absorp-
tion is an important parameter to investigate optically
induced transition and to determine the structural properties
and optical band gap energy. Mott and Davis proposed the
relation between absorption coe�cient with photon energy
to calculate an indirect and direct transition occurring in a
band gap [12]. �e photon energy can be calculated by using
the following equation:

ℏ� = ℎ
2� (2��) = ℎ� =

ℎ�
� , (2)

where � = 2.9979 × 108 (m/s)

ℏ = 4.14 × 10−15 (eVs) . (3)

�e absorption coe�cient �(�) as a function of photon
energy ℏ� or direct and indirect optical transition as pro-
posed by Mott and Davis is given by

� (�) = �(ℏ� − �opt)�
ℏ� , (4)

where � is a constant related to the extent of the band tailing,
� = 2 for indirect transition, and � = 1/2 for allowed direct
transitions. �opt is the optical energy gap between the valence
band and conduction band. In both cases, electromagnetic
waves interact with the electrons in the valance band, which
are raised across the fundamental gap to the conduction band
[13].

�e absorption coe�cient �(�) is determined near the
absorption edge of all di�erent glass samples. It is well known
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Figure 7: (a) Plot of (�ℏ�)2 against photon energy ℏ� of erbium NPs doped glass samples for direct band gap measurement. (b) Plot of

(�ℏ�)1/2 against photon energy ℏ� of erbium NPs doped glass samples for indirect band gap measurement.

that, for amorphous materials, a reasonable t to (4) with
� = 2 is achieved [13]. �erefore, (4) for amorphous material
becomes

(�ℏ�)1/2 = � (ℏ� − �opt) . (5)

In amorphousmaterial, the plot of (�ℏ�)1/2 versus ℏ�was
also plotted for direct band gap to see whether optical data
on the sample glasses t better to direct or indirect band gap
formula and (5) for � = 1/2 becomes

(�ℏ�)2 = � (ℏ� − �opt) . (6)

�e relation in (5) is used to plot the graph of (�ℏ�)1/2
versus ℏ�. Meanwhile, (6) is used to plot (�ℏ�)2 versus ℏ�
for di�erent compositions of sample glasses. �e values of

indirect optical band gap �1opt and direct optical band gap

�2opt for erbium NPs doped glass samples can be obtained by

extrapolating the straight line on the curve in Figures 7(a) and

7(b) to ℏ� axis at (�ℏ�)1/2 and (�ℏ�)2 = 0, respectively.
�e higher energy parts of the spectra particularly those

associated with the integrand electronic transition will pro-
vide further information about the electronic states [4]. �e
excitation of electrons from valence band to conduction band
gives rise to the absorption coe�cient �(�). Fundamental
absorption edge is the change in absorption coe�cient �(�)
while the energy gap is the corresponding energy. �e
calculated data of direct and indirect band gap were tabulated
and shown in Table 4, Figures 8(a), and 8(b). �e indirect
band gap is found to be in the range of 3.882–3.840 eV. It can
be seen from the gure that the band gap of prepared glass

samples decreases linearly with increasing Er3+ NPs content.
�e change in band gap is due to the shi�s of the valence and
conduction band from each other.

Table 4: Indirect optical band gap (�1opt), direct optical band gap

(�2opt), and Urbach energy (Δ�) of erbiumNPs doped glass samples.

Sample, � �1opt �2opt Δ� (eV)

0.000 3.280 3.600 0.185

0.005 3.882 4.440 0.265

0.010 3.876 4.390 0.270

0.020 3.870 4.385 0.272

0.030 3.860 4.380 0.273

0.040 3.850 4.370 0.271

0.050 3.840 4.360 0.276

Previous research reported that particles size a�ects the
band gap of the materials [14]. Small size of particles causes
the width of both valence and conduction band to decrease.
�erefore, the band gap will tend to become wider and
results in the increasing value of band gap. Gupta and
Ramrakhiani reported that the optical properties of materials
highly depend on the size of particles [14]. �e band gap
increases as the size of particles decreases. It is obvious from
the present glass samples that the value of band gap is much
higher than that of the reported glass [15]. �is is due to fact
that the particles size is dependent on the optical properties
of materials.

A plot of band gap, ��, against concentration of erbium,
Er2O3, shows that the band gap, ��, linearly decreases with
the increasing Er2O3 NPs content in the glass samples. �is
behavior can be explained by the structural changes in the
glass system. It is well known that erbium and boron have
more than one stable electronic conguration. As the content
of erbium oxide, Er2O3 increases the bond length of BO3
structural units also increases. �is is in accordance to the
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Figure 8: Optical band gap energy (�opt) and Urbach energy (Δ�). (a) Variation of indirect optical band gap with glass composition for
indirect transition for erbium nanoparticles doped glass samples. (b) Variation of direct optical band gap with glass composition for direct
transition erbium nanoparticles doped glass samples.

direct proportionality to themolar volume and the formation
of NBO.�ese factors are responsible of the decreasing value
of band gap energy in the glass system. Another possibility
is the di�erences between the bond strength of erbium oxide
and boron oxide. Erbiumoxide is known to haveweaker bond
strength, Er–O (147.0 kcal/mol), compared to boron oxide,
B–O (193.3 kcal/mol). �is will contribute to the decreasing
value of the band gap energy.

Urbach energy (Δ�) gives information regarding the
character of disorder in the amorphous materials. It can
be dened by a plot of natural logarithm of absorption
coe�cient (�(�)) as a function of photon energy (ℏ�) and
determining of its slope as given by [16]

� (�) = � exp( ℏ�Δ�) , (7)

where � is a constant, ℏ is the plank constant, � is the photon
frequency, and Δ� is the Urbach energy which correspond to
the width of localized states which is used to characterize the
degree of disorder in the amorphous and crystallinematerials
[2]. �e Urbach energy data for the prepared glass samples
were tabulated and shown in Table 4. �e Urbach energy
values of the prepared glasses are found in the range 0.185–
0.276 eV. It is known that materials which possess large value
of Urbach energy have higher tendency to convert the weak
bonds into defects. It can be seen that the Urbach energy
increases as the content of erbium NPs oxide increases. �is
is probably due to the increase in the TeO4 pyramids as
the content of erbium NPs oxide increases. �e presence
of TeO4 pyramids results in less stable structure and lower
connectivity in the glass network.

4. Conclusions

E�ects of erbium NPs on the optical properties of zinc
borotellurite have been studied and investigated. �e density
of the prepared glass samples was found to be increased

with an increase content of erbium NPs which is due to
the formation of nonbridging oxygen. �e molar volume
is shown to be increased with an increase of erbium NPs.
�is is due to the larger value of erbium ionic radii than
that of tellurite. �e XRD analysis conrmed that all the
glass samples are amorphous. �e FTIR analysis consists
of several bands which indicate the characteristic of Te–O
and B–O vibrational groups. �e presence of erbium leads
to the formation of nonbridging oxygen and changes the
ionic state into covalent bonds.�eoptical absorption spectra
consist of several peaks positioned at 487.0; 521.5; 545.5; 652.0;
and 920.5 nm wavelengths. �e absorption edge is found to
be shi�ed to longer wavelength. �e band gap of erbium
NPs doped glass was found to be decreased linearly with
an increases content of erbium NPs which is due to the
formation of nonbridging oxygen in the glass system. From
the result, the Urbach energy is found to be increased as the
content of erbium NPs increase. �is is due to the presence
of TeO4 pyramids which leads the structure to become
less stable. �e information of the present study could give
higher impact on designing photonic device by using erbium
nanoparticles (NPs) doped zinc borotellurite glass system.
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