Effect of Ce3* and Ce** in Boro-Tellurite Based Glass on Optical and Structural Properties
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Abstract

Enhancement of optical and structural properties of rare earth ions doped boro-tellurite glasses with high density
modifiers become a new approach to achieve innovative optical glass devices. Motivated by this idea, three glass
samples with the composition of [(TeO2)07 (B203)03]0.75 (B2203)o.25, {[(Te02)0.7(B203)03]0.75(B1203)0.25 }099
(Ce02)0.01 and {[(Te02)0.7(B203)0.3J0.75(Bi203)0.25 }0.98 (CeO2)0.02 were successfully synthesized by conventional
melt quenching method. A small amount of CeO; can enhancc the glass density. The presence of Ce?* and Ce**
ions from CeO> assist in a compaction of the glass network which affects the result in density and molarvolume.
The absence of a sharp peak in X-ray Diffraction (XRD) spectra confirmed that all glass samples in this work are
in an amorphous nature. Based on Fourier Transform Infrared Spectroscopy (FTIR) analysis, most of the glass
samples consist of TeOs3, TeOs, BO3 and BO4 structuralunits. The increase in refractive index value is also due to
the presence of Ce3"and Ce** ions in the glass network which leads to dense packing andis also affected by the
increment in both electronic polarizability and opticalbasicity. The Urbach energy value continuously decreased
after the addition of 0.02 mol CeO:z signifies the reduction of defect concentration in the glass network. This in
turn causes the reduced fragility nature of the glass and produces glass with high stability and connectivity .
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INTRODUCTION

The study of optical and structural properties is important to enable the proposed glass to be used in industrial
application. Itis important to choose materialthat has optimum structuraland optical properties to maintain both
transparency and structural strength of the material (1).

Recently, tellurite-based glass had attracted researchers’ attention due to its physical and optical properties. High
refractive index, low melting temperature and high-density energy are some of the interesting properties of
tellurium dioxide glasses (2). As for optical properties, tellurium dioxide glass was found to have nonlinear
susceptibilities in the order of 10 x than silicate based glass and thus offersan attractive opportunity fornonlinear
applications (3). However, tellurium dioxide is a conditionalglass former and cannotform glass on its own. Thus,
it is important to choose the right modifier to enhance the glass properties.

Itis known that the structure of pure TeO: glass mainly consists of TeOa trigonal bipyramid (tbp) structural units
with a fraction of trigonal pyramids TeOs (tp) (4). When glass modifier was added to the tellurite glass network,
the TeOs network breaks and change to TeO; units. The TeOs units were estimated to have lower polarizability
than TeOs units. The ratio between TeOq4 and TeOs3 could be change to obtained desired specific measurement for
the properties such as energy band gap, linear and non linear refractive index changes. In this study, boron oxide
(B203) had been chosen as a glass modifier due to their high index of refraction, nonlinear optical properties and
their high infrared transparency (~400 nm- 6 mm) along with their non-hygroscopic nature, tellurite glasses are
good candidate forseveral optical and technological applications such as lasers, optical amplifiers, optical. Also,
B20s has manufacturing benefits which are low in cost, high thermal stability and low melting point (5).

Nowadays, rare earth elements had been introduced to glass systems to enhance the properties of glass further.
Cerium oxide (CeQ2) when added to glass composition, it acts as network formers. It had been found that when
cerium oxide (CeO2) was introduced to the borate glass, it reduces the numberof non-bridging oxygens (NBOs)
by converting BO3 to BO4 (6). Depending on the oxidizing and reducing conditions during glass fabrication,
Cerium (Ce) ions canbe in trivalent (Ce?*) or tetravalent (Cc*")states. Achary et al., (2017) (7) assigned that the
oxidation statc of Ce#" ions arc most stable in phosphate doped cerium glass. Demos et al. (2019) (8), found out
that when Ce3* doped fused silica samples was exposed to nanosecond ultraviolet lascr pulses, Ce?* exhibits strong
absorption in the ultraviolet (UV) wavelength range and can be used as protective filters in high power lasers.
Thus, cerium oxide was chosen as glass dopant due to its potential to be used for the fabrication of photonic
devices.



Therefore, in this study,a new composition of bismuth-boro-tellurite glass doped with CeQ; was synthesized and
their structural as well as optical properties had been studied. This work is a continuation of our previous work
(9) with the addition of cerium oxide.

METHODOLOGY

Glass Preparation: Threc glasses with the chemical formula [(TeO2)o7 (B20s3)3Jors (Bi2O3)o.s,
{[(Te02)0.7(B203)0.3]0.75(Bi203)0 25 0.99 (CeO2)o.01 and {[(TeO2)0.7(B203)0.3]0.75(B1203)0.25 098 (CeO2)0.02 have been
prepared by using a melt quenchingtechnique. First, chemicalsin powder form from Assay, Alfa Aesar (tellurium
(1V) dioxide TeOz, boron oxide B:Osand bismuth oxide B2O3) were mixed and ground thoroughly using an agate
mortar for 20 minutes. The mixture was preheated at400 °C for 30 minutes and then melted at 900 °C for 80 to
90 minutes. Subsequently, the molten glass was poured into a cylindrical stainless-steel mould, preheated at 400
°C and annealedat400 °C for 90 to 120 minutes. When glass samples reached room temperature, they were cut
and ground into powder form. Finally, the glass density, p, was determined using the Archimedes principle.

Glass Characterization:

X-Ray Diffraction (XRD) technique was used to identify the crystalline or amorphousnature of the glass sample.
The fine powder of the glass sample was placed in a sample holder and compacted to form a plane surface. The
sample holder was then transferred to the platform for measuring the XRD pattern by using Philips (PW 3040/60
MPD) X’pert High Pro X-ray Diffractometer in the 20 range from 20° to 90° at room temperature.

The optical properties of glass samples were measured using a UV-VIS spectroscopy instrument known as
Ultraviolet-Visible spectrophotometer. The basic parts of a spectrophotometerconsist of a sample holder, a light
source, a detector and a prism which is used to separate the different light wavelengths. The spectrophotometer s
entirely software-driven and operates as a double-beam instrument, to split the light into two beams before it
reaches the sample. Under this condition, one of the beams will pass through the sample while the other beam is
used as the reference. To ensure successful measurement, the pellet of each glass sample was required to havea
smooth surface on both sides and an average thickness of about2 mm. The optical absorption spectra measured
by UV-VIS spectrophotometer were taken in the wavelength range from 200 nm to 800 nm at room temperature.

RESULTS AND DISCUSSION
Physical and Structural Properties

The density of present glasses was successfully measured using Archimedes principle and listed in Table 1. It is
observed that the density hasincreased from 5.85 gem ™ to 5.92 gem™ when CeO: concentration has been added
up to 0.02 % mol. Meanwhile, the molar volume had decreased from 36.95 cm’mol! to 36.34 cm>mol"! when
CeO2 concentration increased to 0.02 % mol. It is postulated that the introduction of the high density of CeO2
(7.65 gem™) compared to TeO2 (5.67 gem™) and B20: (2.46 gem ™) may have increased the density of the glass
system. The presence of cerium helps to decrease the bond length or interatomic spacingbetween the atoms which
may be attributed to the increase in the stretching force constant of the bonds inside the glass network (10). The
decrease in molar volume indicates that CeOz has a contracting effect (11). This means that the glass becomes
more compact (12). According to Gedam et al., (2013) (13), the density for xCeO2-15Li20-(85-x)B203 glass
system had increased from 2.076 gem™ to 2.140 gcm™. The high atomic weight of cerium ion from CeO; may
change boron-to-boron ratio and result in conversion of BO3 to BO4 unit. The increasing amount of BO4 unit is
expected to cause an increment of glass density.

Table 1. Density (p) and molar volume (Vm), refractive index (n), molar refraction (Rm), molar polarizability
(am), oxide ion polarizability (ao2"), optical band gap (Eopi) and urbach energy (AE), optical basicity (A), and
metallization criterion, (M) for studied glass

Glass Composition [(TeO2)0.7(B203)03]0.75 {{(TeO2)0.7 (B203)0.3]0.75 {[(TeO2)0.7 (B203)0.3]075

(B1203)o25 (B1203)025}0.99 (CeO2)0.01 (B1203)0.25}0.98
(CeO2)0.02

% mol of CeO: 0 0.01 0.02

Glass Name 25BiBTe 25BiBTe-1Ce 25BiBTe-2Ce

p (gem3) 5.85 591 5.92

Vi (cm3 mol!) 36.95 36.48 36.34

n 1.955 2.090 2.098

Rm 18.829 18.899 19.062



om (A3) 8.947 8.939 8.957

o2 (AY) 5.897 5911 5.985
Eoptirect (€V) 2210 2.26 237
Eopt.indirect (BV) 1.56 1.82 1.92
AE (eV) 0472 0.281 0.264
A 1.028 1.089 1.091
M 0.360 0.369 0.365

In this work, the average boron—boron separation, (d5.5)hasbeen calculated to confirm the compaction of glass
structure after addition of glass modifier/dopant. The results are presented in Table 1. The average boron-boron
separation (dp-g) is calculated using the equation:

vE 1/3
<dB—B) = (FA) (6)

where Ny is Avogadro’s number(6.0228 x 1023 gmol!)and V2 is the volume which corresponds to the volume

that contains one mole of boron within the given structure. This volume, V2 are determined using the following
relation:

VB =V—m (7)
™= 21— xy)

where x5 is the molar fraction of boron oxide, B2O3 and V), is the molar volume of glass.

The average boron-boron separation (dp.g) is calculated to give more insight into the modification of the glass
network due to the presence of CeO2. The boron atoms are the central atoms with negatively charged tetrahedral
- BOus2 units (14). Since V2 dependson cation species. Therefore, the calculated values of average boron-boron
separation {(dp.g) are decreased with the increase in the CeO2 contents in the glass system as shown in Table 1.
Thus, the incorporation of VZon the expense of B20s leads to a substantial expansion of the glass structural
network confirming the obtained density and molar volume values (15). Furthermore, the calculated values of
boron molar volume V2 illustrate that with increasing CeOx contents together at the expense of boron oxide, the
VE is increased since V5 depends on cation species. Therefore, with the increase in the CeO: contents, the
decrement in the average boron-boron separation maybe obtained. Thus, the incorporation of CeO2 at the expense
of B2Osleads to a substantialnon-densification ofthe glass structuralnetwork which approves the obtained density
and molarvolume values. The increase in the bond length or inter-atomic spacing between the atomsmay also be
attributed to a decrease in the stretching force constants of the bonds inside the glass network (13).

XRD analysis

X-ray diffraction pattem for studied glasses showed no sharp peak that represented amorphous nature as shown
in Figure 1 and 2. Similar pattemn of the XRD graph also shown in multicomposition borotellurite glasses which
was reported by Hasnimulyatieral. (2016) (16) and Aboud et al.(17). The absence of a sharp peak indicates that
there is no long-range order in atomic arrangements which confirmed that all glass samples in this work are
amorphous. Furthermore, a broad bump is shown indicates the wide range peak of glasses due to the variation of
inter-atomic distance. However, when Bi2O3; was added at the maximum concentration, the intensity of the broad
haloat 26 =24 — 30" begantorise and eventually became a little peak. The atomic rearrangements in the glass
structure thatresult in proper alignment causes these modifications. According to Kindrat et al. (2016) (18), the
atomic rearrangement is almost like a crystalline molecule. In the XRD spectra of the examined glasses, Kaur ez
al. (2016) (19), revealed the presence of a minor hump that was attributed to heat loss and the formation of
nucleation sites. Periodic arrangements of certain atoms during the quenching process atomsled to the formation
of nucleation sites.
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Figure 1 XRD pattern of [(TeO2)o.7 (B203)03)0.75 (Bi203)0.25 glass before and after irradiated with different
doses of gamma ray
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Figure 2 XRD pattern of [(Te02)0.7 (B203)0.3]0.75 (Ba0)0.25 glass before and after irradiated with
different doses of gamma ray

Optical Properties

The opticalabsorption spectra forallglass have been measured in the range 0f 220 — 800 nm atroom temperature.
The result is provided in Figure 3.

A graph between (ehw) V2 and (hw) s called Tauc’s plot. For fundamental absorption edge in lower incident
photon energy (hw) between 102- 104 cm-!, absorption coefficient a (w) follows Urbach law given by:

alw) = B exp (-Z—(;—)) (8)

where B is a constantand AE is the Urbach’s energy. The Urbach energy valuesare calculated from the slopes of
linear regions ofthe plots Ina(w) vs hw. The wavelength values corresponding to the absorption edge, where the
intensity reaches the maximum value in optical absorption spectra are taken as cut-off wavelengths, Acut-oft.

From Figure 3,it can be observed thatthe absorption edge is more prominent in the visible region. This is because
the addition of CeO: causes the absorption edge to gradually shift towards the shorter wavelength and become
more sharpergradually. El-Mallawany, (2002)(20) reported that the sharp absorption edge observed when CeOz
was introduced into TeO:z - P2Os glass is caused by forbidden transition involving the 4f levels. These 4 orbits
are very effectively shielded from interaction with extemal fields of the hosts by 5s2 and 5p® shells. Meanwhile,
the shift of absorption edge towards the shorter wavelength due to the decreasing number of non-bridging oxygen
in the glass system. Bahadureral., (2010) (21) hasalso stated that the shifted of absorption edge dependson the
chemicalcomposition used in preparing glass. Also, it is related to the electron donating power which is influenced
by the constituent of the glass and the electronegativity of the cations such as Ba2*, Na™, Ce3, Ce**, etc.



The observed shift in the absorption edge might be due to the formation of the hole centres by the reaction of Ce**
+ HC—Ce*"and the ceric ions prevent the formation of induced centres by the reaction of Ce**+ EC—Ce**. HC
is the hole centre captured by the cations and EC is the electron centre captured by the anions (22).
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Figure 3 Optical absorption for all glasses

The optical band gap, Eop: for all glasses have been predicted from Figures 4 and 5. The Eopt value for direct
transition is increased by about~8% and forindirect transition is also increased by about~20% asstated in Tabk
1. The increment of Eopt is maybe due to the increase of bridging oxygen atoms in the glass system. According to
Khafagy etal., 2008 (23), bridging oxygens thathold electron tightly causesthe electron toneed more energy in
order to jump from the valence into the conduction band, leading to therise in the optical band gap. Besides that,
the increase in Eopcmay also be caused by therise in the connectivity of the glass network. As the atomsare more
connected to one another, the valence and conduction band will widen their gap and thus increase the opticalb and

gap (24).

Another reason forthe increasing value of the opticalband gap in this series glass is thatthe cerium ion was larger
in size compared to boron and tellurium ion. Therefore, the distance between the top of the valence band and the
conduction band becomes bigger. Abdel-Kader ez al., (1993)(25) reported the values of Eopt for TeO2 - P2Os glass
doped CeO; is 3.04 eV and for glass doped La20;3 the valueis 3.03 eV. The higher value of Eopiin CeO2 could be
due to the larger atomic numberof cerium (58) compared to Lanthanum(57). This factormay be attributed to the
compactness of the glass, which increases Eopt. The increasing pattern in the optical band gap was also found in
tellurite-based glass doped Nd203 and Erz0s (26). The increase of the optical band gap could be due to the
substitution of other components in glasses with Nd203; and Er20s. Therefore, increasing Nd2O3 and Er203 will
increase the optical band gap because it facilitates polaron hopping and conductivity increases by hopping.
Consequently, there was an increase in Eoptresulting from the energy level of Nd2O3 and Er,O;3. In addition, the
increase in Eopt by further addition of CeO2 content is could be due to decreasing number of NBO and it was
agrecable with decreasing value shown in Urbach energy. The Urbach energy, AE values which are calculated
from taking the reciprocal of the slope of the linear portion of the graph Ln(a) against ho in Figure 6 were found
to decrease with the increase of CeQ; concentration. The AE value has decreased from 0.508 to 0.281 a fter the
addition 0of 0.01 molfraction CeO> in the glass system. The value decreased againto 0.264 when the CeO2 amount
was increased to 0.02 mol fraction. The decreasing value signified the reduction of defect concentration in the
glass network. This in turn might have causes the fragility nature of the glass to decrease and produced glass with
high stability and connectivity (27). Similar results have been reported in boro-tellurite based glass doped rare-
earth (La203)(28). Both direct and indirect opticalband gap were increased from 2.20 to 3.90 eV and 2.20 to 3.43
¢V, respectively. Meanwhile, the Urbach energy value was observed to decrease from 0.47 to 0.33 ¢V as the mol
fraction of La,0;3 increased up to 0.05. When the amount of the lanthanum ion increases, the number of BO3 units
decreases and the bridging oxygen increases. The small value of Urbach energy could be due to the decrease of
disordemess and fragility in the glass structure.
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Figure 4 (a) Plot of (¢hw)? against ho for all glasses, (b) Plot of (ah®)!/? against ho for studied glasses

The refractive index of all glasses is obtained from Equation (1). As the glass becomes denser, the velocity of
light thatpassesthrough the sample will become slower and finally result in the elevation of the refractive index.
This is in good agreement with previous work by Saddeek ez al., 2010 (29).

The refractive index for studied glasses increases with the increase of CeOz content. The value has increased from
2.090 to 2.098, which attributes to the increase in cerium ion and the increasing glass density. Refractive index
can be defined as the ratio of the velocity of light in a vacuum to the velocity of light in a specified medium. As
expected, the refractive index is higher in a denser material compared to a lower density material because the
velocity of light is slower in high density material. The addition of CeOz in glass system leads to the formation of
TeOs asymmetric polyhedron with one short, three elongated Te-O bonds and TeO;s trigonal pyramids with non-
bridging oxygen. The high polarizability of non-bridging oxygen than the bridging oxygen causes high refractive
index glasses. In addition, the presence of rare carth ions (Ce3*and Ce**)in glass network leads to the formation
of dense packing. Therefractive index is known to have a directly proportionalrelationship to dense packing (26).
Besides that, the increased value of molar polarizability asshown in Table 1 is also the main contributing factor
to the increment of the refractive index. The high polarizability of cerium ion and non-bridging oxygen ion present
in the glass network causes the increment of its molarpolarizability, oxide ion polarizability, molarrefraction and
refractive index.

Umar et al., (2017) (30) reported the optical energy band gap of tellurite-boro-silicate glass doped Er203 was
increased as the concentration of Er20; concentration was increased up to 0.05 mol%. On the other hand, the
refractive index showed a decreasing pattern from 2.521 to 2.452 with an increasing amount of Er,O3. This
observation may be attributed to the replacement of a Te*” with Er3* ions, which has higher polarizability. The
increase in the molar refraction, Rm value in their work from 22.237 to 22.440 may be due to the increase in the
polarizability value.

The ability of oxide glass to provide negative charges in the glass network is known as optical basicity (A). The
oxygen atomsbehavesasLewis bases due to their ability to donate a portion of their negative charge to cations
which can be dependent by the numberof Non-Bridging Oxygen (NBOs) in the glass system (31,32). Based on
Table 1, the optical basicity (A) value afterirradiated for [(TeO2)0.7(B203)03]J0.75(Bi203)0.25 are 1.028. When CeOs
was added to the glass composition, the A increases to 1.089 and 1.091 for {[(TeO2)0.7 (B203)0.3]0.7s (Bi203)0.25} 09
(CeO2)0.01 and {[(TeO2)0.7 (B203)0.3]0.75 (Bi203)0.25 }0.99 (CeO2)0.02 respectively. It can be inferred that the ionic
nature of the examined glasses increases while covalent nature decreases when CeO: was added to the glass
composition(31,32). Furthermore, Masaiet a/ (2021) (33) found that an oxidation reaction from Ce3* to Ce*
preferentially occurs in their glass sample assumed thata higher valence state is suitable for a glass matrix with a
higher A value. Also, it is inferred thatthe higher molar polarizability (am) and oxide ion polarizability (as2) of
CcO: doped glass might also be responsible for higher A value (34).



Metallization criterion (M) in Table 1 refers to the behaviorof the glass samples which is either the glass exhibits
metallic or non-metallic behavior. The value of M depends in the value of molar refractivity (R,,,) and molar
volume (V,,,) based on the equation as follows (31.35): -

Rm

M=1—(Z) )

" R " : . . .
Based on the ration of -V—m, metallic and non-metallic behavior can be determined. If the ratio are greater than 1,
m

the nature of the material is metals and if the ratio are lower than 1, the nature of the materialis non-metal(36—
R .. .. . ; .
38). When -Vﬂ = 1, refractive index would become limitless and metallization of covalent solid material occurs

m

where electrons are able to travel freely inside the material. Observing the result in Table 1, for glass samples
[(Te02)0.7(B203)0.3]0.75 (Bi203)025, {[(TeO2)0.7 (B203)03]0.75 (B1203)0.25}0.99 (CeO2)0.01 and{[(TeO2)o.7

(B203)03]0.75 (Bi203)0.25 }0.98(Ce02)0.02 the value forM is 0.360,0.369 and 0.365 respectively. Since the M is lower
than 1,all glass samples exhibit non-metallic also known as insulating behaviour. Itis also found that M increase
slightly as CeO: added to the glass compositions. This is due to decreasing width of both valence and conduction
band, which results in increasing optical band gap. The decrease of valence band width might be due to the
production of more bridging-oxygens (BOs) in the glass network. Since the bonding orbital of BOs has lower
energies compared to non-bridging oxygens (NBOs), it causes the maximum valence band to shift to lower
energies, making it narrow. This result correlates with the study done by Hasnimulyati (2017) (37).

CONCLUSION

Three glass samples [(TeO2)07 (B203)03]J0.75s (Bi2O3)o25, {[(TeO2)07(B203)03]075(Bi203)0.25}0.99 (CeO2)0.01 and
{[(Te02)0.7(B203)0.3]0.75(B1203)0.25 }0.98 (CeO2)0.02 were successfully synthesized by conventional melt quenching
method. Glass sample with 2% CeQ; has the highest density as high density CeOz increase the density of the glass
system. Contradict, molarvolume decreases as CeO increases due contractingeffect of CeO: which increase the
compactness of the glass sample. The compactness of the glass sample was confirmed with average boron-boron
separation (dp-5) decreases with increasing CeOz contents in the glass system. Furthermore, the absence of a sharp
peak in XRD spectra have confirmed that all glass samples in this work are amorphous. As for the optical
absorption spectra, the absorption edge is more prominent in the visible region because the addition of CeO.
causes the absorption edge to gradually shift towards the shorter wavelength and become more shagper gradually.
Moreover, the Eopi value for direct transition and indirect transition increases due to the increase of bridging
oxygen atoms in the glass system causing the valence and conduction band will widen their gap. The increase in
Eopc by further addition of CeO; content was agreeable with decreasing value shown in AE. The AE values was
found to decrease with the increase of CeO, concentration. The decreasing value signified the reduction of defect
concentration in the glass network. Furthermore, the refractive index for studied glasses increases with the increase
of CeO2 because Ce3*and Ce**in glass network leads to the formation of dense packing. Also, when CeO2 was
added to the glass composition, the A increases because ionic nature of the examined glasses increases while
covalent nature decreases. As for metallic behaviour, since all glass samples’ M value is lower than 1, all glass
samples exhibit non-metallic also known as insulating behaviour.
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