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of the glasses. The amorphous nature of the glasses was confirmed by XRD (x-ray
diffraction). Thermal exo-endothermic event profiles clarify its glass transformation
temperature Ty, crystallization temperature Ty, and melting temperature T, are exist.
Both UV-Vis-NIR optical absorption and Raman spectroscopy have revealed optical
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y energy gap changes due to the structural deformation by the erbium ions. Related
Tellurite glasses; XRD; absorption; obtained glass parameters such as polarizability, refractive indices and metallization
Raman; optical energy criterion were also explained further in this study.

1. Introduction

Heavy metal oxides (HMO) glasses recently have attracted much attention for photonic and
radiation shielding applications due to their excellent physical and optical properties [1-2].
Independent oxide tellurite glass does not have the ability to form glass structure easily under normal
conditions. Thus, via incorporation of chemical modifiers like alkali oxides, alkaline-earth oxides, or
transition-metal oxides, may improve its glass-forming ability forming multicomponent oxide based
tellurite glasses with high glass stability [3-5].

In this study, erbium incorporation as dopant into tellurite oxide base glass consisting heavy metal
lead and bismuth oxides (TeO2-Pb0O-Bi,03) glasses were synthesized and characterized for structural,
thermal and optical properties. Lead oxide, PbO acts as glass modifier to form more stable glass,
enhancing linear and nonlinear refractive indexes due to its massive mass, low field strength and high
polarizability [6]. Bi,O3 also may act as conditional glass formers and by the addition of PbO, the
formation into a more stable glass will become more possible [7]. Our objectives in this work are to
produce HMO tellurite-based glass and explore its potential for optical applications.
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2. Methodology

All starting chemicals are oxide powders of tellurite (TeO2: 99.9995%, Strem Chemicals), lead
(Pb0: 99.97%, American Elements), bismuth (Bi>0s: 99.9%, Sigma Aldrich) and erbium (Er,03: 99.9%,
American Elements). The glass sample was synthesized by substitutional replaces Bi,O3 with Er,03
into host glass with mol% composition of 60Te02 — 35Pb0O — (5-y)Bi»03 — yEr,03, y= 0 (G1 Host glass),
0.5 (G2 glass), 1 (G3 glass), 1.5 (G4 glass). Chemicals were carefully weighed and uniformly mix before
melted in a closed-lid alumina crucible in an electrical furnace for an hour at 1000 °C. Melt-quenching
annealing technique is applied which molten glass was quenched onto a preheated stainless steel
plate mold and immediately transferred into an annealing furnace at 200 °C for 2 hours. Glass sample
with dimension of 2 cm diameter and 3 mm thickness were obtained and polished for optical
measurement.

Characterization of glass structure involved X-ray diffraction (XRD) analysis by Xpert Highscore
PANalytical X-ray diffractometers while its density measurement is based on Archimedes principle
using the distilled water as an immersion liquid. Thermal measurement is through DSC-Mettler
Toledo 822E analyzer in the temperature range of 25-650 °C, at heating rate of 10 K min%, under N3
gas ambient. Raman spectroscopy was performed via Wltec Confocal Microscope (Alpha 300R)
system using 532 nm excitation source within the range of 100 — 1000 cm™. For optical study,
absorption analysis was obtained through Jasco V570 UV/VIS/NIR spectrophotometer in the
wavelength range of 350-2000 nm.

3. Results and Discussion
3.1 X-ray Diffraction and Raman Spectroscopy

The obtained XRD profile of the HMO host glass in the range of 10°< 26 < 70° is shown in Figure
1. A broad scattering range without any existing sharp peaks are clearly represents a typical long
range structural disorder confirms the glass in this study is amorphous in nature (similar XRD profiles
were obtained for all doped glasses G2, G3 and G4).

Raman spectroscopy provides optical analysis for the structure and functional groups of the
studied glass. The obtained Raman spectra of the fabricated host and erbium doped glass are shown
in Figure 2. Deconvolution of the Raman spectra accordingly into several main symmetric Gaussian
bands around 700-800 cm, 300-700 cm™ and below 300 cm™, were performed to identify
corresponding vibrational mode of certain TeO, polyhedral coordination. As general low frequency
band (less than 300 cm™) is attributed to the collective modes of local structures and heavy metal
vibrational modes while the intermediate (300-700 cm™) is ascribed to the deformation of
vibrational modes of a glass network with bridged oxygen and high frequency region (above 700
cm™?) is related to the stretching vibrational modes of the glass network former [8]. Observed strong
band around 730 cm™ is attributed to weak stretching mode of the [TeOs]tp (trigonal pyramids) units
and (or) intermediate coordination of [TeOs.:1] units associated with non-bridging oxygens (NBOs) in
the glasses, are found relatively more pronounce than its other neighboring bands [9]. This band
among highest vibrational energy observed in the Raman spectrum which representing phonon
energy of the host glass. It is important for host materials to have relatively low phonon energy for
obtaining high efficiency lasers and fibre amplifiers since it reduces the non-radiative transitions and
enhance the luminescence efficiency of the dopant ions. Raman band around 100 cm™ is indicates
high possibility due to the presence of the HMO elements of lead and bismuth in the studied glasses.
As compared to host glass, the erbium doped glasses have shown an abrupt reduction of the high
frequency region of the Raman spectra. The emerging of lower frequency band around 350 cm™ and
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another peak around 250 cm™ could be also assigned to the formation of another [TeOs]tp structural
units with NBOs and (or) Te-O-Pb linkages and Er-O bonds respectively [10]. (due to spectrum
deconvolution and clarity purposes only G1 and G4 glasses are shown here for comparison. Both
doped glasses G2 and G3 also shown similar Raman band profiles). Thus, it can be concluded
progressive modification of the TeO; glassy network occurs in the system due to erbium ion.
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Fig. 1. XRD profile of host, G1 HMO tellurite glass
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Fig. 2. Raman spectra (with deconvolution) of the host and erbium doped HMO tellurite
glasses

3.2 Thermal Analysis

Figure 3 depicts the thermal profiles for host G1 glass and its corresponding erbium doped G2
HMO glass. As seen in the thermal profile all three common characteristic events are exist. The glass
transformation event T; occurred at 277 °C and 285 °C, for G1 and G2 glasses respectively, with Tg
increases after erbium ion incorporation. Several crystallization phases are formed in these glasses
but only the lowest crystallization temperature event is considered in discussing glass stability. Thus,
the lowest Tx occurred at 325 °C and 327 °C for G1 and G2 glasses respectively. The melting events

are clearly represented by the sharp endotherm peak at 550 °C and 555 °C, for G1 and G2 glasses
respectively.
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Fig. 3. Thermal profile for host and erbium doped HMO tellurite glasses

3.3 Absorption Spectra and Judd-Ofelt Analysis

Visible and near-infrared optical absorption spectra of the erbium doped HMO glasses are
depicted in Figure 4. As seen strong absorption around 400 nm is a well-known glassy nature
characteristic due to fundamental absorption edge of the host matrix in the ultraviolet region. The
absorption coefficient, a as function of photon energy, hov for direct and indirect optical transitions
is given as below [11]

A(hv—Eop)™
hv

a(v) = (1)
where A is constant (or also referred as Tauc factor), Eopt is the optical energy gap and n is a constant
which determines type of the interband transition (n=2 refers indirect allowed transition and n=1/2
for direct allowed transition). Tauc plot for the optical energy gap analysis of the amorphous materials
is shown in Figure 5.
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Fig. 4. Absorption spectra of the erbium doped HMO tellurite glasses
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Fig. 5. Tauc’s plot for absorption as a function of photon energy for the
HMO tellurite glasses

Urbach energy, AEy value often related to the disorder amorphous nature of the glass matrix.
Generally, this energy refers to optical transition between the localized tailed states adjacent to the
valence band and conduction band extended into the band gap [11]. Its reduction as erbium after
erbium incorporation suggested less number of structural defects and degree of disorder in the glass
matrix. As observed in Table 1, wider optical energy gap were produced which correlated smaller
width for both valence and conduction bands. Such condition explained the increment value of M
which decreases the metallicity characteristic of the glasses. Such increment in optical energy gap is
also explained due to less number of NBO formations within the glass network [12]. As seen in Table
1 both polarizability and refractive index reduction value trends after erbium addition explained less
ionic bonds formation by forming more bridging oxygen (BO) network within the glass matrix. The
structural changes from the transformation have caused the formation of a strong covalent bond
(BO’s) from the weaker ionic bond (NBO’s) which increased the both T and Tc values [19]. The glass
network structure is more compact represented by molar volume decrement with denser glass
formation.

Table 1

Summary of physical and optical properties for G1-G4 synthesized HMO tellurite
glasses

Physical and Optical Property Gl G2 G3 G4
Molecular Weight, M (g/mol) 197.2 196.8 196.3 195.9
Density, p (g/cm?3) 6.8622 6.8497 6.8810 6.8738
Refractive index, np (589.3 nm)  2.4358 2.4330 2.4217 2.4190
Molar volume, Vm (cm3/mol) 28.734 28.726 28.534 28.503
*3polarizability, am (x102*cm3)  7.0905 7.0810 7.0039 6.9889
*bReflection loss, R (%) 17.46 17.42 17.26 17.22
*Metallization criterion, M 0.3782 0.3788 0.3814 0.3821
Optical energy gap, Eopt (eV) 2.86 2.87 2.91 2.92
Urbach energy, AU (eV) 0.16 0.18 0.15 0.14
Qs (x 1020 cm?) - 4.865 5.093 4.680
Q4(x 1029 cm?) - 1.314 1.386 1.446
Q6 (x 1029 cm?) - 1.107 1.069 1.038

*Note: a, b, and c are referred in [16], [17], and [18] respectively
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As shown in Figure 4, the absorption band of erbium ion designated at 452, 488, 524, 544, 654,
800, 980 and 1533 nm are associated with the transition from the ground state 4115/, to the excited
state 4Fs), 4F72, 2H11/2, 4S3/2, 4Fop2, 4loya, 411172, 411372 respectively. These bands are requirement in
Judd-Ofelt analysis where the information pertaining to the local structure and bonding nature of
the rare-earth ions within the glass host matrix are predicted. Further detailed explanations on the
comprehensive analysis can be found in our previous works elsewhere [13]. The calculated JO
intensity parameters Q,, value is known related to symmetry of the glass host (short-range effect)
which represents the ligand field structural formation surrounding the erbium ions within the glass
matrix (covalency of the RE-metal ligand). In general larger Q; value indicates higher degree
covalency of the Er-O bond. The Qg value also interpreted this behavior but in opposite way [14]. As
seen in the table, reduction in Qs values resembles enhancement of the Er-O covalency as mentioned
in Raman spectra [15]. Increment in optical band gap energy values with increasing of erbium ion
content is associated with the reduction of non-bridging oxygen (NBO) which attributed by drastic
reduction of the high frequency Raman band. This confirmed both Te-O-Pb linkages and Er-O bonds
are dominant species in the doped glasses.

4. Conclusions

This work has been successfully investigating structural and spectroscopic behaviors of
transparent and stable erbium doped HMO tellurite glasses. The high refractive index host glass is
confirmed amorphous in nature. The structural of the studied glasses have presented significant
structural deformation of the TeO, glassy network or [TeO4]bi-pyramid into TeO; polyhedral
consisting [TeOs]tp (trigonal pyramids) units and (or) intermediate coordination of [TeOs:1] (or
distorted TeO4) units associated with non-bridging oxygens (NBOs) through Raman spectral studies.
Increment of the optical energy gap, strong Er-O covalency and progressive BO formations were
established from optical absorption and JO analysis due to erbium ions incorporation into the HMO
tellurite glasses.
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