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Abstract. Alkali tellurite glasses, which offer a broad glass-forming region along with large 
halide solubility, are excellent candidates as transparent conductive materials. TeO2 – Na2O – 
NaX (X = Cl, Br, I) glasses with halogen contents X ranging from 0 to 6 at. % (in total at. % of 
constituting elements Te, Na, O, and X) are investigated. Au crucibles alter their optical prop-
erties through the formation of inhomogeneously distributed gold nanoparticles. In contrast, 
alumina crucibles, despite undergoing a more severe dissolution, result in minor changes of 
the glasses’ structural and electrical properties. The electrical conductivity of such mixed anion 
glasses hinges on the mobility of the charge carriers (Na+ ions), and thus (i) on the bond 
strength of the Na-X bonds involved, as well as (ii) on the free volume within the glass network 
and consequently on the size of the anions. Accordingly, the electrical conductivity is found 
independent on the substitution rate for small halogens (X = Cl, Br), but increases up to three-
fold for large halogens (X = I). 

Keywords: Tellurite Glasses, Oxyhalides, Structure, Electrical Conductivity, Optical 
Properties 

1. Introduction

TeO2-based glasses offer a unique combination of properties, including visible to infrared 
range transmission, high refractive index, low melting temperature, and high rare-earth solu-
bility. They find numerous uses in optics and photonics technologies, notably as optical wave-
guide amplifiers as well as in laser applications [1], [2], [3], [4]. Nonetheless, few efforts were 
devoted in exploiting their excellent transparency for the design and development of transpar-
ent conductive materials. Indeed, achieving transparency in the visible range with millimeter 
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thickness is particularly challenging for conductive materials [5], [6], [7], [8], owing to the inter-
twined competing mechanisms of electronic conduction and transparency [9]. 

Ionic conductive glasses, and more particularly oxyhalide glasses, show promises in this 
regard. The electrical conductivity of halogen-containing SiO2-, B2O3-, and P2O5-based glasses 
– chiefly driven by the mobility of the constituting alkali ions, i.e., ionic conductivity – were 
extensively studied [10], [11], [12], [13], [14], [15], [16], revealing that the substitution of oxygen 
for halogens results in a substantial increase of their electrical conductivity. Despite the limited 
attention given to TeO2-based oxyhalide glasses, they show comparable increases in electrical 
conductivity notably in the TeO2 – Li2O – LiCl ternary system [17], which calls for further explo-
ration. 

The present study thus focuses on TeO2 – Na2O – NaX (X = Cl, Br, or I) oxyhalide glasses. 
Indeed, the glass-forming region in the TeO2 – Na2O binary system extends up to 32 mol. % 
in Na2O, which offers a large concentration of mobile charge carriers. In addition, tellurite melts 
demonstrate a high halide solubility [10]. The emphasis is therefore placed on the distinct roles 
of (i) halogen concentration and type (by increasing the substitution rate X/[O+X] while pre-
serving the initial Na to Te cationic ratio) and (ii) crucible materials, both of which are of para-
mount importance on the glasses’ macroscopic properties, especially given the highly corro-
sive nature of TeO2-based melts [18], [19]. 

2. Materials and methods 

2.1 Sample preparation 

Three series of glasses with nominal compositions (TeO2)0.68[(Na2O)0.32−x/2(NaX)x] were pre-
pared via the melt-quenching method, with X = Cl, Br, or I. These compositions were defined 
so as to maintain a fixed Na to Te cationic ratio, with the halogen concentration as the sole 
variable. Values of x were varied so as to reach substitution rates (X/[O+X]) ranging from 0 to 
16 %. The samples were labeled TN‑X‑SR, where SR stands for substitution rate. Glass 
batches were prepared from analytical grade raw materials, stored in a N2-purged glovebox: 
TeO2 (99.999 %, CNBM, optoelectronic materials, Chengdu, China), Na2CO3 (99.5 %, 
Chem‑Supply), NaCl (99.7 %, Chem‑Supply), NaBr (99 %, General‑Purpose‑Reagent), and 
NaI (99.5 %, Chem‑Supply). Appropriate quantities of each reactant were weighed in a N2-
purged glovebox to avoid moisture absorption, and thoroughly mixed to ensure proper homo-
geneity. The mixed starting materials were then transferred either in alumina or gold crucibles, 
and subsequently heated in a box furnace in ambient atmosphere to 450 °C with a 20 K⸱min-1 
heating rate for 2 h to facilitate the CO2 release from Na2CO3 decomposition [20]. The crucibles 
were then covered respectively with platinum or gold lids, and heated to 750 °C with a 10 K⸱min-

1 heating rate for 0.5 h. The melts were finally cast into brass molds, annealed 40 °C below 
their respective glass transition temperatures for 2 h [21], and cooled down to room tempera-
ture with a 0.1 K⸱min-1 cooling rate. The procedure slightly differed in the case of the two most 
iodine-rich glasses: the iodine-free melt was first cast, the obtained glass was grounded into a 
fine powder, mixed with the adequate amount of NaI, and remelted at 600 °C for an additional 
0.5 h before final quenching and annealing. The specimens, typically 40 g large, were polished 
to optical-grade quality and stored in a desiccator until further characterization. 

2.2 Characterization 

The halogen contents X were determined using a Cameca SX-Five electron probe microana-
lyzer (EPMA), equipped with five tunable wavelength-dispersive spectrometers. The instru-
ment was operating at 20 nA and 15 kV, with a 20 μm defocused beam. 
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Elemental compositions (± 1 at. %, in total at. % of constituting elements Te, Na, O, and 
X) were analyzed utilizing a FEI Quanta 450 FEG environmental scanning electron microscope 
(SEM), equipped with an energy-dispersive X-ray spectroscope (EDX). 

X-ray diffraction (XRD) profiles were collected using a Rigaku MiniFlex 600 diffractometer 
with Cu‑Kα radiation (1.5418 Å), a scan speed of 3°⸱min-1, and a step size of 0.02°. The working 
current and voltage of the X-ray tube were 15 mA and 40 kV, respectively. 

The ultraviolet-visible (UV-Vis) absorbance spectra were acquired using a UV-Vis spec-
trophotometer (Cary 5000, Agilent Technologies), with a scan speed of 600 nm⸱min-1, and a 1 
nm resolution. 

The density of each specimen was determined by the Archimedes method at 25 °C utiliz-
ing 1,2‑propanediol as the solvent (ρ = 1.036 g·cm-3). 

Differential scanning calorimetry coupled with thermogravimetric analysis (DSC-TGA) ex-
periments were conducted using a TGA/DSC 2 thermogravimetric analyzer (Mettler Toledo). 
Each sample was loaded in a platinum crucible, and gradually heated with a 20 K⸱min-1 heating 
rate under nitrogen flow. 

The Raman spectra were obtained with a Renishaw inVia Raman microscope equipped 
with a 2400 lines/mm diffraction grating, using a 514.5 nm excitation wavelength (Ar-ion laser 
beam) with a 0.1 mW⸱μm2 power density. The resolution was 2 cm-1. 

The impedance spectra of gold-sputtered glass specimens were measured with a Novo-
control Alpha‑A impedance spectrometer and a Novotherm temperature control system. Elec-
trical conductivity (𝜎DC) was assessed over the 10-1 – 107 Hz frequency range and 80 – 170 °C 
temperature range (in 30 °C steps), by deriving the resistance under direct current (𝑅𝐷𝐶) from 
Nyquist plots, following: 

𝜎DC =
1

𝑅𝐷𝐶
∙
𝑙

𝐴
       (1) 

where 𝑙 and 𝐴 are the thickness and the area of the sample, respectively. The temperature 
dependence of the electrical conductivity was described using an Arrhenius-type equation, 
from which the activation energy for electrical conductivity (𝐸𝑎) was extracted according to: 

𝜎(𝑇) =
𝜎0

𝑇
𝑒𝑥𝑝 (−

𝐸𝑎

𝑘𝐵𝑇
)     (2) 

where 𝜎0 is a pre-exponential factor, 𝑇 is the temperature, and 𝑘𝐵 is the Boltzmann constant. 

3. Results and discussion 

3.1 Sample characterization 

Weight losses during the oxyhalide glass syntheses were only observed when X = I. These 
were evidenced in the form of purple vapors escaping from the melt, characteristic of gaseous 
I2, and further confirmed through EPMA analyses. The quantified substitution rates were typi-
cally 40 % smaller with respect to the nominal compositions. Indeed, iodides (here NaI) are 
oxidized notably by atmospheric oxygen, following [22]: 

4 NaI + O2 → 2 Na2O + 2 I2    (3) 
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The synthesis procedure was thus adapted for the two most iodine-rich glasses. Sodium 
iodide was added to a pre-synthesized iodine-free glass to minimize high-temperature expo-
sure. The subsequent remelting of this mixture was then performed at lower temperatures, so 
as to limit the thermally activated reaction (3), while ensuring the melt remained sufficiently 
fluid for adequate homogenization and quenching. This approach effectively limited iodine loss, 
resulting in substitution rates that were but 10 % smaller than the nominal values. 

The XRD patterns of the most halogen-rich glass samples are presented in Figure 1(a). 
The absence of distinct diffraction peaks and the presence of several broad humps in the 10 – 
60° 2θ range confirm their amorphous nature, and hence the substitution of oxygen for halo-
gens. This is indicative that, for substitution rates of oxygen by halogen of the order of 7 % for 
Cl and 10 – 11 % for Br and I, halides are successfully dissolved in the melts. The anion size 
seemingly plays a major role in the glass forming ability of oxyhalide melts, where larger halo-
gens (X = Br, I) allow to increase the maximum substitution rate by approximately 40 % with 
respect to small halogen (X = Cl). For larger substitution rates, the excess halides recrystallize, 
and additional crystals of paratellurite (α-TeO2), as well as Na2TeO3 when X = I, are formed. 

UV-vis absorbance spectra and photographs of TN‑Cl‑SR glass samples with increasing 
substitution rates and varying crucible materials are shown in Figure 1(b). All glasses are trans-
parent in the visible domain; however, glasses produced in Au crucibles exhibit a diffused yel-
low tint, while those synthesized in Al2O3 crucibles are colorless. This hue is attributed to the 
presence of gold ions and nanoparticles originating from the Au crucible corrosion [23]. Spe-
cifically, when the melt cools down during casting, it goes through the critical temperature 
range of 500-600 oC for gold nanoparticle formation. As evidenced by absorption bands located 
in the 500 – 700 nm region, the size of these metallic particles is particularly small (< 20 nm 
inferred from data in [23]), which coincides with the melt being only for a few seconds within 
the critical temperature range for gold nanoparticle formation. This short time also explains 
their non-uniform distribution in the final glasses. The gold contamination is typically of the 
order of 10 ppm [18], [23], [24], while that of alumina was quantified at 4 mol. %, irrespective 
of the halide content. Due to the incorporation of the lighter alumina into the tellurite network, 
the UV absorption edge is redshifted from 3.6 to 3.5 eV. Interestingly, the UV absorption edge 
is seemingly independent on the substitution rate, and no clear correlation with the absorption 
coefficient was identified. Hence, while the contamination of the tellurite glasses by Au cruci-
bles induces imperceptible changes of their composition and thus of their macroscopic prop-
erties with respect to Al2O3 crucibles, the introduction of gold nanoparticles may pose a risk in 
the view of applications requiring precisely defined optical properties. 
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Figure 1. (a) XRD patterns of TN‑X‑SR glasses synthesized in Al2O3 crucibles. (b) UV-Vis absorbance 
spectra of TN-Cl‑SR glasses with increasing halogen contents and varying crucible materials. The in-

set presents photographs of 2 to 3 cm wide specimens. 

The density (𝜌) and the glass transition temperature (𝑇𝑔) of the investigated glasses are 
only slightly dependent on the halogen types and contents and the crucible materials. They 
respectively stand at values of 4.32 g⸱cm-3 and 241 °C for the halogen-free glass, and they 
decrease at most by 0.05 g⸱cm-3 and 5 °C in the most halogen-rich samples. Substituting Al2O3 
crucibles for Au crucibles induces oppositely an increase in density of 0.04 g⸱cm-3, and a de-
crease in glass transition temperature of 8 °C. 

The molar volume (𝑉𝑚), the packing density (𝐶𝑔), and the free volume (𝑉𝑓𝑟𝑒𝑒) of the various 
glass samples are calculated from the corresponding glass composition and density, following 
[25], [26]: 

𝑉𝑚 = ∑
𝑓𝑖𝑀𝑖

𝜌
(4) 

𝐶𝑔 =
𝑁𝐴 ∑

4

3
𝜋𝑓𝑖𝑟𝑖

3

𝑉𝑚
(5) 

𝑉𝑓𝑟𝑒𝑒 = 𝑉𝑚 −𝑁𝐴 ∑
4

3
𝜋𝑓𝑖𝑟𝑖

3 (6) 

where 𝑓𝑖 and 𝑀𝑖 are respectively the atomic fraction and the molar mass of the ith constituting
element, 𝑟𝑖 is its corresponding ionic radius, and 𝑁𝐴 is the Avogadro number. The packing 
density serves as a measure of the atomic packing efficiency in a given matrix, and is thus 
reflective of the structural arrangements of its building blocks, while the free volume indicates 
the volume unoccupied by the ions. On the one hand, the packing density linearly increases 
by about 10 % of its original value when the substitution rate reaches approximately 10 %, with 
the effect being more pronounced as the ionic radius of the halogen increases (see Figure 
2(a)). On the other hand, the free volume shows different trends (shown in Figure 2(b)). Where 
for small halogens (X = Cl, Br) the free volume decreases as the substitution rate increases, it 
oppositely increases for the large halogen (X = I). The consistent trend in packing density for 
all halogens is indicative of similar reorganizations of the glass network as halogens substitute 
for oxygen, specifically in the short- to medium-range order. The different trends in free volume 
are attributed to the different sizes of the halogens. 
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Figure 2. (a) Packing density, and (b) free volume of TN‑X‑SR glasses with increasing halogen con-
tents and varying crucible materials. 

3.2 Raman spectroscopy 

Table 1. Summary of the vibrational modes in sodium tellurite glasses observed by Raman spectros-
copy. 

A typical Raman spectrum of a sodium tellurite glass is depicted in Figure 3(a). The vibra-
tional modes were identified following previous investigations performed on various TeO2 – 
Na2O glasses [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [40]. They are 
schemed in Figure 3(a), and subsequently described in Table 1. Briefly, peaks A, B, and F are 
associated with vibrational modes involving Te-NBO (non-bridging oxygens) bonds, whereas 
peaks C and E involve the vibrations of Te-O-Te linkages. The compositional dependence of 
their areas, which can be used as an ersatz of the concentration of the corresponding bonds, 
is shown in Figure 3(b) and Figure (c) respectively. The area of vibrational modes involving 
Te-NBO bonds linearly decreases as the substitution rates increase, whereby the slope of 
decrease becomes higher with increasing halogen size. For a constant cationic composition, 
the substitution of 2-fold oxygen atoms for 1-fold halogen atoms results in a decrease in the 
concentration of anions, and consequently of NBO. In contrast to the NBO decrease, the area 
of vibrational modes involving Te-O-Te linkages increases, with the slope also being larger for 
the larger halogens. This strongly suggests that halogens preferentially substitute NBO over 
BO (bridging oxygens), which in turn promotes the formation of Te-O-Te linkages. This is sup-
ported by a gradual shift of the position of vibrational modes involving Te-NBO bonds towards 
larger wavenumbers, reflecting a change in their local environment, whereas the position of 

Peak )1-Position (cm Assignment
A ~ 775  Abonds, where NBO ANBO-Stretching vibration of Te

does not interact with adjacent Te-based polyhedra 
B ~ 725 interacts  B, where NBOBNBO-Stretching vibration of Te

with adjacent Te-based polyhedra 
C ~ 670 Vibrations of inequivalent Te-O-Te linkages
D ~ 610 ] polyhedra4tretching of [TeOS
E ~ 470 Symmetric bending and stretching vibrations of Te-O-

] polyhedra (N = 4, 3+1, and 3)NTe linkages of [TeO 
F ~ 275 ] polyhedra3NBO in [TeO-Bending vibrations of Te
G ~ 130 Intra-molecular asymmetric motions of Te-O bonds

Boson ~ 40 Localized vibrational modes; signature of structural 
disorder in the medium- to long-range length scale 
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vibrational modes involving Te-O-Te linkages remain unaltered, indicating that their local en-
vironment does not change (see Figure (d) and Figure (e), respectively). In other words, halo-
gens preferentially form bonds with network modifier (Na-X) rather than with network formers 
(Te-X). 

The trends observed with increasing substitution rates are only slightly affected by the use 
of Al2O3 crucibles. As Au crucibles are substituted for Al2O3 crucibles, the concentration of Te-
NBO bonds increases, while that of Te-O-Te linkages decreases. Furthermore, the position of 
vibrational modes involving Te-O-Te linkages is blue-shifted. This is a clear indicator that 
[AlON] polyhedra (N = 4, 5, and 6) are incorporated in the tellurite glass network, through the 
formation of Te-O-Al linkages at the expense of Te-O-Te linkages [41], [42], [43], [44]. 

Figure 3. (a) Typical Raman spectrum of a sodium tellurite glass. The vibrational modes attributed to 
each peak are shown schematically. Dependence on the halogen contents and crucible materials of 
the area of peaks ascribed to (b) Te-NBO vibrational modes (peaks A, B, and F), and (c) Te-O-Te vi-
brational modes (peaks C and E). Dependence on the halogen contents and crucible materials of the 
peak position of (d) Te-NBO vibrational modes (peak A), and (e) Te-O-Te vibrational modes (peak C). 
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3.3 Electrical conductivity 

The electrical conductivity of the various glass specimens is represented in Figure (a). For the 
smaller halogens X = Cl or Br, the electrical conductivity is seemingly independent on the sub-
stitution rate and crucible materials, standing at nearly constant values of 10-10.5 and 10-7.8 
S⸱cm-1 at 80 and 170 °C, respectively. In contrast, for the larger halogen X = I, the electrical 
conductivity surprisingly triples as the substitution rate reaches approximately 10 %. Yet, the 
activation energy for electrical conductivity is very similar from one glass to another, as all 
values are comprised in the 0.95 ± 0.10 eV interval (see Figure (b)). This strongly suggests 
similar charge conduction mechanisms across the studied glass specimens. 

The electrical conductivity in sodium tellurite glasses is governed by both the mobility and 
concentration of mobile charge carriers, i.e., here Na+ cations. In this work, the cation concen-
trations were kept constant across the various glasses. Hence, the halogen dependence of the 
electrical conductivity is unambiguously intertwined with the charge carrier mobility. It can be 
better understood by considering both the nature of the Na-X bonds as well as the composi-
tional dependence of the free volume. On the one hand, halogens are more polarizable than 
oxygen, and exhibit increasingly smaller field strengths 𝐹 (𝐹 = 𝑧/𝑟2), where 𝑧 and 𝑟 are the 
valence and the ionic radius of a given ion, respectively) from chlorine to iodine. In addition, 
Cl–, Br–, and I– form increasingly weaker bonds with Na+ (410, 370, and 301 kJ⸱mol-1, re-
spectively). This results in more loosely bounded constituents and finally in an increased mo-
bility of Na+ ions [10], [45], [46]. On the other hand, the mobility of cations is dictated by the 
dimensionality of the matrix, as well as by the volume available for ion movement, i.e., by the 
free volume. Indeed, while the glass network becomes more efficiently packed as the halo-
gen’s ionic radius increases, the free volume first decreases when X = Cl or Br, and subse-
quently increases when X = I. These two distinct and competing mechanisms therefore enable 
to describe the observed changes in electrical conductivity. For small halogens, the decrease 
in free volume counteracts the decrease in bond strength, so that the effective mobility of Na+ 
ions and thus the glass electrical conductivity remain unchanged. However, large halogens 
inversely induce an increase in free volume which, in tandem with the less tightly bounded Na+ 
ions, result in an increase of the charge carrier mobility and in fine in an increased electrical 
conductivity. 

Figure 4. (a) Electrical conductivity at 80 and 170 °C, and (b) activation energy for electrical conduc-
tivity of TN‑X‑SR glasses with increasing halogen contents and varying crucible materials. 

4. Conclusion 

Sodium tellurite oxyhalide glasses (X = Cl, Br, or I) with substitution rates of oxygen for halo-
gens up to 11 % were successfully obtained. Au crucibles dissolved to a small extent, leading 
to the formation of small gold nanoparticles dispersed inhomogeneously in the final glasses, 
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whereas inclusions-free glasses with approximately 4 mol. % of dissolved Al2O3 were produced 
when using alumina crucibles. The choice of crucible materials thus notably affects the glasses’ 
optical properties, albeit with minor consequences on their structural and macroscopic proper-
ties. 

Chlorine, bromine, and iodine all induced similar structural rearrangements of the glass 
network. They preferentially substitute non-bridging oxygens, which in turn favors inter-poly-
hedral linkages. The increase in packing density and the halogen dependence of the free vol-
ume directly hinges on the halogen’s ionic radius. Each oxyhalide glass share similar charge 
conduction mechanisms, but they demonstrate different dependence of the electrical conduc-
tivity on the substitution rate. As the halogen’s ionic radius increases, the Na-X bond strength 
decreases, whereas the free volume first decreases and then increases. Consequently, the 
Na+ ions mobility and thus the glasses’ electrical conductivity remain constant irrespective of 
the halogen substitution rate for small halogens (X = Cl, Br), but contrastingly increase remark-
ably for large halogens (X = I). In essence, the choice of the halogen is as important as the 
substitution rate for effectively controlling and designing the glasses’ electrical properties. 
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