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ABSTRACT

Properties of the tellurite glasses 80TeO2-10ZnO-
[(10-x)Na20-xAgO] are investigated as a function of the
substitution ratio x between Na>O and Ag>O. One observe
that the variation of glass transition temperature decreases
monotonously with x and that surface crystallization
mechanism is favored. The assignment of the Raman bands
and their relation with the underlying glass structure is
discussed. While both Na>O and Ag,O oxides act as glass
network modifiers, their progressive equimolar substitution
does not lead to a meaningful evolution in the structure of the
TZ[NaioxAgx] glass. The refractive index and the cut-off
wavelength are found to increase with x. The compositional
and wavelength dependence of refractive indices, cut-off
wavelength and optical band gap energy is discussed in terms
of changes brought about by Na>O/Ag»O substitution in the
glass network. Finally, it is shown that interaction between
the platinum crucible and the glass melt increases with the
silver content in the glass.
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1. Introduction

Tellurium oxide based glasses own a wide optical transparency, ranging from the visible (~350 nm) up to 6 pm, a
good resistance to chemical attacks and crystallization, low phonon energy, a high rare earth ion solubility and a
large third-order nonlinear susceptibility [1], [2], [3]. Owing to their properties, they are considered as attractive
candidate to fill the strong demand for new integrated optical devices and laser amplifiers working in the mid-
infrared regime, in planar or fiber optic forms [4], [5], [6], [7], [8], [9]]. In the meantime, silver doping of glasses
has appeared as an efficient route toward their functionalization with distinctive properties. As an example, Ag-
doped chalcogenide glasses found applications as solid electrochemical sensors, waveguides, diffraction elements,
optical memories and so on [[10]]. In phosphate glasses Ag insertion was considered for the direct Laser-
inscription of optical elements in bulk and fiber forms [[11]], perennial recording [[12]] and for dosimetry [[13]]. In
tellurite glasses, silver was considered mainly as a luminescence sensitizer of rare earth ions [14], [15]. It was
investigated how silver nanoparticles can enhance the emission properties of rare earth doped tellurite glasses
through an efficient surface plasmon resonance coupling [16]. Incorporation of silver nanoparticles in tellurite
glasses was investigated as well for the improvement of their non-linear optical properties [[17]], leading to a
substantial increase of optically stimulated second harmonic generation into ZnO-TeO; glass systems [[18],[19]].
The insertion of silver as nucleating agent was investigated to control the crystallization kinetics of tellurite
glasses with homogenously-dispersed sub-micron crystals to obtain transparent glass ceramics [[20]]. Finally
Stepanov et al. [[21]] investigated the insertion of silver in tellurite for producing planar waveguides through
Na*/Ag* ion exchange.

Here, one present a systematic investigation of the effect of the NaxO/ Ag»O substitution on the properties of the
host glass matrix 80TeO»-10ZnO-[(10-x)NaxO-xAg>O] (mol%) in the extensively studied ternary system TeO»-
ZnO-NazO [[5],[6],[8]]- One of the main issue in glass synthesis is the interaction of the melt with the crucible. The
contamination of glass by platinum due to melting in crucibles has been extensively investigated, initially in
phosphate glasses due to the need to procedure inclusion-free laser glasses with improved damage threshold
[[22], [23], [24], [25]], but also in silica glasses [[26]] and tellurite glasses [[27], [28], [29]]. Although this effect is
reported to affect optical properties of the glasses, the nature of the platinum species in the glass network remains
to be elucidated. Here, by keeping the TeO; and ZnO molar concentrations fixed, one aim at discriminate the
contribution of the two modifier oxides Na»O and Ag>O on important thermal, physical and optical properties of
these glasses. Glass properties were investigated through differential scanning calorimetry (DSC), Raman
spectroscopy and Fourier transform infrared (FTIR) spectroscopy. Material refractive index dispersion as a
function of composition and wavelength were also measured. The observed evolution in cut-off wavelength (A.)
was correlated with the structural modification observed in the glass network with Na>O/Ag>O substitution.
Inductively Coupled Plasma Emission Spectroscopy (ICP-OES) analysis were supported with luminescence
measurements to quantify the chemical interactions occurring during the glass synthesis between the platinum
crucible and the melt.

2. Experimental

The tellurium-zinc-sodium-silver glasses were synthesized using the standard melt-quench technique. Ten grams
of high-purity precursors (TeO2: 5 N Strem, ZnO: 4 N Alfa Aesar, NaxCOs: 4 N Alfa Aesar, AgNOs: 5N Alfa
Aesar) were weighted in powder to get the required composition, grounded in a mortar and transferred in a
platinum crucible. The mix was pre-heated at 150 °C for moisture removal, ramped up (10 °C.min") at 500 °C for
2 h, and then ramped up again at 750 °C for 15 min. Following the liquid was poured on a pre-heated brass plate
to quench the melt. The melt was subjected twice to the same thermal cycle to ensure its complete homogeneity.
Finally the bulk glass was annealed at ~T-10 °C for 6 h before cooling to room temperature to release mechanical
stress before sample grinding and polishing.

Thermal analysis was performed by TA Instruments AQ20 equipment. About 20 mg of glass in small pieces (~1-
2 mm) was inserted into a Pt pan and placed in the chamber along with an empty reference pan. Characteristic
temperatures were measured as the inflection point of the endotherm at a heating rate of 10 °C/min (precision
13 °C). The glass density (p) was determined at room temperature by the Archimedes' method with an Alfa-
Mirage MD-300S densimeter using diethyl phthalate as immersion liquid. The measurement precision was
estimated to be £0.02 g/cm3.
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Optical transmittance spectra in the UV-Vis wavelength range (200-3000 nm) were recorded on optically polished
samples of about 2 mm thickness using a double-beam spectrophotometer (CARY 5000 Varian). Optical
transmittance spectra in the near-IR wavelength range (1500-7500 nm) were recorded using a double-beam
spectrophotometer (EQUINOX 55 Bruker). The linear refractive index measurements were carried out on polished
glass slabs at three different wavelengths (633, 1064, and 1550 nm) by the means of a homemade prism (TiO»)
coupler refractometer with an accuracy of £0.005. Raman spectra were recorded with an Xplora Horiba micro-
Raman spectrometer using a 785 nm excitation line with 10 mW of incident power. Raman spectra in the range of
200-1200 cm™ were recorded with a resolution of 2.5 cm™.

Inductively conducted plasma-optical emission spectrometry (ICP/OES) was conducted with a Thermo Fisher
Varian ICP/OES 720 ES apparatus. Luminescence spectroscopy has been investigated using an Edinburgh
spectrometer equipped with double monochromators, Xenon lamp and cooled photomultiplier tube. Spectra were
corrected to compensate the detector sensitivity and the flux of the lamp.

3. Results

The silver oxide fraction was increased from x = 0% up to x =10% molar with the interval of 2% in the system
80Te02-10ZnO-[(10—x)Na20-xAg20] (series TZ[Na1o+Agx]). The samples are classified accordingly to their level
of Ag/Na substitution, from x =0% (TZ[NaioAgp]) to x =10% (TZ[NaoAguo]) respectively. Neither crystalline
phase nor metallic silver nanoparticle formation could be evidenced under these experimental conditions.

Crystallization in tellurite glasses is a heterogeneous mechanism usually dominated by the surface. Only a few
work report on the elaboration of transparent tellurite glass-ceramics containing a high crystalline volume
fraction [[20]]. In order to investigate the potential role of silver as nucleating agent in TZN glasses DSC
measurements were performed on bulk and powder samples. The DSC curves of the TZ[Na1o..Ag,] glasses are
shown in Fig. 1a (bulk) and 1b (powder). Bulk measurements were made in small pieces of glass with ~1-2 mm,
while powder measurements were made using finely grinded samples.

The evolution of glass transition temperature T; and of the onset crystallization temperature T for the glasses in
bulk and powder forms along with their density p are reported on Table 1 and they are plotted in Fig. 2.

For both bulk and powder glass samples, only a slight and similar lowering of T, with x is noticeable according to
DSC measurements (Fig. 2a). Change however is clearly visible on crystallization peak positions. Considering
bulk samples, the crystallization temperature Txi-p.x decreases monotonously with the increasing amount of
AgyO. Similarly, the crystallization temperature Ty powder decreases with x. However, in the case of the powder, the
difference AT = T,; — T, is reduced and one notice the appearance of a second crystallization peak (Tx2-powder), Which
might be due to the growth of a second crystalline phase. Finally, one observe that for x > 2 the onset
crystallization peak Tz-pux and Trz-powder becomes very similar. One suggest that the first crystallization peak on
powder is due to surface crystallization while the second one relates to bulk crystallization.

Density offers important insights on the structural modifications that occur in the samples with insertion of silver.
The measured density p of the glasses TZ[Nal0-xAgx] are given in Table 1. The density is found to increase as a
function of x (Fig. 2b), from p =5.21 g.cm-3 for x =0% (TZN) to p =5.92 g.cm-3 for x =10% (TZ[Na0OAg10].
Spontaneous Raman spectroscopy was carried out on the glasses TZ[Nal0-xAgx] in order to assess the structural
deviation of the host glass matrix with silver content (AExcitation =785 nm). The Raman signature of the glasses
(normalized on the peak with the stronger intensity at 660 cm—1) is depicted on Fig. 3.

The assignment of the Raman bands to structural elements for the glasses TZ[Na1o.<Agx] are dominated by five
broad envelopes centered on 450 cm™?, 610 cm™, 660 cm™, 715 cm™ and 775 cm™ [[6]]. At lower wavenumber, the
large envelopes peaking at 450 cm™ results from highly coupled symmetrical bending and stretching vibrational
modes of the continuous [Te-O-Te] chains of corner sharing [TeOq], [TeOs] and [TeOs+1] polyhedra. The band
located at 610 cm™ originates from anti-symmetric stretching of continuous networks composed of TeOj trigonal
bipyramidal (tbp) sites. The high frequency modes at 660 cm™ are assigned to symmetric stretching of [TeO,] tbp
units in the glass or to [Te-O-Te] linkage between two fourfold-coordinated Te atoms. The high energy bands at
715 cm™ and 775 cm™ are attributed to the stretching vibration modes between Te and non-bridging oxygen
(NBO) atoms found on the [TeOs] and [TeOs+1] sites respectively. The ([TeOs]/[TeOs+1]) units can be thought of as
distorted [TeO4] tbp units, with one oxygen further away from the central tellurium than the remaining three
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oxygen.

The typical transmittance spectra of a silver-containing tellurite glass is displayed in Fig. 4a (glass TZ[NasAg>],
thickness, ¢ =1.70 mm). The glass samples were of yellow color and they turned dark red with increasing Ag>O
content (inset). Tellurite-based glasses have a long optical window up to 6 pm. Absorption bands around 3 pm are
clearly correlated with the presence of hydroxyl groups in the glass structure (~OH, H2O, TeOH....), hence
limiting the transmission in the near-IR region. This is due to the fact that no specific purification protocol beside
the use of high-purity precursors was introduced at this stage of the study.

The absorption spectra of the glasses TZ[Na1oxAg:] are depicted in Fig. 4b. The cut-off wavelength of the glasses
(Ac) have been extracted from the absorption coefficient plot for a =10 cm™. It shows a red-shifted absorption edge
with gradual Ag,O insertion, from A, =370 nm for x = 0% to A. = 505 nm for x =10%.

The refractive index evolution with silver content are plotted for the 633, 1064 and 1550 nm wavelengths on Fig.
5a. The refractive index increases monotonously with increasing Ag20O content, from n=2.05 (x=0%) ton=2.16
(x=10%) at 633 nm. The materials dispersion on wavelength can be further analyzed through the Sellmeier
equation (Fig. 5b). The wavelength-dependent refractive index curve for each glass was determined with the
following one-pole Sellmeier equation (Eq. 1):

BA?

2
=AY T 1)

where A is the wavelength and A, B, and C are the Sellmeier coefficients obtained by a least-square fitting
procedure, applied to measured refractive indices n. No evolution with x of the dispersion can be observed,
traducing the fact that the main resonance associated with the dispersion evolution in the UV range remains
constant.

The contamination of the TZ[Na10-xAgx] glasses with platinum has been evidenced by ICO-OES (Fig. 6). The
silver-free TZN glass contains the lowest concentration in platinum (0.02% in weight). As silver oxide is
introduced, the platinum content increases sharply, up to 0.79% for x = 10. At such a high concentration, platinum
might be not be considered as a contaminant anymore but as a doping element of the glass. The metal penetrates
the glass because of an erosive and corrosive action of the fluid glass mass on the crucible. The ICO-OES analysis
highlights the fact in addition to this effect, the silver affects strongly the interaction between the melt and the
platinum crucible.

Luminescence spectroscopy have been conducted on the different glasses. The Fig. 7 reports the emission and
excitation spectra recorded respectively for excitation at 360 nm and emission at around 680 nm of the TZN glass
without silver ions (x = 0) fabricated in platinum crucible.

A weak red emission centered around 700 nm can be observed for all glass compositions prepared in platinum
crucible (Fig. 7). One have to notice that such emission is not appearing in TZ[Naio.Ag,] glasses prepared in gold
crucible for comparison (not presented here). Corresponding to this emission band, a broad excitation spectrum
for emission at around 680 nm is observed from 320 nm to 550 nm with two maxima at around 370 nm and

475 nm.

For all silver containing glasses fabricated in platinum crucible, a similar emission band peaking at around 700 nm
can be observed for excitation between 350 nm up to 470 nm (Fig. 8a). The emission signal strongly decreases with
the introduction of the silver oxide in the glass composition. Although special care has been taken to correct the
spectra using a white calibrated lamp, one believe that the weak shift of the emission band occuring in a spectral
region not optimal for the detection system (observed in particular for the sample x = 8) is mainly related to the
correction procedure. The Fig. 8b depicts the different excitation spectra collected for x =2, 6 and 10. As compared
to the excitation spectrum collected for x =0 (Fig. 7), the introduction of silver leads to a broadening of spectra
with an excitation band between 450 nm and 550 nm with the presence of a new contribution at around 500 nm as
the silver concentration increases. The relative intensity of this band increases with the increase of the silver
content. Nevertheless, one have to notice that such new contribution leads to the same emission spectrum
traducing that the center responsible for the emission remains the same.
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4. Discussion

Here one investigated the influence of the substitution between the modifiers compounds Na,O and Ag>O on the
properties of the tellurite glasses in the system TeO>-ZnO-Na,O-Ag>O. Raman measurements (Fig. 3) suggests
that the progressive substitution of sodium by silver do not lead to a drastic change in the basic structure of the
TZ[Na1o.Ag] glass network. The relative intensity of the bands at 450 cm™ and 610 cm™ remain nearly constant
with the progressive substitution of Na>O by Ag»O, while the high-frequency shoulder (centered on the bands at
715 and 775 cm™) is slightly shifted toward the lower frequencies. The high-frequency broad shoulder contains
two main contributions generally assigned to stretching modes of [TeO3+1] and [TeOs] units, which maximum
position depends on the nature of counter cations. One expect that with sodium ions depletion the remaining
NBO atoms would be compensated by silver ions. The large electro-negativity difference between sodium and
silver ions (yna = 0.93, xa; = 1.93) implies that Ag* ions have a larger tendency than Na* ions to form covalent
bonds with oxygen atoms (yo = 3.44). Under this assumption, the observed spectral shift could be associated with
a decrease of the ionic character of the bonds between tellurite and NBO, in connection with the decrease of the
net cation charge arising from the substitution of sodium by silver.

Although the equimolar substitution between Na>O and Ag»O oxide modifiers does not lead to a meaningful
evolution in the structure of the TZ[Naio..Ag:] glass network, it alters substantially their properties. The density of
the glasses TZ[Naio.+Ag,] increases linearly with x (Fig. 2b). This evolution is attributed to the progressive
substitution of sodium oxide by silver oxide with a significantly higher molar mass (Mna20 = 61.98 g.mol~! and
Mageo = 231.74 g.mol ! respectively). The thermal analysis of the glasses TZ[Na1o.xAg:] shows that silver insertion
causes a slight, monotonous decrease of the T, as well as of the resistance to crystallization of the glass network
(Fig. 2a). According to the large difference in electronegativity between Na* ions by Ag* ions, the covalence of the
bonds between NBOs and monovalent cations is expected to increase. This process is expected to cause an
increase in the glass transition temperature of the mixed modifier tellurite glasses with x. This assumption is
reinforced by the increase of the overall glass network connectivity upon replacing Na,O by Ag>O. However,
although such an increase of the T, with alkali/silver substitution was partially observed by G. El-Damrawi [[34]]
other works, similarly to our observation, mentioned a decrease of the T; [[35],[36]]. The variation in the glass
transition temperature in glasses can be ascribed to trade-off between multiple factors such as glass network
structural changes, average cross-link density, bonds strength and concentration, average stretching force. For
both bulk and powder samples, silver induces a decrease of the onset crystallization peaks, which emphasizes the
role of Ag>O as nucleating agent to facilitate the crystallization. This observation is in good agreement with
previous observation made in niobium oxide glasses [[30]]. However, unlike previous observation made in
germane-tellurite glasses [[20]], the effect of silver oxide as nucleating agent to promote bulk versus surface
crystallization was not evidenced.

When comparing with the TZN glass, one observe (Fig. 5a) a steady increase of the refractive index with the
progressive substitution of sodium by silver ions, this increase being as high as An =~ +0.1 for x =10%. Such
variation of the refractive index with silver oxide content is consistent with previous observation made in other
tellurite glass systems [[17],[19],[31]]. The increase of the refractive index results from an increase of the average
electronic polarizability of the glass with the Na* — Ag* substitution, which global contribution results from the
polarizabilities of the individual constituting ions of the glass (ana+ =0.18 A3 [[32]], aag+=1.7-2.2 A3 [[191,133])).

The cut-off wavelength of the glasses shows a red-shifted absorption edge with gradual Ag>O insertion, from

Ac =356 nm for x = 0% to A, =505 nm for x =10%. This is in good agreement with previous observation made in
other systems such as in silver-containing TeO»>-WO;-LaxOs glasses [[21]]. One suggest that the absorption edge
shifts to the longer wavelength is probably due to the broadening of the valence band as a result of the strong
coupling of Ag*d-electron orbitals with O p-electron orbitals. It results in an extension of the localized states
within the gap and a decrease in optical band-gap energy. Yet, regarding the evolution of the cut-off wavelength
at the limit of the UV /visible range, precaution need to be taken. Glasses prepared in platinum crucible exhibit
yellowish color as compared to glasses prepared in gold crucible. Platinum has certainly a strong effect on the
absorption feature of the TZ[Naio..Ag,] glasses in the visible range. Moreover, an emission band centered at

700 nm for excitation between 320 nm up to 500 nm can be detected for all glasses made in platinum crucible (Fig.
7, Fig. 8). As revealed by ICP-OES analysis (Fig. 6), the platinum concentration is strongly affected by the content
of silver oxide in the composition, silver ions favoring the introduction of the platinum in the composition to
reach up to 0.8 wt% for x =10. In the glass, platinum may be introduced as Pt’, Pt>* and/or Pt**. The presence of
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metallic particles was discarded as no plasmon resonance effect was detected in the glass. Pt?* and Pt** cations
possess a d® and d° electronic configuration respectively. Absorption of such cations are generally located in the
visible [[37],[38]], which is in good agreement with the two absorption bands detected on the excitation spectra of
silver doped glasses x =2, 6 and 10 on Fig. 8b. Here, due to the overlap between the absorption of the glass matrix
and of the platinum cations, it will be difficult to conclude on the oxidation state of metallic species Pt2* or Pt**.
Yet, the assumption for the presence of the Pt** species is generally highly supported by experiments
[[22],[37]1,[39]]. When the silver content increases, new contributions appear in the excitation spectra at around
500 nm, while in the meantime the emission spectrum remains the same. We believe this evolution is mainly
responsible for the red shift of the absorption edge of the tellurite glasses observed on Fig. 4b. One assume at this
stage a strong interaction between the platinum crucible and the tellurite ions. It was already evidenced in the
growth of TeOs crystals melted in platinum container, leading to the occurrence of striations, black inclusions and
gas bubbles [[40]]. ]. Mangin et al. proposed that the mechanism of dissociation of Te__O bonds proceeds from
the intermediate formation of platinum telluride compounds. In addition, one observed that the increase in silver
induces a higher corrosion on the platinum crucible. At this stage, it is not straightforward to elucidate the origin
of the catalytic effect of silver on the dissolution rate of metallic platinum. The direct reaction between metallic Pt
and Ag* silver ions is not supported by electrochemical potentials. Hence one assume that silver affects the glass
melt (i.e. acido-basicity of the melt, mass transport diffusion due to the wettability of the glass...), which in turn
led to a higher reactivity with platinum. The progressive oxidation of platinum by the melt could induce the
reduction of silver or tellurium ions and formation of compounds in the Te__ Ag system, which could lead to the
optical absorption observed at ~500 nm. One can suspect that such compound in the Ag___Te system could be
highly sensitive to oxidation when the melting temperature is increased. The luminescence of platinum cations
drops drastically with the increase of silver in the glass. This could be due either to a competitive absorption of
the compounds absorbing near 500 nm or a possible concentration quenching effect. Further analysis are
necessary to elucidate the increase of solubility of Pt in silver containing tellurite glass, and to identify the
absorbing species existing into the melt.

Although the progressive equimolar substitution between Na>O and Ag>O oxides does not lead to a meaningful
evolution in the structure of the TZ[NaioxAg:] glass network, it enables fine-tuning the glass transition
temperature, density, refractive index and cut-off wavelength of the investigated glasses over a broad range of
composition, such properties being desired for the design of specific waveguides components. The silver atom
size, charge and polarizability contribute strongly into the observed modifications. Structural investigations will
be required to probe the exact electrostatic influence of silver ions on the glass structures and properties and
discriminate potential mixing effects between cation ions.

5. Conclusion

Here one examined the influence of the substitution of modifier oxides Na>O by Ag>O on the platinum
contamination and properties of glasses in the system TeO>__ZnO__Na,O__Ag>O. Results highlight a clear
correlation between the silver content, the glass network structure and the corresponding properties of the
material. The variation of glass transition temperature decreases linearly with silver content whereas the surface
crystallization mechanism is favored. Furthermore one observe a large increase in the linear refractive index and a
red-shift in the optical band gap with Ag>O content. Raman spectroscopy do not suggest a strong evolution in the
tellurite network connectivity with Ag>O insertion but instead a modification in the iono-covalency of the bonds.
Factors such as the silver atoms size, charge and polarizability appear to contribute mainly into the observed
modification of the properties of the glasses. Finally, we demonstrate that silver ions strongly exacerbate the
interaction between the platinum from the crucible and the glass melt during synthesis, leading to glasses
containing up to 0.8% in weight of Pt. Silver-containing tellurite glass materials could be very attractive
candidates in bulk or fiber forms for photonic or in nonlinear optics where strong confinement of light and
promoted effective nonlinear effects are needed.
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Table 1
Characteristic temperatures and density of the investigated glasses.
Sample x (mol %) Bulk Powder p(+002gcm %
T (£37°0) Txr-puk ( £37°C) T, (+3°0) Tx1-powder ( = 3°C) Txz-powder ( = 3°C)
TIN 0 286 405 285 352 428 5.21
TZ[NagAg,] 2 284 402 283 348 417 5.35
TZ[NagAg,] 4 278 395 281 349 399 5.51
TZ[NasAge] 6 276 397 280 350 395 5.65
TZ[NaxAgg] 8 270 380 273 346 379 5.78
TZ[NapAgso] 10 267 365 269 337 361 5.92
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Fig. 1. DSC measurements of the glasses TZ[Naio.Ag,] (a) Bulk (b) Powder.
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Fig. 2. (a) Evolution of the T; and Tx and (b) of the density p of the glasses TZ[Na1o.xAg,] with silver content.
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Fig. 3. Raman spectrum of the glasses TZ[Na10-xAg:] (Aexc. = 785 nm).
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Fig. 7. Emission and excitation spectra of the TZN glass (x = 0) fabricated in a platinum crucible collected
respectively for excitation at 360 nm and emission at 680 nm.
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Fig. 8. (a) Emission spectra of the glasses x =0, 2, 8 for excitation at 360 nm or 450 nm (b) Normalized excitation
spectra of the glasses x =2, 6, 10 for emission at 700 nm.
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