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Influence of active admixtures onto tellurite glass refractive index
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Abstract. The goal of this work was to investigate the influence of rare earth ions such as Tm

3%, Yb3* on physico-chemical properies

of tellurite glass from the TeO2-WO3-PbO-PbFs-Na2O system. The thermal characteristic of tellurite glass Tm®*, Yb*" doped have been
presented. The effect of the glass crystallization on thermal stability of the glass and crystallizing phases formed upon heat treatment were
investigated by DTA/DSC/, XRD methods. The spectral dependence of ellipsometric angles of the tellurite glass samples, have been studied.
The influence of ions of rare earth elements, i.e. Tm >t and Yb®T, onto changes of refractive index of glass P1 (without RE admixture) were
examined. The optical measurements were conducted on Woollam M2000 spectroscopic ellipsometer, in spectral range of 190-1700 nm.
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1. Introduction

Tellurium oxide TeO; plays bonding role in the structure of
tellurite glasses. As a pure oxide, it has not glass-forming
property, however, it exposes such property in case of partici-
pation of such oxides as: SeO2, MoO3, WO3 or Bi»Oj3 [1, 2].
Among numerous oxide glasses [3], tellurite glasses of the
system TeO3-WO3-PbO, have unique optical and magneto-
optical properties, resulting from big mass and polarizabili-
ty of Pb?* ions. They characterize with high refractive in-
dex of about 2.0, as well as with absorption edge located at
6 pm [4]. High value of the refractive index of tellurite glass-
es allows using such materials in optical waveguides, where
self-focusing effect is observed [5, 6]. They are used in in-
frared optics, optical-electronics, magneto-optics, as well as in
optical waveguide technology. Glasses having high linear re-
fractive index also characterize with high value of non-linear
refractive index, what is, in turn, necessary when the ma-
terial is used in modulators or multiplexors. They are also
used as potential material applied in non-linear optics, be-
cause of the light wave changes caused by interaction with
electrical, or optical field [7]. Refracting index calculated on
the basis of transmission spectrum within the wavelength of
500 nm — 4000 nm does not allow obtaining information, on
how its value is changed in wavelength function [8]. That
is why spectroscope ellipsometry [SE] is more often applied
for this purpose. SE measurements can be conducted within
a range from ultraviolet light to nearest infrared, and they can
be used in examination of surfaces and relatively smooth and
non-dissipated layers [9].

2. Experimental procedure

The following raw materials were used to prepare the batches:
TeO5, WO3, PbO, NasO, PbFs, Tmy03, YbsO3. The batches
were based on the TeO3-WO3-PbO-PbF2-NasO tellurite glass
system, with rare earths admixtires: Tm 3+ Yb 3t. For each
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batch, high purity initial materials were fully mixed and melt-
ed in an electric furnace at the temperature of 850°C, in air
atmosphere. The samples were placed in covered gold cru-
cibles, with platinum cover. The melts were poured out onto
a steel plate forming 2 to 5 mm thick layer, and then cast into
a brass mold, followed with annealing at temperature near the
glass transition temperature, determined by differential scan-
ning calorimetry (DSC), in order to relinquish the inner stress.
The compositions of the glasses are listed in Table 1.

Table 1
Chemical composition of melted glasses

Sample Chemical composition in % mole

number TeO2 WOs PbO NasO PbFs Tm203 YboO3
P1 60 28 2 2 8 - -
P2 60 28 7 2 3 0.08 -
P3 60 28 7 2 3 - 0.08

Crystallization ability of the obtained glasses was deter-
mined on the basis of DTA/DSC measurements, conducted
on the Perkin-Elmer DTA-7 system, operating in heat flux
DSC mode. The samples (60 mg) were heated in platinum
crucibles, at a rate 10°Cxmin—!, in dry nitrogen atmosphere,
up to temperature of 1000°C. All glasses revealing the effect
of crystallization were selected for further thermal treatment.
X-ray phase analysis (X’Pert XRD by Philips) was used for
the identification of phases developed during the glasses heat
treatment.

The spectroscopic measurements of angles ¥ and A the
presented glasses were made using Woollam M2000 spectro-
scopic ellipsometer, in spectral range of 190-1700 nm. Ellip-
sometric parameters (angles A and 1)) were determined with
accuracy of about 0.01°, according to basal ellipsometric re-
lation:
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where 7, and r, are Fourier amplitude coefficients for polar-
ization “p” and “s”.

Suitable physical model giving consideration to geometry
and optical properties of the tellurite glass samples within
measured spectrum range was selected. Dispersion relations
dependence of glass refractive index n(A), extinction coeffi-
cient k() and roughness o were determined from the best
correlation between model and experimental parameters. The
samples have been measured for three angles of incidence
(55°, 60°, 65°). To analyze the data, all angular spectra were
combined, and all data were simultaneously fitted. The da-
ta have been analyzed using Complete EASE 3.65 software.
Depolarization coefficient v.s light wavelength, have been de-
termined, as well.

3. Experimental results

3.1. Thermal stability. During heat treatment, tellurite glass-
es from the TeO2-WO3-PbO-PbF3-NayO system with admix-
tures of rare earths Tm3t, Yb3+, besides thermal effects char-
acteristic for standard modification of the glassy state, expose
additional exothermal effect located near transformation tem-
perature Tg. This effect is related with fluoride phase crystal-
lization of the type-lead fluoride (Fig. 1). According to [10]
formation of the b-PbFy phase during thermal treatment of
glass is favoured by the incorporation of RE ions in the crys-
talline phase, playing the role of heterogeneous nucleating
agents and partially replacing the Pb?™.
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Fig. 1. DTA/DSC curves of tellurite glasses

Presence of the crystalline phase within the range of the
effect occurrence was proved with X-ray phase analysis XRD
(Table 2, Figs. 2, 3). Based on the analysis of the DTA/DSC
curves of glasses P1, P2, P3 it was proved, that presence
of well visible exothermal effect within temperature range
500-600°C is directly related with PbF2 nanocrystallization
process. In examined group of glasses P1, P2, P3, differing
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with admixture type in form of rare earths, influence of RE
type and fluorine content onto glassy state transformation, as
well as onto crystallization process, was observed. Lead fluo-
ride addition on germanate glass suggested that when fluoride
is added into germanium dioxide glass, oxygen ions can sim-
ply be replaced by fluorine ions; and that the fluorine ions then
act as either non-bridging or bridging species between struc-
tural units [11]. Based on these study results, therefore, it can
be inferred that in the case of fluorotellurite glass, fluorine
ions depolymerize the glass structure. These effects should
lead to a lowering of Tg, with with increasing concentration
of PbF, (glass P1). For glasses P2, P3 with Tm?*, Yb3* ion
admixtures, and lower concentration of PbF5 transformation
temperature is displaced toward higher temperatures, as com-
pared with reference glass (P1) without admixture (Table 2).
Simultaneously, glassy state transformation temperature raise
is accompanied with smaller changes of mole heat AC,,, what
can indicate for the strength increase, as well as for elastic-
ity improvement of the glasses in question. Under influence
of the admixture, and lead fluoride concentration also tem-
perature of maximal crystallization effect is displaced toward
higher temperatures. Values of the heat parameters — drop of
the thermal stability AT in glasses P1, P2, indicate for better
ceramization of the glasses — up to fluoride phase crystalliza-
tion in form of PbF; nano-crystallites (Table 2, Fig. 3).

Table 2
Characteristic temperatures of tellurite glasses
AT = Type of
Sample Tg ACp Tmax cryst. AH 1 1
=T —Tg crystallization
1 1 1 cryst. — Lg Cry:
number [°C] [J.g~*-°C™"] [°C] [J-.g7'] [°C) phase
Pl 340 0.197 528 21.56 188 TeO2
P2 358 0.296 553 20.78 195 TeO2
620 20.34 262 PbFa
P3 347 0.196 527 23.54 180 PbFa
Counts
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Fig. 2. Diffraction pattern of glass P2 exposed to 1 h thermal treat-
ment in temperature of 553°C
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Fig. 3. Diffraction pattern of glass P3 exposed to 1 h thermal treat-
ment in temperature of 527°C

3.2. Ellipsometric study. The spectral dependence of ellip-
sometric angles of the P1, P2 and P3 glass samples, have
been shown in Fig. 4. Also, the generated values of ¥ and
A obtained from the Cauchy model, have been presented in
Fig. 4.

The Cauchy model describes dispersion relations for n
and k indices, namely:

B C
n(A) = A+ 5+ 7 )
k()\) — Keﬁ(%*Ebundedge) 3)
where A, B, C and (3 are constants. The & and Ejpundedqe are

the fit parameters describing Urbach absorption tail and al-
low defining the extinction coefficient dispersion shape [12].
The values of these fit parameters, for P1, P2 and P3 glass
samples, have been presented in Table 3. Figure 5 illustrates
n and k dispersive relations within 190 to 1700 nm spectral
range, determined for the studied samples.

Coeflicients n and k of tellurite glasses P1, P2, P3 ex-
pressed in wavelength function and determined on the basis
of ellipsometric measurements within 190 do 1700 nm spec-
trum range, are shown in Fig. 5.

Appearance of the surface roughness, which can be de-
scribed using the Bruggeman effective medium approximation
(EMA), was assumed for the investigated samples [13]. This
approximation uses 50:50 mixture of the material and air, at

the sample surface getting optical constants that approximate
the effect of the surface roughness. The obtained values of o,
gare presented in column 6 of Table 3.
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Fig. 4. Spectral dependence of ellipsometric angles ¥ and A mea-
sured for P1, P2, and P3 glass samples, respectively

Table 3
Values of fitted parameters
iﬁﬁﬁiﬁ (n for ?33 nm) B x1072 ¢ x 107 Kox 10 mu[il:r?]ess
P1 1.871 £ 0.119 1.946 £ 0.028 2.641 £ 0.033 0.50+ 0.02 9.27 £ 1.250
P2 1.824 £ 0.135 1.244 £ 0.025 2.630+ 0.036 0.164 £ 0.092 13.41 4+ 1.90
P3 1.989 £ 0.0701 1.511 £ 0.023 0.348 £ 0.307 0.117 £ 0.019 16.39 £+ 1.02
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Fig. 5. Cauchy dispersion dependences of the glasses P1, P2, P3
determined for n — and &

4. Conclusions

Based on the conducted thermal examinations, it has been
proved, that crystallization ability of tellurite glasses of
the system TeO2-WO3-PbO-PbF;-Nay;O with admixtures of
rare earths elements strongly depends on concentration of
PbF, [14]. It has been proved, that admixture of ions Yb3+
and Tm>* results in appearance of exothermal effect related
with PbFy crystallization on DTA/DCS curves. It has been
observed in case of glass P2, with admixtures of ions Tm3,
that crystallization process is run in two phases; within tem-
perature range 400-600°C. Tellurium oxide TeO; is a crys-
tallization phase at the temperature 553°C, whereas, the heat
treatment of this glass at 620°C causes appearance of another
low-phonon energy crystallization phase PbF; type. Based on
thermal examinations of the glasses in question, it has been
proved, that rare earths elements, which are present in the
structure, cause displacement of the glassy state transforma-
tion temperature towards higher levels, and lowered values of
parameters of thermal stability AT = Tige. — 1y, indicate
for the improvement of the glass tendency for fluoride phase
crystallization.

Refraction indexes of tellurite glasses reach very high
values, of over 1.85, within all measured spectral range. The
ellipsometric examinations have proved, that ions of rare earth
elements, i.e. Tm 3t and Yb®*, and PbF, concentration have
considerable influence onto changes of refractive index of
basal glass P1 (without RE admixture). Doping Tm3* ions
to tellurium matrix of glass from the system TeO3-WOs3-
PbO-PbF5-NasO results in reduction of refractive index with
about 0.03 (glass P2), however, doping with Yb3* ions (glass
P3) results in its considerable raise (with about 0.12 within
visible range) with respect to base glass P1. Doped tellurite
glass has also bigger roughness, whereas, highest influence
onto roughness raise, was observed in case of the glass doped
with Yb37 ions.
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It can be concluded, that admixtures of Yb3t ions have
the most considerable influence onto tellurite glasses refrac-
tive index raise. Additional optical and thermal examinations
will be conducted in order to determine optimal contents of
ytterbium ions, which change n values in the most effective
manner.
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