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a b s t r a c t

In this work the novel glass system TeO2eSb2O3eGeO2 was investigated and promising glass composi-
tions were selected for further specific studies. Glass samples in the (80-0.8x)TeO2-(20-0.2x)Sb2O3

exGeO2 molar composition were prepared by the melt-quenching method with a glass-forming domain
from x ¼ 10 to x ¼ 90. Samples were investigated by XRD, DSC, FTIR, Raman spectroscopy and UVevisible
absorption. The XRD and DSC results bring informations about the non-crystalline state and thermal
properties of these materials. It has been observed that higher GeO2 contents lead to higher glass
transition temperatures and thermal stabilities against crystallization. FTIR and Raman spectroscopies
suggest a progressive incorporation of GeO2 in the covalent network of TeO2 with conversion of struc-
tural units TeO4 to TeO3. Absorption spectra revealed the high visible transparency of these samples and
an increase of the optical band gap with GeO2 addition, in agreement with a decreasing polarizability of
the glass network. Er3þ doped and Er3þ/Yb3þ codoped samples were also studied with respect to their
infrared emission properties and higher GeO2 contents lead to an increase in IR emission intensity at
1,5 mm as well as longer radiative lifetimes. Finally, upconversion emission in the visible were also
recorded and were shown to be strongly dependent of the composition.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

TeO2 based glasses are the subject of many studies since the first
reports of tellurite glasses by Stanworth and co-workers [1,2].
These materials have many characteristics that generate scientific
and technological interest such as non-linear refractive index, high
dielectric constant, low phonon energies among oxide glasses and
low melting points (around 800 �C, depending of composition)
[3,4]. The refractive index of these glasses make these materials
candidates for fabrication of nonlinear optical devices due to lone
electrons pair responsible for polarizability changes [5e9]. On the
other hand, low phonon energy value causes higher transmission in
the infrared region and higher luminescence efficiency of rare earth
ions [10,11]. These properties make tellurite glasses excellent
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candidates for fabrication of fiber optic amplifiers and glass-
ceramics for optics.

The addition of glass former GeO2 can cause changes in physi-
cochemical and optical properties of tellurite glasses. For example,
increasing GeO2 contents usually produce higher thermal stability
and these compositional modifications can change the covalence
environment that influences photoluminescence and optical
properties [12e19]. GeO2 addition can also induce photo-structural
effects, such as refractive index changes due to photo-induced
phenomena. Hence germanate glasses are used to generate phase
gratings directly in optical fibers by UV irradiation [20]. In addition,
these materials are also promising candidates for solid electrolyte
applications [21] because of their high ionic conductivities. Many
studies of structural changes in GeO2 based glasses are available in
the literature. These studies point out that GeO2 participates in the
glass network through GeO4 and GeO6 structural units [22e26].

Sb2O3 incorporation further opens the range of applications. It is
seen that antimoniate glasses exhibits high polarizability that en-
hances the refractive index values. Hence, TeO2 based glasses
containing Sb2O3 have a large number of applications that include
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Fig. 1. X-ray diffraction patterns of samples in the ternary system 80%TeO2e20%Sb2O3

(fixed proportion)-xGeO2.
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three-dimensional photonic devices for integrated optics and spe-
cific nonlinear optical devices such as ultrafast optical switches and
power limiters [27,28]. These glasses can also find applications in
broad band optical amplifiers operating around 1.5 mm as
antimony-silicate glass fibers and also for amplification of other
telecommunication bands (1530e1560 nm) [29,30].

The understanding of chemical, structural and thermal proper-
ties of a glass composition is a key point for application in optics
and studies of new glass systems can lead to the development of
innovative materials. In this paper we investigated thermal, struc-
tural and photoluminescent properties of new ternary glasses in
the system TeO2eSb2O3eGeO2. We focused on evaluating the
possibility of obtaining rare-earth undoped and doped glass sam-
ples containing increasing GeO2 contents. The promising and stable
compositions (80-0.8x) TeO2 - (20-0.2x) Sb2O3 - xGeO2 were
investigated. Three sets of samples were prepared: 1-undoped
glasses with x from 10 to 90 for thermal and structural studies;
2- Er2O3 doped glasses and 3- Er2O3/Yb2O3 codoped glasses for
photoluminescence studies.

2. Experimental part

2.1. Glass synthesis

The ternary glasses were prepared by traditional melt-
quenching in the ternary system (80-0.8x)TeO2-(20-0.2x)Sb2O3-
xGeO2 with x varying from 10 to 90. Some samples were doped
with 0,1%Er2O3 and codoped with 0,1%Er2O3/0,5%Yb2O3. In a first
step, the precursor powders such as TeO2 (99þ %, Aldrich), GeO2
(99þ %, Aldrich), Sb2O3 (99þ %, Aldrich), Er2O3 and Yb2O3 were
mixed, grinded in an agate mortar and melted in a covered Pt
crucible to minimize losses due to sublimation at temperatures
ranging from 850 �C to 1150 �C depending of composition. The melt
was cooled in a steel mold preheated below the glass transition
temperature and stable glasses samples were obtained. Three sets
of samples were prepared: (1) undoped glasses, (2) 0,1% Er2O3-
doped glasses and (3) 0,1%Er2O3/0,5%Yb2O3 codoped glasses. Some
compositions resulted in dark samples, which is probably con-
nected with redox processes between Sb and Te atoms andmetallic
tellurium precipitation. For these compositions, sodium nitrate
NaNO3 was added since the couple Sb2O3/NaNO3 is known to
promote oxygen release and oxidation of the melt. Colorless sam-
ples were obtained using this methodology.

2.2. Glass characterization

Glass samples were analyzed by X-ray diffraction with a Rigaku
Ultima IV diffractometer using Cu Ka radiation. The 2q investigation
regionwas in the range of 3e70� with a step pass of 0,02� and a step
time of 1s. Thermal analysis were performed using a DSC/TG
calorimeter STA 449 F3 Jupiter fromNetzsch, 50mg of bulk samples
were heated in Pt/Rh covered crucibles (10 K/min and 50 mL.min�1

of N2 flux) in the range of 200e900 �C. Infrared absorption mea-
surements were realized in powder samples using a spectropho-
tometer Thermo Scientific - IS-Nicolet FT-IR 50 in the
1300e400 cm�1 spectral range. Raman scattering measurements
were recorded between 100 and 1200 cm�1 on bulk samples using
a Jobin-Yvon Horiba-HR800 instrument, operating with a He/Ne-
laser at 632,8 nm. Absorption spectra were recorded in the
200e2200 nm range using Agilent Cary 7000 spectrophotometer.
Refraction index were obtained with Metricon M-line apparatus
working at 534 nm Er3þ emission spectra in the infrared were
obtained with a Horiba Jobin Yvon Fluorolog spectrofluorometer
between 1400 nm and 1700 nm using a 450W Xe continuous lamp
for excitation. The experimental conditions were slit excitation of
3 nm, slit emission of 2 nm with a step of 0,5 nm and acquisition
time of 0,2s. For upconversion emission of Er3þ in the visible, a
continuous solid state laser operating at 980 nm was used for
excitation. Emission spectra were recorded between 500 nm and
700 nm using the same experimental conditions described below.
For lifetimes measurement was used Xe pulsed lamp with 8 nm for
excitation and emission slits and 0,05 nm delay increment.
3. Results

Glass samples were obtained by melt-quenching in the ternary
system (80-0.8x)TeO2-(20-0.2x)Sb2O3-xGeO2 with x varying from
10 to 90. X-ray diffractionmeasurements presented in Fig.1 are free
of diffraction peaks and exhibited only the diffraction halo centered
around 2q ¼ 27,6� for sample 10Ge and a shift to lower angles for
higher GeO2 contents together with the appearance of a second
diffraction halo around 2q¼ 37�. DSC curves for undoped bulk glass
samples are presented in Fig. 2 and molar compositions, glass
transition temperatures, band gap energies, refractive indices and
visual aspect of samples are listed in Table 1. Glass transition is
clearly identified for all samples as an inflexion of the baseline
related with heat capacity changes between the glass and visco-
elastic states. These DSC measurements did not detect other ther-
mal events between 250 �C and 800 �C but were not performed at
higher temperatures because of a progressive mass loss detected
above 800 �C by thermogravimetry.

Infrared spectra of the glass compositions presented in Fig. 3
allowed to identify a broad band centered around 620 cm�1 for
samples 10Ge to 50Ge, attributed to stretchings of TeO4 species
[31e33]. When GeO2 content is increased up to 50 mole%, another
broad band around 850 cm�1 appears together with weak ab-
sorption bands at 760 cm�1 and 890 cm�1. These signals are
attributed to asymmetric stretching of bridging GeeOeGe bonds,
symmetric and asymmetric stretchings of GeeO- terminal bonds in
GeO4 tetrahedra respectively [34,35].

Raman measurements were also performed on the glass sam-
ples versus GeO2 content as shown in Fig. 4. Sample 10Ge is
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Fig. 2. DSC curves of samples in powder form.

Table 1
Compositions, glass transition temperature (Tg), refractive index under 543 nm, band ga

Samples Picture Molar concentration
(100-x)[0,8TeO2e20Sb2O3]-xGeO2

10Ge 10

20Ge 20

30Ge 30

40Ge 40

50Ge 50

60Ge 60

70Ge 70

80Ge 80

90Ge 90
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dominated by three broad bands centered at 454, 670 and 748 cm�1

respectively. These signals are attributed to symmetric stretching
vibration of GeeOeGe in six-membered rings made of six GeO4
tetrahedra and stretchings of TeeO bonds in TeO4 and TeO3 units,
respectively [36]. The signals attributed to tellurium oxide units
progressively vanish with increasing GeO2 contents whereas the
Raman band due to GeeOeGe bridging bonds shifts to lower
wavenumbers. Raman spectrum of sample 90Ge is mainly domi-
nated by this latter signal [36].

Absorption spectra presented in Fig. 5 clearly point out that
GeO2 addition results in a higher transparency for glass samples
with a shift of the optical cut-off of about 60 nm. For bandgap
energies determination, these absorption spectra were used to
calculate the absorption coefficient using the Beer-Lambert rela-
tion: A ¼ a.c.l, where A is the absorbance, a the absorption coeffi-
cient, c the concentration and l the optical path (thickness). The
relation between a and incident photon energy (hn) for allowed
indirect transitions is given by ahn ¼ A(hn � E)2 where A is a
constant and E is the indirect band gap [37]. Fig. 6 illustrates this
data treatment with a as a function of incident photon energy in the
near band gap region where the band gap value is obtained by the
crossing point in x axis. Refractive indices were determined by the
prism coupling M-Line technique. Both values are resumed in
Table 1, showing that higher GeO2 contents promote higher
p and pictures of glass samples.

Band gap/eV Refractive index Tg/�C

e e 328

3,12 2,0041 378

3,18 1,9891 381

3,24 1,9523 364

3,33 1,9004 388

3,37 1,8511 364

3,44 1,8010 370

3,51 1,7344 383

3,63 1,6942 390
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Fig. 3. FTIR spectra of glass samples and crystalline references GeO2, Sb2O3 and TeO2.
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Fig. 4. Raman spectra of glass samples and crystalline reference GeO2, Sb2O3 and TeO2.
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bandgap energies and lower refractive indices.
Emission spectra in the infrared by 980 nm excitation were also

obtained for Er3þ doped and Er3þ/Yb3þ codoped samples as pre-
sented in Fig. 7. Since these measurements were performed on
powder glass samples with controlled grain size using the same
sample quantity for all samples, Fig. 7 allowed to determine higher
emission intensities for Er3þ/Yb3þ codoped samples when
compared to monodoped Er3þ samples as well as for higher GeO2
contents. Results of upconversion emission in the visible for
codoped samples under 980 nm laser excitation are resumed in
Fig. 8 in which three main emission bands are observed around
524 nm, 546 nm and 657 nm. For a better comparison of the relative
emission intensities versus glass composition, all upconversion
spectra were normalized at the 546 nm emission band. This pro-
cedure allowed to identify an increase of the relative emission in-
tensity at 657 nm when compared to the two other emissions at
524 nm and 546 nm. These two latter emissions do not exhibit any
intensity ratio dependence versus glass composition. Finally, the
dependence of excitation intensity on emission intensity has also
been investigated for these upconversion emissions since it is well
known that a graphic representation Log I (I being the emission
intensity) in function of Log P (P being the excitation power) pre-
sents a linear dependence in which the slope gives the number of
excitation photons n absorbed for each emission photon. For the
three emission bands detected in the codoped glass samples, the
slopes give n values around 2 (Fig. 9).

4. Discussion

Glass samples were prepared in the ternary system (80-0.8x)
TeO2-(20-0.2x) Sb2O3-xGeO2 with x varying from 10 to 90 as shown
in Table 1.

During synthesis, it has been observed that glass samples with
low GeO2 contents (10Ge and 20Ge) exhibited a dark color and low
transparency whereas higher GeO2 concentrations result in trans-
parent colorless samples. Transparency losses in antimony tellurite
glasses have already been reported and were attributed to redox
processes related with Te4þ reduction to metallic tellurium and
Sb3þ oxidation to Sb5þ [38]. For these glasses, small amounts of
NaNO3 were added to promote oxidizing conditions during
melting. In fact, the couple NaNO3/Sb2O3 is widely used in silicate
glass manufacturing for refining and oxidation of reduced species.
At lower temperature, antimony is oxidized by the nitrate:

4Sb2O3 þ NaNO3 / 2 Na2O þ Sb2O5 þ 4 NO2

During melting at higher temperatures, Sb2O5 decomposes to
Sb2O3 and releases O2 which refines and oxidizes the glass melt. In
our case, the starting powders were first treated at 400 �C for 1 h
before melting and casting. This procedure allowed to increase the
glass transparency of sample 10Ge and 20Ge as shown in Table 1.

Since the vitreous state of the prepared samples was only sus-
pected based on visual observations, X-ray diffraction measure-
ments were performed on undoped samples to check the presence
or lack of crystalline phases precipitated during the sample syn-
thesis. Diffraction patterns presented in Fig. 1 exhibit only diffrac-
tion halos characteristic of non-crystalline materials whereas
diffraction peaks were not observed. The diffraction halo obtained
for non-crystallinematerials can be explained by X-ray scattering of
the shortest bonds at the atomic scale. In fact, non-crystalline
materials do not exhibit long range order but are ordered
regarding to the first and second coordination shell. For this reason,
the diffraction halo is related with the radial distribution function
and each diffraction halo can be attributed to the shortest chemical
bonds building the material. X-ray diffraction patterns shown in
Fig. 1 are clearly dependent of the composition with a shift of the
main diffraction halo to lower angles and appearance of a second
diffraction halo around 2q ¼ 37.2� for higher GeO2 contents. This
evolution is in agreement with a progressive change in the shortest
chemical bonds with increasing GeO2 contents. For example, the
shortest chemical bonds responsible for X-ray scattering in sample
10Ge could be the TeeO and SbeO bonds whereas sample 90Ge is
mainly constituted of shorter GeeO bonds.

DSC curves for undoped bulk glass samples are presented in
Fig. 2 and molar compositions, glass transition temperature,
refractive indices, band gap and visual aspect of samples are listed
in Table 1. The only thermal event observed from these curves is the
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glass transition identified as a baseline change. Exothermic events
related with crystallization were not identified in the studied
temperature range. For instance, this behavior suggests that GeO2
addition lead to a higher thermal stability of these glass samples.
The glass transition temperatures varied slightly with increases in
GeO2 concentration. This variation in Tg is related with two
important parameters in glass structure which are the glass
network connectivity and chemical bond strength. Higher Tg values
indicate higher connectivity and/or stronger chemical bonds. Ac-
cording to glass compositions, GeO2 is progressively incorporated
in a 80TeO2e20Sb2O3 binary glass. Since Te polyhedra are present
as TeO4 and TeO3 units, incorporation of GeO2 can lead to a higher
connectivity since Ge is known to form GeO4 and GeO6 units
(germanium anomaly). In addition, GeeO bonds are stronger than
TeeO and SbeO bonds, explaining Tg variations. Crystallization
events were not observed in these glasses between 250 �C and
800 �C but mass losses attributed to antimony oxide or tellurium
oxide evaporation were detected above this temperature, indi-
cating a very high thermal stability against devitrification between
Tg and glass evaporation around 800 �C for these samples. From
this point of view, these samples can be strong candidates for
manufactured devices that require high stability against



Fig. 7. Emission spectra for Er3þ doped and Er3þ/Yb3þ codoped glasses under 980 nm excitation.
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crystallization, with a stable visco-elastic state between 250 �C and
800 �C.

Tellurium coordination number in tellurite glasses were largely
investigated by Raman and X-ray absorption spectroscopies
showing that tellurium atom is surrounded by oxygen atoms in
three types of sites with different geometries. For highest amounts
of tellurium dioxide, the dominant tellurium sites are [TeO4]
trigonal bipyramids which are axially elongated and partly con-
nected to each other sharing one oxygen atom. By increasing the
amount of modifier oxides these units progressively convert to
[TeO3] regular trigonal pyramids through [TeO3þ1] entities where
one axial TeeOax distance is elongated while the others shorten
getting closer to the shortest equatorial TeeOeq distances [39e47].
FTIR and Raman spectra presented in Figs. 3 and 4 are consistent

with an overall structural change in which GeO4 tetrahedra are
progressively inserted between TeO4, TeO3 and SbO3 units,
increasing the network connectivity. In fact, infrared absorption
band at 620 cm�1 related with TeO4 units progressively vanishes
whereas other bands at 850, 890 and 760 cm�1 due to GeeOeGe
and GeeO- bonds clearly appear above 50% of GeO2. Raman signals
at 670 and 748 cm�1 attributed to TeO4 and TeO3 species respec-
tively progressively decrease in intensity for higher GeO2 contents
whereas another Raman band at 454 cm�1 due to GeeOeGe
bridging bonds shifts to lower frequencies. This behavior is in
agreement with a progressive insertion of germanium oxide poly-
hedra inside the antimony tellurite glass network.

Absorption spectra presented in Fig. 5 revealed that these new
glass compositions exhibit a wide transparency window ranging
from 500 to 2200 nm, making this glasses suitable for UV, visible
and NIR applications. Bandgap energies were also determined as
illustrated in Fig. 6 and the values resumed in Table 1 point out that
increasing GeO2 contents lead to higher bandgap energies ranging
from 3,12eV to 3,63eV. Such behavior can be related with the lower
atomic number of Ge when compared to Sb and Te. Fewer atomic
orbitals are available to build molecular orbitals assembled in
valence and conduction bands, resulting in a higher energy gap
between these bands. Refractive index as a function of composition
were also measured and progressively decrease for higher GeO2
contents as resumed in Table 1. This behavior is in agreement with a
lower polarizability of the samples related with the lower atomic
number of Ge substituting Sb and Te in the glass network.

Emission spectra of Er3þ doped and Er3þ/Yb3þ codoped glasses
around 1500 nm under 980 nm excitation presented in Fig. 7 were
also helpful to check the influence of Yb3þ on Er3þ emission as well
as the importance of the glass matrix on emission intensities. It
must be pointed out that these measurements were performed on
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powder samples with the same sample quantity and shape,
allowing in some extent comparison of emission band intensities.
As depicted in Fig. 7, codoped samples exhibit much higher emis-
sion intensities at 1,5 mm, supporting the sensitizer behavior of
Yb3þ for Er3þ emission. In fact, both rare earth ions absorb at
980 nm because of electronic transitions 4I15/2 / 4I11/2 in Er3þ and
2F7/2 / 2F5/2 in Yb3þ. However, energy level 2F5/2 has a higher
absorption cross section than 4I13/2, absorbing the excitation pho-
tons and transferring energy to Er3þ to populate the 4I11/2 energy
level with a higher efficiency than direct excitation. Another
important point extracted from these emission spectra is the
increasing emission intensity of about two times from sample
20GeErYb to sample 80GeErYb, suggesting that richer GeO2 envi-
ronments promote more efficient radiative processes and
enhancement on NIR luminescence intensity. This spectroscopic
behavior is in agreement with Raman data which pointed out that
GeO2 incorporation slightly decreases the maximum phonon en-
ergy from 460 cm�1 to 420 cm�1. Another possible explanation is
the expected decrease of the glass refractive index since germa-
nium has a lower atomic number than Te and Sb. In fact, electronic
transition probabilities are strongly related with the local refractive
index around the rare earth ions. Such model is also supported by
the Er3þ decay lifetimes of energy level 4I13/2 under excitation at
520 nm and 980 nm. Experimental luminescence decay lifetimes
were determined by a first order exponential fitting of the decay
curve and the results are presented in Table 2. Except for sample
60Ge, the overall tendency is an increase of the experimental
Table 2
Compositions and lifetimes values for emission at 1533 nm under excitation at
520 nm and 980 nm.

Samples Lifetime 4I13/2 (ms)
Excitation at 520 nm

Lifetime 4I13/2 (ms)
Excitation at 980 nm

20Ge 3,57 4,01
40Ge 3,83 4,24
60Ge 3,14 3,30
80Ge 4,22 4,27
lifetime for emission at 1535 nm (4I13/2 / 4I15/2) from both exci-
tations at 520 nm and 980 nmwith increasing GeO2 contents. These
higher lifetimes are in agreement with lower probabilities for non-
radiative relaxations promoted by lower phonon energies as well as
lower expected refractive index.

Upconversion emission of these glasses in the visible under
980 nm laser excitation are presented in Fig. 8 and dependency of
the emission intensity versus laser power (LogP ¼ f(LogI)) in Fig. 9.
For all emission bands at 524, 546 and 657 nm, the slope values for
the linear dependency of LogP and LogI are around 2, in agreement
with an upconversion mechanism in which 2 photons were
absorbed for each emitted photon. Such mechanisms were already
described in the literature and can be related with Energy State
Absorption (ESA) or Energy Transfer Upconversion (ETU) [48e50].
ESA is related with the absorption of a first photon to populate the
level 4I11/2 and subsequent absorption of a second photon to
populate the level 4F7/2. Non radiative relaxation processes from
this level populate 2H11/2, 4S3/2 and 4F9/2 from whose radiative re-
laxations result in emissions at 524, 546 and 657 nm. In the ETU
mechanism, level 4I11/2 is also excited but some Er3þ ions transfer
energy to other Er3þ ions to populate the level 4F7/2. Subsequent
relaxation processes are the same described above. Emission
spectra shown in Fig. 7 also pointed out a strong dependence of the
relative intensities to glass composition. As described in the
experimental part, these spectra were normalized to the emission
band at 546 nm for a better comparison of the relative intensities. In
fact, the data clearly demonstrate that glass samples with lower
GeO2 contents exhibit a stronger green emission whereas
increasing germanium oxide concentrations progressively favor a
stronger red emission. Since emission at 657 nm is related with the
4F9/2 population originated by non radiative processes from level
4S3/2, such behavior suggests that higher GeO2 contents form a glass
matrix with a higher tendency for non radiative relaxation mech-
anisms. These results are of great interest since the control of
composition in this system allow to control upconversion relative
intensities.
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5. Conclusion

Undoped, Er3þ-doped and Er3þ/Yb3þ-codoped glass samples
were synthesized in the ternary system (80-0.8x)TeO2-(20-0.2x)
Sb2O3-xGeO2 with x varying from 10 to 90. These glasses were
investigated by DSC, IR, Raman, UVeViseNIR absorption and rare
earth luminescence studies. Incorporating GeO2 in the tellurium
antimoniate glass network greatly improves the glass thermal
stability and crystallization events under heating were not detected
between Tg at 250 �C and 800 �C. FTIR and Raman spectroscopies
depicted a structural evolutionwhere GeO2 six membered rings are
inserted inside TeO4 and TeO3 units resulting in a higher connec-
tivity of the glass network. Bandgap energy and refractive index
measurements are in agreement with a lower overall polarizability
of the glass network for higher GeO2 contents. Efficiency of energy
transfers from Yb3þ to Er3þ for emission around 1500 nm were
demonstrated for codoped samples and it has been identified that
richer GeO2 compositions exhibit stronger emission in the infrared
as well as longer luminescence decay lifetimes. Quadratic depen-
dence of emissions at 524, 546 and 657 nm under 980 nm excita-
tion suggest a two-photon absorption process. In addition, glasses
with low GeO2 contents present a stronger green emissionwhereas
higher germanium oxide contents favor a stronger red emission.
This study indicates that xGe glass samples may be potential ma-
terials for developing luminescent and upconversion optical
devices.
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