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Abstract
In this paper, the structural, thermal, optical, and spectroscopic properties of
Er3+-doped tellurite glasses with the composition 68.25TeO2–19.5ZnO–9.75X–
2.5Er2O3 (inmol%)withX=BaO,Na2O, andBi2O3 are reported. The glasseswere
prepared using the standard melt quenching method. The investigated glasses
exhibit low phonon energy (∼745 cm−1) and low glass transition temperature
varying between 300 and 350◦C depending on the glass composition. The Raman
spectra show a regular tellurite structure with variations in the number of bridg-
ing and non-bridging oxygens depending on the glass composition, theNa2O and
Bi2O3-containing glasses having the most and the least polymerized network,
respectively. A thermal treatment of the glasses leads to the formation of crystals,
the composition of which depends on the glass composition, as revealed by X-ray
diffraction analysis and confirmed using scanning electron microscope-energy-
dispersive spectroscopy. The precipitation of Er-containing crystals in the Na2O
and BaO-containing glasses leads to an increase in the intensity of the upcon-
version emissions. Although the Er3+ ions remain in the amorphous part of the
Bi2O3-containing glass after heat treatment, it is the precipitation of Bi3.2Te0.8O6.4

crystals in this glass, which is thought to decrease the distance between the Er3+

ions leading to an increase in the intensity of the upconversion andmid-infrared
emissions.
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1 INTRODUCTION

New laser sources have found great interest in various
fields of application, such as medicine, environmental
study, sensing, or bio-engineering.1,2 Especially much
attention is paid to the development of light sources oper-
ating between 2.0 and 5.0 µm because of the spectral
signatures of molecules localized in this spectral region

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

that also corresponds to the transparency window of the
earth’s atmosphere.3 Indeed, many molecules, such as
CH4, CO2, and OH, are absorbing at those wavelengths,
and mid-infrared (MIR) laser sources could be used for air
quality and monitoring applications. Light sources emit-
ting in the visible and also in the near-infrared (NIR)
regions are also of interest for applications such as optical
temperature sensors,4 fiber amplifiers,5 and solid lasers.6

7186 wileyonlinelibrary.com/journal/jace J Am Ceram Soc. 2022;105:7186–7195.
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Erbium ions (Er3+ ions) can be used to obtain emissions
in the visible, NIR, and MIR when pumped at 980 nm; the
NIR emission centered at 1.5 µm is due to the 4I13/2→ 4I15/2
transition of Er3+ ions, whereas theMIR emission centered
at 2.7 µm is achieved due to the 4I11/2 → 4I13/2 transi-
tion. The green and red emissions centered at 530, 550,
and 660 nm are due to three transitions: 2H11/2 →

4I15/2,
4S3/2 → 4I15/2, and 4F9/2 → 4I15/2, respectively. The prob-
ability of radiative transition between two states strongly
depends on the phonon energy of the host for theEr3+ ions.
Silica glass is one of the most investigated glasses due

to its good optical transparency and chemical stability.
However, it has low solubility of rare-earth (RE) ions.7
Additionally, silica and silicate glasses are known to have
high phonon energy and have narrow transmission win-
dow that does not transmit light in bulks at wavelengths
higher than around 3 µm.8 Thus, these glasses are not
promising materials for applications at ∼2.7 µm, for exam-
ple. Since the last few decades, many efforts have been
made in the development of other glass systems with
low phonon energy such as fluorides,9,10 tellurites,11,12
chalcogenides,13,14 and germanates.15,16
Tellurite glass system seems promising because of its

wide infrared transmission window,12 high RE solubility,17
low phonon energy, and good optical, chemical, and
mechanical properties.12,18 The composition of the tellu-
rite glasses can easily be modified to improve some of
their properties. For example, the thermal stability of tel-
lurite glasses can be increased by adding Na2O or BaO
as reported in Manikandan et al.19 The addition of Na2O
was also reported to open the structure of the glass,19,20
whereas the addition of BaO tends to make it denser and
more compact.19 Er3+-doped tellurite glasses have already
demonstrated upconversion and the ability to produceNIR
and MIR luminescence when pumped at 980 nm.21–23
Glass–ceramics (GCs) are reported to be promising

materials as compared to parent glasses. A GC is a glass
that contains a crystalline phase and as a consequence,
it combines the advantages of optical glasses and of
crystal-like spectroscopic characteristics, including high
absorption and emission cross sections. If the RE ions are
located in a crystal with a specific crystalline phase, the GC
can exhibit enhanced spectroscopic properties compared
to the parent glass. To be promising, the RE-containing
crystals should precipitate in volume in the glass. Addi-
tionally, the nucleation and growth of the crystals should
also be controllable in order to prepare transparent GC.
Zhou et al.24 demonstrated a significant improvement
of the upconversion properties from Er3+-doped glass
from the composition 70TeO2–15Li2O–15Nb2O5–0.5Er2O3
(mol%) using a heat treatment at 440◦C during 5 h due to
the precipitation of Li75Nb1.75Te0.25O6 crystals. Kang et al.25
also demonstrated an enhancement in the intensity of the

emission at 2.7 µm fromEr3+-doped (59 − x)TeO2–xGeO2–
8TiO2–8BaO–22Li2O–3Er2O3 glass (with x = 0, 10, 20, 30,
40, 50, 59) after heat treatments between 400 and 610◦C
for 8 h, due to the formation of lithium- and barium-based
crystals. The glass with the composition 75TeO2–20ZnO–
4Na2O–1Er2O3 (mol%) was also reported to be promising
as an enhanced intensity in the luminescence at 1.55 µm
was reported after a heat treatment at 450◦C for 4 h due
to the formation of Zn2Te3O8 and Na2Zn3(CO3)4.3H2O
crystals.26 Finally, the volume precipitation of zinc- and
bismuth-based crystals was reported in the tellurite glass
with the composition 70TeO2–20ZnO–10Bi2O3 during heat
treatment27 indicating that this glass is promising for the
preparation of transparent GC.
In this context, we report the preparation and char-

acterization of Er3+–doped tellurite glasses and GCs in
the TeO2–ZnO–Na2O/BaO/Bi2O3 system. The impact of
replacing Na2O by BaO and Bi2O3 on the physical, ther-
mal, structural, optical, and spectroscopic properties is
investigated. The spectroscopic properties of the glasses are
measured after thermal treatment to investigate the impact
of the crystallization on the spectroscopic properties of the
glasses.

2 EXPERIMENTAL PROCEDURES

Glasses with the composition 68.25TeO2–19.5ZnO–9.75X–
2.5Er2O3 (in mol%) with X = BaO, Na2O, and Bi2O3
(respectively labeled as TeBa, TeNa, and TeBi) are pre-
pared using the standard melt-quenching method in nor-
mal atmosphere. The batches are prepared using TeO2
(Sigma-Aldrich, 99.99%), ZnO (Sigma-Aldrich, 99.99%),
BaO (Sigma-Aldrich, 99.99%), Na2CO3 (Sigma-Aldrich,
99.5%), Bi2O3 (Sigma-Aldrich, 99.99%), and Er2O3 (Sigma-
Aldrich, 99.99%) as the rawmaterials. The 10-g batches are
prepared and mixed using a mortar to obtain a homoge-
nousmixture. Themixture is transferred in a platinum (Pt)
crucible and inserted into a furnace for melting for 20 min
at 850◦C. A step of decarbonatation is realized for TeNa
glass at 650◦C for 30 min. The glass melt is quenched at
room temperature on a brass plate and is then annealed at
∼40◦C below the glass transition temperature (Tg) of the
glasses for 6 h to release the internal stress from the glass.
Transparent orangeish glasses with no cracks are obtained.
Finally, the glasses are heat treated at (Tg + 20◦C) for 17 h
and then at their respective crystallization temperature Tp
for 1, 6, and 12 h in order to produce GC.
The density of the glasses is measured by the Arch-

imedes method. Ethanol was used as immersion liquid
and results are obtained with an accuracy of ±0.02 g/cm3.
The thermal properties of the glasses are measured

using differential thermal analysis (DTA, Netzsch Jupiter
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F1 instrument). The measurements were carried out in
a Pt crucible using a heating rate of 10◦C/min. The Tg
is determined as the inflection point of the endotherm
peak obtained by taking the first derivative of the DTA
curve, whereas Tp is taken at the maximum of the exother-
mic peak. The onset of the crystallization peak, Tx, is
alsomeasured, providing information about the glass ther-
mal stability against crystallization, ΔT = Tx − Tg. All
measurements are performed with an accuracy of ±3◦C.
The Raman spectra are acquired with a Renishaw

inVia Qontor Raman microscope equipped with a cooled
charge-coupled device camera using a 405 nm laser for
the excitation. The spectra are normalized to the band
with maximum intensity; therefore, all the changes in the
band intensity are relative to the main peak. The spec-
tra were collected from undoped glasses to avoid a strong
background signal from the luminescence of Er3+ ions.
The absorption spectra aremeasuredusingUV–Vis–NIR

spectrophotometer (UV-3600 Plus, Shimadzu) from 250 to
1800 nm. The absorption cross-section σabs (λ) is calculated
from absorbance using the following equation:

𝜎abs (𝜆) =
2.303 log (𝐼0∕𝐼)

𝐿 × 𝑁Er3+
(1)

where log (I0/I) is the absorbance, L is the thickness of the
sample (in cm), and NEr3+ is the concentration of RE ions
in the glass (ions/cm3). The accuracy of absorption cross-
section determination is ±10%.
The spectroscopic properties of the glasses aremeasured

from powder at room temperature using a continuous-
wave 980 nm monochromatic single-mode fiber pigtailed
laser diode (CM962UF76P-10R, Oclaro) for excitation. The
upconversion and 1.5 µm emission spectra are acquired
using a spectro 320-131 optical spectrum analyzer (Instru-
ment Systems Optische Messtechnik GmbH, Germany).
The 2.7 µm emission spectra are collected in the range
of 2500–3000 nm using a monochromator coupled with
an amplified MIR detector (detector PCI-4TE-4-1 × 1,
preamplifier PIP-DC-200 M-F-M4, Vigo).
An X-ray diffractometer (XRD) analyzer (PANalytical

Empyrean) with Cu Kα X-ray radiation (λ = 1.79 Å) is
used to identify the crystalline phases in the heat-treated
glasses. Data are collected from 2θ = 10◦–60◦ with a step
size of 0.05◦.
The surface of the polished glasses prior to and after

heat treatment is analyzed using a scanning electron
microscope (SEM, Crossbeam 540 Carl Zeiss) equipped
with an energy-dispersive spectroscopy (EDS/EDX) detec-
tor (Oxford Instruments X-MaxN 80). The samples are
mounted on Al-stubs and coated with a thin carbon layer
prior to the SEM/EDX analysis. The detection limit of the
EDX system is ±0.5 at%.

3 RESULTS AND DISCUSSION

To investigate the effect of replacing Na2O by BaO
and Bi2O3 in the tellurite glass with the composi-
tion 68.25TeO2–19.5ZnO–9.75X–2.5Er2O3 (in mol%) with
X= BaO, Na2O, and Bi2O3 on the spectroscopic properties,
the density (ρ), and molar volume (Vm) of the glasses are
first measured as well as Tg, Tx, and Tp. Table 1 reports the
physical and thermal properties of the glasses.
Compared to the TeNa glass, TeBa, and TeBi glasses

have a higher density, which is expected because of
the higher molar mass of BaO (MBaO = 153.33 g/mol)
and Bi2O3 (𝑀Bi2O3

= 465.96 g/mol) compared to Na2O
(𝑀Na2O

= 61,98 g/mol). Compared to the work of Massera
et al.,27 the density of our TeBi glass is slightly higher
(6.16 g/cm3 in Massera et al.27) because of the presence of
Er3+ in the investigated glasses. It is interesting to point
out that the molar volume of the TeBi glass is high com-
pared to that of the other glasses. This is due to the large
amount of oxygen atoms in this glass that have a high ionic
radius (O2−: 1.40 Å) compared to other ions (Te4+: 0.97 Å,
Na+: 0.99 Å, Bi3+: 1.03 Å, and Ba2+: 1.35 Å).28,29 The addi-
tion of BaO and Bi2O3 at the expense of Na2O increases
the Tg indicating a strengthening of the tellurite network.
The TeBa glass can be considered a stable glass against
crystallization as evidenced by its large ∆T.
As the thermal and physical properties depend on

the glass composition, changes in the glass structure are
expected to occur when replacing Na2O by BaO and Bi2O3.
Here, the structure of the glasses was investigated using
Raman spectroscopy. The normalized Raman spectra of
the investigated glasses are presented in Figure 1A. The
Raman spectra exhibit the typical bands for tellurite glasses
centered in three different regions: 400–500, 664, and
745 cm−1. One should remind that the structure of TeO2
glass may be described in terms of a 3D network of TeO4
trigonal bipyramid (TBP) units, in which each oxygen
atom is shared by two TBP units and of TeO3 trigonal
pyramid (TP) structures, the preponderance of which is
strongly dependent on the type and concentrations of net-
work modifying oxides.30 The band in the 400–500 cm−1

range, the position of which depends on the glass com-
position, is related to the Te–O–Te/O–Te–O symmetrical
bending and stretching modes found at corner sharing
sites of TeO4, TeO3, and TeO3+1 polyhedra.31,32 It can also
be associated with Zn–O–Zn/Zn–O–Te bridges according
to Manikandan et al.19 Although replacing Na2O by BaO
has a small impact on the position of this band, substitut-
ing Na2O by Bi2O3 shifts this band to lower wavenumbers
probably due to the formation of Te–O–Bi and Bi–O–Bi
linkages as suggested in Hu et al.33 and Bachvarova-
Nedelcheva et al.34 and in agreement with the large Tg of
the TeBi glass as compared to that of the TeNa glass. The
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TABLE 1 Physical and thermal properties of the investigated glasses. The molar volume Vm of the glasses is determined from the density
(Vm =M/ρ)

Glass
ρ (g/cm3)
±0.02 g/cm3

Vm (cm3/mol)
±0.05 cm3/mol

Tg (◦C) ±
3◦C

Tx (◦C) ±
3◦C

Tp (◦C) ±
3◦C

ΔT = Tx − Tg (◦C) ±
6◦C

TeNa 5.23 26.85 307 370 440 63
TeBa 5.59 26.71 360 480 518 120
TeBi 6.24 28.81 349 418 430 69

F IGURE 1 (A) Raman spectra (532-nm excitation), (B) refractive indices, (C) infrared (IR) absorption spectra, and absorption spectra in
(D) visible, (E) at 980 nm, and (F) at 1.5 µm of the investigated glasses

band localized at 664 cm−1 is assigned to the symmetrical
stretching vibrational modes of TeO4 TBP, more specifi-
cally to the antisymmetric vibrations of Te–O–Te linkages
among TeO4 units.30,34,35 The band located at 745 cm−1

is attributed to the symmetrical stretching of Te–O and
Te=Obonds that contain non-bridging oxygens (NBOs) in
TeO3 TPunits andTeO3+1 polyhedra.30,32,33,36 The intensity
of the band at 745 cm−1 compared to the band at 664 cm−1

gives information on the number of TeO3 units compared
to TeO4 units in the network and thus on the proportion
of NBOs in the glass; the higher the band at 745 cm−1

as compared to the band at 664 cm−1, the larger concen-
tration of NBOs.20,30,36,37 Substituting Na2O by BaO and
Bi2O3 decreases the intensity of the band at 664 cm−1 com-
pared to themain band indicating a larger amount ofNBOs
in these glasses. Similar changes in the tellurite network
when adding Na2O to the TeO2–ZnO glass system was
reported in Shen et al.,30 the same by adding 10 mol% of

Bi2O3 in xBi2O3–(100 − x)TeO2.31 The TeNa glass is the
most polymerized glass, whereas the TeBi glass has the
least polymerized network in agreement with its large Vm.
The refractive indices of the investigated glasses are

shown in Figure 1B. Replacing Na2O by BaO and Bi2O3
increases the refractive index as expected from the Raman
spectra of the glasses. Indeed, the addition of Bi2O3 and
BaO at the expense of Na2O creates NBOs, which increases
the refractive index as observed in Chen et al.38
The FTIR spectra of the studied glasses are shown in

Figure 1C. The spectra exhibit broad bands that can be
related to OH groups. The shoulder at ∼3500 cm−1 can
be related to free, weakly associated hydroxyl groups.
Although Feng et al.39 attributed the shoulder at 2250 cm−1

to strongly associated hydroxyl groups, this shoulder was
related to an anharmonic contribution of the bending
mode at 2δOH by Guery et al.40 It is clearly shown that the
TeBi glass has the lowest amount of OH groups, whereas
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TABLE 2 Optical properties of the investigated glasses

Glass
NEr

3+ (1020)/
ions/cm3 ±5%

αabs (cm−1)
@980 nm

σabs @980 nm
(10−21)/cm2 ±10%

αabs (cm−1)
@1530 nm

σabs @1530 nm
(10−21)/cm2 ±10%

TeNa 11.22 3.88 3.46 9.29 8.28
TeBa 11.27 3.63 3.22 9.13 8.11
TeBi 10.45 3.66 3.50 8.74 8.36

the TeNa glass has the largest amount of OH groups.
According to Kang et al.,25 the OH content can be related
to the electronegativity; a large electronegativity difference
between O and a cation leads to a weak covalency and to
absorbmore hydrogen to build OH elements. The values of
electronegativity are 2.01, 1.01, 0.97, 1.67, and 3.5 eV, respec-
tively, for Te, Na, Ba, Bi, and O.41 It is thus expected that
the addition of Na2+ and Ba+ will tend to build more OH
elements than Bi3+.
Figure 1D shows the absorption spectra of the different

glasses. The typical absorption bands of Er3+ ions are vis-
ible, and they correspond to the 4f–4f transitions of Er3+
from the ground state (4I15/2) to the different excited states.
The position of the bandgap depends on the glass com-
position: Due to the formation of NBOs when replacing
Na2ObyBaOandBi2O3, the bandgap shifts to higherwave-
length, the bandgap of the TeBi glass being located at the
highest wavelength.
The shape and band positions centered at 980 and

1530 nm remain independent of the glass composition
(Figure 1E,F). As seen in Table 2, the investigated glasses
exhibit similar absorption cross sections at 980 and
1530 nm, indicating that the sites of Er3+ ions are similar
in the investigated glasses. Na, Bi, and Ba are not expected
to be in the coordination site of Er3+ ions. The absorp-
tion cross sections at 980 and 1530 nm are similar to those
reported in other tellurite glasses42–44 and in germanate
glasses45 but are higher than in phosphate glass,46 silica,
and silicate glasses.47
Figure 2A–C displays the normalized upconversion,

NIR, and MIR spectra of the Er3+-doped glasses obtained
using 980-nm pumping, respectively. The upconversion
spectrum is composed of three emission bands: the transi-
tion 2H11/2 →

4I15/2 at 525 nm, 4S3/2 → 4I15/2 at 549 nm, and
4F9/2 → 4I15/2 at 660 nm (Figure 2A).48 The NIR emission
band corresponds to the Er3+ ion transition 4I13/2 → 4I15/2
(Figure 2B)48 and the MIR emission band to the Er3+ ion
transition 4I11/2 → 4I13/248 (Figure 2C). The insets in the
figures display the comparison of the emission intensi-
ties, provided with an error bar of 10%. Figure 2D shows
the Er3+ radiative transitions involved under 980 nm
pumping. Except for some changes in the upconversion
spectra, all glasses exhibit similar emission bands con-
firming that the Er3+ ions are located in similar sites
despite the differences in glass composition. The TeBi and

TeNa glasses, respectively, exhibit the highest and lowest
upconversion, NIR, andMIR emissions in agreement with
their respective OH content. Indeed, energy transfer from
Er3+ ions to quenching centers like OH− groups is well
known.49
The glasses were heat treated at (Tg + 20◦C) for 17 h

and at their crystallization peak (Tp) for 1, 6, and 12 h.
All heat-treated glasses exhibit a surface crystallization:
An opaque layer is formed at their surface. Figure 3A–C
shows the XRD patterns of the glasses prior to and after
heat treatment. The glasses show no crystallization peak
prior to the heat treatment, and sharp peaks are visi-
ble in the XRD patterns after heat treatment. The XRD
patterns of the TeNa and TeBa glasses exhibit the same
peaks that can be assigned to the Zn2Te3O8 crystalline
phase (ICSD: 00-036-0888). Similar Zn2Te3O8 crystal has
been reported in many tellurite glasses upon thermal
treatment.26,27,50,51 Other peaks can be seen in the XRD
pattern of the heat-treated TeNa and TeBa glasses, related
to Na2Te4O9 (00-051-0441) and BaEr2O4 (00-042-1493),
respectively. Similar Na-based crystals were found in the
(100 − x)TeO2–xNa2O glass system with x = 5%–30%.52
Other peaks can be related to Er3+-based crystals, such
as Er2(TeO3)3 (00-051-0285) in the heat-treated TeNa glass
and to Er2Te5O13 (04-012-2914) in the heat-treated TeBa
glass. Similar Er2Te5O13 crystals were reported to pre-
cipitate in the 90TeO2–10Na2O–1Er2O3 glass during heat
treatment.53 In the XRD of the heat-treated TeBi glass,
the peaks can be related to Bi3.2Te0.8O6.4 (00-049-1761).
Zn2Te3O8 crystal is also suspected to precipitate in this
glass. However, one should point out that no Er3+-based
crystal is found in the TeBi glass after heat treatment. Due
to the presence of a broad diffraction background in the
XRD pattern of the TeNa and TeBa glasses that can be
ascribed to amorphous glass, these glasses are expected
to be partially crystallized. However, the TeBi glass is
expected to be the most crystallized glass as no broad
diffraction background can be seen in its XRD pattern.
Therefore, the addition of Bi2O3 at the expense of Na2O
is thought to increase the speed of crystallization. It is the
decrease in the network connectivity that is thought to
increase the speed of crystallization.
Figure 3D–F shows the SEM-EDS images and the com-

position analysis of the cross section of the glasses heat
treated at (Tg + 20◦C) for 17 h and at Tp for 12 h. Te-, Na-,
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LEMIERE et al. 7191

F IGURE 2 Normalized (A) upconversion, (B) 1.5-µm emission, (C) 2.7-µm emission, and (D) schematic diagram of the Er3+ energy
levels. Insets show the intensity of the respective emissions.

Ba-, Bi-, Zn-, and Er-rich areas are visible, confirming the
analysis of the XRD patterns. Although large crystals can
be seen in the TeNa and TeBa glasses, the heat-treated TeBi
glass is composed of small crystals (<1 µm). From the anal-
ysis of the XRD pattern and elemental mapping, it is clear
that the addition of Bi2O3 at the expense of Na2O, which
depolymerizes the tellurite network with the creation of
Te–O–Bi bonds at the expense of Te–O–Te bonds, limits
the growth of large Zn2Te3O8 crystals while promoting the
crystallization of the Bi3.2Te0.8O6.4 crystals.
Figure 4 shows the upconversion (A–C), the NIR (D–F),

and the MIR (G–I) spectra of the glasses prior to and after
heat treatment.
The heat treatment of the TeNa glass leads to a decrease

in the intensity of the red and MIR emissions and to an
increase in the intensity of the green emissionwhile having

no significant impact on the intensity of the NIR emission
(at ±10%). The shape of the emission bands also changes
after the thermal treatment: The bandwidth of theNIR and
MIR emission bands decreases as the duration of the heat
treatment increases (Figures 5), and sharp peaks appear
in the green and MIR emission bands. These changes in
the spectroscopic properties can be related to the pre-
cipitation of Er-containing crystals evidenced using XRD.
However, as no sharp peaks can be seen in the NIR emis-
sion band, some of the Er3+ ions are expected to remain
in the amorphous part after heat treatment, which is in
agreement with the homogeneous distribution of Er seen
in Figure 3D. The reduction of the bandwidth of the NIR
and MIR emissions might indicate that the partial crystal-
lization of the glass reduces the Er3+ site distribution in the
TeNa glass.54
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7192 LEMIERE et al.

F IGURE 3 X-ray diffractometer (XRD) patterns of the (A) TeBa, (B) TeNa, (C) TeBi glasses prior to and after a heat treatment at
Tg + 20◦C for 17 h and at Tp for 1, 6, and 12 h. Scanning electron microscope energy-dispersive spectroscopy (SEM-EDS) images of the (D)
TeBa, (E) TeNa, (F) TeBi glasses and the elemental mapping of the crystals in the SEM images

F IGURE 4 The upconversion (A–C), the near-infrared (NIR) (D–F), and the mid-infrared (MIR) (G–I) emission spectra of the glasses
prior to and after heat treatment (λexc = 980 nm)
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LEMIERE et al. 7193

F IGURE 5 The normalized upconversion (A–C), near-infrared (NIR) (D–F), and mid-infrared (MIR) (G–I) emission spectra of the
glasses prior to and after heat treatment (λexc = 980 nm)

Similar changes in the spectroscopic properties can be
seen after heat treating the TeBa glass: The changes in
the green-to-red ratio and the appearance of the sharp
peaks in the upconversion and MIR spectra are due to the
precipitation of Er2Te5O13 crystals. From the broad NIR
emission band, some of the Er3+ ions are also expected
to remain in the amorphous part. However, as opposed
to TeNa glass, the bandwidth of the NIR emission band
remains unchanged indicating that the site distribution of
Er3+ ions in this glass remains similar after heat treatment.
The changes in the Er3+ site distribution induced by the
thermal treatment seem to depend on the glass network:
The more polymerized network, the larger the impact of
the crystallization of the Er3+ site distribution.

No significant changes in the shape of the upconver-
sion, NIR, and MIR emissions can be seen for the TeBi
glass after heat treatment indicating that the Er3+ ions are
suspected to remain in the amorphous phase of the glass
(Figures 4 and 5). This is in agreement with the analysis of
the XRD pattern. Er3+ ions probably do not enter into the
precipitated crystals because of the incompatible valency
of Zn2+ and Te4+ compared to Er3+ or because of the big
ionic radius of Bi3+ (1.03 Å) not allowing its substitution
by Er3+ (0.89 Å).55 Similarly to the TeNa glass, the heat
treatment has no impact on the intensity of the NIR emis-
sion band (at ±10%), but it increases the intensity of the
upconversion and MIR emissions indicating that the Er–
Er distance decreases during the thermal treatment due to
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the precipitation of a large amount of crystals as discussed
earlier.

4 CONCLUSIONS

In conclusion, the impact of the replacement of Na2O
by BaO and Bi2O3 in tellurite glass on the spectroscopic
properties and crystallization is presented. Due to the dif-
ferent connectivity of the glasses, the heat treatment leads
to the formation of various crystals. Due to the precipi-
tation of Er-containing crystals, the heat-treated glasses
prepared with Na2O and BaO are good candidates as green
upconverters. The glass prepared with Bi2O3 is the most
promising candidate as an upconverter and for MIR appli-
cation due to the precipitation of Bi3.2Te0.8O6.4 crystals,
which is expected to reduce the distance between the Er3+
ions.
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