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Abstract: A series of glass samples of the tungsten—tellurite system TeO,-WO3-Biy O3-(4-x) LayOs-
xEr,O3, x=0;0.4;0.5;0.7; 1.2; 2; 4 mol%, Cg, =0 - 15 X 1020 cm—3 were synthesized from high-purity
oxides in an oxygen flow inside a specialized sealed reactor. In all samples of the series, an extremely

low content of hydroxyl groups was achieved (~n x 10'® cm—3

, more than 4 orders of magnitude
lower than the concentration of erbium ions), which guarantees minimal effects on the luminescence
properties of Er3*. The glasses are resistant to crystallization up to 4 mol% Er,Os, and the glass
transition temperatures do not depend on the concentration of erbium oxide when introduced by
replacing lanthanum oxide. Thin 0.2 mm plates have high transmittance at a level of 20% in the
4.7-5.3 um range, and the absorption bands of hydroxyl groups at about 2.3, 3, and 4.4 um, which
are typical for ordinary tellurite glass samples, are indistinguishable. The introduction of erbium
oxide led to an insignificant change in the refractive index. Er,O3-concentration dependences of the
luminescence intensities and lifetimes near the wavelengths of 1.53 and 2.75 um were found for the
i3 /2—4115 ,2 and 44 /2—4113 /2 stransitions of the Er3* ion. The data obtained are necessary for the
development of mid-infrared photonics; in particular, for the design of Er®*-doped fiber lasers.

Keywords: high-purity tellurite glass; Er,O3; content; hydroxyl groups; crystallization; glass
transition temperature; luminescence; lifetime

1. Introduction

Modern-day applications of mid-infrared photonics, which encompasses the gener-
ation, manipulation, transmission, and detection of mid-IR radiation, have undoubtedly
become possible with the technological advancements in the material growth and forma-
tion of new composites, particularly of specialty glasses, such as chalcogenide, fluoride,
and telluride glasses, with their unique properties, relevant for use in photonic devices.
Here, we will pay special attention to the tellurite glasses, due to their distinctive properties:
they are transparent in a wide spectral range of 0.4-5.5 um; have good chemical stability
and solubility of rare-earth oxides; the best compositions are sufficiently stable against
crystallization; and low phonon energy makes it possible to achieve stimulated emission at
electronic transitions of rare-earth ions, which are nonradiative for most oxide glasses [1-6].
This allows the use of glasses based on tellurium dioxide as active media for fiber-optic
devices in the IR range of 1-3 um, in which the most important area of application lies
beyond 2.2 pm, where step-index silicate fibers are inoperative. Tellurite glass fibers are
efficient up to 3-3.5 um [7], are transparent in the pumping range up to 1 um, and have
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already demonstrated the ability for lasing in active fibers, including generation near
2.3 um [8,9].

At present, fiber laser sources in the 1-3 um range are in great demand for solving
many fundamental and applied problems. Due to the presence of absorption bands of
many inorganic and organic molecules, primarily absorption bands of hydroxyl groups
in solids (including biological tissues) [9-13], such sources are in demand in laser surgery,
cosmetic medicine, atmospheric monitoring systems, remote sensing, and diagnostics,
as well as for the well-known needs of telecommunications and radiophotonics.

In this work, tungsten-tellurite glass containing lanthanum and bismuth oxides was
chosen as a matrix composition for the introduction of erbium. Among most tellurite
glass compositions, systems based on TeO,-WO3 have the advantages of higher glass
transition temperatures, nonlinear optical properties, and crystallization resistance, and
have a relatively low thermal expansion. Resistance to crystallization can be significantly
improved by using high-purity starting materials [14] and modifying the glass composition
with lanthanum oxide La;O3. Some TeO,-WO3-LayO3 glasses are extremely resistant to
crystallization in a wide range of La,O3 concentrations [2,15,16]. In addition, the presence
of lanthanum oxide in the glass composition allows the introduction of active additives of
other rare earth oxides instead of LayO3, without significant changes in the physicochemical
properties. The Bi,O3 additive is used to create fiber structures by modifying the refractive
index of the core. Bismuth oxide is excellently soluble in tungsten—tellurite matrices, has
a positive effect on the stability of some compositions to crystallization [6,16,17], and
significantly increases the linear and nonlinear refractive indices [18,19].

Thus, TeO,-WOs3-LayOs3-Bi; O3 tellurite glass is a good candidate for the manufacture
of step-index fibers [15,16].

Studies of the thermal, optical, and emission properties of erbium-doped tellurite
glasses of various compositions have been of considerable interest to researchers for several
decades. In [20], the effect of the addition of Er,O3 on the thermodynamic functions
of the tungsten—tellurite system TeO,-WOs3-LayO3-BipO3 was studied from the point of
view of developing a method for predicting the thermodynamic properties of unexplored
glass compositions.

G.N. Boetti et al. [21] fabricated samples as follows: TeO,-WO3-Nap;O-Nb,O5-xEr, O3,
where x = 0.01, 0.1, 0.5, 1, 3 wt%. The glass transition temperature and glass density
were found to increase monotonically with Er,O3 content. The refractive index of the
glasses decreased with increasing Er®* ion content. While pumped with a commercial
telecom 980 nm laser diode, the 1.5 um emission band became broader with the increasing
concentration of Er ions. The maximum doping concentration allowed was found to
be around 1.77 x 10%° ions/cm?, for which a lifetime of 3.4 ms for the 4I;5 /2 level was
measured. The lifetime of the *I;3, state decreased with increasing Er ion concentration,
due to the energy transfer process. The longest lifetime of 3.7 ms was measured for the
sample with a doping level of 8.9 x 10" ions/cm3. The lifetime of the *I;; /2 state of
Er** remained unchanged with the increase of its concentration and was at a level of
140 =+ 30 ps. Quaternary tellurite glass systems TeO,-WOs3-TiO,-xEr,O3 with x = 0.01, 0.1,
1, 3, 5, and 7 mol% of Er,O3 were prepared and investigated in [22]. All the samples
possessed a thermal stability higher than 100 K, except the glass sample with 7 mol% of
Er,Oj5 characterized by a low thermal stability of 74 K. The glass transition temperature
significantly increased with the Er,O3 content, increasing from 0.01 to 7 mol% [22]. The
authors of [23] studied the influence of Er,O3 addition on the thermal behavior of tungsten—
tellurite glasses TeO,-WO3; doped with 0.5 and 1.0 mol% of Er,O3 by running detailed
differential thermal analyses. Introducing rare-earth elements into tungsten—tellurite
glasses and increasing their content resulted in an increase in glass transition temperatures.

The erbium ion in the tellurite matrix in the IR region is characterized by three
luminescence bands, with maxima of ~1, ~1.55, and ~2.75 pm, corresponding to the
electronic transitions 411, /2—4115 /2 445 /2—4115 /2, and 41 /2—4113 /2 [24]. However, for a long
time, studies of the luminescence properties of the erbium ion focused on emission from
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the long-lived 45 /2 level. This is due to the fast nonradiative relaxation of the 4 /2 level
by hydroxyl groups in tellurite glasses obtained by a trivial method in air. Only with the
advent of progressive methods for drying the melt, was the study of the emission of about
2.75 um intensified.

The most convenient absorption band for the activation of the Er®* ion in tellurite
glasses is the absorption band at about 980 nm, which corresponds to the wavelengths of
inexpensive standard commercial laser diodes. In this case, the level of 41, /2 is excited,
and then the transition from the 41 /2 level to 45 /2 occurs. For silica glass, due to the high
phonon energy, the level of *I11 /, is depopulated without radiation, but for tellurite glasses,
a radiative transition in the 2.7-2.8 um range is possible. The 445 /2 level is filled, and
generation in the range of 1.53-1.6 m can be achieved at the *I;3 /2 5 /2 transition [25,26].

The influence of the concentration of Er®* ions on the luminescent properties of
TeO,-WO3-ZnO glasses was studied in [27]. It was noted that with an increase in the
concentration of Er®* ions from 1.66 x 102 to 4.11 x 10%° cm~3, the intensity and width
of the luminescence band of about 1.5 pm increase, and the decay time of luminescence
decreases from 3.6 ms to 3.3 ms, which indicates the appearance of concentration quenching.

Luminescence in the 2.7-2.8 pm region at the 1, /2—4113 /2 transition in tellurite glasses
was studied in [24,25,28]. For various compositions of tungsten—tellurite glasses, the
lifetime of the *I;; /2 level (~100 ps) is much shorter than the lifetime of the 45 /2 level
(several ms), due to the moderate phonon energy of ~900 cm [2,5,25]. With continuous
wave (CW) pumping at the 415 /2—4111 /2 transition, this leads to a high population at the
45 /2 level and a small population at the 414 /2 level. Under laser pumping at 978 nm
in Er** doped tungsten-—tellurite glasses, the luminescence intensity in the 2.7 um region
increased with increasing concentration of Er,O3 [24].

The main channel of nonradiative relaxation in tellurite glasses activated with Er* is
quenching on vibrations of OH groups. Due to the presence of an OH absorption band of
about 3 um, the internal energy of Er®* at the 413/, level is converted into the vibration
energy of two hydroxyl groups. As a result, OH ions cause both nonradiative relaxation of
the excited energy level and absorption of Er®* luminescence radiation at a wavelength
of about 1.5 um. These effects are even more pronounced at the 417 ,-*1;3/, transition,
since only one hydroxyl group is involved [29]. Thus, to obtain an active medium for
lasing, it is especially important to synthesize and study only glass with a minimum
hydroxyl concentration.

There has been a significant number of publications studying the properties of various
erbium-activated tellurite glass compositions. However, information about the properties
of erbium-activated glasses of the lanthanum-tungsten—tellurite system is insufficient,
although they have already proven their promise for fiber optics applications [5,7,30].

In connection with the above, in this work we studied the properties of TeO,-WOs-
BiyO3-LayO3-xErp, O3 glasses, which are important for use in fiber optics, depending on
the erbium concentration. Crystallization stability, glass transition temperatures, the
transmission spectra and absorption bands of Er’* and OH groups, refractive indices,
and luminescence characteristics were studied. To obtain the most accurate data, special
attention was paid to reducing the concentration of impurities, primarily hydroxyl groups,
through the use of pure starting materials and original synthesis technology.

2. Materials and Methods
2.1. Glass Samples Preparation

Erbium-doped tungsten—tellurite glasses were produced by melting the oxides in
crucibles of platinum inside a sealed silica chamber in an atmosphere of purified oxygen. A
“TWBL-xEr” series of glass compositions with a common formula TeO,-WO3-(4-x)La;O3-
BipO3-xEr,O3, where x = 0; 0.4; 0.5; 0.7; 1.2; 2; 4 mol%, was produced. The compositions of
the glasses of the studied series, designations, the content of the erbium oxide dopant, and
hydroxyl groups absorption at ~3 um are listed in Table 1.
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Table 1. The compositions of glasses of the studied TWBL-xEr series, designations, the content of the erbium oxide dopant,

and hydroxyl group absorption at ~3 um.

Composition, mol% Desiggelxtion of the Er, O3 Coontent, Er3* Ions _Content, OH (.;roups Volume B
asses mol% cm—3 Absorption at ~3 pm, cm~1
71.2Te2i;2230.73\_/\07§>r32-(‘1).3131203- TWEBL.OE: 0 0 ]
71.2T§.(€?]2;a22%73‘-/g2]35_r12é§i203- TWBL-0.4Er 0.4 1.54 x 102 0.003
71'2%?1?33(5%?%;12'(1)?203_ TWBL-0.5Er 05 1.93 x 102 0.005
71-2T§Si;22?’0~73%2%;12é§izo3' TWBL-0.7Er 07 2.7 x 102 0.005
712T§§ﬁfj(i‘_’¥2%'rlzé§izo3' TWBL-1.2Ex 12 461 x 1020 0.006
71'2Te3?52]:iig‘3/\-[201":31r-21(.)13]31203- TWBL-2Er 2 7.64 x 102 0.011
71.2Te0,-23.7W03-1.1Bi, O3- TWBL-4Er 4 15.2 % 1020 0.009

0La203-4Er203

The gradation of the erbium oxide concentration was achieved by lanthanum oxide re-
placement. All the samples were synthesized with a low and approximately equal hydroxyl con-
tent, corresponding to OH-group volume absorption at the level of n x 1072 cm~! at a wave-
length of ~3 pum; the concentrations of Er3t were in the range of 1.54 x 102°-15 x 10%° cm 3.

The glass-forming matrix system for activation by erbium ions was chosen on the
basis of our previous studies, which showed that glasses of similar compositions have high
transparency in the IR range, resistance to crystallization, and that high-quality optical
elements and fibers can be successfully made from them [5-8]. The binary glass TeO,-WOs3
was the basis, the matrix for the compositions used, and compares favorably with other
widely studied compositions based on TeO,-ZnO, with higher stability and solubility of
REI, better mechanical properties, and significantly lower values of thermal expansion
coefficient [20,31,32].

Lanthanum oxide La;O3 was included in the composition of tungsten—tellurite glass
to increase the resistance to crystallization and for convenience of introducing erbium
oxide. Bismuth oxide Bi;O3 was added to modify the refractive index of the core when
creating light-guide structures.

The glasses were prepared from high-purity tellurium dioxide (TeO;) obtained by
vacuum distillation and from commercially available high-purity tungsten (WOj3), bis-
muth (Bi,O3), lanthanum (La;O3), and erbium (Er,O3) oxides. The total content of the
3d-transition metal impurities, most actively absorbed in the IR region, in the initial oxide
mixture did not exceed 2 ppm wt [6].

The sample preparation technique included a number of successive stages: reduced
pressure drying of the initial oxides batch, melting at 800 °C for several hours, lowering
the temperature of the glass-forming melt and casting samples into a cylindrical mold
of silica glass, annealing at the glass transition temperature, and slow cooling to room
temperature. After cooling to room temperature, the castings were mechanically cut,
ground, and polished for further study. Tablets 0.2 cm thick were used for the majority of
optical measurements, while longer samples (0.6-1.5 cm long) were applied for OH volume
absorption evaluation of erbium containing compositions (Figure 1). The prepared samples
were optically homogeneous and did not contain large scattering defects in the volume;
the samples with the highest concentration of Er,O3 (2 and 4 mol%) were characterized by
a darker color.
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TW'BL OEr 0.2 cm TWBL-04Er 0.2em  TWBL-0.5Er 0.2em  TWBL-0.7Er 0.2ecm  TWBL-1.2Er 0.2cm TWBL- "Er 0.2cm TWBL-4Er 0.2 cm

TWBL-0.4Er 1.5cm TWBL-0.5Er 1.5ecm  TWBL-0.7Er 1.5ecm  TWBL-1.2Er 1.5cm TWBL-2Er 0.6cm  TWBL-4Er 0.66 cm

Figure 1. Photographs of the polished discs (tablets) and cylinders made of TeO,-WO3-Bi; O3-(4-x)La; O3-xEr, O3 glasses.

2.2. Methods

Differential scanning calorimetry (DSC) data were obtained on a Netzsch DSC 404
F1 Pegasus device. Samples of glass in the form of disks with a diameter of ~5 mm and a
thickness of ~1 mm were used. Measurements were carried out in platinum crucibles in
the temperature range of 300-950 K, at a thermal scanning rate of 10 K/min in a stream of
pure argon, with a flow rate of 80 mL/min.

The transmittance spectra of the series TWBL-XEr were recorded with Lambda 900 spec-
trometer in the visible and near-IR regions and by a IR Nicolet 6700 Fourier spectrometer
in the IR range. Absorption spectra inside the hydroxyl groups absorption band were
calculated from the IR transmittance spectra by the expression In(100/T%), taking into
account Fresnel reflection by subtracting the straight line. The volume absorption co-
efficient of hydroxyl groups in the band maximum was calculated using the formula
o = (In(100/T%) — 2B)/L (cm~1); where L (cm) is the sample length, and 2 is the absorp-
tion by surface hydroxyl groups at the ends.

The refractive indices were measured using a prism-coupler Metricon-2010 at the
wavelengths 633, 969, and 1539 nm. Three scans were made during each measurement; the
error was estimated to be £0.0005.

The luminescence spectra were recorded with a photovoltaic InSb detector P5968,
using the excitation under pumping laser diode 975 nm with a power of 0.5 W. The radiation
was focused on the sample using a lens; the scattered emission radiation was collected
using another lens at the input slit of the monochromator MDR-2. A filter was used to
cut off the pump spectrum. The kinetics of the luminescence were registered according
to the same scheme, using a LeCroy oscilloscope and 976 nm optical parametric oscillator
excitation with a pulse duration of ~5 ns. The decay curves for the 5 /2—4115 /2 transition
were obtained directly from 1.53 emission data, and the lifetimes of the 41,1/, level were
determined by recording the 0.98 um emission using an infrared PMT with a photocathode
having a time response of ~20 ns.

3. Results
3.1. Thermal Properties

The thermograms of the differential scanning calorimetry of the TWBL-xEr series are
shown in Figure 2. The insert shows the DSC curves imposed in the temperature area
of the glass transition, to illustrate the absence of the dependence of the glass transition
temperature on the concentration of erbium oxide.
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Figure 2. DSC-thermograms of TeO,-WOs3-BiyO3-(4-x)LayO3-xEr, O3 glasses, x = 0; 0.4; 0.5; 0.7; 1.2; 2;
4 mol% (heating rate 10 K/min).

There are no clear thermal effects of the crystallization and melting of crystals in
the thermograms, which indicates the crystallization stability of the glasses of the series.
Increasing the concentration of erbium oxide to 4 mol% practically does not change the glass
transition temperature, which is equal to ~390 °C for all samples (insert in Figure 2). Thus,
replacing lanthanum oxide with an equimolar amount of erbium oxide allows activating
the core with Er ions, without changing the viscosity properties. This is very important in
the process of making fibers.

3.2. Transmission Spectra and Hydroxyl Groups Absorption

The TWBL-xEr glasses have high transparency in the visible and IR regions, from
0.47 to 5.3 um. The spectra of the samples in the visible and IR regions are shown in
Figures 3 and 4. The absence of characteristic absorption bands of 3d-transition metals

and undesirable impurity RE elements throughout the transparency area confirms the low
impurity content.

TWBL-0Er
TWBL-0.4Er
TWBL-0.5Er
TWBL-0.7Er
TWBL-1.2Er
TWBL-2Er

TWBL-4Er

N
IS
-

Transmittance, %
)
(=3
1 n

5]
S
PR T

104

0

| T T T T T T T T T T T T
04 05 06 07 08 09 10 L1 12 13 14 15 16 17
Wavelength, um

Figure 3. Visible and near-IR transmission spectra of TeO,-WO3-Biy O3-(4-x)LayO3-xEr, O3 glass
samples 0.2 cm thick, x = 0; 0.4; 0.5; 0.7; 1.2; 2; 4 mol%.
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Figure 4. IR transmission spectra of TeO,-WOj3-BiyO3-(4-x)LayO3-xEr, O3 glass samples with differ-
ent thicknesses.

The transmission spectra in the short-wave region contain typical Er** absorption
bands, with peaks at 1530, 798, 653, 543, 521, and 489 nm corresponding to the absorption
from the ground state of 4115/2 to the excited levels of 4113/2, 419/2, 4F9/2, 483/2, 2H11/2,
and *F7/,. The intensity of the absorption peaks of erbium increases with its concentra-
tion. For pumping, while studying the luminescent characteristics of glasses and fibers,
an absorption band corresponding to the 45 /2—4111 /2 transition, with a maximum at about
0.98 um, was chosen. The absorption coefficient in this band is directly proportional to the
concentration of Er,O3 (Figure 3).

The thin discs of TWBL-xEr glass, with a thickness of 2 mm (tablets, Figure 1), have
a high transmittance at a level of at least 20% in the near and mid-IR ranges, up to a
wavelength of ~5.3 um (Figure 4). It is possible to note absorption bands at 5.4 and 5.7 um
in the spectra of the tablets, characteristic of the overtones of O=W bond vibrations in
single and paired O=WOs centers in the first case, and of a combination of O=W and
W-O-W vibrations in pairs of single O=WOs5 centers in the second [6]. The absorption
bands of hydroxyl groups, with peaks of about 2.3, 3, and 4.4 microns characteristic of
tellurite glasses obtained by the traditional method in open systems, are indistinguishable
in the spectra of TWBL-xEr tablets. To calculate the volume absorption coefficient of the
hydroxyl groups, samples of glasses in the form of longer cylinders (0.6-1.5 cm long) were
used (Figure 1). In the transmission spectra of such samples, an absorption band with a
maximum near 3 microns appears and can be mathematically processed (Figure 4).

The absorption spectra inside the hydroxyl groups absorption band, calculated from
IR transmittance spectra by the expression In(100/T%), are plotted in Figure 5.

The absorption values of hydroxyl in samples of the TWBL-xEr series at the maxi-
mum of the band were found to be 0.007 for TWBL-0.4Er; 0.01 for TWBL-0.5Er; 0.011 for
TWBL-0.7Er; 0.012 for TWBL-1.2Er; 0.01 for TWBL-2Er; and 0.009 for TWBL-4Er. The
volume absorption coefficient of hydroxyl groups in the band maximum can be calculated
from: o (cm™1) = (In(100/T%) — 2B)/L; where L (cm) is the sample length,  is the absorp-
tion at the two ends by hydroxyl groups adsorbed from the air or during polishing [5,32,33].
Taking into account the surface absorption of hydroxyl groups (on average 23 ~ 0.003 for
polished samples of tungsten—tellurite glasses [32,33]) and the actual length of the samples,
the volume absorption coefficients at the band peak of ~3 um were calculated (Table 1).
The values are in the range of 0.003-0.011 cm !, which corresponds to the concentration
of hydroxyl groups at the level of n x 101 cm—3 [5,33,34]. Thus, the concentration of
hydroxyl groups is inferior to the concentration of Er®* by at least 10* times, allowing
excluding the influence of this important impurity on the accuracy of determining the
emission characteristics. A very important conclusion from a practical point of view is that
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there is no deterioration in the effectiveness of our method for removing hydroxyl groups
with an increase in the concentration of erbium in the glass-forming melt.

— 1.5cm TWBL-0.4Er

0.012+ —— 1.5 cm_TWBL-0.7Er
1 —— 1.5 cm_TWBL-1.2Er
5 0.0104 ~’ —— 0.6 cm TWBL-2Er
o 5 ——0.66 cm_TWBL-4Er
< 0.008 "
£ i
g iy
2. 0.006 [/
2 :
0.004 '
< J
. g
‘ "/v
0.002 L
A

0'000|""|""|""|""|""|"
2.8 2.9 3.0 3.1 32 33

Wavelength, um

Figure 5. Absorption spectra of TeO,-WOj3-Bi; O3-(4-x)LayO3-xEr,O3 glass samples with different
thicknesses within the hydroxyl groups band.

3.3. Refraction Index

The values of the linear refractive index were determined for samples with Er,Os
contents of 0; 1.2; 4 mol% (TWBL-OEr, TWBL-1.2Er, TWBL-4Er). The dependence of the
refractive index values on the concentration of erbium oxide at wavelengths of 633, 969, and
1539 nm is shown in Figure 6. The introduction of erbium oxide into the tungsten—tellurite
matrix by replacing lanthanum oxide leads to a very slight decrease in the refractive index,
even at high dopant concentrations; the values of the slope of the lines are in the order of
—0.001 (Figure 6). Having only a minor change in the refractive index is highly desirable
when designing fibers with a core activated with Er3*.

2.18
1 Wavelength 633 nm
2.16 1 Y =2.15 - 0.0007X
% | B— —0— R
T 2144
.-
> | length
. i Wavelength 969 nm
5 22 Y =2.11-0.0012X
2 { o— — o
= a
5 210+
o ] Y =2.09 - 0.001X
2.08 Wavelength 1539 nm
2.06
T T T T T T T T T
0 1 2 3 4

Er,O, content, mol%

Figure 6. Refractive index of TeOp-WO3-BipO3-(4-x)La;O3-xEr,O3 glass samples versus Er,O3
concentration for wavelengths of 633, 969, and 1539 nm.

3.4. Luminescent Properties

At the excitation at 0.975 um, broad luminescence bands with maxima at ~1.53 and
~2.75 um, corresponding to electronic transitions *I;3 /2—4115 /2 and 444 /2—4113 /2 of Er3* for
TWBL-xEr series glasses, were observed.
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Figure 6 presents the experimental normalized luminescence spectra inside the Er*

band with a peak at 1.53 pum of the TeO,-WO3-Bi;O3-(4-x)LayO3-xEr, O3 glasses with
different Er,O3 contents. The emission bandwidth and the luminescence intensity near
1.53 pm increase with increasing Er3* concentration; the samples with an erbium oxide
content of 1.2 and 2% have the highest values; and an increase in concentration leads to a
decrease in these characteristics of emission (Figures 7 and 8).
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Figure 7. Luminescence band of Er¥* with peak at 1.53 um of the TeO,-WO3-BiyO3-(4-x)LayOs-
xEr, O3 glasses with different ErpO3 contents.
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Figure 8. The 1.53 um luminescence peak intensity as a function of Er,O3 content.

In the region of low erbium oxide concentrations (up to 0.7 mol%), the intensity
increases strongly; in the region of medium concentrations (1.2-2 mol%), the intensity
increases insignificantly; and with a further increase in the concentration, the 1.53 um
emission intensity drops.

This may be mainly due to the complete absorption of the pump radiation at the initial
stage. However, when the Er®* concentration becomes close enough to the absorption
saturation, the increase in the radiation intensity slows down. At the same time, the
distance between Er®* ions becomes closer, and the upconversion effect of Er>* grows with
an increase in its concentration. This reduces the population of the *I;3,, level and leads to
a sharp decrease in the emission intensity.

The behavior of the emission bandwidth as the concentration increases to 1.2 mol%
can be explained by an increase in the variety of dopant sites in the glass matrix occupied
by Er®* ions, together with an increase in the number of ions. The luminescence spectrum
broadens at this stage. Further termination of the broadening of the spectrum, and its
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narrowing at the highest erbium concentration, is associated with the occupation of all
possible dopant places and with the increase of upconversion intensity. Similar effects were
observed in [25].

The experimental normalized luminescence spectra and the luminescence peak inten-
sity dependence on the Er,O3 content for the Er®* band near 2.75 um for TWBL-xEr series
glasses are presented in Figures 9 and 10, respectively. The luminescence intensity and
bandwidth increase non-linearly with an increase in the doping level; there is no saturation
of the dependences (Figures 9 and 10). The highest emission bandwidth and luminescence
intensity values were found for the sample with the highest dopant content. The observed
behavior can be explained by the same effects as in the case of the 1.53 um band, but in the
absence of an up-conversion from this level. Thus, high concentrations of the dopant can
be used when the transition *I;; /2—4113 /o of Er’* is exploited.

10 —— TWBL-0.4Er
0.9

1 —— TWBL-0.7Er
0.8+ —— TWBL-1.2Er
07 —— TWBL-2Er

1 —— TWBL-4Er

Intensity, r.u.

255 260 265 270 275 280 285 290 295
Wavelength, um

Figure 9. Luminescence band of Er3* at 2.75 um of the TeOy-WO;5-BiyO3-(4-x)LayO3-xErp, O3 glasses
with different Er,O3 contents. Excitation 975 nm, 0.5 W.
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Figure 10. The 2.75 um luminescence peak intensity versus Er,O3 content.

The lifetimes of the 413, /2 level of Er®* were measured by registration of the 0.98 um
emission, the decay curves for glasses of the TWBL-xEr are plotted in Figure 11. The
measured lifetimes of the *I1 /, level of Er** ion were 113, 113, and 104 us for the Er,O3
contents of 0.4, 1.2, and 4 mol%, respectively. The 4113 /2 Er level lifetimes were measured
by registering the 1.53 m emission. The measured lifetimes of the *I;3/, level of Er®* ion
were 7.0 and 6.5 ms for the Er,O3 contents of 0.4 and 4 mol%, respectively. An exponential
attenuation of the luminescence intensity was observed when the excitation is removed,
presumably the excited ions interact weakly with neighboring ions in the ground state.
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Figure 11. Decay curves of 0.98 um luminescence from 444 /2 level for TeO,-WO3-Bi; O3-(4-x) LayO3-
xErp, O3 glasses with Er,O3 contents of 0.4, 1.2, and 4 mol%.

For both *I;; /2 and 445 /2 energy levels, a 10-fold increase in concentration led to
a decrease in the lifetime by only 10%, due to non-radiative effects from concentration
quenching. A slow reduction in the luminescence lifetimes, with a large increase in the
Er?* concentration, indicates weak concentration quenching. The possibility of creating
high concentrations of dopant in the glass and weak concentration quenching confirms the
absence of Er®* ion clustering in the glasses [25].

4. Discussion

The properties of TeO,-WOs3-Bi;O3-La;O3-Erp, O3 glasses were studied depending on
erbium oxide concentration. There were no clear thermal effects of the crystallization and
melting of crystals on the DSC data; the glasses were resistant to crystallization up to
4 mol% Er,Os. Increasing the concentration of erbium oxide to 4 mol% did not practically
change the glass transition temperature, which was equal to ~390 °C for all samples. Thus,
replacing lanthanum oxide with an equimolar amount of erbium oxide allows activating
the core with Er>*, without changing the viscosity properties.

The introduction of erbium oxide by replacing lanthanum oxide leads to an insignif-
icant change in the refractive index, even at high dopant concentrations. This is highly
desirable when designing fibers with a core activated with Er®*.

The considered glasses had high transmittance in the 4.7-5.3 um range, the absorption
bands of the hydroxyl groups at about 2.3, 3, and 4.4 um, typical for ordinary tellurite glass
samples, were indistinguishable for the thin specimens. The concentration of hydroxyl
groups was inferior to the concentration of Er®* by at least 10* times, allowing excluding
the influence of this important impurity on the accuracy of determining the emission
characteristics. There is no deterioration in the effectiveness of the method for hydroxyl
group removal with an increase in the concentration of erbium in the glass-forming melt.

The Er,Os-concentration dependencies for the luminescence characteristics were
found for the 4I;3 /2—4115 ,2 and 4 /2—4113 /2 transitions of the Er3* ion under 0.975 pm
pumping. The dependence of the bandwidth and the luminescence intensity at the
3 /2—4115 /,2 transition have a maximum, after which the emission characteristics are
deteriorated; for the 41 / —4113 /2 transition the bandwidth and intensity increase without
the observed saturation. The measured lifetimes of the *I;; /2 level of the Er’* ion were
110 and 100 ps, and the 113, levels of the Er** ion were 7.0 and 6.5 ms for the Er,O3
contents of 0.4 and 4 mol%, respectively; demonstrating a decrease with an increase in the
activator concentration.
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5. Conclusions

A series of TeO,-WO3-BiyO3-LayO3-Er, O3 glasses was synthesized from high-purity
oxides in a purified oxygen flow inside a sealed silica chamber. Binary TeO,-WOj glass
was the basis, LayO3 was included to increase the resistance to crystallization and for
convenience of introducing an Erd* activator, and Bi,Os was added to evaluate the practice
of modifying the refractive index of the core of the step-index fibers. High-quality optical
elements and fibers had previously been successfully manufactured from similar glasses,
and detailed studies of the doping features are necessary to improve the active devices.

The properties important for use in photonics and fiber optics were studied, depending
on erbium concentration. To obtain the most accurate data, special attention was paid
to reducing the concentration of impurities, primarily hydroxyl groups, through the use
of pure starting materials and original synthesis technology. In all samples of the series,
an extremely low content of hydroxyl groups ~n x 10'® cm 2 was achieved, in order to
guarantee there were no effects on the luminescence properties of Er’*.

The transparency range of the considered glasses extended from 4.7 to 5.3 um. The in-
troduction of erbium oxide led to an insignificant changes in the refractive index, resistance
to crystallization, and glass transition temperature. This is very important for production
of optical fibers with a core activated with Er®*.

The studies of the emission characteristics show that low concentrations of the activa-
tor are preferable for using emission at the #I13 ,,-*1;5, transition. To use the emission at
the 411 /2—4113 /2 transition, it is preferable to achieve high concentrations of the activator.

The results obtained confirm the high applicability of these glasses for creating active
fiber-optic devices and are useful for calculating specific laser fibers.
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