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Properties of Tm>*-Doped Germanotellurite Glasses for S-Band

Amplifier

Yuki Kishi and Setsuhisa Tanabe*"

Graduate School of Human and Environmental Studies, Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan

Optical and material properties of (75—x)TeO,-xGeO,—
20Zn0O-5Na,0-0.1Tm,053 glasses were investigated as candi-
date materials for an S-band Tm-doped fiber amplifier (TDFA).
With increasing GeO, content, the lifetime and the quantum
efficiency of the 1.46 pm emission decreased slightly, while the
emission bandwidth, the Vickers hardness, and thermal stability
of the glass improved monotonically. Above 20 mol% GeO,,
the quantum efficiency decreased more rapidly with increasing
GeQ,. We conclude that addition of a small amount of germania
may improve material properties without deteriorating the op-
tical properties of doped Tm>", and thus the germanotellurite
fiber may be a more reliable material for the S-band TDFA in
wavelength-division-multiplexing telecommunication.

I. Introduction

N the wavelength-division-multiplexing (WDM) network sys-

tem, there is an emergent demand for optical amplifiers,
which can be used in the wavelength range between 1.46 and
1.65 pum, in addition to the C-band (1.53~1.56 pm) covered
with the present silica-based Er-doped fiber amplifiers (EDFA).
Tellurite-based EDFA, which also shows material properties
better than those of fluorides, was reported to have an 80-nm-
wide gain up to 1.61 pm (L-band).! In order to extend the tel-
ecommunication band, the fluoride-based Tm-doped fiber am-
plifier (TDFA) can be used for the 1.45-1.49 um band (S*-
band).> The fluoride-based TDFA has a quantum efficiency
high enough to amplify the optical signal in the S*-band because
of its lower phonon energy. However, it still presents difficulties
compared with the use of EDFA. One of the reasons for the
inferior performance of TDFA is the longer lifetime of the ter-
minal *F, level than that of the initial *H, level.’ The perform-
ance of the TDFA is improved using an upconversion pumping
scheme with a 1.06 pm laser, which produces a population in-
version. Codoping of other lanthanide ions, such as Ho*>", was
also found to improve the population inversion by means of an
energy transfer from the °F, level.*> Another disadvantage of
TDFA is that the chemical durability and the mechanical prop-
erties of the fluoride glasses are inferior to the oxide glasses as an
optical fiber used in the long term. Oxide glasses such as tellurite
are known as a good matrix for doping rare-earth ions because
of their lower phonon energy compared with other oxide glasses.
Tellurite-based TDFA has good 1.46 um emission properties of
Tm>*, but the thermal stability and the chemical durability of
this glass matrix are lower than those of other oxide glasses.® In
this study, in order to seek the possibility to compensate for
these disadvantages of the tellurite glass, GeO, was added to the
glass composition.” The compositional dependence of the emis-
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sion properties of Tm>" and the mechanical and thermal prop-
erties of matrix glasses were investigated.

11

(1) Glass Preparation and Optical Measurement

Germanotellurite glasses with compositions of (75—x)TeO,—
xGe0,—20Zn0O-5Na,0-0.1Tm,053 (x = 0-75) were prepared.
Each batch (10 g) was well mixed. Some batches with a lower
GeO, content (x =0-20) were melted in a gold crucible at
850°C, and other batches with a higher GeO, content (x = 30—
75) were melted in a platinum crucible for 1 h at 900°-~1300°C
depending on the glass composition. The melt was poured into a
stainless-steel mold, which was preheated around the glass tran-
sition temperature (7,), and annealed at around 7, for 1 h. The
glass was cut and polished for optical measurements. The den-
sity of the obtained glasses was measured by the Archimedes
method using kerosene as an immersion liquid.

Thermal analysis was carried out using a differential thermal
analyzer (Rigaku, Thermal plus, TG-DTA TG8120, Akishima,
Japan) at a heating rate of 10°C/min from room temperature to
500°C (x = 0-20) and to 1000°C (x = 30-75).

Absorption spectra were measured at room temperature with
a scanning spectrophotometer (Shimadzu, UV-3101PC, Kyoto,
Japan) in the range of 400-2000 nm. 1 mol% Tm,0O3-doped
glasses were prepared to obtain a large absorption cross-section,
since the glass samples doped with 0.1 mol% Tm,O; showed too
small an absorption cross-section to carry out the Judd—Ofelt
(J-O) analysis precisely.

Refractive indices of all samples at 633, 1304, and 1550 nm
were measured by the prism-coupling method. The wavelength
dependence of the refractive indices, n, of all samples was ob-
tained by,
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where A is the wavelength, and 4, B, and C are coefficients
obtained by least-square fitting with the measured refractive
indices.

Fluorescence spectra in the range of 1200-2200 nm were
measured by using a 792 nm laser diode (Sony, SLD-304XT,
Tokyo, Japan), a monochromator (Nikon, G-250, Tokyo,
Japan), and a PbS photo-detector (Hamamatsu Photonics,
P4638, Hamamatsu, Japan). For the fluorescence lifetime meas-
urement, the luminescence decay curves were recorded with a
digital storage oscilloscope (LeCroy, LS-140, 100 MHz, Chest-
nut Ridge, NY) to calculate the lifetime by least-squares fitting.
An InGaAs photodiode (Electro-Optical Systems Inc., IGA-
010-H, Phoenixville, PA) was used to detect the lifetime of the
3H, level (1.46 pm), and another InGaAs photodiode (Electro-
Optical Systems Inc., IGA-2.2-010-TE2-H) was used to detect
the lifetime of the *Fy level (1.8 pum).

The Vickers hardness of the glass was measured by loading
50 g for 15 s, using a Vickers hardness tester (Matsuzawa, MXT-
a, Osaka, Japan).
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(2) J-0 Analysis

The J-O theory®® is the most useful theory in estimating the
probability of the forced electric dipole transitions of rare-earth
ions in various environments.'®!"! It is also usually used to study
the local ligand field (asymmetry, bond covalency) of rare-earth
ions from the three Q, (1 = 2,4,6) parameters.'>'* According to
the J-O theory, the line strength for the electric dipole transition
between an initial J manifold |(S, L)J) and a final J' manifold
|(S",L")J’) is obtained by

S, L)J; (8", L) ']

:ZQt

1=2,4,6
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where the three terms <|| U H> are the reduced matrix elements
of the unit tensor operators calculated in the intermediate-cou-
pling approximation, and the parameters Q,, Q,4, and Qg are the
intensity parameters, which contain the effects of the crystal-
field terms, radial integrals of an electron, and so on. Since the
reduced matrix elements <|| Y H> are characteristics constant in
each transition, the three Q, (z = 2,4,6) parameters can be ob-
tained experimentally from the line strengths of at least three
absorption bands usin§ a least-sciuares fitting. In this study, four
absorption bands of “Fyg, H,, °F,3, and 'Gy4 were used. The
3H;s« *H¢ band at 1.2 pm was not used, because this transition
includes the magnetic-dipole contribution. To calculate the $°
for each band from the integrated area of the absorption cross
section, the refractive index value at each wavelength was cal-
culated using the values of 4, B, and C in Eq. (1).

III. Results

(1) 1.46 um Emission Spectra and Absorption Spectra

Figure 1 shows the fluorescence spectra of (75—x)TeOr»—xGeO,—
20Zn0O-5Na,0-0.1Tm,0; glasses. A 1.46 pm emission band
due to the transition from the *H, level to the *F, level (Fig. 2)
and a 1.8 pm emission band due to that from the *F, level to the
3H, level were observed. The spectra are normalized at 1.8 pm
emission band for intensity comparison of 1.46 pm emission.
The relative intensity of the 1.46 pm emission decreased with
increasing GeO, content. Figure 3 shows the compositional de-
pendence of the ratio of integrated intensity of the 1.46—1.8 pum
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Fig.1. Fluorescence spectra of (75—x)TeO,—xGeO,-20ZnO-5Na,0—
0.1Tm,05 glasses.
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Fig.2. Energy level diagram of Tm>" ion.

emission band. The integration was carried out after converting
the abscissa into wavenumber scale. The ratio decreased with
increasing GeO, content.

Figure 4 shows the absorption spectra of (75—x)TeO>,—xGeO—
20Zn0O-5Na,0-0.1Tm,05 glasses. Five absogption bands from
the ground state *Hg level to the 'Gy, 3F2’3, H,, *Hs, and °F,
levels were observed in the range of 400-2000 nm.

(2) Fluorescence Lifetimes of the *H, and 3F Levels of T "
Figure 5 shows the compositional dependence of the fluores-
cence lifetime of the *H, and >F, levels in (75—x)TeOrxGeOy—
20Zn0-5Na,0-0.1Tm,0; glasses. The lifetime of the *F, level
increased with increasing GeO, content. On the other hand, the
lifetime of the *H, level gradually decreased in the range of low-
er GeO, content and rapidly decreased in the range of higher
GeO, content (x>30).

(3) Thermal Stability and Vickers Hardness of
Germanotellurite Glasses

Figure 6 shows the compositional dependence of glass transi-
tion temperature, T, the onset of crystallization temperature,
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Fig.3. Ratio of integrated intensity of the 1.46—1.8 um emission band.
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Fig.4. Absorption spectra of (75—x)TeO,-xGeO,20ZnO-5Na,0—
0.1Tm,05 glasses.

T,, and their difference, AT (= T\ —T,), which is used as a
rough measure of thermal stability. Both T, and T increased
with increasing GeO, content. The thermal stability para-
meter AT rapidly increased in the range of GeO, content less
than 20 mol%, and gradually decreased in the range of over
30 mol% GeO..

Figure 7 shows the compositional dependence of the Vickers
hardness of (75—x)TeO,—xGeO,—20ZnO-5Na,0-0.1Tm,03
glasses. It increased monotonically with increasing GeO,
content.

IV. Discussion

(1) Compositional Dependence of the Quantum Efficiency
In order to incorporate good gain performance into an amplifier
material, evaluation of the quantum efficiency of the initial level
of the amplification transition is important. Generally, the quan-
tum efficiency of the emission is given by

n=71tXxX A (3)
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Fig.5. Fluorescence lifetime of the *Hy and °F, level of Tm* in
(75—x)TeO—xGe0,-20ZnO-5Na,0-0.1Tm,0; glasses.
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Fig.6. Glass transition temperature, T,, onset of crystallization tem-
perature, T, and their difference, AT (= T—Ty), of (75—x)TeO-
xGe0,-20Zn0O-5Na,0-0.1Tm,0; glasses.

where t¢ is the fluorescence lifetime and A is the spontaneous
emission rate. The fluorescence lifetime 1¢ can be given by

= A+ War )

where Wy is the non-radiative decay rate. The spontane-
ous emission rate 4 of the 4f electric-dipole transitions can
usually be obtained with the three J-O parameters. From the
obtained absorption spectra shown in Fig. 4, the J-O analysis
was carried out.

Figure 8 shows the compositional dependence of the J-O
parameter of Tm?" in (75—x)TeOr—xGeO,-20Zn0O-5Na,O—
0.1Tm,O3 glasses (x=0-75). These J-O parameters Q,
(t=2,4,6) were calculated for each sample by usin% four ab-
sorption bands at the respective energy levels of 'Gy, °Fa.3, *Hy,
and 3F,. It can be seen that the Q, parameter reached a max-
imum at about x = 30 mol%.
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Fig.7. Vickers hardness of (75—x)TeOyxGeO,-20ZnO-5Na,O—
0.1Tm,0O5 glasses.
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Fig.8. Judd-Ofelt parameters of Tm>' in (75—x)TeO,—xGeOr—
20Zn0O-5Na,0-0.1Tm,0; glasses.

The spontaneous emission rate 4 from an energy level to
lower energy levels was calculated by

64mte? 1 n(n?+2)?
= 73}1(2]/ ) X 3 X — 5 Sy ®)

A
where n is the refractive index and S;, is the line strength
calculated with the obtained J-O parameters and corresponding
<U”>72s in Eq. (2). Figure 9 shows the spontaneous emission
rate A from the *H, level to lower energy levels and that from
the 3F, level to the *Hg level of Tm>*. The 4 from the *Hy level
to the lower energy levels was around 3000 s~! in the range of
GeO, content less than 20 mol%, and decreased at a range over
20 mol% GeO, content. Also, that from the *F, level to the *Hy
level slightly decreased.
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Fig.9. Spontaneous emission rate 4 from the *H, and °F, levels to
lower energy levels of Tm>* in (75—x)TeO»,—xGeO,~20ZnO-5Na,O—
0.1Tm,05 glasses.
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Fig.10. Quantum efficiency of the *H4 and the *F, levels of Tm>*.

From Eq. (3), the quantum efficiencies, 1, of the Tm>* emis-
sions in the glasses were calculated. Figure 10 shows the com-
positional dependence of the quantum efficiency of the *H4 and
the °F, levels of Tm*" in (75—x)TeO,~xGeO,-20Zn0O—5Na,O—
0.1Tm,035 glasses. It can be seen that the quantum efficiency of
the *Hy level remained about 80% in the range of GeO, content
less than 30 mol% and rapidly decreased at over 30 mol%
GeO, content range. The quantum efficiency from the F, level
slightly decreased between 80 and 70% with increasing GeO,
content. Therefore, the monotonic increase of the °F, life-
time with GeO, content can be ascribed mostly to the contri-
bution of decreasing 4. On the other hand, a non-radiative
decay rate contributes to the decreasing tendency of n and t; of
the *Hy level.

(2) Influence of GeO, Content on 1.46 uym Emission Intensity

As shown in Figs. 1 and 3, the emission intensity of the 1.46 pm
band decreased with increasing GeO, content. This is caused by
the increasing non-radiative decay rate Wy from the *Hy level
to the *Hs level of the Tm*". From Fig. 5 and Eq. (4), it is sug-
gested that Wyg from the *H, level is increased, since the spon-
taneous emission rate A from the *H, level to lower energy levels
decreased as shown in Fig. 9. The non-radiative decay rate Wygr
is expressed by

Wk = Wy + Wer (6)

where W), is the multiphonon decay rate and Wgr is the relax-
ation by energy transfer. The contribution of Wt can be ig-
nored in this situation, because the Tm concentration is low
enough and almost constant against GeO, content. Thus, the
factor dominating the quantum efficiency is W), which is asso-
ciated with the phonon energy. W, is expressed by'

—oAE
Wp = WO eXp (W) (7)

where AE is the energy gap to the next lower level and s is the
phonon energy of the matrix glass. According to Eq. (7), Wnr
should be much larger in silicate glass with a higher phonon
energy (ho = 1100 cm ') than tellurite glass (o = 750 cm™"). It
is known that the phonon energy of Te-O is 750 cm ! and that
of Ge-O is around 850 cm™". This difference in phonon energy
can cause a change of W, from the tellurite host and the ger-
manate host. Addition of GeO, to TeO, glasses can increase the
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Fig.11. Bandwidth and the gravity center of the 1.46 pm emission
band in (75—x)TeO,—xGeO,-20Zn0O-5Na,0-0.1Tm,0; glasses.

average phonon energy of the matrix glass, resulting in an in-
crease of Wyg. As shown in the Tm>" energy diagram (Fig. 2),
there is a >Hs level between the *Hy and 3F, levels. The energy
gap AE between the *Hy and *Hs levels is about 4300 cm ™. Tt
can be said that the quantum efficiency of the *Hy level de-
creased with increasing Wy at a higher GeO, content.

As a result, the 1.46 pm emission intensity of Tm*" decreased
with increasing GeO, content. Because the signal gain perform-
ance by the induced emission in the fiber amplifier is directly
related to the quantum efficiency of the initial level, the small
quantum efficiency and emission intensity could be disadvanta-
geous for a 1.46 pm amplifier.

The non-radiative decay, Wyg, from the 3R, level can be
negligibly small in hosts with moderate phonon energy,'® since
no energy levels exist between the 3F, and the 3H6 levels, and
this energy gap is about 5500 cm ™', which is large enough for
host glasses with a phonon energy lower than silicate (Ao = 1100
cm™ ). Therefore, the increasing lifetime of the *F, level can be
ascribed mostly to the decreasing spontaneous emission rate 4
from the °F, level. This fact is also evidence of large 1 of the
3F, level in these glasses. Therefore, the relative intensity of 1.46/
1.8 pm bands can be a measure of 1 of the *Hy level.'®

(3) Influence of GeO, Content on the S-Band Emission
Bandwidth

In the WDM telecommunication system, amplifiers with a
broader gain spectrum are required. Also, an amplifier in the
S-band region (1.49-1.52 pm) would be important, because
there exists a wavelength gap between the C-band and S™-
band, which are covered with the EDFA and fluoride TDFA,
respectively. One of the methods of covering this ““S-band gap”
is the gain-shifted TDFA by a dual-wavelength pumping
scheme.!” Since this scheme requires a slightly complicated cou-
pler configuration, it would be ideal to develop a material that
originally has an emission band in the S-band. Figure 11 shows
the bandwidth and the gravity center of the *Hy— >F, emission
band in (75—x)TeO,xGeO,-20Zn0O-5Na,0-0.1Tm,0; glass-
es. With increasing GeO, content, the bandwidth represented as
full-width at half-maximum (FWHM) increased from 410 to 500
cm™' and the gravity center of emission slightly shifted to the
longer wavelength side. These spectral changes are possibly due
to the variation of the ligand fields around the Tm** ion and
coordination of a higher number of Ge-O bonds. Thus, glasses
with a higher GeO, content can be used as a host material for

wavelength region. The thermal stability and Vickers hardness
of the matrix glasses had improved. Germanotellurite glass con-
taining 20-30 mol% GeO, may be desirable for the host mate-
rial of TDFAs.
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