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Erbium-doped glasses with composition xGeO,-(80 — x)TeO,-10Zn0O-10Ba0O were prepared by melt-
quenching technique. The phonon sideband spectra and the optical absorption band edges for the host
matrix were confirmed by means of the spectral measurements. Standard Judd-Ofelt calculations have
been completed to these glasses. The dependence of up-conversion and infrared emission under
980 nm excitation on the glass composition was studied. The quantum efficiencies for the 4113/2 - 4115/2
transition of trivalent erbium in the glasses were estimated.
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1. Introduction

Due to the rapid growth of information superhighway and the
need for flexible networks, optical amplifiers with a wide and flat
gain spectrum in 1.5 pm telecommunication window are required
[1-4]. Tellurite-based erbium-doped fiber amplifiers (EDFAs) have
attracted considerable attention because of over 70 nm broad
bandwidth. However, the lower phonon energy of tellurite glass
leads to serious up-conversion emission and decreases the effi-
ciency of 1.5 um emission. GeO, has long been recognized as a
good glass former [5]. GeO, based glasses have higher phonon en-
ergy, better thermal stability and infrared transmission than the
tellurite-based glasses. Recently, some of investigations have fo-
cused on the tellurium-germanate glasses. Chun Jiang and his
coworkers reported the emission properties of trivalent ytterbium
in GeO,-TeO, glasses [6]. Xian Feng et al. reported the effect of
composition and various preparation procedures on the content
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and vibration frequency of hydroxyl groups in Er**-doped GeO,-
TeO,-ZnO-NaO-Y,03 glasses [7]. Pan and Morgan reported on
optical transition of tellurium-germanate glasses (63 — x)GeO,—
xTe0,-27Pb0O-10Ca0, x=0-40 [8]. However, to our best
knowledge there is no a detailed study on the infrared emission
properties of Er** in the GeO,-Te0,-ZnO-BaO glass system. It is
expected that introducing proper amount of GeO, into the telluride
glass could improve the glass mechanical and thermal perfor-
mance, meanwhile, could reduce up-conversion emission and in-
crease pump efficiency.

In this paper, the optical transition of Er**, the phonon sideband
and optical band edge for the host matrix, and the dependence of
quantum efficiency on the glass composition were studied.

2. Experimental
2.1. Sample preparation
Glasses with various composition xGeO,-(80 — x)Te0,-10Zn0O-

10Ba0-0.5Er,03 (GEEr) or 1Eu,05 (GTEu) (x = 0-80, with an incre-
ment of 10; if without specific statement below, x represents the
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same meaning) were prepared by using analytical grade GeO-,
Te0,, ZnO, BaCO; and Er,05 or Eu,05 as starting materials. Eu**-
doped GTEu samples were prepared for obtaining the phonon side-
band. According to the designed composition the starting materials
were weighed and well mixed together. Each batch was put into an
alumina crucible and heated in an electronic muffle furnace at
around 1200 °C for 30 min. The melted mixture was then poured
on a preheated brass mold to form glass disks. After 15 h-annealing
at 300 °C, the sample was cut and polished for the spectral mea-
surements. The temperature accuracy for the system is 5 °C. Table
1 shows the sample numbers, glass compositions and some basic
physical characteristics.

2.2. Optical and spectroscopic measurements

Refractive indexes of all the samples were measured by using
an UVISEL SPME of ellipsometry. The measurement accuracy of
refractive index is +0.01. Densities were measured according to
Archimedes’ principle using distilled water as the medium. The
absolute uncertainty for the densities was estimated by the error
transfer principle to be less than #0.1 g/cm®. The Er** concentra-
tions and molar volumes were estimated based on the designed
composition and the measured volumes. These results were shown
in Table 1. The glass transformation temperature (Tg) and crystalli-
zation onset temperature (T,) were measured using a differential
thermal analysis (DTA) with a heating rate of 10 °C/min. The mea-
surement accuracy of temperature is +1 °C. The absorption spectra
for all the Er**-doped samples were obtained at a Shu-
mandzu\UV\3101PC double beam spectrophotometer in the range
of 200-1700 nm at room temperature. In these measurements the
wavelength accuracy is £0.3 nm at UV/VIS and 1.6 nm at NIR. The
excitation spectra for the Eu*>*-doped glass samples were measured
with a Hitachi F4500 fluorescence spectrophotometer, while mon-
itoring the Dy — ’F, emission at 612 nm. The measurement accu-
racy of wavelength is +2 nm, wavelength resolution is 1.0 nm. The
up-conversion emission, infrared emission spectra, fluorescence
decays of Er*":*l;3, — *I;5, were measured by using the 980 nm
pulsed output of an OPO laser (Continue/Sunlite-8000) as excita-
tion light. The fluorescent signals were collected and processed
via a spectrometer (Triax 550) equipped with a semiconductor
detector controlled by a personal computer. In these measure-
ments the wavelength accuracy is +0.06 nm, and the wavelength
resolution is 0.002 nm.

3. Results

All the prepared samples with various compositions look better
transparent and uniform that indicated all the designed composi-
tions fall into the glass formation range of this quaternary system.
It is also found that all the samples show the body color to be pink
or red due to the Er** or Eu*>* doping. We have tried to replace BaO
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with different amounts of Na,O, and then the new glasses with
better quality were also obtained. These facts show us that this
quaternary system is featured with wider glass formation range
and stronger glass-forming ability.

In order to evaluate thermal stability the DTA was completed to
the glass samples xGeO,—(80 — x)TeO,-10Zn0O-10Ba0-0.5Er,05
(here x = 0,20,40,60 and 80). The DTA curves are shown in Fig. 1.
In this figure T, represents the glass transition temperature, Ty de-
notes the crystallization onset temperature. It can be seen that as x,
namely, content of GeO, increases, T, monotonously increases
from 340°C (for the ternary system: 80TeO,-10ZnO-10BaO,
namely GTO8) to 590 °C (for another ternary system 80GeO,-
10Zn0O-10Ba0, namely GT80). The low T, of this tellurite glass is
a drawback to its application in optical waveguide produced with
ion-exchange, since the ion-exchange usually is accomplished at
around 300 °C [9]. As is seen GeO, introduction can increase Tg
and would make the glass satisfy the ion-exchange technique.
Fig. 1 indicates also the change of the crystallization onset temper-
ature while the glass composition is varied. The glass containing
60% of GeO2 and 20% TeO, displays highest crystallization onset
temperature. The glass GT08 and GT80 exhibit sharp exothermal
peaks at about 550 °C and 750 °C, respectively. These peaks imply
strong crystallization when the samples experience these temper-
atures. For other samples containing both the components TeO,
and GeO,, the exothermal peaks will appear at higher tempera-
tures then 750 °C. The temperature difference AT =T,-T,, in gen-
eral, is a sign of the stability for the glass. The larger the AT the
better is the stability of the glass. To achieve a large range of work-
ing temperature during the fiber drawing, it is desired that the
glass host has as large AT as possible [10,11]. From Fig. 1 it can
be seen that with an increase of introducing GeO,-content into
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Fig. 1. Glass transition temperature T, crystallization onset temperature T, in
xGe0,—-(80 — x)TeO,-10Zn0O-10Ba0 glasses (x = 0-80 mol%).

Table 1
Refractive indexes, densities, Er** concentrations and mole volumes of xGeO,-(80 — x)TeO,-10Zn0O-10Ba0 glasses (x = 0-80)
Compositions GeO, TeO, ZnO BaCOs3 Er,03 Density Mole volume Er** content Refractive
(mol%) (mol%) (mol%) (mol%) (mol%) (g/cm?) (cm?/mol) 1 x 10%° indexes
Uncertainty +0.01 +0.01 +0.01 +0.01 +0.01 +0.1 +0.1 +0.1 +0.01
GTO08 0 80.00 10.00 10.00 0.50 55 29.7 2.0 1.98
GT17 10.00 70.00 10.00 10.00 0.50 5.1 29.6 2.0 1.94
GT26 20.00 60.00 10.00 10.00 0.50 5.0 29.3 2.0 1.90
GT35 30.00 50.00 10.00 10.00 0.50 4.8 29.1 2.1 1.85
GT44 40.00 40.00 10.00 10.00 0.50 4.7 28.5 2.1 1.84
GT53 50.00 30.00 10.00 10.00 0.50 4.5 29.0 2.1 1.81
GT62 60.00 20.00 10.00 10.00 0.50 44 28.3 2.1 1.76
GT71 70.00 10.00 10.00 10.00 0.50 44 271 2.2 1.75
GT80 80.00 0 10.00 10.00 0.50 43 26.1 2.3 1.73
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the glasses AT increases except for the sample with x = 80 (namely
GT80). Thus, we can conclude that introducing appropriate amount
of GeO, into this quaternary glass system can improve the glass
thermal stability.

As well known, rare earth ions in solids do not necessarily emit
photons since they can undergo a variety of non-radiative transi-
tions. The most important one is multiphonon transitions from
more than one bridged host phonon. Therefore, highest host pho-
non energy is a very influential factor for optical amplifiers to real-
ize higher emission efficiency. Host phonon energy can be obtained
by the phonon sideband (PSB) of Eu>* ions and can be clearly ob-
served on the high-energy side of “Fy — °D, transition [12]. Fig. 2
shows the compositional dependence of the phonon sideband of
glass host xGeO,-(80 — x)TeO,-10Zn0O-10Ba0. It can be seen
that phonon energy of glass host increases with increasing GeO,-
content. The ternary glass system GTO8 shows lowest phonon
energy around 700 cm~!. The low phonon energy is benefit to
enhance the quantum efficiency of 4113/2 - 4115/2 transition, but it
also causes an intense up-conversion emission due to the excited
state absorption of *I;; 12 state, which wastes the pumping energy.
Thereby, properly adjusting phonon energy of the glass host can
restrain the up-conversion emission and promote infrared emis-
sion originating from *I;3;,—%l;5.> transition. As seen in Fig. 2 the
GeO, can be the candidate component for adjusting the phonon
energy of the glass host. Choosing proper amount of GeO, can
improve the emission efficiency (or external quantum efficiency)
of “l132 — *lis;2 transition, though the quantum efficiency of
4113/2 probably decreases, nevertheless, higher emission efficiency
is more important than the higher quantum efficiency.

The optical absorption edge is an important parameter for
describing the solid state materials. It is necessary to realize the ef-
fect of the content of GeO, introduced into the tellurite glasses on
optical absorption edge. The optical absorption edge for disordered
materials is interpreted in terms of indirect transitions across an
optical band gap. For the absorption by indirect transitions the
absorption coefficient, «(w), is given by [13]

2
() :/w7 1)

where o(w) is the absorption coefficient, A is a constant, Egpy is the
optical band edge and hw is the photon energy of the incident radi-
ation. The optical band edge is obtained by extrapolating from the
linear region of the plots of hw. Fig. 3 shows the compositional

dependence of optical absorption band edge in GTEr glasses. The
absorption edges of these glasses are in the region of 3.4-4.2eV.
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Fig. 2. The phonon sideband of glasses xGeO,-(80 — x)Te0,-10Zn0O-10Ba0 glasses
(x = 0-80 mol%).
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Fig. 3. The compositional dependence of optical energy gap in xGeO,—(80 — x)-
Te0,-10Zn0O-10Ba0 glasses (x = 0-80 mol%).

Increasing the GeO,-content will lead absorption edge to blue shift,
contrarily, red shift will happen when the TeO,-content increases.

In order to obtain the optical transition properties of Er** in
these glasses with various compositions, Judd-Ofelt [14,15] analy-
sis was performed. The Judd-Ofelt parameters for all the studied
samples were calculated according to the standard computing pro-
cedure [16]. Fig. 4 shows the parameter dependence on the host
composition. In this figure, the X-axis represents the content of
GeO, and Y-axis displays the values of @, (t = 2,4,6). It is found that
with increasing GeO, content, Q4 hardly changes, Qg decreases by a
little, but Q, increases first, and then decreases. The error in these
calculations is less than 10. It is generally accepted that Q, is
related with the symmetry of the glass hosts and the covalency
of the rare earth-ligand bond. Qg is inversely proportional to the
covalency of the rare earth-ligand bond [17,18]. According to the
electronegativity theory [19], the smaller the difference of electro-
negativity between cation and anion ions, the stronger the cova-
lency of the bond. The values of electronegativity, for Te, Ge and
O elements, are 2.01, 2.02 and 3.5, respectively. As a result, the cov-
alency of Ge-0 bond is a little stronger than that of Te-O bond.
With increasing GeO, content the influence of Ge-O bond on the
local ligand environments around Er** ions increases, therefor Qg
value would decrease. Q, is more sensitive to the evolution of
the surroundings than Qg. With increasing GeO,-content the influ-
ence of Ge-0 bond on the local ligand environments around Er’*
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Fig. 4. The relationship between intensity parameters Q; (t=2,4,6) and GeO,
content in xGeO,-(80 — x)Te0,-10Zn0O-10Ba0 glasses (x = 0-80 mol%).



3750 Y. Yang et al./Journal of Non-Crystalline Solids 354 (2008) 3747-3751

ions increases, the disordered degree of environment surrounding
Er’* become higher, thus, resulting the increase of Q,. When the
content of GeO, increases up to 60% the glass shows the property
of germanate glass and the disordered degree of environment sur-
rounding Er’* decreases and hence Q, would decrease as seen in
Fig. 4.

4. Discussion

As mentioned above the tellurite glass having lower phonon en-
ergy than that of germanate usually exhibit intense up-conversion
emission consuming the pumping energy, so effective elimination
of up-conversion emission is beneficial to the infrared emission.
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Fig. 5. The relationship between green up-conversion emission intensity of Er**
ions under 980 nm excitation and GeO, content in xGeO,—(80 — x)Te0,-10Zn0O-
10Ba0 glasses (x = 0-80 mol%).
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Fig. 6. The relationship between the intensity of “I;3,-*I;5> emission of Er** ions
under 980 nm excitation and GeO, content in xGeO,-(80 — x)TeO,-10Zn0-10BaO
glasses (x = 0-80 mol%).

Fig. 5 shows the relationship between green up-conversion emis-
sion intensity of Er** ions and GeO, content under 980 nm excita-
tion. It can be seen that with increasing GeO,-content the green
up-conversion emission intensity of Er** ions decreases quasi-
exponentially. Fig. 6 shows the relationship between the emission
intensity of 4113/2 - 4115/2 transition and GeO,-content under
980 nm excitation. It can be seen that with increasing GeO-,
content the emission intensity of *I;3;, — *I;s2 of Er** ions first
increases and reach its maximum at 70% of GeO,-content, and then
goes down. From Figs. 5 and 6, it can be deduced that introducing
GeO, into tellurite glasses leads to increasing the non-radiative
relaxation rate from 4111/2 level to 4113,2 level, decreasing excited
state absorption of *I;1j, level and improving emission intensity
of *I;3, level of Er** ions. In the glass with 80% GeO, (a pure
germinate glass), the intensity of *I; 312 —»4115,2 transition decreases,
this is probably due to its high phonon energy (see Fig. 2) which
would cause an intensified non-radiative relaxation from 4113/2
level to “I;s» level; meanwhile, compared with the Er**-doped
telurite glass, Er**-doped germinate glass usually displays intense
red up-conversion emission [20,21] originating from the excited
state absorption from 4113/2 level to 4F9/2 level, thus resulting in a
decrease of the 1.5 um emission. In order to clarify this fact, further
experimental study would be needed.

According to Judd-Ofelt expression the radiative relaxation rate
Araa for the Er®*:*l;3, — “I152 can be deduced as following form
[21]

16m3v3e?

T 3hCe(2) + 1)

n3 17\ 12
+ g P+ 250 | )

nn? + 2)?
9

d (0.0190; + 0.118Q + 1.462%)

Because of the little contribution of Q, and Q4 to the value of A;.q.
Eq. (2) can be simplified as
16m3v3e?

T 3hce (2 + 1)
3
+ g P+ 25D, 3

m2c

1.462n(n? + 2)?
9

Q6

rad

where (fNyJ|L + 2S|fNy/J') are the reduced matrix elements of the
operator L +2S, which are host independent parameters. Because
Qg has a little change (shown in Fig. 4) the radiative relaxation rate
Araq is mainly decided by the refractive indexes n. In Table 1 it
shows that with increasing GeO,-content the refractive indexes, n,
decreases. Consequently, the radiative transition rate A,,q decreases
with increasing GeO, content (see Table 2).

As well known the quantum efficiency » for a certain level of
rare earth ions can be depicted as [22]

n= TfArad, (4)

where 1 denotes the fluorescent lifetime of 4113/2 level. Table 2
shows the radiative transition rate A;.q, lifetime 7 and quantum
efficiency 5 of 4113/2 level in xGeO,-(80 — x)Te0,-10Zn0O-10Ba0
glasses. It is seen that with increasing GeO, content quantum effi-
ciency y of 4113/2 level decreases. However, the intensified emission
for 4113/2 -4, 5;2 transition has been observed with the increase of
the GeO,-content. The intensified emission owes to the partial

Table 2

Radiative relaxation rate A;.q, fluorescent lifetime ¢ and quantum efficiency 5 of 4113/2 level in xGeO,-(80 — x)Te0,-10Zn0O-10Ba0 glasses (x = 0-80)

Sample Error (%) GTO08 GT17 GT26 GT35 GT44 GT53 GT62 GT71 GT80
7¢ (MS) 1 2.94 3.08 3.17 3.19 3.26 3.53 3.83 4.04 4.19
Arad (1/s) 10 340 324 307 278 270 249 226 210 193
n (%) 10 100 99.7 97.2 88.6 88.1 87.8 86.4 84.9 81.0
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elimination of up-conversion emission, and the increase of pumping
efficiency because the increase of the GeO,-content can effectively
decrease the population of the “I;;, level and effectively populate
3/, level at the same time.

5. Conclusions

A series of new glasses with composition xGeO,-(80 — x)TeO,-
10Zn0-10Ba0 (x = 0-80, with an increment of 10) were prepared
by using the melt-quenching technique. On the basis of DTA and
optical absorption band edge data, it was suggested that introduc-
ing GeO, into tellurite glass improved the thermal stability and
made a blue shift of the optical absorption edge of host matrix.
The increased emission intensity of 4113/2 level and decreased up-
conversion emission indicated that introducing proper GeO,-con-
tent into tellurite glasses improved 1.5 um emission efficiency,
though introducing GeO, led to a decrease of radiative relaxation
rate A;,q and quantum efficiency of 4113/2 level. It is expected that
Er**-doped Ge0,-Te0,-Zn0O-BaO glass would be a good candidate
for optical amplifier.
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