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Abstract

Glass fibers were drawn from GeO2–PbO–Bi2O3 and GeO2–PbO melts previously doped with Er3+. From the differential thermal
analysis curve, the glass transition temperature was determined to be 420 �C, and no crystallization peak was observed in the temperature
range of that analysis, indicating stability with regard to devitrification. Raman spectroscopy was performed to characterize the structure
of the glasses, which exhibited large transmission windows (0.5–5.0 lm) and large refractive indices (�2.0). Infrared to visible upconver-
sion of Er3+ was observed in the fibers. The visible emissions were related to the upconverted green emissions at about 530 nm (2H11/2!
4I15/2) and 550 nm (4S3/2! 4I15/2), and red emission at 668 nm (4F9/2! 4I15/2) under 980 nm excitation. The infrared transition
(4I13/2! 4I15/2) was peaked at 1.53 lm. The results obtained suggest that the fibers exhibit the same structures as the parent glasses
and can be used in upconversion fiber optical devices.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Although the glass forming property of germanium
dioxide has been known for a long time, the systematic
study of germanate glasses and the glassy properties of ger-
manium oxides have only recently begun. Applications
include fiber optics, seals for ultra high vacuums, laser
media and glasses with specially tailored dispersion proper-
ties. Among the heavy metal oxide (HMO) glasses, germa-
nate-based glasses are potential candidates for applications
in optical devices because of their low transmission loss in
the mid-infrared region [1,2]. Recently these glasses have
been drawn into optical fibers due to their good mechanical
strength, high thermal stability, good chemical durability
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and high refractive index (�2) [3]. The heavy metal germa-
nate and the heavy metal fluoride (HMFG) glass fibers are
two infrared (IR) transmitting glass fiber systems that are
relatively similar to the most popular silica glass fibers.
Germanate glass fibers generally do not contain fluoride
compounds; instead they contain heavy metal oxides that
shift the IR absorption edge to longer wavelengths
(�5 lm). The advantage of germanate glass fibers over
the HMFG fibers is that germanate glasses usually have
better chemical durability, mechanical stability, a higher
glass transition temperature and, as a consequence, higher
laser damage thresholds at 3 lm. Because of this latter fea-
ture, HMOG fibers based on undoped GeO2 glasses have
recently shown great promise as an alternative to HMFG
fibers for high power laser delivery at the Er:YAG
(2.97 lm) wavelength used in many medical and odonto-
logical applications [4–6].
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In this paper, the fabrication and characterization of
Er3+-doped GeO2–PbO and GeO2–PbO–Bi2O3 fibers for
application with optical devices that make use of the
upconversion mechanism are reported. There has been
increasing interest in rare-earth doped materials for pho-
tonic applications such as upconversion (the mechanism
that converts low energy photons into visible light) [7–9].
The low phonon energy of germanate glasses (around
700 cm�1) compared to borate (around 1400 cm�1) and
phosphate (around 1200 cm�1) glasses [10] indicates (but
does not guarantee) low non-radiative relaxation rates,
and can make upconversion easily observable compared
to oxide glasses that have large multiphonon relaxation
rates [11]. Of course, the low phonon energy by itself can-
not guarantee a low multiphonon decay since the latter also
depends on the electron–phonon coupling with the glass
host. However it is a good indication of low non-radiative
losses.

Germanate glass fibers were produced using glasses
doped with 1.0 wt% of Er2O3. The compositions of the
GeO2–PbO–Bi2O3 and GeO2–PbO glasses were based on
the previous compositions suggested by Balda et al. for
Nd3+-doped glasses [12].

Results of infrared to visible upconversion of Er3+ ions
have been presented using GeO2–PbO–Nb2O5, GeO2–
PbO–CaCO3, GeO2–PbO–BaO–ZnO–K2O and GeO2–
PbO–CaO–TeO2 glasses [7–9]. This research group
recently reported the upconversion effect in GeO2–PbO–
Bi2O3 glasses; the results obtained motivated the group
to produce and characterize GeO2–PbO–Bi2O3 glass fibers
[13]. The spectroscopic properties of GeO2–PbO glasses
doped with Er3+ have also been presented for applications
in the infrared region [14]. In this case, the upconversion
effect has not been explored, and also motivated this
paper. The aim of this paper is to produce glasses
and glass fibers based on two different compositions
(GeO2–Bi2O3 and GeO2–PbO–Bi2O3 doped with Er3+),
and to present the results for infrared, upconversion and
Raman measurements. A comparison between the fibers
and the parent glasses is also performed in order to show
that the fibers exhibit the same structure as the parent
glasses.

As far as is known, there are no studies that demonstrate
the production of Er3+ doped GeO2–Bi2O3 and GeO2–
PbO–Bi2O3 fibers, the infared to visible upconversion effect
and the Raman investigation in both systems.

2. Experimental procedure

2.1. Glass preparation

Glasses were prepared by adding 1.0 wt% of Er2O3 to
the following compositions: 59GeO2–41.0PbO (named
GP) and 62.5GeO2–12.5PbO–25.0 Bi2O3 (named GPB),
in mol%. In each case, mixtures of high-purity (Aldrich
99.999%) raw materials (batches of 15 g) were melted,
for 1 h in alumina crucibles at 1050 �C, poured onto a
heated brass mold and then annealed at 420 �C, for 3 h.
Care was taken during the preparation in order to reduce
OH� contamination. One of the main sources of OH�

impurities can be the starting materials, so the raw materi-
als were treated for 1 h at 300 �C. Glass blocks
(20 · 20 · 2) mm3 were made to be further used in the
fiber-drawing process. Based on energy dispersive spectros-
copy (EDS–SEM), the final concentration of the bulk
materials were assumed to be identical to the nominal
composition used for the batch preparation. By using
differential thermal analysis, the glass transition tempera-
ture was determined to be 420 �C, and no crystalliza-
tion peak was observed in the temperature range of
that analysis, indicating stability with regard to devitri-
fication.
2.2. Fiber fabrication

Fibers were produced from Er-doped germanate glasses
using the compositions mentioned above. Cubic pieces of
(20 · 20 · 2) mm3 were initially grounded in a planetary
ball mill (Pulverisette–Fritsch) and melted in an alumina
crucible, at 800 �C, for 1 h using a vertical electrical fur-
nace. The temperature was then slowly decreased to
750 �C when the liquid viscosity became appropriate for
pulling glass fibers manually. At this temperature the liquid
viscosity was within the working range, making the pulling
process possible. Fibers were pulled continuously by touch-
ing the liquid surface with the tip of a silica rod and moving
it upwards using constant speed. Fibers with a diameter of
150 lm and length varying from 1 to 5 m were produced
and selected afterwards according to the best uniformity
and homogeneity.
2.3. Raman spectroscopy

The Raman spectra of the glasses were taken at room
temperature coupled to a metallurgical microscope. The
spectra were obtained in the 200–1500 cm�1 range by excit-
ing the samples at 457.9 nm with an He–Ne laser.
2.4. Near infrared and upconversion measurements

The visible and near infrared spectra were measured by
pumping the samples optically with a high power diode
laser emitting an average power of 5 W at 960 nm (50%
duty cycle), dispersing the sample luminescence with a
30 cm monochromator and collecting the signal with a
S-20 phot-multiplier. In order to enhance the signal from
the small fibers, an imaging system was used that imaged
the fibers onto the slit of the monochromator with the
exact dimensions of the slit (0.1 · 10) mm2. Data were
analyzed using a lockin amplifier (EGG) coupled to a
computer. The spectrum showed a noise level of approxi-
mately 5%; this value is estimated by the noise to signal
ratio of 1/20.
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Fig. 2. Emission spectra related to the 4I13/2! 4I15/2 transition for GPB
and GP glass fibers. The spectrum of the GPB glass is shown for
comparison.
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3. Results

In previous studies of GPB glasses performed by this
group [13], the incorporation of Er3+ was observed in the
absorption spectra measured at room temperature, which
showed the typical bands of Er3+ related to the transitions
from the 4I15/2 ground state to the excited sates. The same
phenomenon was observed for the GP composition but it
was not presented in that report. Fig. 1 shows the absorp-
tion spectra for GPB and GP glasses doped with 1.0 wt% of
Er2O3.

In the same report [13], it was indicated that the highest
emission for infrared transition (peaked at �1.53 lm) and
for upconverted emissions occurred at 1.0 wt% of Er2O3

in GPB glass. The same behavior was also observed for
the GP glass, leading the group to produce the glasses
and the glass fibers with this doping level. It is highlighted
that the quenching for higher concentrations is attributed
to the cross-relaxation mechanism between Er3+ pairs, such
as 4I13/2 + 4I13/2! 4 F9/2 + 4I15/2. Fig. 2 shows the emission
spectra related to the 4I13/2! 4I15/2 transition (peaked at
1.53 lm) for fibers with GP and GPB compostions. The
emission of the GPB glass is also included for comparison.
Figs. 3 and 4 show the upconverted emissions (discussed in
the next section) for glass fibers and the parent glasses
(GPB and GP, respectively). The green luminescences with
maxima around 530 nm and 550 nm are assigned to the
2H11/2! 4I15/2 and 4S3/2! 4I15/2 transitions, respectively,
and the signal at 668 nm is ascribed to the 4F9/2! 4I15/2

transition. The most intense emission (easily seen by the
naked eye) correspond to the green emission from the
4S3/2 level. The good agreement between the results indi-
cates the glassy state of the GP and GPB fibers. Further-
more, these emissions are in agreement with previous
investigations on erbium-doped glasses [7–9].
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Fig. 1. Absorption coefficient as a function of wavelength for GP and
GPB glass fibers, doped with 1.0 wt% of Er2O3. The electronic transitions
from the ground absorption state (4I15/2) to the excited states are
presented.

Fig. 3. Upconverted emission spectrum for GPB glass fiber. The spectrum
of the glass is displayed for comparison.
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Fig. 4. Upconverted emission spectrum for GP glass fiber. The spectrum
of the glass is displayed for comparison.
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4. Discussion

The mechanism responsible for the emissions in the vis-
ible region, which was also observed for the GPB glass [13],
is indicated in Fig. 5. It describes the upconversion mecha-
nism based on excited state absorption, in which one pump
photon is absorbed and induces the transition 4I15/2!
4I11/2, then a second pump photon promotes the transition
4I11/2! 4F7/2 (solid upwards arrows in Fig. 5). The popu-
lation, at excited state 4F7/2, decays non-radiatively by
multiphonon emission (dotted downwards arrow in
Fig. 5) to the excited states 2H11/2, 4S3/2 and 4 F9/2. These
levels emit upconverted photons that originate the emis-
sions shown in Figs. 3 and 4 at 530, 550 and 668 nm (solid
downwards arrows in Fig. 5). The pump power dependence
of the emission 4S3/2! 4I15/2 was measured for GPB glass
[13] and it was confirmed that two photons are required to
populate the excited state 4F7/2. The same results obtained
for GP glass lead the group to the same conclusion. By
means of the Raman measurements (Fig. 6), it was possible
Fig. 5. Energy level diagram and the mechanism of infrared to visible
upconversion for Er3+-doped GP and GPB glasses, under 980 nm
excitation. The lines with arrows denote possible transitions: solid lines
represent absorption or emission and dotted lines non-radiative decay by
multiphonon emission.
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Fig. 6. Raman spectra for GP and GPB glasses doped with 1.0 wt% of
Er2O3.
to confirm the radiative decay from 4F3/2 level to 4I15/2

ground state (related to the 485 nm emission) because of
the presence of the band around 1250 cm�1, as will be
explained below.

Comparing Figs. 3 and 4, it can be observed that the effi-
ciency is similar for the upconverted green emissions. How-
ever, the intensity of the emission around 668 nm is higher
for GP and may be attributed to a short-distance structural
relation.

The fluorescence peak positions related to the 4I13/2!
4I15/2 transition (peaked at 1.53 lm and shown in Fig. 2)
do not change with glass composition. However, the effec-
tive linewidths are different: the effective linewidth
decreases as the lead content increases, as reported in pre-
vious literature [14]. This explains the difference between
the spectra of the fibers, as GP composition has much more
lead content than GPB. A structural relation with Pb con-
centration is indicated by the decrease in the Judd-Ofelt
parameter (X6) with the increase in the lead content,
already reported for GeO2–PbO and GeO2–PbO–Bi2O3

glasses [13,14]. The same was also observed in other oxide
glasses, such as lead silicates, lead phosphtaes and lead zinc
borates [15,16]. The values of X6 are affected more by the
amount of Pb2+ ions than by the nature of the glass.

Raman spectra are shown in Fig. 6 for GP and GPB
glasses. The band around 550 cm�1 in germanate glasses
is attributed to the deformation of vibrational modes of
the glass network structure with bridged anion (i.e. bridged
Ge–O–Ge) [8,9]. This band is present in the Raman spec-
trum of the GP glass. For the GPB glass, only a shoulder
around 550 cm�1 and a band around 400 cm�1, assigned
to Bi–O–Bi stretching vibration [9], was observed. It must
be stated that there was a relatively high concentration of
bismuth oxide in this GPB glass.

At higher frequencies (>600 cm�1) a band around
760 cm�1, for GP and GPB glasses was observed, due to
the stretching vibrational modes of the glass network for-
mer. Pure GeO2 glass has phonon bands around
860 cm�1. The presence of lead oxide in GP and GPB
glasses makes the Ge–O bond weaker, shifting its band to
760 cm�1 [8]. Similar Raman spectra were measured for
other germanate glasses reported in previous literature
[8,9]. The position of the band around 760 cm�1 is impor-
tant because the multiphonon decay of rare-earth ions in a
glass depends on this value in the host glass [17,18]. This
position did not change for the two different compositions.

The band with a peak around 1250 cm�1, as mentioned
above, is attributed to Er3+ fluorescence (4F3/2! 4I15/2

transition) at 485 nm. This conclusion is reached by consid-
ering the difference between the energies of the incident and
scattered radiation, as follows: by considering the laser
used for the excitation of the samples in the Raman mea-
surements, 457 nm, which corresponds to 21882 cm�1,
and the band of 1250 cm�1 from the Raman spectrum;
the difference between them is 20632 cm�1, or 485 nm.

No sharp peaks were observed in the Raman measure-
ments, indicating the absence of crystallization. This was
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confirmed by the measurement of visible emission spectra
of Er3+ in the fiber and in the preform, after excitation
of 980 nm.

5. Conclusions

In this paper, results concerning the upconversion effect
on GeO2–PbO–Bi2O3 and GeO2–PbO glasses and glass
fibers doped with Er3+ was presented for the first time.
The glassy state of the fibers was confirmed by observation
of the identical fluorescence signals in the visible and infra-
red regions. The dominant emission in the visible region is
associated to the 4S3/2! 4I15/2 transition of Er3+. The vis-
ible emissions of the fibers were identified by the infrared to
visible upconversion mechanism based on excited state
absorption. The results indicate that these glass fibers are
good candidates for applications in upconversion fiber
optical devices.
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J. Non-Cryst. Solids 43–45 (2005) 3468.
[14] M. Wachtler, A. Speghini, K. Gatterer, H.R. Fritzer, D. Ajò,
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