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a b s t r a c t

We report infrared-to-visible frequency upconversion in Er3+–Yb3+ co-doped TeO2–GeO2–PbO glasses and
fibers. The upconversion is investigated as a function of the co-doping with different Yb3+ concentration.
We observe an increase of the green and red upconversion intensities of up to 400 times with increasing
Yb3+ concentration and explain the mechanism involved in the energy transfer process. The pump source
is a diode laser emitting at 980 nm in resonance with the 2F7/2 ?

2F5/2 transition. The tellurite glasses
have a relatively low phonon energy (�700 cm�1) among oxides, high refractive index (�2), large trans-
mission window (350 nm–6500 nm) and can be easily pulled into fibers. We also characterized fibers
obtained from these compositions and measured similar characteristics when compared to bulk glasses.

� 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Glasses based on TeO2 are transparent in the visible, near and
mid infrared regions. The position of the IR cut-off may be shifted
towards longer wavelength as heavier ions enter the glass compo-
sition in binary and ternary systems. Compared to other oxide
glasses, tellurite compositions have low phonon energy and show
high nonlinearity because of their high refractive index (�2.0).
These two characteristics yield low non-radiative decay rates and
high radiative emission rates of rare-earth energy levels. As a re-
sult, these glasses can provide efficient upconversion luminescence
intensities. In particular, TeO2–GeO2–PbO glasses have a transmis-
sion window ranging from 0.36 lm to 6.5 lm and phonon energy
of 700 cm�1, similar to germanate glasses but lower than silicates
(1100 cm�1) and phosphates (1200 cm�1) [1]. For example, hosts
based on fluoride systems have been used for developing infrared
laser pumped solid state upconversion lasers, due to their lower
phonon energy [2]. Another essential property of above tellurite
composition is its suitability to be pulled in the form of a fiber
[3]. Er3+ doped glasses have attracted much interest due to their
important optical properties used in lasers [4], optical amplifiers
[5], photonic devices and as infrared sensors. With the develop-
ment of high power 980 nm laser diodes, these interests were
stimulated from the application point of view. The spectral region
of the 2F7/2 ?

2F5/2 transition of the Yb3+ ion overlaps that of the
4I15/2 ?

4I11/2 transition of the Er3+ ion providing an effective Yb3+
ll rights reserved.
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to Er transfer mechanism of the excitation energy [6]. Tellurite
glasses co-doped with Yb3+, Er3+ and Eu3+ have been studied [7]
and intense white emission has been shown when adding Pr3+ to
the system [8].

We produced and characterized, for the first time, five samples
of Er3+/Yb3+ co-doped tellurite glasses with the above mentioned
composition of 0.5 wt.% of Er2O3 and 1.0–5.0 wt.% of Yb2O3 and
one with 1.0 wt.% of Er2O3 only. We observe an increase of the
green and red upconversion intensities when the concentration
of Yb3+ increases in the bulk material, being the increase of the
red emission stronger than the green one. An important character-
istic of this composition is its ability to be pulled in fibers, main-
taining thereby the same characteristics as its bulk material,
which enables its integration into photonic devices.

2. Experimental

2.1. Preparation of glasses

Samples were prepared adding 0.5 wt.% of Er2O3 and different
concentrations of Yb2O3 (1–5 wt.%) to the following composition:
33.33TeO2–33.33GeO2–33.33PbO (T1), in wt.%. A total of 12 g of
powder was melted for 1 h in a platinum crucible at 1050 �C,
quenched in air atmosphere in heated brass moulds, annealed for
1 h at 350 �C (considering the transition temperature) and then
cooled to room temperature inside the furnace. The glasses were
prepared with high purity (99.999%) oxides. Special care was taken
during the preparation in order to avoid the contamination with
other rare-earth and to reduce the incorporation of OH� by mini-
mizing the time taken to mix the powders.
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Fig. 1. Transmission spectrum of an undoped TeO2–GeO2–PbO glass.
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The samples produced are colorless, homogeneous, stable
against crystallization and non-hygroscopic. Finally, the samples
were polished for absorption and emission measurements. Fig. 1
shows the transmission spectrum for an undoped bulk sample
with thickness of 2 mm.

Visible emission was obtained with 3 W of pulsed (50% duty cy-
cle) diode laser excitation at 960 nm, dispersed by a monochroma-
tor and collected by an S-20 photomultiplier. All measurements
were made at room temperature.
2.2. Fiber pulling

The fibers were obtained by a manual pulling process. The glass
(bulk) was melted again in a platinum crucible. Then, the temper-
ature was slowly decreased until the viscosity of the melt became
appropriate for pulling glass fibers manually. Fibers were pulled
continuously by touching the liquid surface with the tip of a silica
rod moving upwards using constant speed.

In the experiments we used a fiber of 2 cm length and constant
diameter of approximately 100 lm and recorded the fluorescence
that escapes perpendicularly to the fiber at 90� (Fig. 2). The pump
Fig. 2. System used for em
light is channeled down the fiber by total internal reflection be-
cause of its high index of refraction (�2.0) and the fact that this fi-
ber is not in contact with any other material than air. Due to its
large refractive index, the numerical aperture of this fiber is also
much larger than the pump light divergence. The pump light is
completely absorbed by the Er3+ and Yb3+ ions in the first few mil-
limeters which can be observed by the fact that the green lumines-
cence originates only from the pumped end of the fiber.

3. Theory

Based on the schematic energy level diagram of Fig. 3, below
rate equations are obtained for the Er3+/Yb3+ system considering
cw pumping at 960 nm (Yb3+). n1 and n2 are the populations of
2F7/2 and 2F5/2, respectively. n3, n4, n5, n6 and n7 are the 4I15/2,
4I13/2, 4I11/2, 4F9/2 and 4S3/2 populations of Er3+ considering only
the most important and relevant energy levels participating in
the upconversion processes involved.

The rate equations comprised in the model use normalized pop-
ulations ni for Er3+ and Yb3+.

dn3

dt
¼ �K1n2n3 þ

b53

sR5
n5 þ

n4

s4
ð1Þ

dn5

dt
¼ K1n2n3 � K2n2n5 �

n5

s5
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dn6
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¼ K3n2n4 �

n6
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dn7

dt
¼ K2n2n5 �

n7

s7
ð4Þ

where the bij represent the luminescence branching ratios and the
sRi are the radiative lifetimes of the excited states of Er3+ labeled
as i = 3, 4, 5, 6 and 7. The steady state condition dni/dt = 0 gives
the following populations of interest: n4 = s4(K1n2i3 � b53n5/s5),
n5 = K1n2n3/(K2n2 + 1/s5), n6 = s6K3n2n4 and n7 = s7K2n2n5. Using
the assumption that K2n2 > >1/s5, one obtains n5 = n3K1/K2 and n6

and n7, responsible for the 660 nm and 550 nm luminescence, given
by n6 = s6s4K1K3n2

2n3 � s6s4n2n3b53K1K3/(s5K2) and n7 = s7K1n2n3.
Using that Ki has a linear dependence on [Yb] concentration
ission measurements.



Fig. 3. Energy level scheme of a co-doped system with Er3+/Yb3+.

Fig. 5. Frequency upconversion spectrum of Er2O3 single doped T1 glass.
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Fig. 6. Integrated emission band of the three upconversions as a function of the
Yb2O3 concentration and fitting parameters.
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(hopping or diffusion model), we obtain n6 = c1[Yb]2-c2[Yb] and
n7 = c3[Yb], where c1, c2 and c3 are constants that are independent
of the ytterbium concentration.

4. Results

Five co-doped glasses and a pure Er2O3 doped samples were
measured in the bulk and in the fiber. Increase of the Yb2O3 con-
centration caused an enhancement of the upconversion emissions
in the visible region as shown in Figs. 4 and 5. There are two main
emission peaks in the green and in the red spectral region around
550 nm and 660 nm, respectively. Comparing the single doped
sample (Fig. 5) with the co-doped samples (Fig. 4), an increase of
400 times in the upconversion emission intensity at the green
wavelength can be observed for the sample containing 5.0 wt.%
of Yb2O3. In all cases the green emission is stronger than the red
emission, the latter being almost absent in the singly doped sample
(Fig. 5). The green emission can be further separated into two
peaks, one at 525 nm and another at 550 nm. To compare the emis-
sion bands, we integrated the area beneath each emission as
shown in Fig. 6.

In all cases an enhancement of the emission with increasing
Yb2O3 concentration is seen. The emission is always stronger at
550 nm than at 660 nm and at 525 nm. The results show that the
red emission increases more as a function of Yb2O3 concentration
than does the green emission. This demonstrates that Yb3+ ions
are playing an important role in the energy transfer process and
Fig. 4. Frequency upconversion spectra of co-doped T1 glasses.
that the influence of a higher Yb3+ concentration is predominant
in the red emission. Best fit was achieved using a power law func-
tion I = a[Yb]b. Best fitting parameters obtained are: (i) b = 1.3 for
525 nm luminescence; (ii) b = 1.14 for 550 nm; (iii) b = 2.0 for
660 nm. The power factor b � 1 is expected for a migration assisted
energy transfer (hopping or diffusion model). In this case the trans-
fer rate is given by K = 20cAcD(CDACDD)1/2, where cA is the acceptor
concentration (Er) and cD is the donor concentration (Yb) [9]. The
constants CDD and CDA are the transfer constants given in cm6/s
due to the donor–donor and donor–acceptor, respectively. The
investigation on the 660 nm luminescence intensity has shown a
quadratic dependence on the ytterbium concentration, which can
be explained using the rate equations involved in the T1, T2 and
T3 upconversion Er processes given in the theory section.

In a frequency upconversion process, the emitting level popula-
tion increases as a function of the pump intensity, the exponent of
the intensity depending on the number of absorption steps that oc-
curred, type of upconversion (e.g. excited state absorption, energy
transfer upconversion) and type of depletion (linear decay or
depletion by upconversion) [10]. The relevant exponents for the
550 nm and 660 nm emissions for the different concentrations of
Yb2O3 can be found in Fig. 7.

The results demonstrate that the higher the Yb2O3 concentra-
tion the higher the upconversion efficiency and the smaller the
exponent for both, green and red emissions. As shown in Fig. 3,



Fig. 7. Emission intensity versus pump power intensity for the 550 nm (a) and
660 nm (b) emissions, in log–log scale.
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the Er/Yb co-doped system generally involves two or three upcon-
version steps. The more depletion by upconversion exists when
compared to linear decay, the lower the exponent [10].

As shown in Fig. 8, the fibers pulled from the melt show the
same behavior as a function of Yb3+ concentration observed for
the bulk samples and maintain the same spectral profile.
Fig. 8. Upconversion emissions for the fiber samples with the same concentration
of Er2O3 and different concentrations of Yb2O3, 5 wt.% and 1 wt.% of Yb2O3.
5. Discussions

Energy transfer occurs in this system mainly by means of a
spectral overlap between the 2F7/2 ?

2F5/2 transition of Yb3+ and
the 4I15/2 ?

4I11/2 transition of Er3+ (see Fig. 3). The most important
two photon upconversion processes in Er3+ are TWU1 (two photon
upconversion 1) and TWU2 (two photon upconversion 2). The
three photon upconversions THU1 and THU2 are feasible for higher
pump intensities [13]. After upconversion the following three radi-
ative transitions may occur: 4H11/2 ?

4I15/2 (525 nm), 4S3/2 ?
4I15/2

(550 nm) and 4F9/2 ? 4I15/2 (660 nm). Our results show that the
exponent of the co-doped system is always smaller than 2 and
therefore, the system involves mainly sequential absorption of
two photons for the red and green emissions [11]. Due to the much
higher absorption cross section of the Yb3+ ions at 960 nm, when
compared to Er3+, the upconversion process is mainly based on en-
ergy transfer from Yb3+ to Er3+ with only a small contribution of di-
rect pump absorption by Er3+ [12–14]. From the discussion in the
result section it follows that the observed decrease of the exponent
with higher Yb2O3 concentration demonstrates a decrease of the
linear decay rate, as shown in Fig. 7(a), indicating a more efficient
upconversion. A similar behavior was observed in Fig. 7(b) for the
660 nm emission.

The experimental evidence of the enhancement of the red emis-
sion, when compared to the green, for higher Yb3+ concentrations
can be explained considering the population mechanism of the
4F9/2 level by the second transfer channel (TWU2 in Fig. 3). This
non-resonant mechanism involves the interaction between the
Yb3+ excited state and the first Er3+ excited multiplet, 2F5/2 ?
2F7/2 (Yb3+): 4I13/2 ?

4F9/2 (Er3+) and therefore depends on Yb3+

concentration. The energy mismatch of this process is approxi-
mately 1000 cm�1 [15] and it has been previously reported to oc-
cur in Er3+/Yb3+ co-doped phosphate glasses [12] and in
oxyfluoride glasses [13]. This second mechanism provides a direct
path for populating the 4F9/2 level from where the red emission
originates. One crucial step in this mechanism is the non-radiative
decay from the 4I11/2 level to the 4I13/2 level which depends on the
phonon energy [16]. For this reason, the effect is even more intense
in silicate oxyfluoride Er3+/Yb3+ co-doped glasses [13] because of
their higher phonon energy (�1100 cm�1) when compared to tel-
lurite glasses and germanate glasses (700–800 cm�1) [14]. The
same effect was reported for germante glasses in the literature
[17].

Not all glasses can be pulled into fibers; principally high index
glasses as the one reported in this work. Secondly, in some cases
it is possible to pull the fiber from the glass matrix but not from
the co-doped glass composition. Besides, spectroscopic properties
might change strongly from the bulk glass to the fiber. This specific
glass composition has the capability to pull fibers from bulk with-
out loss of its optical qualities (Figs. 4 and 8). Also, being an amor-
phous glass matrix with the capability of pulling fibers, it should be
possible to fabricate fibers with cladding in future works.
6. Conclusions

An enhancement of 400 times in the green Er3+ upconversions
has been demonstrated in the presence of 5% Yb3+ ions for tellurite
glasses and fibers. The red Er3+ emission increased more than the
green emission with higher Yb2O3 content. Pump power dependent
studies revealed that both, green and red emissions resulted from
two photon upconversion processes. The best fittings of the
660 nm and 550 nm luminescence are in agreement with the n6

and n7 populations behavior obtained using the rate equations sys-
tem for Er3+ in Yb/Er doped telluride glasses pumped by cw laser at
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960 nm, where the Yb–Er transfers (T1, T2 and T3) are dependent
on the ytterbium concentration.

Successful experiments with fiber pulling indicate that these
glasses should prove to be an excellent option for optical applica-
tions such as photonic devices, infrared sensors and also fiber
amplifiers.
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