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Abstract
Spectroscopic properties of Yb3+/Er3+ codoped tellurite glasses as a function of Er3+ and Yb3+

concentration have been investigated. Under 970 nm excitation three strong up-conversion
emission bands centred at 525, 546 and 656 nm were observed, and the characteristic near
infrared emission band was centred at 1.53 µm. With fluorescence and radiative lifetime the
quantum efficiency (QE) of infrared (1.53 µm) and visible upconversion (546 and 660 nm)
emissions was calculated. The maximum stimulated emission cross section for 4I13/2 → 4I15/2

transition of Er3+ is 9.7 × 10−20 cm2 for 3/0.5 mol%. The energy transfer (ET) efficiency from
Yb3+ to Er3+ (4F5/2) + (4I15/2) → (4F7/2) + (4I13/2) was calculated, being the maximum ET of
69% for 0.5 mol% of Er3+ with 4.5 mol% of Yb3+. The results indicate that both ET and QE
depend mostly on Er3+ rather than on Yb3+ concentration.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

AQ1

Among numerous rare earth doped glasses, Er3+ doped tellurite
is one of the systems that have attracted considerable interest
due to its use as a fibre amplifier for broadband amplification at
1.53 µm [1, 2] and frequency upconversion to obtain efficient
visible laser emission [3]. A broadband larger than 60 nm,

AQ2 larger than that obtained in phosphate glasses, has been
reported for 1.53 µm emission band, the strong upconversion
emission being the main drawback that could be useful for
other purposes. Recently, several works on tellurite glasses
have been reported by different authors. There, mainly
the effect of Er3+ concentration on the spectroscopic and
optical properties has been studied [4–11]. However, only
a few experimental works on the spectroscopic properties
in Er3+/Yb3+ codoped tellurite glasses have been reported

3 Author to whom any correspondence should be addressed.

[12–14]. Yb3+ ions ars used as sensitizers to enhance the
pumping efficiency of 980 nm laser diode (LD) emission,
since Yb3+ exhibits a large absorption cross section and a
broad absorption band between 850 and 1080 nm compared
with weak absorption of Er3+ ions [15]. In this system,
Yb3+ absorbs the radiation at 980 nm and transfers the energy
to Er3+ (acceptor) according to the equation Yb3+(2F5/2) +
Er3+(4I15/2) → Yb3+(2F7/2) + Er3+(4I11/2). The overall result
is the increment of population in the level 4I13/2 of Er3+; as
a consequence the luminescence intensity is stronger after
relaxation to the ground state. It is well known that the
dynamics of Er3+ emission depends on both Er3+ and Yb3+

concentrations and are strongly influenced by the optical
properties of the host. Thus, it is convenient to understand
such a mechanism to optimize any specific emission, either
visible or near infrared (NIR) emission. To the best of our
knowledge, there is no detailed study on the effect of Er3+

and Yb3+ concentrations on the spectroscopic properties and
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energy transfer (ET) efficiency in Er3+/Yb3+ codoped tellurite
glasses.

The optical, mechanical and chemical properties of the
host depend on its composition. Then, the selection of the
glass components is very important in the development of high
performance tellurite glass. The glass former is TeO2 and
several glass network modifiers have been used. Alkalis are
well-known modifiers widely used in phosphate glasses where
spectroscopic, thermo-mechanical and physical properties
have been modified [16–18]. Because of the ion size and
electronic properties, each ion modifies the glass properties in a
different way. Wang et al reported that TeO2–ZnO–Na2O glass
is a good candidate for feasible rare earth doped fibre amplifiers
[19]. The addition of Na2O improves the solubility of rare

AQ3 earth leading to the possibility of using a high concentration
of dopants, which is very important in the design of high
efficiency short length fibre amplifiers. However, others
alkalis, such as Cs2O, Rb2O, K2O and Li2O, could improve
the optic, spectroscopic and physical properties of the glass.
Recently, we have systematically studied the effect of other
alkalis and it was found that the use of Li2O in the system
TeO2–ZnO–R2O–La2O3 produced the highest refractive index,
the highest glass transition temperature, the widest range of
transmission, the lowest thermal expansion coefficient, the
lowest OH content, the highest chemical durability and the
highest density. The complete study on the effect of alkalis in
the properties of tellurite glasses is presented elsewhere [20].

In this investigation, Er3+/Yb3+ codoped tellurite glasses
with a composition of TeO2–ZnO–Li2O–La2O3 were prepared
and the spectroscopic properties were studied in detail. In
particular, in this study we focus on analysing the dependence
of ET in Er3+ and Yb3+ concentrations. The Judd–Ofelt
(J–O) intensity parameters and quantum efficiency (QE)
were calculated. The emission intensity of both infrared
and upconverted signals was investigated and the physical
mechanisms were explained in terms of the energy transfer
and cross-relaxation process.

2. Experimental

The glass composition was 70TeO2–20ZnO–5Li2O–
(5 − x − y)La2O3–xEr2O3–yYb2O3(mol%), wherex = 0.10,
0.15, 0.30, 0.5, 0.75 at y = 0.5 and y = 1, 2, 3, 4.5 at
x = 0.5. All samples were prepared from the starting chemical
constituent tellurite oxide (TeO2), zinc oxide (ZnO), lithium
carbonate (Li2CO3), erbium oxide (Er2O3), ytterbium oxide
(Yb2O3) and lanthanum oxide (La2O3). All reactants were
analytical grade and used as received. The calculated quanti-
ties of the chemicals were mixed in an agate mortar and melted
in a PDI electric furnace at 900 ◦C for 1 h in platinum cru-
cibles so that a homogeneously mixed melt was obtained. The
melt was cast into a suitable brass mould kept at 300 ◦C and
pressed by a similar brass plate. The obtained glasses were
subsequently annealed at temperatures from 300 to 380 ◦C
depending on the glass composition. The time to finish the
annealing process took around 18 h. The samples were then
polished to optical quality and only bubble- and streak-free
samples were taken for optical measurements. The density of
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Figure 1. Absorption spectrum of Er3+/Yb3+ codoped tellurite glass.

each sample was measured by the Archimedes method using
water distilled as the immersion liquid. Samples were cut and
then polished to 2 mm thick slabs for different measurements.
The transmission spectra were measured using a UV-VIS-NIR
spectrophotometer (Perking Elmer) in the range 300–1800 nm.
The refractive index of the samples was measured at 632.8,
800 and 1550 nm by the prism coupler technique (Metricon,
Model 2010). The emission spectra were recorded by excit-
ing the samples at 970 nm with a low power AlGaAs LD.
The signal emitted was focused onto a SP-2357 monochro-
mator (Acton Research) and detected by a thermoelectrically
cooled InGaAs detector (Judson) and a photomultiplier tube
R955 (Hamamatsu). The signal detected was processed in a
PC. The decay profile corresponding to 1.53 µm was recorded
using a SR540 chopper (Stanford Research System) at 15 Hz
and connecting the photodetector directly to an oscilloscope
(LT344 LeCroy). All the optical measurements were per-
formed at room temperature.

3. Results and discussion

3.1. J–O parameters

From the absorption spectrum of Er3+/Yb3+ codoped tellurite
glasses, nine bands were considered to predict the J–O
parameter, see figure 1. The calculated line strength for the
dipole transition betweenJ andJ ′ is obtained by the theoretical
expression derived by Judd [21] and Ofelt [22]:

Scalc(J → J ′) =
∑

t=2,4,6

�t |〈(S, L)J ||U(t)||S ′, L′)J ′〉|2. (1)

Here Ut are the doubly reduced matrix elements of the unit
tensor operator of rank t = 2, 4 and 6, which are
calculated from the intermediate coupling approximation.
The reduced matrix elements are virtually independent of
the ligand species surrounding the rare earth (RE3+) ions
and thus approximately unchanged from host to host. �2,
�4 and �6 are the phenomenological J–O parameters which
exhibit the influence of the host. The complete procedure
of obtaining the J–O parameters and some spectroscopic
properties in tellurite glasses has been described elsewhere
[5]. The values of such parameters and the root mean square
deviation for Er3+/Yb3+ codoped tellurite glasses under study
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Table 1. J–O parameters for various tellurite glass compositions.

Glass �2 �4 �6

composition (10−20 cm2) (10−20 cm2) (10−20 cm2)

TeO2–Nb2O5–Na2Oa 6.86 1.53 1.12
TeO2–ZnO–Na2Ob 5.98 1.32 1.47
TeO2–WO3–Bi2Oc

3 6.06 1.57 0.95
TeO2–ZnO–K2Od 5.95 2.06 1.07
TeO2–ZnO–Li2Oe 6.56 1.60 1.44

a [7].
b [5].
c [23].
d [24].
e Reported in this paper.

are �2 = 6.56 × 10−20 cm2, �4 = 1.60 × 10−20 cm2 and
�6 = 1.44 × 10−20 cm2 with RMS = 0.142 × 10−20 cm2.
The calculated values were performed with an error of ±10%.
The obtained J–O parameters follow the typical behaviour
�2 > �4 > �6 reported for tellurite glasses and are
in agreement with the results reported recently for various
glass compositions, as shown in table 1. Once the J–O
parameters are known, several spectroscopic properties can be
calculated, such as the radiative decay rates, branching ratios
and spectroscopy quality factor (χ ); this last parameter was
found to be 1.11 and is in agreement with the results reported by
other authors [7, 10]. From radiative decay rates the radiative
lifetimes were calculated and the values are 3.79 ms, 308 µs
and 252 µs for 4I13/2, 4F9/2 and 4S3/2 levels, respectively.

3.2. Absorption (σabs) and emission cross section
(ECA) (σemi)

The absorption cross section of the 4I13/2 → 4I15/2 (1.53 µm)
transition of Er3+ has been determined from the absorption
spectrum using the relation

σa = 2.303 log(I0/I)

NL
, (2)

where log(I0/I) is the optical density, L is the sample thickness
and N is the concentration of the Er3+ ion. The stimulated
ECS was obtained according to McCumber theory from the
expression [25]

σe(v) = σa(v) exp[(ε − h(c/λ))/kT ], (3)

where v is the photon frequency, ε is the net free energy
required to excite one erbium ion from the 4I15/2 to the
4I13/2 level at temperature T , h is Planck’s constant, k is the
Boltzmann constant and c is the light velocity in the vacuum.
ε = 6550 cm−1 was estimated by using the approximation
ε = Eo + 21E2 − 28E1 [26]. In this case, three basic
assumptions are considered: (1) the Stark levels for a given
manifold are equally spaced, Eij = (j − 1)Ei , with a
degeneracy equal to 7 and 8 for 4I13/2 and 4I15/2, respectively;
(2) E0 is the energy between the two levels and was calculated
taking the average between the absorption and the emission
peaks; (3) E1 and E2 are calculated measuring the half width
energy calculated from the wavelength peak to the point where

the signal decreased to 5%. The values of both absorption and
ECS as a function of Er3+ and Yb3+ concentrations are shown
in figure 2. The sample with lower erbium concentration has
the largest peak ECS of 1.0 × 10−20 cm2 which then decreases
with the increment in Er3+ content, see figure 2(c). With Yb3+

concentration, the maximum of 9.71×10−20 cm2 was obtained
at 3 mol% of Yb3+ which diminishes for higher concentration.
The calculated values of stimulated ECS are in agreement with
the results reported recently [7] and are higher than the values
reported for silica (7.9 × 10−21 cm2) [27] and phosphate glass
(6.8 × 10−21 cm2) [28]. The larger cross section is expected
due to the large refractive index of the host induced partly by
the content of Li. This relationship is also established from
J–O theory.

3.3. Fluorescence properties of Er3+ /Yb3+ codoped tellurite
glass

3.3.1. Infrared and upconversion emission. The well-known
NIR emission (4I13/2 → 4I15/2) of Er3+ in the Yb3+/Er3+

co-doped tellurite glasses was centred at 1.53 µm with the
spectral bandwidth ranging from 51 to 71 nm, depending on the
concentration of both ions, as shown in figure 3(a). This means
there is an increment of 18 nm in the bandwidth just controlling
the ion concentration. The obtained results show a continuous
increment of the bandwidth with the increment of both Er3+

and Yb3+ ions. Note that lower change concentrations of Er
produce an almost similar bandwidth than the higher change
concentration of Yb. The ion concentration also modifies
the intensity of the signal increasing monotonically with the
increment of Yb3+ and showing a maximum at 0.5 mol% of
Er3+ ions as indicated in figure 3(b). Such a dependence
clearly indicates the importance of the right concentration
of both ions, in particular the important role of sensitizer
Yb3+. The concentration of both ions should be appropriate in
order to minimize the upconversion emission and non-radiative
processes due to cluster formation. Both phenomenona reduce
the fluorescence lifetime of the 4I13/2 level, which leads to a
decrease in the laser efficiency. Although larger concentrations
of sensitizer ion help in dispersing the Er ion and enhancing
its excitation, it also enhances upconversion emission. This
last process presents a stronger dependence at high pump
powers and this effect is much more pronounced for a larger
concentration of dopants. In addition, it has been demonstrated
that higher concentrations of Yb induce an increment of heat
that induces a deleterious effect on the laser efficiency. These
results suggest the use of higher concentration of ions for
amplifiers and lower concentration for laser devices [29]. In
addition to the NIR signal emitted, two strong visible bands,
green (2H11/2 + 4S3/2 → 4I15/2) and red (4F9/2 → 4I15/2),
centred at 526 nm, 548 nm and 660 nm, respectively, were
observed and are shown in figure 4. The visible emission is the
result of the well-known upconversion process and it depends
on the concentration of both Yb and Er ions. The overall
intensity of the upconverted signal increases monotonically
with the Yb concentration but decreases with Er being the
maximum at 0.25 mol% of Er2O3, see figure 5(a). The
increment is explained in terms of the ET efficiency due to
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Figure 2. Absorption and ECS of Er3+ in Er3+/Yb3+ codoped tellurite glass: (a) 0.75/0.5 mol%, (b) 0.5/3 mol%, (c) σe as a function of Er3+

concentration and (d) σe as a function of Yb3+ concentration.
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Figure 3. Emission spectra of Er at 1.53 µm in Er3+/Yb3+ codoped
tellurite glass: (a) FWHM behaviour as a function of Er and Yb
concentration and (b) intensity at 1.53 µm as a function of Er and
Yb concentrations.

the increment in donors while the decrement in signal is
presumably due to the quenching effect of acceptors. Both
visible bands increase but the red one increases faster as shown
in figure 5(b), where the green/red ratio of the integrated
signal is plotted. This behaviour is in agreement with other
reports where the red band increases with the increase in Yb
concentration. The visible emissions are relaxation pathways
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Figure 4. Upconversion emission for (a) Er3+/Yb3+ (x/0.5 mol%)
and (b) Er3+/Yb3+ (0.5/y mol%).

in contrast to the pathway associated with 1.53 µm emission,
and then the enhancement of the former is deleterious to the
very important emission associated with the communication
window. Then, a better understanding of the dynamics of ions’
interaction is very important.

The integrated upconverted (Iupc) signal was plotted as
a function of the pumping power (Ipp). Experimental data

4
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were fitted by the expression Iupc = kIn
pp where n denotes

the number of photons involved in the process and k is the
proportionality constant. Figure 6 shows such behaviour for
lowest and highest concentrations of Yb3+ ions; in both cases
n ∼ 2 for both green and red bands. According to this, the
physical mechanism describing both visible and NIR emissions
is as follows. Er3+ ions (acceptors) are excited by the ET
from Yb3+ (donor) that are excited directly (2F5/2 → 2F7/2) by
the pumping signal. In all cases the direct excitation of Er is
also possible; however, ET is most probably due to the larger
absorption cross section of Yb and the resonance between
2F5/2 → 2F7/2 and 4I15/2 → 4I11/2 transitions of Yb and Er,
respectively, as shown in the energy diagram in figure 7. A part
of the 4I11/2 excited ions relaxes non-radiatively to the 4I13/2

level and from there relaxes to the ground state producing the
1.532 µm emission band. And a part was promoted to 4F7/2
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proposed to explain both visible and infrared emissions.

by the ET from the relaxation of another excited Yb or Er
(4I11/2 → 4I15/2) ion. The 4F7/2 level decays non-radiatively to
2H11/2 +4S3/2 due to phonon energy. From there the population
decays to the ground state producing the green emissions
centred at 526 and 548 nm. And a part decays non-radiatively
to 4F9/2 to finally decay to the ground state (4F9/2 → 4I15/2)
producing the red emission centred at 670 nm. This visible
band is also enhanced by increasing the concentration of both
donor and acceptors. In this case, a part of the population in the
4I13/2 level is promoted to 4F9/2 by the ET from another donor
Yb3+(2F5/2) + Er3+(4I13/2) → Yb3+(2F7/2) + Er3+(4F9/2). The
enhancement of the red band with Er concentration is explained
in terms of the increment in population of 4I13/2 due to the
cross-relaxation (CR) process Er3+(2H11/2) + Er3+(4I13/2) →
Er3+(4I9/2) + Er3+(4I13/2). In fact, CR phenomena also explain
the low value n = 1.6 for the red emission band. And the
enhancement with Yb is explained in terms of the ET from
donors to acceptors due to the high concentration of donors,
see figure 7. The mechanism proposed for explaining the signal
emitted by codoped glasses is well described in figure 7.

3.3.2. Fluorescence lifetime. Experimental results suggest
that the physical mechanism associated with the signal emitted
does not change with the ion concentration. However,
fluorescence decay time strongly depends on the ion
concentration. Figure 8 shows a typical plot of decay time
for three different concentrations for each signal emitted.
Notice the single exponential decay at 1.53 µm for different
Yb3+ concentrations. The fluorescence decay times of all
samples under study for green (560 nm), red (670 nm) and NIR
(1.532 µm) emissions are shown in table 2. The fluorescence
decay time of 4I13/2 → 4I15/2 transition increases from 4.00
to 4.23 ms when Er2O3 increases from 0.10 to 0.35 mol%
and then decreases to 3.69 ms for 0.75 mol%, see figure 9(a).
The increment in the fluorescence lifetime of the 4I13/2

level is the result of the concentration optimization of the
acceptor and the decrease is the result of the fluorescence
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quenching of Er3+ due to cluster formation provided by the
higher concentration. The concentration effect is explained
by differential site occupancy [30] and by the presence of
the radiation trapping effect. In this phenomenon, photons
spontaneously relaxed from the 4I13/2 level are re-absorbed
by the neighbouring ions in the ground state (4I15/2). This
process of re-absorption and re-emission is repeated and the
overall result is an increase in the lifetime in comparison
with a single isolated ion. After optimum concentration
the cluster formation occurs and, in turn, fluorescence
quenching. It has been reported that such an effect is dependent
on the sample size, refractive index and spectral overlap
between fluorescence and absorption [31]. On the other
hand, the fluorescence lifetime of such a transition increases
monotonically from 4.60 to 6.90 ms when Yb2O3 increases
from 1.0 to 4.5 mol%, see figure 9(b). This is partly the result of
the higher concentration of sensitizer and the better excitation
process of Er via the ET from Yb, as reported previously [28].
And partly it is the result of a better dispersion of Er avoiding
cluster formation that in turn avoids fluorescence quenching.
The ionic radius of Yb3+ ions is similar to that of Er3+ ions;
as a consequence Yb3+ ions can act as a disperser of Er3+

ions reducing the cluster formation. The measured lifetime
confirms that the effect of concentration quenching of the
4I13/2 level decreases with an increase in Yb3+ in this glass
host, as listed in table 2. The fluorescence decay times of
4S3/2 and 4F9/2 levels decay monotonically as a function of

Table 2. Fluorescence lifetime and QE as a function of Er3+ and
Yb3+ concentrations.

Fluorescence Quantum
lifetime efficiency (%)

Er/Yb
(mol%) 4S3/2 (µs) 4F9/2 (µs) 4I13/2 (ms) 4S3/2

4F9/2
4I13/2

0.10/0.5 160 194 4.01 63 67 100
0.25/0.5 153 163 4.21 61 55 100
0.35/0.5 138 155 4.23 55 51 100
0.50/0.5 114 132 4.02 45 42 100
0.75/0.5 80 126 3.69 31 40 96
0.5/1.0 135 160 4.58 91 56 100
0.5/2.0 111 147 4.78 76 52 100
0.5/3.0 105 129 6.46 71 46 100
0.5/4.5 82 128 6.89 55 45 100
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Figure 9. Fluorescence decay time of 4S3/2, 4F9/2 and 4I13/2 levels
as a function of (a) Er and (b) Yb concentrations.

both Er3+ and Yb3+ concentrations. For green emission it
ranges from 160 µs and 135 µs to 80 µs, respectively, and for
red emission it ranges from 194 µs and 160 µs to 126 µs for
different concentrations of Er and Yb, respectively, as shown in
figures 9(a) and (b). The lifetime for the green band diminishes
faster than the red band. Notice that the lifetime decay of the
red band was reduced by increasing Er and Yb concentrations.
Such a behaviour confirms the presence of cross-relaxation and
ET processes populating 4F9/2, see figure 7. Comparing the
measured decay time with that calculated by J–O theory, it is
possible to calculate the QE for the three observed transitions.
It was calculated by using the expression

η = τmea/τrad, (4)

where τmea is the experimentally measured lifetime and τrad is
the calculated radiative lifetime obtained from J–O parameters.
The values of QE for all Yb/Er co-doped tellurite glass
are listed in table 2. The QE for 4S3/2 → 4I15/2 and
4F9/2 → 4I15/2 transitions decreases with the increase in
Er3+ and Yb3+ concentrations; meanwhile the 4I13/2 → 4I15/2

transition is 100%.
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Figure 10. ET efficiency as a function of Yb/Er concentration.

3.4. The ET in Yb3+/Er3+ doped tellurite glasses

The ET efficiency from Yb3+ to Er3+ was evaluated by using
the expression [32]

n = 1 − τYb–Er

τYb
, (5)

where τYb–Er and τYb are the fluorescence lifetimes of the 2F5/2

level of codoped Yb3+–Er3+ and Yb3+ doped glasses. The
ET efficiency increases from 36% to 66% by increasing the
Er3+ concentration and from 56% to 69% by increasing the Yb
ions, see figure 10. This last value is in agreement with other
reports published recently [33]. The obtained results show
that the major changes in ET efficiency occur by increasing
the Er concentration (acceptors). One possible explanation for
this phenomenon is as follows. Because the absorption cross
section of Yb3+ (4F7/2 → 4F5/2) is much larger than that of
Er3+ (4I15/2 → 4I11/2), mostly all of the absorption energy is
taken for donors (Yb). Thus, there are many more free donors
than acceptors (Er) to make the ET. But with the increment
in Er3+ concentration, the probability of Er3+ absorbing the
energy from Yb3+ becomes higher and consequently the ET
efficiency is increased. The increment in Yb3+ concentration
increases the probability of forming Yb–Er pairs enhancing
the ET, but at the same time the number of acceptors will be
reduced explaining the slow increment in ET, see figure 10.

4. Conclusions

Spectroscopic properties of Er3+/Yb3+ codoped 70TeO2–
20ZnO–5Li2O–5La2O3 glass as a function of Er3+ and Yb3+

concentrations were studied. It was demonstrated that the ECS,
the FWHM and the QE of the characteristic 1.53 µm signal can
be improved by properly choosing the concentration of both
Yb/Er ions. A large concentration of Yb ions improves the
signal emitted, partly because it helps in reducing quenching
of Er and partly because ET was enhanced. The large QE
and stimulated ECS of this signal suggest that this glass
composition has strong possibilities of being used in lasers and
amplifiers design at the eye safe emission. The increment in Yb
ions also strongly increases the upconverted signal. Although

such an emission is deleterious to the NIR signal, the strong
signal visible to the naked eye open new possibilities of being
used in the design of visible laser emission, displays and solid
state lighting to mention a few.
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