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a b s t r a c t

Spectroscopic characterization of Yb3þ/Er3þ codoped TeO2–R2O–ZnO–Ln2O3 glasses as a function of

network modifiers (R¼Li, Na and K) has been investigated. The Judd–Ofelt parameters (Ot), quantum

efficiency in near infrared (1.55 mm) and visible up-conversion (546 and 660 nm) and quality factor

spectroscopy (w) were calculated. Three up-conversion emission bands centered at 525, 546 and 660 nm

were observed as maxima for glasses containing potassium. The measured lifetime of 4I13/2, 4F9/2 and 4S3/2

from Er3þ and 4F5/2 from Yb3þ levels increased when potassium (K) replaced lithium (Li) and Na. The

maximum emission cross-section (ECS) for 4I13/2-
4I15/2 transition of Er3þ was calculated to be

1.02�10�20 cm2 for TeO2–Li2O–ZnO–Ln2O3 glasses. The energy transfer efficiency (ET) from Yb3þ to

Er3þ , (4F5/2)þ(4I15/2)-(4F7/2)þ(4I13/2), was calculated using the measured lifetimes of Yb3þ with and

without the presence of acceptor (Er3þ). The maximum calculated ET was 58% for 0.25 mol% of Er3þ and

3 mol% of Yb3þ for TeO2–K2O–ZnO–Ln2O3 glass composition.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

There is an enormous interest in the luminescence properties
of Yb3þ/Er3þ codoped glasses for fiber optic lasers and amplifiers
[1–4]. The main interest on this system is based on the require-
ment to get high efficiency and broad bandwidth for fiber
amplifiers at 1.55 mm. The efficiency of such emission depends
on dopant concentration and the phonon energy of the host that
in turn depends on the glass composition. Typically, Er3þ doped
glasses are pumped with a laser diode (LD) at 970 nm, promoting
population from 4I15/2 to 4I11/2. For a host with a high phonon
energy, the population on 4I11/2 decays very fast non-radiatively
to 4I13/2, from where it decays radiatively (1.55 mm) to ground
state. The fast depopulation of 4I11/2 avoids the promotion to
upper levels, thereby avoiding the upconversion emission and
back transfer to Yb3þ when it is present. A good example for this
kind of host is phosphate glasses with phonon energy of
1100 cm�1. However, if the phonon energy is very high a
deleterious effect is observed on the spectroscopic properties of
the main transition. This is the case of borate glasses with phonon
energy of 1350 cm�1 [5]. Recently, the interest on tellurite glasses
as a host for Er3þ ions has increased, in part because of the large
increase up to �70 nm in bandwidth, which is about three times
larger than that obtained from silica and phosphate glasses [6–9].
ll rights reserved.

x: þ52 477 441 4209.

E. De la Rosa).
However, the low phonon energy of this kind of glasses
(750 cm�1) promotes cooperative phenomena such as upconver-
sion (UC) process that is the major drawback for the eyes-safe
emission. Although the presence of UC is deleterious for 1.55 mm
emission, it can find many useful applications in visible lasers,
displays, lighting, security and many others.

Lots of work on tellurite glasses have been reported by different
authors. There, the spectroscopic properties of Er3þ as functions of
glass composition and ion concentration have been studied
[10–15]. The optical, mechanical and chemical properties of the
host depend on its composition and hence, the selection of glass
components is very important in the development of high perfor-
mance tellurite glass. Several network modifiers have been studied,
but only a few works have been reported to characterize the effect
of alkalis. Alkalis are well-known modifiers widely used in phos-
phate glasses, where spectroscopic, optical and thermo-mechanical
properties have been modified [16–18]. It has been reported that
the addition of Na2O improves the solubility of rare earth, opening
the possibility to use high concentration of dopants, which is very
important in the design of high efficiency short length fiber
amplifiers [19]. Recently, we have systematically characterized
the optical and thermo-mechanical properties of alkali metals and
found that the use of Li2O in tellurite glasses is more favorable. Here
in this work, we report the spectroscopic properties of Er3þ/Yb3þ

codoped TeO2–ZnO–R2O–Ln2O3 glasses as a function of the alkali
R¼Li, Na, K and Yb3þ concentration. The Judd–Ofelt intensity
parameters were calculated and used to analyze spectroscopic
properties such as radiative transition probabilities, cross-sections,
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fluorescence branching ratio, radiative lifetime, fluorescence life-
time and quality factor as a function of the alkali metal used. We
also analyzed the dependence of upconversion as functions of both
alkalis and Yb3þ concentration.
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Fig. 1. Absorption spectrum of Er3þ/Yb3þ codoped tellurite glasses containing

(a) Li, (b) Na and (c) K.
2. Experimental

The glass composition was 74TeO2–12.75ZnO–10R2O–(3–x)
La2O3–0.25Er2O3–xYb2O3 (mol%), where R¼Li, Na and K and
x¼1, 2, 3. All samples were prepared from the starting chemical
constituent tellurite oxide (TeO2), zinc oxide (ZnO), lithium oxide
(Li2O), sodium carbonate (Na2CO3), potassium carbonate (K2CO3),
erbium oxide (Er2O3), ytterbium oxide (Yb2O3) and lanthanum
oxide (La2O3). All reactants were of analytical grade and used as
received. Calculated quantities of precursors were mixed in a
glass dish and melted in an electric furnace at 900 1C for 1 h in
platinum crucibles so that a homogeneously mixed melt was
obtained. The melt was cast into a suitable aluminum mold kept
at 300 1C. The obtained glasses were subsequently annealed at
temperature from 300 1C to 350 1C depending on glass composi-
tion. The time to finish the annealing process took around 22 h.
The samples were polished to optical quality and only bubble and
streak free samples were taken for optical measurements. The
density of each sample was measured by the Archimedes method
using distilled water as immersion liquid. Samples were cut and
polished to 2 mm thick slabs for different measurements. The
transmission spectra were measured using a spectrophotometer
(Perkin–Elmer Lambda 900) in the range of 300–1700 nm. The
refractive index of the samples was measured at 632.8 by a prism
coupler (Metricon, Model 2010). The emission spectra were
recorded by exciting the samples at 970 nm with a low power
AlGaAs laser diode. The signal emitted was focused into an Acton
Research SP-2357 monochromator and detected by InGaAs detec-
tor (Thorlabs DET10C) and photomultiplier tube (Acton Research
PD471). The decay profile corresponding to 556, 660 and 1532 nm
was recorded using a SR540 chopper (Stanford Research System)
connecting the photodetector directly to an oscilloscope (Tektro-
nix TDS 3025B). All the optical measurements were performed at
room temperature.
3. Results and discussion

3.1. Judd–Ofelt parameters

The Judd–Ofelt parameters were calculated considering ten
absorption bands of Er3þ/Yb3þ co-doped TeO2–ZnO–R2O–Ln2O3

glasses from the spectrum shown in Fig. 1. The measured absorp-
tion line strength (Smeas) for the induced electric dipole transition
of each band was determined experimentally from the area under
the absorption band and can be expressed in terms of absorption
coefficient a by the equation:

SmeasðJ-J0Þ ¼
3chð2Jþ1Þ

8p3le2N0

9n

ðn2þ2Þ2

" #Z
aðlÞdl: ð1Þ

Here, J and J0 denote the total angular momentum quantum
number of the initial and final states, respectively, e is the charge
of the electron, c the velocity of light in vacuum, h the Planck
constant, l is the mean wavelength of the absorption band (nm)
and No is the Er3þ ion concentration per unit volume (ions/cm3).
a(l)¼2.303D0(l)/d is the measured absorption coefficient at
a given wavelength l (nm/cm), D0(l) the optical density [log I/I0],
d the thickness of the sample (cm) and n is the measured refractive
index. The measured values of Smeas obtained by the numerical
integration of the absorption line shapes were used to obtain the
phenomenological Judd–Ofelt (JO) parameters Ot by fitting the
experimental value with the theoretical expression derived by Judd
[20] and Ofelt [21]:

SedðJ-J0Þ ¼
X

t ¼ 2,4,6

Ot9/ðS,LÞJ99UðtÞ99S0,L0ÞJ0S92
: ð2Þ

Here, U(t) are the doubly reduced matrix elements of the unit
tensor operator of rank t¼2, 4 and 6, which are calculated from the
intermediate coupling approximation. The reduced matrix ele-
ments are virtually independent of the ligand species surrounding
the rare earth (RE3þ) ions and thus approximately unchanged from
host to host. O2, O4 and O6 are the phenomenological JO para-
meters; they exhibit the influence of the host on the radiative
transition probabilities, since they contain implicitly the effect of
the odd-symmetry crystal field terms. Thus, the changes presented
by these parameters are consequence of the changes in the host
composition due to the substitution of modifiers (Li, Na and K), as
shown in Fig. 2. The O2 parameter is closely related to the
hypersensitive transitions, i.e., the larger the line strength of the
hypersensitive transition, the larger the value of O2. It is well
known that hypersensitivity is related to the covalency parameter
through the nephelauxetic effect and it is attributed to the
increased polarizability of the ligands around the rare earth ions.
Higher ligand polarizability results in a larger overlap between rare
earth and ligands orbital, i.e., higher degree of covalency between
rare earth ion and the ligands. The value of O2 is also affected by
the asymmetry of the rare earth sites, that is reflected in the crystal
field parameter [22,23]; therefore large values of O2 parameter
mean large asymmetry of tellurite glasses. The O6 parameter is
inversely proportional to the covalency of the Er–O bond and O4 is
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Fig. 2. JO parameters as a function of network modifiers.

Table 1
JO parameters for various tellurite glass compositions.

Glass composition O2

(10�20 cm2)

O4

(10�20 cm2)

O6

(10�20 cm2)

w

TeO2–WO3–Bi2O3
a 6.06 1.57 0.95 1.65

TeO2–Nb2O5–Na2Ob 6.86 1.53 1.12 1.36

TeO2–ZnO–K2Oc 7.58 1.83 1.47 1.09

TeO2–ZnO–Na2Oc 6.91 1.71 1.55 1.14

TeO2–ZnO–Li2Oc 6.38 1.82 1.64 1.16

a Ref. [34].
b Ref. [35].
c Reported in this paper.
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affected by factors causing the changes of O2 and O6 [24]. According
to the electronegativity theory [25], the smaller the difference of
eletronegativity between cations and anions, the stronger the
covalency of the bond. Since the values of electronegativity for K,
Na, Li and O are 0.8, 0.9, 1.0 and 3.5, respectively, it is expected that
the covalency of Li–O bond is stronger than those of Na–O and K–O
bonds. Therefore, with the replacement of Li by K and Na, it is
expected that the electrons from oxygen are more available for
coordination with Er3þ . Then, the covalency of Er–O bond is
increased and their effect is reflected directly in the values of O2

and O6 parameter, as shown in Fig. 2. In order to elucidate this
effect, the covalency parameter based on hypersensitive transition
was determined. Such transition must have a large value of the
doubly reduced matrix elements 9/ðS,LÞJ99UðtÞ99S0,L0ÞJ0S92

and obeys
the selection rules 9DJ9r2,9DL9r2 and DS¼ 2. The 4I15/2-

2H11/2

transition of Er3þ is known as hypersensitive transition and
he peak wavelength is used directly as a parameter reflecting the
covalency of the Er–O bond [26]. Thus, the intensity of line
strengths (Smeas) was calculated and the results were found to be
5.840�10�20, 6.106�10�20 and 6.665�10�20 cm2 for Li, Na and
K, respectively. The obtained result confirms that the covalency of
Er–O bond increases gradually with the replacement of network
modifiers in the order Li-Na-K.

For those transitions with DJ¼ 1, there would be a contribu-
tion of the magnetic dipole transition (Smd). The 4I13/2-

4I15/2

transition of Er3þ meets this requirement and the line strength is
partly a contribution of Smd and partly of electric-dipole transition
Sed [27]. The Smd contribution corresponds to 30% in silicate
glasses as has been reported and explains the narrow emission
band of such transition [28]. Therefore, it is necessary to increase
the electric-dipole transition in order to get broad band and flat
emission spectra, that are very useful in optical amplifiers [22].
According to the Judd–Ofelt theory, the line strength of Sed

components of the 4I13/2-
4I15/2 transition is given by[29]

Sed½
4I13=2 ;

4I15=2 � ¼ 0:019O2þ0:118O4þ1:462O6, ð3Þ

where the coefficients of Ot parameters are the reduced matrix
elements of the unit tensor operator, U(t), which can be found in
the literature [30]. From this equation, it is clear that the O6

parameter is much more significant for the value of Sed due to
the largest coefficient. Therefore, an increment in the O6 value
necessarily means an increment of the band width of 4I13/2-

4I15/2
transition and confirms that the broad band increases as the O6

coefficient increases. The largest coefficient was obtained for the
alkali with the lowest ionic radii as shown in Fig. 2 and will be
discussed later in Section 3.3. The complete procedure to obtain
the JO parameters and some spectroscopic properties in Er3þ

doped tellurite glasses and other host has been described else-
where [31,32]. The obtained JO parameters follow the typical
behavior O24O44O6 and are in agreement with results reported
recently for various glass compositions, as shown in Table 1. In
addition, by taking the ratio w¼O4=O6 named as the spectro-
scopic quality factor it is possible to predict the behavior of
various lasing transitions in a given matrix uniquely represented
by O4 and O6 parameters [35]. This value is inversely proportional
to the intensity of the laser transition, and a small value of this
parameter means more intense laser emission. For our samples, w
shows a minimum value of 1.09 for glasses containing K and
increases to 1.14 and 1.16 for Na and Li, respectively. These values
are smaller than those reported recently for other tellurite glass
composition as displayed in Table 1 [33,34].

Using the Ot parameters, the radiative transition probability
(Arad) from different upper states to the corresponding lower
manifold states can be evaluated from the relation

Arad ðS,LÞJ; ðS0,L0ÞJ0½ � ¼
64p4e3

3hð2Jþ1Þl3

nðn2þ2Þ2

9
Sedþn3Smd

" #
: ð4Þ

Here, Sed and Smd represent the predicted fluorescence line
strength for the induced electric and magnetic dipole transition,
respectively. Sed is calculated using Eq. (2) and presents a host
dependence through the Ot parameters. Smd, ignored here, can be
calculated with the expression

Smd ¼
e2h2

16p2m2c2

� �
9/ðS,LÞJ99Lþ2S99ðS0,L0ÞJ0S92

: ð5Þ

The values of the radiative transition probability for 4S3/2-
4I15/2,

4F9/2-
4I15/2 and 4I13/2-

4I15/2 transitions for the different network
modifiers under study are shown in Table 2. The radiative transition
probability is proportional to the refractive index of the glass host
according to the relation Aradpn(n2

þ2)2. From Table 2 a decreasing
tendency was observed in every transition in the order K-Na-Li,
which is mainly because of the increase of refractive index with
replacement of K by Li and Na. The total radiative transition
probability AT also permits calculation of the radiative lifetime trad

for an excited state J using the expression

trad ¼ A�1
T ¼

X
S0 ,L0 ,J0

A½ðS,LÞJ; ðS0; L0ÞJ0�

( )�1

: ð6Þ

Because the total radiative transition probability depends of Ot

parameters the radiative decay time is inversely proportional
to a linear combination of these JO parameters. The radiative



Table 2
Fluorescence lifetime (texp), radiative transition probability and quantum effi-

ciency (QE) as functions of rare earth concentration and network modifiers.

Er/Yb (mol%) texp (ms) QE (%) Arad (s�1)

4S3/2
4F9/2

4I13/2
4S3/2

4F9/2
4I13/2

4S3/2
4F9/2

4I13/2

Li 0.25/1 0.185 0.269 3.83 84 100 100 4593 3717 278

0.25/2 0.180 0.260 4.33 82 96 100

0.25/3 0.167 0.237 4.41 76 88 100

Na 0.25/1 0.187 0.271 4.04 78 88 100 4207 3272 247

0.25/2 0.180 0.267 4.23 75 87 100

0.25/3 0.177 0.249 4.4 74 81 100

K 0.25/1 0.195 0.279 4.13 71 88 93 3678 3166 226

0.25/2 0.182 0.269 4.37 66 85 99

0.25/3 0.175 0.264 4.85 64 83 100
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transition probability also depends on the local field correction at
the Er3þ site, showing a dependence on the refractive index.
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3.2. Absorption (ACS) and emission cross-section (ECS).

The cross sections quantify the ion ability to absorb or emit
light; large emission cross-section means high gain coefficient
and low threshold energy of laser pump. Thus, in order to obtain
the best performance of laser and optical amplifiers, it is neces-
sary to improve the emission cross-section as high as possible.
The absorption cross-section of the 4I13/2-

4I15/2 (1.53 mm) transi-
tion of Er3þ has been determined from the absorption spectra of
Er3þ/Yb3þ codoped tellurite glasses, using the equation

sa ¼
2:303logðI0=IÞ

NL
: ð7Þ

where logðI0=IÞ is the optical density, L is the sample thickness and N

is the concentration of Er3þ ion. The emission cross-section was
obtained according to the McCumber theory from the expression [36]

seðvÞ ¼ saðvÞexp½ðe�hðc=lÞÞ=kT�, ð8Þ

where v is the photon frequency, e 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 the Planck’s constant, k is the Boltzmann constant and c is the
light velocity in vacuum; e was estimated using the approximation
provided in Ref. [37], and the obtained value is e¼6554 cm�1. In this
case, three basic assumptions are considered: (1) the Stark levels for a
given manifold are equally spaced, Eij¼(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 emission peak and (3) E1 and E2 are
calculated measuring the half width energy calculated from the
wavelength peak to the point where signal decreased to 5%.
The calculated values of absorption and emission cross-section for
Te2O–La2O3–K2O–ZnO glass are shown in Fig. 3a. The largest emission
cross-section of 1.02�10�20 cm2 was obtained for the glass compo-
sition Te2O–La2O3–Li2O–ZnO and then decreased to 0.97�10�20 cm2

and 0.92�10�20 cm2 for Te2O–La2O3–Na2O–ZnO and Te2O–La2O3–
K2O–ZnO composition, respectively, (see Fig. 3b). Since the emission
cross-section is proportional to the refractive index of the host,
sep(n2

þ2)2/n, and the refractive index increases in the order
K-Na-Li, it is expected that the Te2O–La2O3–Li2O–ZnO glass has
the largest emission cross-section among the alkali. The calculated
values of emission cross-section reported here are in agreement with
results reported recently [34] and are higher than those values
reported for silica (7.9�10�21 cm2) [38] and phosphate glasses
(6.8�10�21 cm2) [39].
3.3. Fluorescence properties of Er3þ /Yb3þ codoped tellurite glasses

3.3.1. Infrared and upconversion emission

The well-known NIR emission of Er3þ (4I13/2-
4I15/2) in the

Yb3þ/Er3þ codoped tellurite glasses was observed at 1.532 mm,
with a spectral bandwidth ranging from 46 to 66 nm, depending
on the concentration of Yb3þ ions and the appropriate network
modifier, as is shown in Fig. 4. This means an increment of 20 nm
in the bandwidth just by controlling the ion concentration and
glass composition. The obtained results show a continuous incre-
ment of the bandwidth with the increment of Yb3þ ion for
different host compositions as displayed in Fig. 4. In addition,
the ion concentration and glass composition modify the intensity
of the signal emitted, showing a maximum at 1 mol% of Yb2O3

and increasing a little when K replaced Li and Na as indicated in
Fig. 5. Such dependence clearly indicates the importance of the
right glass composition and concentration of Er3þ and Yb3þ ions.

Two strong visible emission bands were also observed as
displayed in Fig. 6: the green band associated with the mixed
transition 2H11/2þ

4S3/2-
4I15/2 and centered at 526 and 548 nm,

and the red band associated with 4F9/2-
4I15/2 transition and

centered at 660 nm. The visible emission is the result of the well-
known upconversion process and it depends on the concentration
of Yb3þ ions. The overall intensity of the upconverted signal
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shows a maximum at 1 mol% of Yb2O3 and after this both green
and red bands decrease as indicated in Fig. 6a. The maximum is
explained in terms of the energy transfer efficiency due to the
right concentration of sensitizer (donors) while the decrement of
signal is probably associated with the energy migration between
donors (Yb3þ) as a result of the high ion concentration. The
intensity of the upconverted signals also depends on glass
composition, showing an increase in the order Li-Na-K as
shown in Fig. 6b. This result suggests an increase of distance
between Er3þ and Er3þ , avoiding the formation of cluster and
then the fluorescence quenching. This is supported by the
previous results where it was shown that K improves the
solubility of Er3þ ions. Of course, this behavior is also followed
by emission band at 1.532 mm. The visible bands are relaxation
pathways contrary to pathways associated with NIR emission,
and then the enhancement of the former is deleterious to the very
important emission associated with the communication window.

The integrated upconverted (Iupc) signal was plotted as a
function of the pumping power (Ipp) and the experimental data
for unsaturated UC process were fitted by the expression
Iupc ¼ kIn

pp, where n denotes the number of photons involved in
the upconversion process. Fig. 7 shows such a behavior with n�2
for 1 and 2 mol% of Yb3þ for samples containing lithium as a host
modifier. The calculated n values were 1.52 and 1.22 for green
and red band, respectively, for 1 mol% of Yb3þ and reduced to
1.44 and 1.16 for 2 mol% of Yb3þ . Such changes suggest the
presence of additional processes strongly related with the pre-
sence of Yb3þ . It can be attributed to the linearization of UC
process because of the saturation of 4I13/2 and 4F9/2 energy levels
due to the combined effect of cross-relaxation (CR) according to
the equation Er3þ(2H11/2)þEr3þ(4I15/2)-Er3þ(4I9/2)þEr3þ(4I13/2)
and energy transfer process from Yb3þ to Er3þ . According to this,
the possible physical mechanism describing both visible and NIR
emissions of Er3þ/Yb3þ is as follows: Er3þ (acceptors) and Yb3þ

(donor) ions are excited by the pumping signal according to the
equation hnþEr3þ(4I15/2)-Er3þ(4I11/2) and hnþYb3þ(4F5/2)-
Yb3þ(4F7/2), respectively. However, most of the energy is
absorbed for the Yb3þ ions due to the larger absorption cross-
section. A small fraction of Yb3þ ions decay radiatively to ground
state, leading to emission at 1.03 mm, and partly transfer their
energy to the Er3þ due to the resonance between 2F7/2-

2F5/2 and
4I15/2-

4I11/2 transitions of Yb3þ and Er3þ , respectively, as shown
in the energy diagram in Fig. 8. The overall result is an increase of
population in 4I11/2. Part of the populations in 4I11/2 relax non-
radiatively to 4I13/2 level and from here relax to ground state,
producing the 1.532 mm emission band, and another part is
promoted to 4F7/2 by the ET from the relaxation of another excited
Yb3þ (4F5/2-

4F7/2) or Er3þ (4I11/2-
4I15/2) ion. Ions excited at 4F7/2

decay non-radiatively to 2H11/2 and 4S3/2 levels due to the phonon
energy of the host. From here, the population decays to ground
state, producing the green emission centered at 526 nm (2H11/2-
4I15/2) and 548 nm (4S3/2-

4I15/2), and partly decays non-radia-
tively to 4F9/2 to finally decays to the ground state, producing the
red emission centered at 660 nm (4F9/2-

4I15/2). Furthermore,
part of the population on 4I13/2 energy level (populated by non-
radiative relaxation from 4I11/2 and CR as described above) is
re-exited to 4F9/2 by the energy transfer from another donor:
Yb3þ(2F5/2)þEr3þ(4I13/2)-Yb3þ(2F7/2)þEr3þ(4F9/2). This mechan-
ism explains the saturation of 4F9/2 energy level and the reduced
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value of n. The complete mechanism proposed to explain both
visible and NIR emissions of Er3þ/Yb3þ codoped tellurite glasses is
described in Fig. 8.
3.3.2. Fluorescence lifetime

The fluorescence decay times of green (560 nm), red (670 nm)
and NIR (1.532 mm) emissions for all samples under study are
plotted versus Yb3þ concentrations in Fig. 9. Such a figure shows
the individual effects of each network modifiers and Yb3þ
concentration. It has been reported that the incorporation of Na
to tellurite glasses improves the solubility of rare earth, reducing
the fluorescence quenching and increasing decay time (or at least
reduce the quenching) with the increase of Er3þ concentration [19].
However, our studies show better solubility with the incorpora-
tion of K instead of Na, reducing the concentration quenching
of Er3þ even at higher concentration. The experimental results
show an increase of decay time in the order Li, Na and K,
indicating that K is the best modifier to improve spectroscopic
properties. In addition, the fluorescence decay time of 4I13/2-
4I15/2 transition increases from 3.83 to 4.41 ms for Li, 4.40 to
4.44 ms for Na and 4.13 to 4.85 ms for K when Yb2O3 increases
from 1 to 3 mol%, as displayed in Fig. 9a. This is partly the result of
the higher concentration of sensitizer and the better excitation
process of Er3þ via the energy transfer from Yb3þ , as reported
previously [39], and partly the result of a better dispersion of Er3þ

avoiding cluster formation that in turn avoids fluorescence
quenching. The ionic radii of donors and acceptors are similar;
as a consequence Yb3þ ions can act as a disperser, reducing the
cluster formation of Er3þ . Fig. 9b and c shows the fluorescence
decay time of 4S3/2 and 4F9/2 energy levels, where a monotonic
decrease as a function of Yb3þ concentration can be observed.
Decay time for green band ranges from 180 to 167 ms, 187 to
174 ms and 195 to 175 ms for Li, Na and K, respectively. For red
emission, it ranges from 265 to 230 ms for Li, 271 to 249 ms for
Na and 280 to 264 ms for K for different concentrations of Yb3þ .

The quantum efficiency (QE) for the three observed transition
was calculated using the expression

Z¼ tmeas=trad, ð9Þ

where tmeas is the experimentally measured lifetime and trad is
the calculated radiative lifetime obtained from JO parameters. The
values of quantum efficiency for all Yb3þ/Er3þ codoped tellurite
glasses are listed in Table 2. The QE of 4S3/2-

4I15/2 transition
decreases from 74 to 67% for Li, 67 to 63 for Na and 66 to 59 for K,
and for 4F9/2-

4I15/2 transitions it decreases from 100 to 88% for Li,
89 to 81 for Na and 88 to 83% for K when Yb3þ concentrations
increase from 1 to 3 mol%. In the case of 4I13/2-

4I15/2 transition,
quantum efficiency increases slightly from 93 to 100% for K and
keeps to 100% for Li and Na.

3.4. Energy transfer in Yb3þ/Er3þ codoped tellurite glasses

The energy transfer (ET) efficiency from Yb3þ to Er3þ , Yb3þ

(2F5/2)þEr3þ(4I15/2)-Yb3þ(2F7/2)þEr3þ(4I11/2), can be evaluated,
considering no other process than ET, using the expression [40]

Z¼ 1�
tYb-Er

tYb
, ð10Þ

where tYb-Er and tYb stand for the fluorescence lifetime of 2F5/2

level of codoped Yb3þ–Er3þ and Yb3þ doped glasses, respec-
tively. The ET efficiency increases from 45% to 53% for Li2O
modifier, 51% to 55% for Na2O and 52% to 58% for K2O when the
Yb3þ concentration increases from 1 to 3 mol% as displayed in
Fig. 10. Notice the strong effect of host composition increasing ET
from 45% for Li to 52% for K at 1 mol% of Yb2O3. Since the lifetime
of Yb3þ (tYb) increases from Li to Na and K, it is expected that the
maximum ET occurs in glasses containing K. These calculated Z
values are in agreement with other reports published recently
[44], but are lower than those reported for phosphate and silica
glasses. It has been reported that ET efficiency from Yb3þ to Er3þ

is mainly dependent on the ratio WBT=WMR, where WBT stands for
the energy back transfer efficiency from Er3þ (4I11/2-

4I15/2) to
Yb3þ (2F5/2-

4F7/2) and WMR stands for the multi-phonon relaxa-
tion 4I11/2-

4I13/2 transition of Er3þ [41]. WBT is affected by the
lifetime of 4I11/2 level of Er3þ: large lifetime means large WBT.
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For tellurite glasses this value is 140 ms [42], while in silicate and
phosphate glasses they are 10 and 1 ms, respectively. In addition,
the highest phonon energy of tellurite glasses is around
800 cm�1, while in silicate and phosphate glasses it is around
1000 and 1100 cm�1, respectively [43]. Furthermore, the multi-
phonon relaxation rate in tellurite glasses is much smaller than in
silicate and phosphate glasses. Therefore, low WMR and large WBT

mean more time occupied in 4I11/2, reducing the ET efficiency in
tellurite glasses.
4. Conclusion

Er3þ/Yb3þ codoped 70TeO2–12.75ZnO–10R2O–3.25La2O3

glasses with different network modifiers (R¼Li, Na and K) were
prepared and the spectroscopic properties as functions of modi-
fiers and Yb3þ concentration were analyzed. The Judd–Ofelt
analysis shows important changes in the Ot parameters by
changing the network modifier, these being changes outstanding
in the spectroscopic properties of active ions. The se and FWHM
of 4I13/2-

4I15/2 transition of Er3þ can be increased by changing
the network modifier in the order K-Na-Li, the maximum
obtained values being 1.02�10�20 cm2 and 66 nm, respectively.
However, the presence of K reduces the quenching of Er3þ and
Yb3þ , improving both visible and NIR signals emitted. The
concentration of donors plays an important role to improve the
energy transfer and then improve the signal emitted. This is also
dependent on network modifier, being the maximum for K, and
increases with donor concentration. The obtained results suggest
that K is the best modifier for applications in laser and optical
amplifiers at 1.53 mm emission.
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