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Spectroscopic properties of lead fluoroborate
glasses codoped with Er31 and Yb31
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Energy transfer at 1500 nm in lead fluoroborate glasses (PbO–PbF2 –B2O3) codoped with Er31 and Yb31 is
studied for the first time to the authors’ knowledge. A sample codoped with 1 mol. % of Yb2O3 and 0.01 mol. %
of Er2O3 has a measured fluorescence lifetime of (1.30 6 0.07) ms and an energy transfer efficiency of 80%.
Also, a large emission band, of 72.4 nm has a measured peak emission cross section of (0.73 6 0.06) 3 10220

cm2. The calculated Judd–Ofelt parameters are V2 5 (3.51 6 0.14) 3 10220 cm2, V4 5 (1.09 6 0.07)
3 10220 cm2, and V6 5 (0.94 6 0.07) 3 10220 cm2. The temporal evolution of the Yb31 fluorescence is fitted
by use of the Yokota–Tanimoto expression to yield the Yb31 diffusion constant @(1.6 6 0.2) 3 10210 cm2 s21#
and the critical radius of Yb31/Er31 (18 6 1) 3 1028 cm. Results with the singly doped samples produced
are presented to clarify the energy transfer process. © 2002 Optical Society of America

OCIS codes: 160.2750, 160.4760, 160.5690, 160.3380, 140.3380.
1. INTRODUCTION
Spectroscopic properties of erbium ions in several glass
hosts have been the subject of extensive investigations.
Since the first operation of the erbium laser in the pulsed
regime in 1965,1 the erbium glass laser has been attract-
ing much interest, mainly because of its emission wave-
length (1530 nm), which is located in the eye-safe region,2

and its applications for telecommunications. More re-
cently, with the development of strained-layer InGaAs la-
ser diodes emitting at the 980-nm pump wavelength,3 la-
ser physicists have given much attention to continuous-
wave laser oscillators based on Er31-doped glasses and
optical fibers. This interest was also stimulated by the
successful operation of an erbium-doped fiber amplifier
pumped at 980 nm,4 which rapidly turned out to be a key
component in all modern optical transmission systems.
Erbium ions, when they are hosted in a glass material,
exhibit a broad emission band located near 1.5 mm. This
large emission spectrum is mainly homogeneously broad-
ened, and it can be used to obtain quasi-three-level laser
action at this wavelength. The Yb31 ion can be an excel-
lent sensitizer for Er31, and the main advantage of using
it as a codopant is that it will improve the pumping effi-
ciency while strongly reducing the laser threshold. The
use of erbium-doped glasses codoped with ytterbium is an
effective way to enhance absorption and pumping efficien-
cies, particularly for short cavity length devices (bulk mi-
crolasers or certain fiber lasers).4 The process of energy
transfer between Yb31 and Er31 ions in the codoped ac-
tive material substantially reduces the intensity of noise
0740-3224/2002/122921-06$15.00 ©
induced by pump-power fluctuations.5 The Yb31 4f elec-
tron configuration has a small number of well-spaced 4f
states; the probability of energy loss through interstate
nonradiative transitions is therefore smaller than that
observed in other rare-earth ions. Besides, materials
doped with Yb31 ions are more efficient emitters when
they are pumped by diode lasers, without the possibility
of excited-state absorption. They are also of interest for
the next generation of high-intensity lasers because of
their energy storage properties.6

We present, for the first time to our knowledge, results
of energy transfer in fluoroborate glasses codoped with er-
bium and ytterbium. Results for samples singly doped
with Yb31 and Er31 are also shown to explain the energy
transfer. The spectroscopic properties are determined by
means of optical absorption, luminescence, and associated
lifetime. Also, calculations of the Judd–Ofelt param-
eters, probability of spontaneous emission, and emission
cross sections are derived. The decay rate of the donor
ion Yb31 is described by use of the Yokota–Tanimoto
model.

The properties of this new glass matrix that have
stimulated our study are its high refractive index (2.2),
which is normally responsible for the high probability of
spontaneous emission, its good glass-forming region, its
good physical and chemical stability, and its transmission
from the visible region (0.4 mm) to the long infrared (4
mm).7

The most important Er31 ion laser transitions are
found in the infrared. One of them is at 2700 nm (with
2002 Optical Society of America
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interest in the domain of optical sources for sensors and
for medicine), where the fundamental stretching vibra-
tion of OH2 takes place. The efficiency of this emission
in oxide glasses is low because the 4I11/2 → 4I13/2 transi-
tion, which responsible for this emission, suffers strong
nonradiative, multiphonon relaxation. Glasses with re-
duced phonon energy can enhance the quantum efficiency
of the 2700-nm emission, as occurs with sulfide and heavy
metal oxide glass hosts. Another important emission of
Er31 ions occurs at 1500 nm, which coincides with the
third optical communication window. This is the transi-
tion that provides amplification near 1540 nm in erbium-
doped fiber amplifiers and eye-safe radiation for remote-
sensing applications. Codoping with ytterbium is also a
convenient way to obtain laser emission at this wave-
length because of the wide applications of ytterbium in
optoelectronic circuits. Yb31 as a codopant in an Er31-
doped laser host is interesting because of its broad ab-
sorption band and its high absorption cross section near
970 nm.

We have studied the 1500-nm emission of Er31 in sin-
gly and codoped fluoroborate glasses to determine the ef-
fect of ytterbium as a sensitizer in this host. We remark
that the results of studies of lead fluoroborate glasses sin-
gly doped with various concentrations of Yb31 were pre-
viously published.7,8

2. EXPERIMENT
The samples (singly doped with Er2O3 or Yb2O3 and
codoped with both of them) were prepared with the follow-
ing glass matrix8 [mol. %]: 43.5H3BO3 –22.5PbCO3 –
34.0PbF2 . The appropriate mixture of reagents was
melted in air at 1000 °C for 1.5 h in a platinum crucible
and then poured into a preheated brass mold to be an-
nealed for 12 h at 400 °C (the measured glass-transition
temperature, Tg , is 480 °C). Transparent and homoge-
neous glasses (all samples were examined by optical mi-
croscopy) that were stable against crystallization were
produced, cut into slabs of 3-mm thickness, and then pol-
ished for optical measurements. The refractive index
(2.20 6 0.03) was measured by the apparent-depth
method (which relates the physical thickness to the opti-
cal thickness or the apparent thickness of the refractive
index), and the density (4.4 6 0.1) g/cm3 was determined
with the Archimedes method. Absorption spectra (with
an error of 62%) at room temperature were obtained with
a spectrophotometer (Cary 17 D/OLIS). The lumines-
cence spectra were determined by use of an excitation
beam from an InGaAs laser diode (Optopower A020) at
968 nm, a 0.5-m Spex monochromator, a germanium de-
tector, and an EG&G 7220 lock-in amplifier. The triva-
lent ions had their lifetimes measured by pulsed laser ex-
citation (4 ns) from an optical parametric oscillator
pumped by a frequency-doubled Nd:YAG laser (Quantel)
with a fast S-20 extended-type photomultiplier and ana-
lyzed with a signal-processing boxcar averager (PAR
4402). To avoid reabsorption effects in the emission and
lifetime measurements, we placed the sample such that
the laser beam passed close to the sample’s edge. The lu-
minescence emitted from this edge was collected and used
for the measurements. Besides, the sample was placed
in an experimental setup in which the pump and the
emission beams were perpendicular.

3. RESULTS
The process of energy transfer between Yb31 and Er31 is
schematized in Fig. 1. Arrows (a) and (b) indicate radia-
tive absorption and emission of a pump photon from the
2F7/2 and 2F5/2 ytterbium levels, respectively, (c) is the
spontaneous decay from the 2F5/2 ytterbium level, (d) is
the ytterbium-to-erbium energy transfer process, which
acts as indirect pumping of erbium ions, (e) is the erbium
nonradiative decay from the 4I11/2 level to the 4I13/2 upper
laser level, (f) and (g) are the stimulated emission and ab-
sorption, respectively, between the 4I13/2 erbium laser
level and the I15/2 ground level, (h) is the erbium sponta-
neous decay from I13/2 level, and (i) is a cooperative up-
conversion process between two excited erbium ions that
promotes one ion to the I9/2 upper level while the second
ion decays to the ground level. The first ion then relaxes,
through fast nonradiative decay, to its original 4I13/2 state
such that the overall effect is the loss of one excited ion,
4I13/2 . Note that a uniform upconversion can be
assumed.9

Absorption measurements performed at room tempera-
ture show peaks that are associated with the electronic
transitions of Er31 (521, 545, 652, 797, 968, and 1532 nm)
and of Yb31 (968 nm) and are a proof of the incorporation
of the rare-earth ions in trivalent form.

The Yb31 emission spectra at 1022 nm (Fig. 2), for the
samples singly doped with 1 mol. % of Yb2O3 and codoped
with Yb2O3 (1 mol. %) and Er2O3 (0.01 mol. %) are ob-
tained by excitation at 968 nm. The emission of Yb31 is
significantly decreased for the codoped sample, showing
the role of Yb31 as sensitizer.

The absorption cross-section spectrum of the sample,
singly doped with 1 mol. % of Yb2O3 , is shown in Fig. 3.
Notice the high absorption cross section of (2.80 6 0.19)
3 10220 cm2 at 968 nm, which is related to the 2F7/2
→ 2F5/2 transition of Yb31.

The Er31 emission spectra at 1543 nm, related to the
4I13/2 → 4I15/2 transition (Fig. 4) for the samples singly
doped with Er2O3 (0.2 and 1 mol. %) and codoped with
Yb2O3 (1 mol. %) and Er2O3 (0.01 mol. %), are obtained by
excitation at 968 nm. The erbium emission of the
codoped sample is enhanced compared with those of the
singly doped samples because of the action of Yb31 as sen-
sitizer. Quenching can be observed for concentrations of
Er2O3 higher than 2 mol. %. The emission cross-section
spectrum of Er31 in the codoped sample is shown in Fig.

Fig. 1. Energy transfer between Yb31 and Er31.
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5. The peak emission cross section is (0.73 6 0.06)
3 10220 cm2 at 1543 nm. We calculated this emission
cross section, using the Judd–Ofelt parameters and the
probability of spontaneous emission, as explained
below.10,11

Fig. 2. Emission spectra of Yb31 for the lead fluoroborate glass
(excitation at 968 nm).

Fig. 3. Absorption cross-section spectrum of Yb31 for the lead
fluoroborate glass that has been singly doped with 1 mol. % of
Yb2O3 .

Fig. 4. Emission spectra of Er31 for the lead fluoroborate glass,
related to the 4I13/2 → 4I15/2 transition (excitation at 968 nm).
The Judd–Ofelt parameters (V t) were calculated with
the following expression [with the six absorption bands of
the electronic transitions of Er31 from the initial manifold
(S, L, J) to the final manifold (S8, L8, J8)], which
equates the experimental to the calculated oscillator
strength for induced electric and magnetic dipole transi-
tions:

mc2

pe2rlp
2 E k~l!dl

5
8p2mc

3h~2J 1 1 !lp
F ~n2 1 2 !2Sed

9n
1 nSmdG , (1)

where c represents the velocity of light, n is the refractive
index, r is the concentration of Er31 ions, lp is the absorp-
tion peak wavelength, e and m are the mass and the elec-
tron charge, respectively, k(l) is the absorption coeffi-
cient, and Sed and Smd are the line strengths for the
induced electric and magnetic dipole transitions respec-
tively. The line strength for the induced electric dipole
(Sed) transition is given by

Sed 5 (
t52,4,6

V tu^SLJuuUtuuS8L8J8&u2, (2)

where u^SLJuuUtuuS8L8J8&u2 is the square of the matrix
elements of tensorial operator Ut, which connects the
SLJ and the S8L8J8 states (determined from the
literature).12

Because the magnetic dipole oscillator strength of the
4I15/2→4I13/2 transition exerts a considerable effect on the
total radiative transition, it has to be considered in the
calculation of the Judd–Ofelt parameters.

In Eq. (1) the oscillator strength for the magnetic dipole
transition is given by

fmd 5
8p2mcSmdn

3h~2J 1 1 !lp
5 f 8n,

where f 8 5 30.8 3 1028 for the 4I15/2 → 4I13/2 transition
of Er31.11 For n 5 2.2, fmd has a value of 67.8
3 1028. The three Judd–Ofelt parameters are deter-
mined by a least-squares fitting routine that compares
the measured oscillator strengths for the six different

Fig. 5. Emission cross-section spectrum of Er31, related to the
4I13/2 → 4I15/2 transition, for lead fluoroborate glass codoped with
Yb2O3 (1 mol. %) and Er2O3 (0.01 mol. %).
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Er31 absorption bands with the theoretical oscillator
strengths, using the matrix elements tabulated in Ref. 12.
The values obtained are

V2 5 ~3.51 6 0.14! 3 10220 cm2,

V4 5 ~1.09 6 0.07! 3 10220 cm2,

V6 5 ~0.94 6 0.07! 3 10220 cm2.

The probability of spontaneous emission of 340.6 s21,
from the initial manifold (S, L, J 5 13/2) to the final
manifold (S8, L8, J8 5 15/2), was determined with the
following equation10:

AR 5
64p4e2

3h~2J 1 1 !l3 Fn~n2 1 2 !2Sed

9
1 n3SmdG . (3)

In Eq. (3), l is the emission peak wavelength.
The peak emission cross section for the Er31 4I13/2

→ 4I15/2 transition is expressed as

sem 5
l4AR

8pn2cDlEFF
, (4)

where DlEFF is the effective fluorescence bandwidth (72.4
nm).

The fluorescence lifetimes measured were fitted with a
single exponential function, and the results are shown
in Table 1. The emission lifetime, obtained for the
4I13/2 → 4I15/2 transition of Er31, decreased from (1.30
6 0.07) ms (0.2 mol. %) to (0.80 6 0.04) ms (2 mol. %).
The same transition has a lifetime of (1.30 6 0.07) ms in
the codoped sample. For the singly doped sample, for 1
mol. % of Yb2O3 the time constant for the 2F5/2 → 2F7/2
transition of Yb31 is (0.78 6 0.04) ms and decreases to
(0.16 6 0.01) ms in the sample codoped with 0.01 mol. %
of Er2O3 (Fig. 5). Therefore the energy transfer effi-
ciency is given by h 5 1 2 t f /t 5 80%, where t f
5 (0.16 6 0.01) ms and t 5 (0.78 6 0.04) ms.

The nonradiative transition rate of the codoped lead
fluoroborate glass can be evaluated from the radiative
transition rate calculated above and the measured fluo-
rescence lifetime of Er31. The measured decay rate of
the fluorescence (Ameas 5 1/t f 5 769.2 s21) from the
excited-state energy level of a rare earth is given by
Ameas 5 AR 1 ANR , where AR is the radiative transition
rate calculated previously from the Judd–Ofelt analysis
[340.6 s21; Eq. (3)] and ANR is the nonradiative transition
rate, expressed by ANR 5 1/t f 2 1/tR 5 428.6 s21 (where
tR 5 2.94 ms is the calculated radiative lifetime and

Table 1. Fluorescence Lifetimes t of Singly and
Codoped Lead Fluoroborate Glasses

Dopant

t f (65%; ms) TransitionEr2O3 (mol. %) Yb2O3 (mol. %)

0.20 - 1.30 4I13/2 → 4I15/2

0.50 1.10 4I13/2 → 4I15/2

1.00 0.91 4I13/2 → 4I15/2

2.00 0.80 4I13/2 → 4I15/2

0.01 1.00 1.30 4I13/2 → 4I15/2

0.01 1.00 0.16 2F5/2 → 2F7/2

1.00 0.78 2F5/2 → 2F7/2
t f 5 1.3 ms is the measured fluorescence lifetime of Er31

for the codoped sample). The quantum efficiency is gov-
erned by the nonradiative rate and is given by « 5 t f /tR
5 44%.

The experimentally measured evolution of the Yb31

fluorescence lifetime in the codoped sample was also fitted
(Fig. 6) by use of the Yokota–Tanimoto expression10,13

N~t ! 5 expF2
t

t
2 bt1/2S 1 1 10.87x 1 15.50x2

1 1 8.743x D 3/4G ,

(5)

where x 5 DR0
22t 1/3t2/3, D 5 KCYb

4/3, b 5 4/3p3/2

3 CAR0
3t 21/2, and WDA 5 CDA /R6, with CDA

5 R0
6/t.

In Eq. (5), t is the experimentally measured Yb31 life-
time in the singly doped glass, D is the Yb31 diffusion con-
stant that is due to the excitation energy migration, R is
the donor–acceptor distance, R0 is the critical radius of
the Yb31–Er31 dipole–dipole interaction, and CA and CYb
are the Er31 and Yb31 concentrations, respectively; WDA
is the transfer probability from the donor to the acceptor,
and CDA is the donor–acceptor energy transfer parameter.
This model considers the effects of diffusion-limited en-
ergy transfer between rare-earth ions; the fit to the ex-
perimental decay of the donor ion permits determination
of the diffusion constant @D 5 (1.6 6 0.2) 3 10210 cm2#
and the critical radius @R0 5 (18 6 1) 3 1028 cm#. We
remark that these values are similar to those of niobium
alkali tellurite glasses codoped with Tm31 and Ho31.
However, in that case the energy transfer efficiency is
50.0%.14

4. DISCUSSION
The Yb31 absorption cross section in singly doped lead
fluoroborate glass is high @(2.80 6 0.19) 10220 cm2#, and
its long fluorescence lifetime of (0.78 6 0.04) ms de-
creases to (0.16 6 0.01) ms in the presence of Er31,

Fig. 6. Time evolution of the Yb31 fluorescence in lead fluorobo-
rate glasses singly doped with Yb2O3 and codoped with Yb2O3
and Er2O3 . The evolution was also fitted by use of the Yokota–
Tanimoto expression.
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showing an energy transfer from Yb31 to Er31 with ef-
ciency of 80%. This energy transfer can be also observed
by comparison of the emission of the singly doped sample
(only Yb31) with the codoped sample (Fig. 2).

The Er31 emission, related to the 4I13/2 → 4I15/2 transi-
tion, increases with the erbium concentration. However,
in the presence of Yb31 (Fig. 4) it is significantly en-
hanced, even when the concentration of Er2O3 is de-
creased by a factor of 100, showing that energy transfer
occurs from Yb31 to Er31. To obtain a fluorescence signal
of such magnitude in the singly doped samples it would be
necessary to increase the concentration of Er2O3 signifi-
cantly. However, the measurements show a quenching of
the luminescence for concentrations higher than 2 mol. %
of Er2O3 . Also, the results obtained show that the
1543-nm emission of the singly doped Er31 sample does
not have the same properties as those observed for the
codoped sample. These are a fluorescence lifetime of
(1.30 6 0.07) ms and high fluorescence emission.

The emission band at 1500 nm is larger (72.4 nm) than
in other glass hosts (phosphate glasses have emission
bandwidths of ;50 nm) used for lasers in the third optical
communication window and is therefore of interest for
wavelength-division multiplexing.15

We calculated the Judd–Ofelt parameters and used
them to determine the emission cross-section spectrum of
Er31 for the codoped sample, whose peak value of (0.73
6 0.06) 3 10220 cm2 at 1543 nm is comparable to those
of the following Yb–Er phosphate laser glasses used at
1500 nm: IOG-1 (0.61 3 10220 cm2),16 Qe-7 from Ki-
gre, Incorporated (0.8 3 10220 cm2),9 and LaLiP4O12
(0.80 3 10220 cm2).2 The experimentally measured de-
cay curve of the codoped Yb31 sample could be fitted by
the Yokota–Tanimoto expression, as can be seen from Fig.
6. Therefore the Yb31 concentration used in the
diffusion-limited model for the energy transfer between
Yb31 and Er31 could be applied.

The specific concentration quenching mechanism var-
ies with the rare-earth species but in all cases has a com-
mon outcome: As the concentration is increased, it be-
comes more probable that energy will find its way to
nonradiative relaxation paths and will ultimately be dis-
sipated.

In erbium-doped hosts, concentration quenching is
caused by resonant energy transfer followed by hydroxyl
(OH) quenching,17–19 cooperative upconversion,20 or both.
The resonant energy is critical for highly doped hosts.
Upconversion is most problematic for strong optical
pumping. At low pump powers the predominant loss
mechanism is associated with the presence of OH.21 The
vibration frequency of the OH group in vitreous systems
falls within the range 2800–3700 cm21,22 which is much
larger than the maximum phonon energy of a typical
glass host. The 4I13/2 → 4I15/2 transition of Er31 can be
bridged by only two OH phonons, making the occurrence
of this process much more probable than multiphonon de-
cay by the glass matrix alone.

In our case the concentration of Er2O3 as well as the
pump power (7.5 W) is low. Therefore, based on the dis-
cussion above, a quantum efficiency of ;50% may be at-
tributed to nonradiative decay related to the energy
transfer to OH.
5. CONCLUSIONS
Energy transfer with an efficiency of 80% was measured
in a new lead fluoroborate glass (PbO–PbF2 –B2O3)
codoped with Yb2O3 (1 mol. %) and Er2O3 (0.01 mol. %).
In terms of efficiency, the best concentration of Er2O3
within the lead fluoroborate glass is 100 times smaller
than the concentration of Yb2O3 . We remark on the
large emission band (72.4 nm) measured at 1543 nm.
The peak emission cross section for this 4I13/2 → 4I15/2
transition is (0.73 6 0.06) 3 10220 cm2, and the fluores-
cence lifetime is (1.30 6 0.07) ms. The samples pre-
sented good mechanical resistance for diode laser pump-
ing (7.5 W of diode output power). This is, to our
knowledge, the first report of lead fluoroborate glass
codoped with Er31 and Yb31. The results obtained show
that this new material has good prospects for laser action
near 1543 nm.
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