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Abstract

PbO–Bi2O3–Ga2O3 glasses doped with different concentrations of Yb3+ are presented. The spectroscopic properties and laser

parameters are calculated and a comparison between different results obtained when calculating the Yb3+ emission cross-section

with the reciprocity method and with the Fuchtbauer–Ladenburg formula is presented. The behavior of the near-infrared lumines-

cence is described theoretically by a rate equation and compared with the experimental results. This host doped with Yb3+ is a prom-

ising material for laser action at 1019 nm, with properties similar to other known glasses used as active laser media; the emission

cross-section of 1.1 · 10�20 cm2, the high absorption cross-section (of 2.0 · 10�20 cm2) and a minimum pump intensity of

2.4 kW/cm2 are interesting properties for short pulse generation.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The discovery of heavy metal oxide glasses [1–3] has
attracted interest for photonics and optoelectronic

applications because of their optical properties such as

high refractive indices and infrared transmittance up

to 8 lm. Because of the high refractive index, contribu-

tions of third and fifth order susceptibilities were ob-

served in PbO–Bi2O3–Ga2O3 glasses produced at the

Laboratory of Glasses and Datation and indicate that

these glasses may be useful as efficient optical limiters
in the nanosecond regime [4]. Also, the reduced phonon

energy (500 cm�1), comparable to ZBLA glasses [5],
0925-3467/$ - see front matter � 2005 Elsevier B.V. All rights reserved.
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provides the possibility to develop more efficient lasers

and fiber optic amplifiers at longer wavelengths than

available from other glasses (silicate, borate, germanate,
phosphate and tellurite glasses have phonon energies,

higher than 700 cm�1) [6]. The broad emission bands

of Yb3+ doped glasses are important to generate tunable

laser emission, as well as ultra-short pulses. The location

of the absorption band (900–1000 nm) is suited for

pumping with InGaAs laser diodes. The literature re-

cently presented the optical properties of Er3+, Nd3+,

Tm3+, Pr3+ and Dy3+ [7–9] in glasses based on PbO–
Bi2O3–Ga2O3. In this work Yb3+ spectroscopic proper-

ties are investigated in a ternary composition of PbO–

Bi2O3–Ga2O3 glasses (BPG), suggested by Dumbaugh

[1]. The laser parameters (Imin, Isat and bmin) are calcu-

lated and the effect of radiation trapping is discussed

mailto:kassablm@osite.com.br


L.R.P. Kassab et al. / Optical Materials 27 (2005) 1576–1582 1577
[10]. The rate equation is used to compare the theoreti-

cal near-infrared luminescence with the experimental re-

sults. To the best of our knowledge there are no similar

studies related to PbO–Bi2O3–Ga2O3 glasses doped with

Yb3+.
2. Experimental

Batches of 12 g were prepared by mixing high purity

(99.99%) elements. Different concentrations of Yb2O3

shown in Table 1 in wt% (the ionic concentrations are

also presented) and representing the initial ones for the

synthesis, were added to the ternary lead bismuth
gallium composition (46.0PbO–42.0Bi2O3–12.0Ga2O3

(wt%)) or BPG as suggested by Dumbaugh [1]. The

powders were melted in high purity platinum crucibles

at 1000 �C, for 1 h, quenched in air inside heated brass

molds, annealed for 3 h at 300 �C (considering the tran-

sition temperature, Tg, of 324 �C) and then cooled to

room temperature inside the furnace. The melts of these

ternary systems are very reactive and corrosive and this
makes the choice of the crucible material a problem.

However platinum and gold crucibles seem to show

the best resistance and also give the best infrared trans-

mission. Contamination by platinum shifts the transmis-

sion edge to longer wavelengths [1]. The intrinsic color

of the glass is yellow because of the combination of bis-

muth and lead. The final color is a result of the

combination of this intrinsic yellow and eventual
contamination by the crucible. Results of the transition

(Tg) and crystallization (Tc = 393 �C) temperatures were

obtained using the DTA technique. The samples

produced have a red coloration and are stable against

crystallization as Tg � Tc = 69 �C, in agreement with

previous reports [11]; the quantity (Tg � Tc) has been

frequently used as a measure of glass stability and its

value has to be as large as possible [11]. Energy dispersive
X-ray spectroscopy (EDS) is a chemical microanalysis

technique that was performed in conjunction with a

scanning electron microscope (SEM) to evaluate the

presence of impurities and the complete melting of the

rare-earths. X-ray measurements were performed to

confirm the amorphous structure. Refraction index of

2.3 was measured at 1019 nm. Finally the samples were
Table 1

Spectroscopic properties and the laser parameter (Imin) of BPG glasses

doped with different concentrations of Yb3+

Yb3+

(·1020 ions/cm3)

Yb2O3

(wt%)

sf
(±5% ms)

Imin

(kW/cm2)

0.11 0.05 0.31 2.6

0.21 0.10 0.34 2.6

0.53 0.25 0.35 2.4

1.60 0.75 0.36 2.9

2.10 1.00 0.37 3.0
polished for absorption, emission and lifetime

measurements. For Yb3+ concentrations higher than

2.1 · 1020 ions/cm3 we observed a lack of transparency

indicating the solubility limit of Yb2O3 in this heavy

metal oxide glass under the melting condition employed.

The absorption spectra were measured at room temper-
ature from 800 nm to 1300 nm, using a Spectrometer

(Carry 500). Emission measurements were performed

by optically pumping the samples with an InGaAs laser

diode (Optopower A020) at 980 nm (FWHM of 2.2 nm).

The emission was analyzed with a monochrometer and

detected by a Ge detector. In order to minimize

reabsorption due to radiation trapping [10] the samples

were excited closely to their edges. Errors in these mea-
surements are estimated to be ±5%, based on the signal

to noise ratio. The lifetimes of the excited Yb3+ ions

were measured using pulsed laser excitation (4 ns) from

an Optical Parametric Oscillator pumped by a frequency

doubled Nd:YAG laser (Quantel) and a InSb detector

with appropriate filter. The wavelength of excitation

for lifetime measurements was of 980 nm. Errors are

estimated to be ±5%. Because of the spectral overlap
of the emission and absorption bands of Yb3+, radiation

trapping [10] makes the measured lifetime longer than

that of a single isolated ion. To reduce the effect of the

radiation trapping due to self absorption, the samples

used in the lifetime measurements had thickness of

0.3 mm [12]. The samples have good mechanical resis-

tance under high-brightness diode laser pumping: at

7.5 W of cw diode pump power there was no visible
fracture in the samples, even in the absence of cooling.
3. Results

Fig. 1 shows the transmission spectrum in the infrared

region in which we can see the cutoff wavelength of about

8 lm; the presence of the OH� band at 3.25 lm can also
be observed. Fig. 2 shows the absorption spectrum of the

sample doped with ytterbium and the transmission edge

in the visible region at about 570 nm.

The two most usual methods to obtain the emission

cross-section of the Yb3+: 2F7/2 ! 2F5/2 transition are

the reciprocity method (RE) [13] and the Fuchtbauer–

Ladenburg (F–L) formula [14]. The latter requires

knowledge of the spontaneous emission probability
and of the emission line shape as follows:

AR ¼ 8pcn2ð2J 0 þ 1Þ
k4
pð2J þ 1Þq

Z
kðkÞdk ð1Þ

remðkÞ ¼
k4gðkÞAR

8pn2c
ð2Þ

where AR represents the radiative rate from the 2F5/2

energy level, c the velocity of light, n the refractive index,
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Fig. 2. Absorption spectrum of BPG glass doped with 0.53 · 1020 ions/

cm3 of Yb3+ (2.5 mm thickness).
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Fig. 1. Transmission spectrum of BPG glass doped with

0.53 · 1020 ions/cm3+ of Yb3+ (2.5 mm thickness).
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kp the absorption peak wavelength (978 nm), q the con-

centration of Yb3+ ions, k(k) the absorption coefficient,

J and J 0 the total momentum for the upper and lower

levels and g(k) the normalized line shape function of

the measured fluorescence transition of Yb3+. However,

accurate experimental determination of the fluorescence

spectrum, easily affected by radiation trapping, is nor-

mally difficult. The reciprocity method does not include
radiation trapping because it is obtained from the

absorption cross-section spectrum (rabs) using the rela-

tion given by [13]:

remðkÞ ¼ rabsðkÞ
Z l

Zu

exp
Ezl � hck�1

kT

� �
ð3Þ

where k and Ezl represent the Boltzmann constant and

the zero line energy that is defined as the energy separa-

tion between the lowest components of the upper and
lower states, respectively. In the high temperature limit,

the ratio of the partition functions (Zl/Zu) simply be-

comes the degeneracy weighting of the two states. Fig.

3 shows the emission and absorption cross-sections for

Yb3+ doped BPG glasses with 0.3 mm thickness; a high

absorption cross-section of 2.0 · 10�20 cm2 is observed
(FWHM of 10 nm). The emission cross-sections are cal-

culated using the reciprocity method (RE) and the Fuch-

tbauer–Ladenburg (F–L) formula. Based on cumulative

errors associated with the spectra, concentration and en-

ergy level assignments, we estimate that the emission

cross-sections are accurate to ±18% and ±9%, respec-

tively, considering, F–L and RE calculations. Normally

the discrepancies of the emission cross-sections calcu-
lated by RE and F–L are mainly due to radiation trap-

ping [10]. Using F–L equation to calculate the

spontaneous emission probability, assuming for the

emission cross-section the results obtained from the rec-

iprocity method we confirmed the radiative lifetime

(sR = 1/AR = 0.3 ms) obtained from Eq. (1) and the

match between RE and F–L calculations. Table 1 shows

some of the spectroscopic properties; sf is the fluores-
cence lifetime obtained by fitting the measured lifetime

to a single exponential function (the changes of the fluo-

rescence lifetime are of the order of the experimental er-

rors of ±5%; these values are also in agreement with the

radiative lifetime of 0.3 ms) and Imin is the minimum

pump intensity, a laser parameter that is a measure of

the ease of pumping in order to get laser action [15]:

Imin ¼ bminI sat ð4Þ
where

bmin ¼
rabsðkextÞ

remðkextÞ þ rabsðkextÞ
ð5Þ

I sat ¼
hc

kpsfrabsðkpÞ
: ð6Þ

In the equations above, rabs(kp) is the absorption
cross-section at the absorption peak wavelength (kp =
978 nm), rem(kext) and rabs(kext) are, respectively, the

emission and the absorption cross-sections at the extrac-

tion wavelength (kext = 1019 nm). At this wavelength

Imin assumes the lowest value. We remark that at

1019 nm the absorption cross-section is two times

smaller than at 1005 nm (this is the wavelength that

corresponds to the emission cross-section of the second-
ary peak). Concerning the emission cross-sections,

the differences between their values, at 1019 nm and

1005 nm, are within the experimental errors. Therefore,

1019 nm is chosen as the extraction wavelength for the

calculation of Imin. Isat is the pump saturation intensity

that characterizes the pumping dynamics and the bmin

parameter is defined as the minimum fraction of Yb ions

that must be excited to balance the gain exactly with the
ground-state absorption at kext.
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Fig. 3. Absorption and emission cross-section spectra (calculated with RE and F–L methods) for BPG glasses doped with different concentrations of

Yb3+.
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Zhang and Hu [16] proposed that radiation trapping

can be evaluated by the parameter rtc (radiation trap-

ping coefficient) also used recently by Bell et al. [17]

and defined as follows: ((rems/remp)FL � (rems/remp)RE)/
(rems/remp)RE. Here remp and rems are the emission

cross-sections at the primary (978 nm) and secondary

(1005 nm) peaks, respectively, represented in Fig. 3.

The results of rtc calculations are presented in Table 2.

The radiation trapping tends to increase with the in-

crease of the Yb3+ concentration and occurs even for

small doping levels. Similar results for the rtc parameter

were reported in Yb tetraphosphate glasses [16] and in
phosphate glasses [17]. We observe from Table 2 that

(remp)RE is larger than (remp)FL. Considering the ratio

of the secondary to primary peak, we obtain (rems/

remp)FL > (rems/remp)RE and (rems/remp)RE remains
approximately constant whereas (rems/remp)FL increases

with increasing Yb3+ concentration. The best agreement

between RE and F–L methods is obtained at the second-

ary peak. These results can be attributed to radiation

trapping, as reported by Zhang and Hu [16], in Yb tetra-

phosphate glasses. With increasing Yb3+ concentration

the fluorescence trapping increases and the fluorescence

peak at 978 nm is reabsorbed, whereas the secondary



Table 2

Comparison between RE and F–L calculations of the Yb3+ emission cross-sections of BPG glasses

Yb3+ (1020 ions/cm3) remp (·10�20 cm2) rems (·10�20 cm2) rems/remp rtc

RE FL RE FL RE FL

0.11 2.9 1.4 1.1 1.1 0.4 0.8 1.0

0.21 2.8 1.5 1.2 1.2 0.5 0.9 0.8

0.53 2.5 0.9 1.1 1.1 0.4 1.2 2.0

1.60 2.2 0.7 1.1 1.1 0.5 1.6 2.2

2.10 2.2 0.7 1.0 1.1 0.5 1.5 2.0

rtc = ((rems/remp)FL � (rems/remp)RE)/(rems/remp)RE (radiation trapping coefficient).
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Fig. 4. Experimental (IIR) and theoretical (N 0
2) near-infrared emission.
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peak increases, leading to the increase of (rems/remp)FL.

This explains the disagreement (Fig. 3), between the

two methods.

The dependence of the cooperative [18] and near-

infrared intensities on Yb3+ concentration can be de-

scribed theoretically by a rate equation that includes

the nonradiative losses, as done in Auzel et al. [19]

and also in Bell et al. [17]:

dN 2

dt
¼ RN 1 � ARN 2 � XN 2

2 � W nrN 2 ð7Þ

where Ni (i = 1,2) stands for the populations of levels 1

and 2, which correspond to the 2F7/2 and 2F5/2 energy
levels, respectively. The total Yb3+ concentration is

N1 + N2 = NYb, AR is the radiative rate from the 2F5/2

level, and X is the cooperative rate. Eq. (7) means that

the population of the 2F5/2 level is increased by a pumping

term RN1 that depends on the laser intensity (I) accord-

ing to R = rabsI/hm, where R is the pumping rate and rabs

is the absorption cross-section at the pumping energy hm.
WnrN2 accounts for nonradiative losses and XN 2

2 indi-
cates the loss of population of the 2F5/2 level by the cre-

ation of Yb3+ pairs [17]. From Eq. (7) we can determine

the intensity of the luminescence in the visible and near-

infrared regions because these emissions depend on the

N2 population. We determine N2 considering the sample

under low excitation density (N1 can be approximated to

the total concentration NYb) and in the stationary con-

dition (dN2/dt = 0).

N 2 ¼
RNYb

AR þ W nr

¼ RNYbsf : ð8Þ

In Eq. (8), sf is the experimental lifetime of the 2F5/2

level. The cooperative effect was also neglected because

it contributes very little for emptying the state 2F5/2

when compared to ARN2. This cooperative effect is

responsible for the emission at about 500 nm, and was
not observed in this glass. From Eq. (8) it follows that:

N 0
2 ¼

N 2

R
¼ NYbsf : ð9Þ

The intensity of the near-infrared emission is propor-

tional to N 0
2 ¼ N 2=R. Fig. 4 shows the luminescence

(N 0
2) in the near-infrared as predicted by the rate equa-

tion (Eq. (9)) and the experimental results (IIR) obtained
from the emission measurements (IIR represents the

intensity of the measured luminescence at the secondary

peak emission).
4. Discussion

The absorption measurements indicate the incorpora-

tion of Yb3+, because of the maximum absorption at

978 nm and the two weaker absorptions with maxima

at 920 nm and 950 nm. These bands correspond to the

transition from the ground state 2F7/2 to the excited state
2F5/2 of Yb3+, that splits into three levels in glasses;
therefore, the absorption spectrum may be resolved into

three broad bands (for phosphate glasses the spectrum

consists of four bands) [20]. The large transmission win-

dow provides the possibility to develop lasers at longer

wavelength and the high absorption cross-section at

the pump wavelength (978 nm) is adequate for efficient

diode pumping.

From the point of view of laser operation, it is gener-
ally desirable for the emission cross-section to be as

large as possible to provide for greater gain, for the fluo-

rescence lifetime to be long in order to permit high inver-

sion densities and for the absorption cross-section at the



Table 3

Spectroscopic properties and the Imin parameter of Yb3+ doped laser glasses and BPG glass (doped with 0.53 · 1020 ions/cm3 of Yb3+)

Materials System rem(kext) (·10�20 cm2) kext (nm) sf (ms) Imin (kW/cm2) rabs (kp) (·10�20 cm2)

QX [21] Phosphate 0.70 1018 2.00 1.8 0.50

ADY [22] Aluminate 1.03 1020 1.58 1.1 0.70

LY [23] Silicate 0.80 1028 1.68 2.0 0.55

PN [24] Phosphate 1.35 1035 1.36 0.6 1.00

PNK [24] Phosphate 1.08 1016 2.00 1.3 0.68

FP [23] Fluorophosphate 0.50 1020 1.20 0.8 0.43

YTG [21] Tellurite 2.35 1024 0.90 0.8 1.64

BPG Heavy metal oxide 1.1 1019 0.34 2.4 2.00
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pump wavelength to be as large as possible to allow for

efficient diode pumping. These considerations lead the

laser parameters (Imin, Isat and bmin) with low values.

An efficient host for laser operation should also incorpo-
rate a high concentration of the trivalent rare-earth ion

as the laser gain is proportional to the doping concentra-

tion. Important spectroscopic properties and the Imin

values of different laser glasses [21–24] are compared

in Table 3 to the BPG samples (Yb3+ doping level:

0.53 · 1020 ions/cm3). From Table 3 we observe that

Yb3+ doped BPG glasses have a larger absorption

cross-section at 978 nm and that the laser parameter Imin

is within the acceptable limits, always less than 4.5 kW/

cm2 [15], which can be achieved with standard diode

pumping. BPG has, at 1019 nm, an emission cross-sec-

tion larger than Yb:QX (a commercial phosphate laser

glass from Kigre Incorp) [21] and is comparable to

ADY [22] and PNK glasses [24]; the fluorescence life-

time is, however, the smallest, but is in good agreement

with the radiative lifetime.
The behavior of the near-infrared luminescence, as a

function of Yb3+ concentration is described theoretically

(N 0
2) and compared with the experimental results (IIR).

We observe a good agreement between the experimental

and theoretical results up to 0.53 · 10�20 cm2, consider-

ing the errors (±5% for the experimental and ±10% for

the theoretical results); a tendency of decrease, for

the experimental results, is observed starting at
1.6 · 10�20 ions/cm3 of Yb3+ and may be attributed to

the nonradiative processes caused by interaction

between Yb3+ ions and host impurities (using EDS

and SEM techniques, from 1.6 · 10�20 ions/cm3 of

Yb3+we observe the appearance of clusters) that

explains the slight decrease of the absorption cross-

section with the increase of Yb3+ [16,17].
5. Conclusion

BPG glasses doped with different concentrations of

Yb3+ are presented for IR laser applications. They have

spectroscopic properties suitable for laser action at the

extraction wavelength of 1019 nm and comparable to

other known laser glasses developed recently. For a
doping level of 0.53 · 1020 ions/cm3 the absorption

cross-section at 978 nm is 2.0 · 10�20 cm2, the emission

cross-section at 1019 nm is 1.1 · 10�20 cm2 and the pos-

sibility of getting laser action is revealed by
Imin = 2.4 kW/cm2. These features put BPG glasses

doped with Yb3+ among other promising materials for

short pulse laser generation.
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