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Abstract We investigate the spectroscopic properties of the
1.5-μm emission from the 4I13/2 →

4I15/2 transition of Er3+

ions in PbO–Bi2O3–Ga2O3–GeO2 glasses for applications
in broadband fiber amplifiers. The measured emission peak
locates at 1,532 nm with a full width at half-maximum of
∼45 nm. The glasses exhibit a large stimulated emission
cross-section of 0.89×10−20 cm2 and a large FWHM�
speak
e product of 40.0. Infrared-to-green upconversion

occurs simultaneously upon excitation of the 1.5-μm
emission with a commercially available 980 nm laser diode.
The green-upconversion intensity has a quadratic depen-
dence on incident pump laser power, indicating a two-
photon process. Energy transfer processes and nonradiative
phonon-assisted decays could account for the population of
the 2H11/2 of Er3+. The results indicate the possibility
towards the development of lead–bismuth–gallate–germanate
based glasses as photonics devices.

Keywords Heavy-metal oxide glasses . Spectroscopic
properties . Er3+ . Upconversion

Introduction

The optical properties of rare-earth (RE) doped glasses have
been investigated extensively over the last several years. In
particular, significant effort has been devoted to develop

optimized glasses for broadband fiber amplifier, efficient
lasing, and frequency upconversion due to their potential
applications in various photonics devices [1, 2]. Erbium ion
has been recognized as one of the most efficient RE ions for
obtaining laser emission, frequency upconversion, and also
in optical amplifiers and waveguide lasers, when doped in
different hosts. Frequency upconversion in a variety of Er3+-
doped materials has been reported by many researchers [3,
4]. Er3+-doped glass fiber amplifier and waveguide laser are
very attractive for their use in 1.5-μm optical telecommuni-
cation networks and have been demonstrated in silicate,
phosphate and fluoride glasses [1, 2, 5].

Amongst the variety of existing glasses, heavy-metal
oxide (HMO) glasses are becoming more interesting and
attractive for photonics in recent years, because of their
high refractive index and low cutoff phonon energy
compared with other oxide glasses such as silicate or
phosphate glasses [6, 7]. In addition, a large amount of RE
ions could be introduced in the HMO matrix. These HMO
could be used in the production of optical fibers and planar
waveguides [4]. The reduced phonon energy increases the
quantum efficiency of luminescence from excited states of
RE ions in these matrices and hence provides a possibility
to develop more efficient lasers and fiber amplifiers at
longer wavelengths compared to the other oxide glasses.
These special optical properties make them important candi-
dates for photonic devices. PbO–Bi2O3–Ga2O3 system has
recently been investigated as a potential host for broadband
fiber-optic amplifiers and all-solid-state upconversion lasers
especially due to its advantages [6–10]. In this paper, we
present the development and a detailed experimental
investigation on the spectroscopic properties of Er3+/Yb3+-
codoped PbO–Bi2O3–Ga2O3–GeO2 (PBGG) glasses. The
addition of GeO2 in the batch could enhance the thermal
stability of the glass against crystallization [10]. The Judd–
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Ofelt (JO) parameters of Er3+ in the glasses and several
important optical properties, such as the spontaneous
emission probability, the fluorescence branching ratio, and
the radiative lifetime, have been calculated by using the
JO theory.

Experimental details

Lead–bismuth–gallate–germanium glasses of molar com-
position (99.9−x)(36PbO–32Bi2O3–12Ga2O3–20GeO2)–
0.1Yb2O3–xEr2O3 (x=0.05, 0.1, 0.2 and 0.5, named S1,
S2, S3, and S4, respectively) were prepared by melting 15 g
batches with the reagent-grade chemicals of PbO (99.8%),
Bi2O3 (99.8%), Ga2O3 (99.98%), GeO2 (99.8%), Er2O3

(99.99%), and Yb2O3 (99.99%) in a platinum crucible with
a cover for 20min at 1,050°C. Themelts were then poured onto
a stainless steel plate and annealed near the glass transition
temperature for 1 h. After annealling, the samples for optical
and spectral properties measurements were sliced into rectan-
gular 15×15×1.5 mm3 shape and optically polished.

The absorption spectra were obtained with the PERKIN-
ELMER-LAMBDA 900 UV/VIS/NIR spectrophotometer
from 400 to 1,700 nm with a resolution of 1 nm. The
fluorescence spectra were measured on a computer-controlled
TRIAX 320 spectrofluorimeter (Jobin-Yvon Inc.) upon
excitation of a 980 nm laser diode (LD) as an excitation
source. Emitted light was focused on to the monochromator
and was monitored at the exit slit by a photon-counting R5108
photomultiplier tube (400–1,200 nm) for the visible up-
conversion emission and OREL SP71905 InGaAs detector
(800–1,650 nm) for 1.5-μm emission. In order to compare
the fluorescence intensity of Er3+ ions in different samples,
the position and power (500 mW) of the pumping beam
(focus radius of 0.4 mm on the test glasses) and the width
(0.5 mm) of the slit used to collect the luminescence signal
were fixed under the same conditions. The temporal decay
curves of the fluorescence signals for 1,550 nm band of Er3+

were stored after averaging 128 times by a Tektronix
TDS3012B digital phosphor oscilloscope. The lifetimes of
4I13/2 levels were obtained from the first e-folding time of
decay curves by using a computer-controlled digitizing
oscilloscope through InGaAs detector (800–1,650 nm)
excited at 980 nm excitation. All the optical measurements
were performed at room temperature.

Results and discussion

Absorption spectra and JO analysis

Figure 1 shows the room temperature absorption spectra
of Er3+/Yb3+-codoped lead–bismuth–gallate germanate

glasses. The each band assignment, which corresponds to
the upper level of transitions originating from the Er3+

ground multiplet (4I15/2), is also indicated in the figure. The
absorption line shapes of all samples are similar with no
shift in the absorption peaks. The intensities of the bands
vary linearly with the concentration of Er3+ ions. Variations
in the integral absorption intensities, Σabs, of the

4I15/2 →
4I13/2 transition as a function of Er3+ ions concentration,
NEr, are presented in inset of Fig. 1, showing a good
linearity as theNEr is from 1.75×1019 to 1.74×1020 ions/cm3,
which indicates that the studied glasses have good homoge-
neity and high solubility of Er2O3.

The JO theory has often been used to calculate the
spectroscopic parameters, such as strength parameters,
spontaneous emission probability, branching ratio, and
radiation lifetime, of REs in various matrixes. The three
parameters Ωt (t=2, 4, 6) can be obtained experimentally
from the measured absorption spectrum and the refractive
index of the host material employing the least-squares
fitting by Eq. 1 [11, 12]:

Sed ¼
X

t¼2;4;6

Ωt αSL½ �J U tð Þ�� �� α0S0L0½ �J 0
D E��� ���2 ð1Þ

where Sed is the line strength for electric dipole transitions
between J manifolds; J and J’ is the total angular
momentum of the initial level and the terminal level,
respectively; the matrix elements U(t) is given in reference
[13]. Table 1 shows comparison of the JO intensity
parameters, Ωt (t=2, 4, 6), of Er

3+ in various glass hosts.
According to previous studies [14], Ω2 is related with the
symmetry of the glass hosts while Ω6 is inversely
proportional to the covalency of Er–O bond. The Er–O
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Fig. 1 Absorption spectra of Er3+/Yb3+-codoped PBGG glasses. The
inset shows the variations in the integral absorption intensities, Σabs, of
the 4I15/2 → 4I13/2 transition as a function of Er3+ ions concentration,
NEr. The line is obtained according to the linear regression (the linear
regression equation is Σabs ¼ 0:068þ 0:402NEr) and the correlation
coefficient is 0.999
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bond is assumed to be dependent on the local basicity
around the RE sites, which can be adjusted by the
composition or structure of the glass hosts. It should be
mentioned here that the Ω6 value in PBGG is lower than
that of fluoride, silicate, aluminate, and tellurite glass and
larger than that of germante glass, which maybe due to
introducing GeO2 into the glass.

Table 2 represents the calculated results of the electric–
dipole transition probabilities, Aed, and magnetice–dipole

transition probabilities, Amd, and radiative lifetimes, τrad, of
sample S4. The total radiative rate, Ar, exhibits the large
radiative transition probability (≈300 s−1) for the 4I13/2 level
of Er3+, which can be calculated by [15]:

Ar ¼ Aed þ Amd ¼ 64p4e2

3hl3m 2J þ 1ð Þ

� n n2 þ 2ð Þ2
9

Sed þ n3Smd

" #
ð2Þ

where h is the Planck constant, e is the elementary charge, n
is the refractive index, λ is the mean wavelength of the
absorption band. Smd is the line strength for magnetic dipole
transitions between J manifolds when the transitions subject
to the selection rules ΔS=ΔL=0, ΔJ=0, ±1 in Russel–
Saunders limit:

Smd ¼ 1

4m2c2
aSL½ �J Lþ 2Sk k a0S0L0½ �iJ 0hj j2 ð3Þ

where the matrix elements M ¼ S; L½ �J Lþ 2Sk k S0;½hj
L0�J 0ij between SLJ states is for J’=J−1

M ¼ H S þ Lþ 1ð Þ2 � J 2
h i

J 2 � L� Sð Þ2
h i.

4J
n o1=2

ð4Þ
for J’=J,

M ¼ H 2J þ 1ð Þ=4J J þ 1ð Þ½ �1=2 S S þ 1ð Þ � L Lþ 1ð Þ þ 3J J þ 1ð Þ½ �
ð5Þ

for J’=J+1,

M ¼ H S þ Lþ 1ð Þ2 � J þ 1ð Þ2
h i

J þ 1ð Þ2 � L� Sð Þ2
h i.

4 J þ 1ð Þ
n o1=2

ð6Þ
where H ¼ h=2π, J is the total angular momentum, L is the
orbit angular momentum, and S is the total spin-orbin
angular momentum. The Ar in the studied glass is much
larger than that in silicate and phosphate glasses, due to the
higher refractive index, indicates an enhanced local field
and a larger radiative transition rate of Er3+ in the PBGG
glasses.

The absorption cross-section of 4I15/2 →
4I13/2 transition

was determined from the absorption spectra, and the
stimulated emission cross-section of 1.53 μm band emis-
sion can be calculated by using McCumber theory [16]:

σe 1 Þ ¼ σa 1 Þ exp "� hυð Þ=kT½ �ðð ð7Þ
where σ2 and σe are absorption and stimulated emission
cross-section, respectively, h is the Planck constant, k is the
Boltzmann constant, υ is the photon frequency, ɛ is the net
free energy required to excite one Er3+ from the 4I15/2 state
to 4I13/2 at temperature T. The σ2 and ɛ values can be
calculated according to the experimentally obtained absorp-

Table 1 Judd–Ofelt intensity parameters of Er3+ in various glass hosts

Glasses Ω2 (10
−20

cm2)
Ω4 (10

−20

cm2)
Ω6 (10

−20

cm2)
Reference

S4 3.65 1.45 0.49 This work
Tellurite 4.12 1.81 0.85 14
Silicate 4.23 1.04 0.61 19
Phosphate 6.65 1.52 1.11 19
Aluminate 5.60 1.60 0.61 19
Germanate 5.81 0.85 0.28 19
Fluoride 2.91 1.27 1.11 19

Table 2 Energy gap ΔE, the spontaneous emission probability A, the
fluorescence branching ratios β, and the radiative lifetime τrad of Er

3+

ion at room temperature

Transition Energy
gap ΔE,
(cm−1)

A (s−1) Branching
ratios, β,
%

τrad(ms)

Aed (s
−1) Amd

(s−1)

4I13/2 →
4I15/2

6,532 174.0 119.3 1 3.41

4I11/2 →
4I15/2

10,246 238.1 78.3 3.29

4I13/2 3,714 29.1 37.0 21.7
4I9/2 →
4I15/2

12,516 383.2 84.3

4I13/2 5,984 64.0 14.1 2.20
4I11/2 2,270 0 7.1 1.6
4F9/2 →
4I15/2

15,152 3,334.0 92.2

4I13/2 8,620 179.4 5.0 0.28
4I11/2 4,906 94.6 2.6
4I9/2 2,636 6.1 0.2
4s3/2 →
4I15/2

18,282 1,564.4 66.6

4I13/2 11,750 632.7 26.9 0.43
4I11/2 8,036 52.2 2.2
4I9/2 5,766 101.3 4.3
4H11/2 →
4I15/2

19,048 16,929.5

4F7/2 →
4I15/2

20,450 5,085.3

4F5/2 →
4I15/2

21,915 1,758.7
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tion spectra and the simplified procedure provided in Ref
[17]. The absorption and stimulated emission cross-section
of Er3+ in PBGG glass with x=0.5 are shown in Fig. 2. The
stimulated emission cross-section is proportional to the
refractive index of the glass host [σe∼(n2+2)2/n] [18]. Since
the PBGG glasses have a large refractive index (∼2.26), it is
expected that Er3+ in PBGG glass is capable of providing
large stimulated emission cross-section (the peak of
stimulated emission cross-section is 0.89×10−20 cm2) at
the 1.53 μm bands, which is much higher than those of the
silicate [19], phosphate [20] and ZBLAN [21] glasses.

Fluorescence spectra and lifetime

Figure 3a illustrates the emission spectrum of Er3+ in
sample S4. The measured peak wavelength and full width
at half maximum (FWHM) of the fluorescent, which is
defined as the wavelength difference between the two x
values at the half-maximum of the peak of the measured
fluorescent, are 1,530 and 45 nm, respectively. The Er3+

emission spectra in PBGG glasses are significantly broader
compared with the silicate, phosphate, and germanate glass
as potential Er3+-doped fiber amplifier (EDFA) hosts. The
inset in Fig. 3b shows decay lifetime of the Er3+:4I13/2 level
excited by 980 nm LD. It is seen that the emission decay
kinetics could be expressed by simply exponential. The
dependence of the lifetime upon the Er3+ concentration is
shown in Fig. 3b. It has been clearly seen that the lifetimes
increased from 3.1 to 4.2 ms with an increase of Er3+

concentration, which maybe due to the radiation trapping
[22].

The gain bandwidth of an amplifier is determined largely
by the FWHM of the emission spectrum and the stimulated
emission cross-section. A figure-of merit (FOM) for
bandwidth as the product FWHM×σe [19, 23] is listed in
Table 3. The FWHM×σe product is critical quality
parameters for EDFA. Larger values of the FWHM×σe

product implies wider gain bandwidth. The calculated
values of the FWHM×σe product of the PBGG glasses
are in the range of 388–401. It should be mentioned here
that the values of FWHM×σe of the PBGG glasses are
much higher than that of the silicate, phosphate and
ZBLAN glasses and are comparable with the tellurite glass
as a host material for Er3+ doped for a broadband amplifier.

Upconversion emission properties of Er3+ ions
in PBGG glass

When the glass is excited upon 980 nm LD, an intense
green-upconversion has been noticed by the naked eye. The
recorded room temperature upconversion fluorescence
spectra of samples upon excitation of a 500 mW 980 nm
LD are shown in Fig. 4. The upconversion fluorescence at
approximately 525, 547 and 660 nm, are assigned to the
2H11/2 → 4I15/2,

2S3/2→
4I15/2, and

4F9/2→
4I15/2 transitions

of Er3+ ions, respectively. The result indicates that lasing
could be expected from either the green or the red
transitions with a suitable choice of cavity mirrors.

1400 1450 1500 1550 1600 1650
0.0

0.1

0.2

0.3

5 10 15
3.0

3.5

4.0

0.00 0.01 0.02 0.03 0.04

0.08

0.10

0.12

0.14

0.16

In
te

n
si

ty
 (

a.
u

.)

Wavelength (nm)

a

L
if

et
im

e 
(m

s)

Er
3+

 concentration (10
19

 ions/cm
3
)

b

Time (ms)

 Experimental data
 Fitting curve

In
te

ns
ity

 (
a.

u.
)

Fig. 3 The emission spectrum of Er3+ in sample S4 (a) and the
dependence of the lifetime upon the Er3+ concentration (b). The inset
shows decay lifetime of the Er3+:4I13/2 level excited by 980 nm LD
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Table 3 Comparisons of σe, FWHM and FWHM×σe of Er3+ in
different glass hosts

Glasses σe (×10
−21

cm2)
FWHM
(nm)

FWHM×σe Reference

PBGG 8.91–10.21 38–45 388–401 This work
Silicate 5.5 40 220 19
Tellurite 7.5 65 488 19
Phosphate 6.4 37 237 20
ZBLAN 5.7 42 302 21
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In an upconversion process, the upconversion emission
intensity Iup is proportional to In

IR
, where IIR and n represent

the intensity of the excitation light and the number of
photons absorbed per up-converted photon emitted [24, 25],
respectively. A plot of logIup vs logIIR yields a straight line
with slope n. The inset of Fig. 4 shows such plots for the
525, 547, and 660 nm emission in PBGG glass (x=0.5)
under 980 nm excitation. The obtained ns, 2.21, 2.26, and
2.05, are corresponding to the 525, 547, and 660 nm
emission, respectively, indicating two-photon processes.
Based on above disscussed results, upconversion excitation
mechanisms has been proposed to be involved in the
population of the relevant excited-state emitting levels of
the Er3+/Yb3+-codoped glass as following, shown in Fig. 5:
(1) Er3+ ion is firstly excited from the ground state 4I15/2 to
the excited state 4I11/2 through one of the following three
processes under 980 nm excitation: (I) ground-state
absorption (GSA): 4I15/2 (Er3+) + a photon → 4I11/2 (Er3+),

(II) phonon-assisted energy transfer (PAET) from the Yb3+
2F5/2 state:

2F5/2 (Yb3+) + 4I15/2 (Er
3+) → 2F7/2 (Yb

3+) +4I11/2
(Er3+), and (III) energy transfer (ET) from the 4I11/2 state of
adjacent Er3+. Among the aforementioned three processes,
PAET from Yb3+ is the dominant one, due to the larger
absorption cross section of Yb3+ at around 980 nm. (2) The
ions at the populated 4I11/2 state are promoted to the 4F7/2
state by one of the following three processes: (I) excited-
state absorption (ESA): 4I11/2 (Er3+) + a photon → 4F7/2
(Er3+), (II) PAET from Yb3+:2F5/2 (Yb3+) + 4I11/2 (Er

3+) →
2F7/2 (Yb

3+) + 4F7/2 (Er
3+), and (III) ET from the 4I11/2 state

of adjacent Er3+: 4I11/2 +
4I11/2 →

4F7/2 +
4I15/2. Er

3+ ions at
the populated 4F7/2 state can relax nonradiative relaxation
(NR) very fast to the intermediate state of 2H11/2 due to a
multiphonon relaxation process (MPR), the 2H11/2 → 4I15/2
transition shows the 525 nm green emission. Er3+ ion at the
4F7/2 state can also decay rapidly down to the 4S3/2 state, and
finally, the 4S3/2→

4I15/2 transition reveals an intense green-
upconversion at 547 nm. For the red-upconversion emission
at 660 nm, Er3+ ion is first excited from the ground state 4I15/
2 to the excited 4I11/2 through the aforementioned three
processes: GSA, PAET and ET under 980 nm excitation. The
Er3+ ions populated 4I11/2 state then decays NR to the long-
living 4I13/2 state due to MRP, and are promoted to the 4F9/2
state by one of the following processes: (I) ESA: 4I13/2 (Er

3+) +
a photon → 4F9/2 (Er

3+), (II) PAET from Yb3+: 2F5/2(Yb
3+) +

4I13/2 (Er
3+) → 2F7/2 (Yb

3+) + 4F9/2 (Er
3+), and (III) ET from

the 4I11/2 state of adjacent Er3+: 4I11/2 +
4I13/2 →

4I15/2 +
4F9/2,

and also (IV) a contribution from higher-energy state 4S3/2
through a NR, and finally, the 4F9/2 → 4I15/2 transition gives
660 nm red emission.

The ESA and ETare the dominant processes in the involved
upconversion mechanisms of Er3+ ions. ESA is a single ion
process and independent of the ion concentration in the glass.
The intensities of green emission does not change between
the PBGG glasses with x=0.05 and x=0.1, which indicates
that the dominant mechanism for the 4F9/2 →

4I15/2 transition
is ESA and the ET rarely occurs between excited ions when
the Er3+ concentration is low. The ET process depends on the
Er3+ ion concentration in the glass. A remarkable increase of
upconversion emission intensity with an increase of the Er3+

concentration from 0.1 up to 0.5 mol% has been observed,
which results from ET between the excited Er3+ ions when the
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Table 4 The values of I525nm/I547nm and I660nm/I547nm with various
Er3+ concentrations

Er3+ concentration, mol% I525nm/I547nm I660nm/I547nm

0.05 0.293 0.313
0.1 0.271 0.212
0.2 0.247 0.229
0.5 0.243 0.269
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distance between the two excited Er3+ ions is short. On the
other hand, when Er3+ concentration increases (x≥0.1), the
intensity of red emission, I660 nm, increases much faster than
that of green emission, I547 nm, for the value of I660 nm/I547 nm

(see Table 4) increases with Er3+ concentration increasing. It
is indicated that the dominant population of the 4F9/2 state is
the total result of ESA and ET from 4I13/2 state. The Er

3+ ions
at the 2H11/2 state can decay to the 4S3/2 state due to the
multiphonon relaxation process. The estimated energy gap
between the 2H11/2 state and the next lower state 4S3/2 state is
∼800 cm−1, but it is about 3,200 cm−1 between the 4S3/2 state
and the next lower 4F9/2 state. Thus, multiphonon relaxation
rate is much larger from 2H11/2 →

4S3/2 than that of 4S3/2→
4F9/2, which resulting the 525 nm emission intensity decrease.
It leads to the value of I525 nm/I547 nm decreases with the Er3+

concentration increasing, as listed in Table 4.
Based on above results, we would like to suggest PBGG

glasses codoped with Er3+/Yb3+ as more promising and
useful optical materials towards the development of optical
amplifier and up-conversion laser glass materials, respec-
tively. However, an important point should be noted that the
upconversion emissions must be controlled when the glass
is used in broadband 1.5-μm optical amplifier.

Conclusion

In summary, we report on the spectroscopic properties of a
new glass system PbO–Bi2O3–Ga2O3–GeO codoped with
Er3+/Yb3+. A broadband 1.5-μm emission with a measured
peak wavelength of 1,532 nm and FWHM of ∼45 nm has
been observed upon excitation with a conventional 980 nm
LD. An intense room temperature green-upconversion has
also been observed. From the optical absorption spectral
measurements, the JO intensity parameters have been
computed and the low values of Ω2 and Ω6 comparing to
the values in conventional oxide glasses were found. The
PBGG glass studied exhibits a large stimulated emission
cross-section of 0.89×10−20 cm2 and a large FWHM �
speak
e product of 401, which is larger than that of the

conventional oxide glasses. The strong green-upconversion
and large FWHM � speak

e product of these PBGG glasses
have demonstrated a strong and promising potentiality
towards the development of an oxide-based fiber amplifier
and green-upconversion glass-fiber laser.
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