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bstract

We investigate the spectroscopic properties of the 1.5-�m emission from the 4I13/2 → 4I15/2 transition of Er3+ ions in bismuth–germanate–lead
lasses for applications in broadband fiber amplifiers. The emission peak locates at 1532 nm with a full width at half-maximum (FWHM) of
65 nm. The measured lifetime and the calculated emission cross-section of this transition are 3.3 ms and 8.66 × 10−21 cm2, respectively. IR-to-

reen-upconversion occurs simultaneously upon excitation of the 1.5-�m emission with a commercially available 980 nm laser diode. Effects of
bF2 content on the thermal stability, structure and spectroscopic properties of Er3+-doped bismuth–germanate–lead glasses have been examined. We
nd that the substitution with PbF2 provides a couple of potentials: shortening the UV cutoff band and decreasing the phonon energy of host glasses.
odoping of Yb3+ significantly enhances both the green-upconversion and 1.5-�m emission intensity by means of a nonradiative Yb3+ → Er3+
nergy transfer. Energy transfer processes and nonradiative phonon-assisted decays could account for the population of the 2H11/2 level, which is
n emitting level of the green-upconversion of Er3+. The results indicate the possibility towards the development of bismuth–germanate–lead based
lasses as photonics devices.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

The optical properties of rare-earth (RE) doped solids have
xtensively been investigated over the last two decades [1]. How-
ver, the search for new materials with an improved functionality
as still been an active area. In particular, the investigation of
ptimized glasses for broadband fiber amplifier, efficient las-
ng and frequency upconversion process requires more effort
ue to their potential applications [1]. Erbium ion (Er3+) has
een recognized as one of the most efficient RE ions for obtain-
ng laser emission, frequency upconversion, and also in optical
mplifiers and waveguide lasers, when doped in different hosts.
requency upconversion in a variety of Er3+-doped materials has
een investigated in literature. Er3+-doped glass fiber amplifier

nd waveguide laser, which are very attractive for their use in 1.5-
m optical telecommunication networks, which has also been
emonstrated in silicate, phosphate and fluoride glasses [1,2].
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Among the variety of existing glasses, heavy-metal oxide
HMO) glasses are becoming more interesting and attractive
lass of materials for photonics in recent years, because of their
igh refractive index and low cutoff phonon energy compared
ith other oxide glasses such as silicate or phosphate glasses

3–9]. In addition, a large amount of RE ions could be introduced
n the HMO matrix and those could be used in the produc-
ion of optical fibers and planar waveguides [3–9]. The reduced
honon energy increases the luminescence quantum yield from
xcited states of RE ions in these matrices and hence provides
possibility to develop more efficient lasers and fiber ampli-
ers at longer wavelengths compared to the other oxide glasses
3]. Bismuth–germanate–lead system has recently been inves-
igated as a potential host for broadband fiber-optic amplifiers
nd all-solid-state upconversion lasers especially due to its their
dvantages such as the high refractive index, the low phonon
nergies, the good glass stability and chemical durability [3–9].

hese special optical properties encourage in identifying them as

mportant candidates for uses in photonic devices. In order to rec-
gnize the RE-doped-glass based photonic devices, the optical,
echanical, and thermal properties of the host materials could

mailto:qyzhang@scut.edu.cn
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lay a vital role and hence it has drawn our attention for consid-
ration. In this paper, we present the development and a detailed
xperimental investigation on the thermal stability and spectro-
copic properties of bismuth–germanate–lead glasses codoped
ith Er3+/Yb3+. In order to improve the optical properties, we
artly replace the oxygen with fluorine, and specifically replac-
ng PbO with PbF2. Substitution with PbF2 provides a couple
f potentials: shortening the UV cutoff band and decreasing
he phonon energy of host glasses. Effects of PbF2 presence
n the matrix on the structure and spectroscopic properties of
r3+/Yb3+-codoped bismuth–germanate–lead glasses have been

nvestigated.

. Experiment

Bismuth–germanate–lead glasses with molar composition of
5Bi2O3–62GeO2–(13–x)PbO–xPbF2–yEr2O3 (BGPP1) (x = 0,
, 8 and 13; y = 0.25, 0.5, 1, 1.5, and 2) for near-infrared emission
nd 25Bi2O3–62GeO2–(13–x)PbO–xPbF2–Er2O3–yYb2O3
BGPP2) (x = 0, 4, 8 and 13; y = 1, 2, and 5) for upconverted
uminescence were prepared by melting 15 g batches with the
eagent-grade chemicals of Bi2O3, GeO2, PbO, PbF2, Er2O3
nd Yb2O3 in a platinum crucible for 20 min at 950–1000 ◦C.
he melts were then quenched on preheated (180 ◦C) stain-

ess steel blocks and annealed at a temperature close to the
itreous transition temperature for 2 h before ramping down
o room temperature. After annealed, samples for optical and
pectral properties measurements were cut into rectangular
mm × 4.5 mm × 1.2 mm shapes and optically polished.

The refractive index was measured on a Metricon 2010 by
eans of the prism coupling technique. A 0.8 mW He–Ne laser

ube with standard silicon detectors was employed operating
t 0.633 �m. The density of the sample was measured using
rchimedes’ liquid immersion method on an analytical balance.
lass transition and crystallization temperatures were measured
n the powered samples using a Netzsch STA 449C Jupiter dif-
erent scanning calorimeter (DSC) at a heating rate of 10 ◦C/min
rom room temperature (RT) to 700 ◦C. Raman spectra were
easured on a visible Renishaw micro-Raman spectrometer,
hich was fitted with a 514.5 nm Ar+ laser wavelength. A stan-
ard Olympus microscope objective s350d was used to focus
he incident laser beam to a spot size of 2 �m onto the sample

nd scattered light was collected by a charge-coupled device
etector array. The absorption spectra were obtained from a
erkin-Elmer LAMBDA 900 UV/Vis/NIR spectrophotometer
rom 400 to 2000 nm with a resolution of 1 nm. The fluores-

g
s

m

able 1
hysical and thermal properties of BGPP glasses

lass Composition (mol.%) T

GeO2 Bi2O3 PbO PbF2

GPP1
x = 0 62 25 13 0 4
x = 4 62 25 9 4 4
x = 8 62 25 5 8 4
x = 13 62 25 0 13 4
ig. 1. The compositional-dependence of refractive indices and densities of
GPP1 glasses.

ence spectra were measured on a computer-controlled Triax
20 spectrofluorimeter (Jobin-Yvnon Inc.) upon excitation of a
80 nm LD. Emitted light was focused on to the monochromator
nd was monitored at the exit slit by a photon-counting R5108
hotomultiplier tube (400–1200 nm) for the visible upconver-
ion emission and InGaAs detector (800–1650 nm) for 1.5-�m
mission. The temporal decay curves of the fluorescence signals
or 1550 nm band of Er3+ were stored after averaging 128 times
y a Tektronix TDS3012B digital phosphor oscilloscope. The
ifetimes of 4I13/2 levels were obtained by fitting the exponen-
ial function to the experimentally observed fluorescence decay
urves.

. Results and discussion

.1. Physical and thermal stability analysis

Fig. 1 shows the compositional-dependent refractive indices
nd glass densities of BGPP1 glasses. It is noted that with
ncreasing the PbF2 content, the refractive indices and densities
f the BGPP1 glasses decrease quite significantly from 1.900
o 1.871, and 6.98 to 6.92, respectively, that might be due to
he modifications in the structure of the glasses caused by the

radual replacement of the Pb O double bonds with two Pb–F
ingle bonds.

Table 1 presents the measured DSC data of BGPP1 and PbF2
odified BGPP1 glasses. The difference between the glass tran-

g (◦C) Tx (◦C) �T (◦C) nd ρ (g/cm3)

37 528 91 1.900 6.98
25 512 87 1.889 6.95
11 467 86 1.886 6.93
01 485 84 1.871 6.92
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ition temperature (Tg) and the onset crystallization temperature
Tx), �T = Tx − Tg, has been frequently used as an approximate
stimation of the glass formation ability or glass thermal stabil-
ty. Larger the �T value stronger will be the inhibition in the
rocess of nucleation and crystallization, and consequently the
reater the glass-forming tendency. For a glass it is desirable to
ave larger �T value. The glass transition temperature and the
nset crystallization temperature of the BGPP1 (x = 0) are 437
nd 528 ◦C, respectively. Fiber could be made from this glass
ince �T is 91 ◦C, which is higher than that of fluorozirconate
lasses. It is noted that the values of Tg’s and Tx’s decreased
s the PbF2 concentration is increased, as shown in Table 1.
owever, no significant change in �T’s has been confirmed.
herefore, the PbF2 substitution has very limited influence on

he thermal stability in this BGPP glass system from the aspect
f the difference �T.

.2. Raman spectra

Raman spectra of BGPP1 and also PbF2 modified BGPP1
lasses are shown in Fig. 2(a and b), respectively. The spec-
ra contain three spectral regions: (1) low-frequency region
250 cm−1, which is attributed to the collective modes of local

tructures and heavy metal vibrational modes, (2) intermediate
egion of 300–600 cm−1, which is assigned to the deformation
f vibrational modes of a glass network structure with bridged
xygen, and (3) high-frequency region ≥600 cm−1, which is
ttributed to the stretching vibrational modes of the glass net-
ork former [5,7,9–11]. Deconvolution of Raman spectrum of
GPP1 in Fig. 2(a), strong 395, and 535 cm−1 vibrational modes
long with a relatively weak 765 cm−1 band have been iden-

−1 −1
ified in spectral regions 300–600 cm , and ≥600 cm , are
ssigned to the vibrations of Bi–O–Pb and Ge–O–Pb bridges
395 cm−1 band); the stretching vibrations of Bi–O–Bi and
e–O–Ge bridges (535 cm−1 band); and the stretching vibra-

ig. 2. Raman spectra of BGPP1 (x = 0) with fitting data (a) and PbF2 modified
GPP1 (b). Curves were Y-shifted for clarity.
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ions of [GeO4]2− tetrahedra (765 cm−1 band), respectively. It is
orthwhile to mention here that significant cure-shape changes
ave been observed in the glass samples with PbF2 availability
n the glass matrix. It is noticed that the Raman scattering from
e–O stretching modes has slightly been shifted towards the

ower frequency from 765 to 740 cm−1 with an increase of PbF2
ontent up to 13 mol.%. Meanwhile, the 535 cm−1 bands inten-
ity have slightly reduced and the 395 cm−1 band intensity has
een increased, might be originated from the Pb–F vibrational
onds (∼345 cm−1). The incorporation of PbF2 into BGPP
lasses might also be resulting changes of the glass network
ue to depolymerization of the glass network by considering
he values of electronegativity, for Pb, O and F elements, are
.33, 3.44 and 3.98, respectively, the covalency of Pb–F bond is
eaker than that of Pb–O bond, it is expected that the influence
f the Pb–F bond on the local ligand environments around Er3+

ecrease with an increase of PbF2 content.

.3. Absorption spectra and Judd–Ofelt analysis

Fig. 3 shows room temperature absorption spectra of Er3+-
oped BGPP1 glasses. The assignments of absorption band
ndicate the excited level. The inset in Fig. 3 illustrates the wave-
ength dependence of the transmittances of the BGPP1 glasses.
t is noted that the wavelengths of the UV cutoff wavelength
as been changed significantly with an increase in PbF2 con-
entration. With an extrapolation to the zero transmittance at
he steepest slope, the cutoff wavelengths for x = 0, 4, 8 and 13
ere estimated to be 439, 428, 421, and 410 nm, respectively. It

s desirable for a glass host to have as large UV transmittance as
The Judd–Ofelt theory [12] has often been used to calcu-
ate the spectroscopic parameters, such as strength parameters,
pontaneous emission probability, branching ratio, and radiation

ig. 3. Room temperature absorption spectra of Er3+-doped BGPP1 (y = 1)
lasses. The assignments of absorption band indicate the excited level. Inset
hows the wavelength dependence of the transmittance of the PbF2 modified
GPP1 glasses (x = 0, 4, 8 and 13).



4 ica Acta Part A  69 (2008) 41–48

l
Ω

a
[
t
c
c

S

w
M
s

-

-

-

w
m
s
t
�

i
d
fi
q
l
e
s
S
4

t
u
Ω

p
6
i
w
b
b
t
o

Table 2
Judd–Ofelt intensity parameters of Er3+ in various glass hosts

Glasses Ω2 (10−20 cm2) Ω4 (10−20 cm2) Ω6 (10−20 cm2)

BGPP1
x = 0 4.96 1.29 1.08
x = 4 4.93 1.66 1.04
x = 8 3.85 1.35 0.93
x = 13 3.63 1.84 0.86
Tellurite [18] 4.12 1.81 0.85
Silicate [19] 4.23 1.04 0.61
Phosphate [19] 6.65 1.52 1.11
Aluminate [19] 5.60 1.60 0.61

t
r
i
a
l
c
3
t
l
P
i
r
r
t
o
b

A

w
a
e
t
a
r
radiative transition rate of Er3+ in the BGPP1 glasses.

Fig. 4 shows the absorption cross-section and stimulated
emission cross-section of Er3+ for the 1.5-�m transition in
BGPP1 (x = 0) glass. The absorption cross-section has been

Table 3
The calculated electric-dipole transition rates, Aed, magnetic-dipole transition
rates, Amd, total radiative rates, Ar, and radiative lifetimes, τrad, of the 4I13/2 level
of Er3+-doped BGPP1 glasses

x (mol.%) Aed (s−1) Amd (s−1) Ar (s−1) τrad (ms) τm (ms) η (%)
4 G.F. Yang et al. / Spectrochim

ifetime, of rare earths in various matrixes. The three parameters
t (t = 2, 4, 6) can be obtained experimentally from the measured

bsorption spectrum and the refractive index of the host material
13,14]. For the transitions between the states which meet the
ransition selective rules �S = �J = 0, �J = 0, 1, there exists the
ontribution of magnetic dipole transitions, Smd, which can be
alculated by [15]:

md = 1

4m2c2 |〈[S, L]J ||L + 2S||[S′, L′]〉J ′|2 (1)

here m is mass of the electron, c the velocity of light, the
= |〈[S, L]J||L + 2S||[S′, L′]J′〉| matrix elements between SLJ

tates are

for J′ = J − 1,

M = h̄

{
[(S + L + 1)2 − J2]

[J2 − (L − S)2]

4J

}1/2

(2)

for J′ = J,

M = h̄

[
2J + 1

4J(J + 1)

]1/2

[S(S + 1) − L(L + 1) + 3J(J + 1)]

(3)

for J′ = J + 1,

M=h̄

{
[(S + L + 1)2−(J + 1)2]

[(J + 1)2 − (L − S)2]

4(J + 1)

}1/2

(4)

here �= h/2π, h is the Planck constant, J the total angular
omentum, L the orbit angular momentum, and S is the total

pin-orbin angular momentum. In the case of the 4I13/2 → 4I15/2
ransition of Er3+, the difference in the total angular momentum

J = 1. To obtain wide and flat 1.55-�m emission spectra, it
s effective to increase the relative contribution of the electric-
ipole transition (Sed) [16]. The Smd is independent of ligand
elds and is characteristic to the transition determined by the
uantum numbers, while that of the Sed is a function of the
igand fields. And it is possible to increase the fraction of the
lectric-dipole transition by modifying the composition and
tructures of the hosts. According to the Judd–Ofelt theory, the
ed of 4I13/2 → 4I15/2 transition of Er3+ is given by: Sed[4I13/2,
I15/2] = 0.0188 Ω2 + 0.1176 Ω4 + 1.4617 Ω6 [17], where the
hree coefficients Ωts are the reduced matrix elements of the
nit tensor operators provided in Refs. [17,18], and coefficients
t (t = 2, 4, 6) are the intensity parameters. Table 2 shows com-

arisons of the Judd–Ofelt intensity parameters, Ωt (t = 2, 4,
), of Er3+ in various glass hosts. According to previous stud-
es [16], Ω2 is related with the symmetry of the glass hosts
hile Ω6 is inversely proportional to the covalency of Er–O

ond. The Er–O bond is assumed to be dependent on the local
asicity around the rare-earth sites, which can be adjusted by
he composition or structure of the glass hosts. The Ω2 values
f BGPP1 glasses are larger than those of other glasses due

1

Germanate [19] 5.81 0.85 0.28
Fluoride [19] 2.91 1.27 1.11

o the fact of large polarization of the Ge4+ and the asymmet-
ic of BGPP1. It should be mentioned here that the Ω6 values
n BGPP are comparable to those of fluoride glasses [19] and
re larger than those in silicate, aluminate, germanate and tel-
urite glasses [19]. As shown in Table 2, with increasing PbF2
ontent, the value of Ω2 decreases monotonically from 4.93 to
.63, meanwhile the value of Ω6 slightly decreases from 1.04
o 0.86, indicating the influence of the Pb–F bond on the local
igand environments around Er3+ decrease with an increase of
bF2 content, consequently, the covalency of the Er–O bond

ncreases, and the value of Ω6 decrease accordingly. Table 3
epresents the calculated results of the electric-dipole transition
ates, Aed, and magnetic-dipole transition rates, Amd, total radia-
ive rates, Ar, and radiative lifetimes, τrad, of the 4I13/2 level
f Er3+-doped BGPP glasses, where the Ar can be calculated
y [20]:

r=Aed+Amd= 64π4e2

3hλ3
m(2J + 1)

×
[

n(n2 + 2)
2

9
Sed + n3Smd

]

(5)

here e is the elementary charge and n is the refractive index
t the mean wavelength, λm. It is found that BGPP1 glasses
xhibit the large radiative transition probability (>200 s−1) for
he 4I13/2 level of Er3+, which is much larger than that in silicate
nd phosphate glasses, due to the higher J–O parameters and
efractive index, indicates an enhanced local field and a larger
0 175 70 245 4.09 3.3 80.7
4 139 70 239 4.28 4.0 93.4
8 134 70 204 4.91 4.5 91.6
3 134 68 202 4.96 4.8 96.8
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Table 4
Comparisons of FWHM, σemi, τm, FWHM × σemi and σemi × σm of Er3+ in different glass hosts

Glasses σemi (×10−21 cm2) FWHM (nm) FWHM × σemi τm (ms) σemi × τm

BGPP1 7.04–8.66 62.2–64.5 443–559 3.3–4.8 28.5–38.1
Silicate [19] 5.5 40 220 – –
Phosphate [19] 6.4 37 236.8 – –
Bismuth [22] 7.0 79
Tellurite [22] 6.6 60
ZBLAN [22] 4.8 65
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ig. 4. Absorption and stimulated emission cross-sections of Er3+-doped
GPP1 (x = 0, y = 1) glass.

etermined from the absorption spectra, and the stimulated emis-
ion cross-section, σemi, has been calculated from McCumber

ethod [21] by σemi(λ) = σa(λ) exp[(ε − hγ)/kT], where h is the
lanck constant, k the Boltzmann constant, and ε is the net free
nergy required to excite one Er3+ from the 4I15/2 state to 4I13/2
tate at temperature T. The stimulated emission cross-section

i
c
P
6

Fig. 5. 1.5-�m emission spectra of Er3+-doped BGPP1 (x =
554 1.9 13.3
396 4.0 26.4
312 10 48

or the 4I13/2 → 4I15/2 transition of Er3+ in different types of
lass hosts is compared in Table 4. Since the stimulated emis-
ion cross-section is proportional to the host glass refractive
ndex, σemi ∼ (n2 + 2)2/n, it is apparent that Er3+ in BGPP1
lasses are capable of providing large stimulated emission cross-
ection at 1.5-�m bands. At this work, the σP

emi of the Er3+-doped
GPP1 (x = 0) is 8.66 × 10−21 cm2, which is much higher than

hose of the silicate [19], phosphate [19], bismuth, tellurite [22]
nd fluoroziconate [22] glasses. With the substitution of PbO
y PbF2, σemi decreases monotonically from 8.66 × 10−21 to
.04 × 10−21 cm2, mainly due to the decrease in the refractive
ndex values of the BGPP glasses.

.4. Fluorescence spectra and lifetime

Fig. 5 illustrates the emission spectra of Er3+ in BGPP1
lasses. The broad 1.53-�m emission is assigned to the
I13/2 → 4I15/2 transition, with a full width at half-maximum
FWHM) of ∼65 nm. The Er3+ emission spectra in BGPP1
lasses are significantly broader compared with the other glasses
tudied as potential Er3+-doped fiber amplifier (EDFA) hosts. It

s noted that the FWHM increases with an increase in the Er3+

oncentration as shown in Fig. 5(a). And, with the substitution of
bO by PbF2 up to 13 mol.%, the FWHM slightly decreases from
4.5 to 62.5 nm, seen in Fig. 5(b). The dependence of the FWHM

0) (a), and PbF2 modified BGPP1 (y = 1) glasses (b).
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ig. 6. Dependence of the FWHM and lifetime upon the PbF2 concentration of
he PbF2 concentration of Er3+-doped BGPP1 (b).

nd lifetime upon the PbF2 concentration is shown in Fig. 6(a).
t has clearly been seen that the lifetimes have increased almost
inearly from 3.3 to 4.8 ms with an increase of PbF2 concen-
ration. Based on the J–O theory, the lifetime of the 4I13/2 level
s inversely proportional to the refractive index of glass. With
he substitution of PbO by PbF2, the decrease of the refractive
ndex leads to an increase of the lifetime of the 4I13/2 level. The
ompositional-dependent lifetime and the quantum efficiency
f the 4I13/2 level are also summarized in Table 3. Obviously,
uantum efficiency has increased quite significantly from 80.7
o 96.8% with an increase in PbF2 concentration, which might
e due to a decrease in the phonon energy of the BGPP1 glasses
s shown in Fig. 2, and the reduced OH− groups content with
he substitution of PbF2 for PbO.

The gain bandwidth of an amplifier is determined largely
y the width of the emission spectrum and the stimulated
mission cross-section. A figure-of merit (FOM) for band-
idth as the product FWHM × σe [9,19,22,23] along with

he figure-of merit for amplifier gain σemi × τm are listed in
able 4. Both the FWHM × σe product and the lifetime of the
I13/2 level are critical quality parameters for EDFA. Larger
alues of the FWHM × σe product and the longer lifetime
mply wider gain bandwidth and lower pump threshold power
19,22]. The calculated values of the FWHM × σe product
nd the measured lifetime of the BGPP glass (x = 0) studied
re 560 and 3.3 ± 0.2 ms, respectively. The dependence of the
WHM × σemi and σemi × τm upon the PbF2 concentration is
hown in Fig. 6(b). It was clearly seen that the FWHM × σemi
ecrease from 560 to 450, meanwhile, σemi × τm increase from
9 to 38 ms with increasing PbF2 concentration. It should be
entioned here that the values of FWHM × σe of the BGPP1
lass studied are much higher than those of the fluoroziconate,
ilicate and phosphate glasses and are comparable with the tellu-
ite glass. Figs. 4–6 clearly show that the apparent advantages of
hoosing BGPP1 glass hosts for designing broadband amplifiers.

g

e
f

-doped BGPP1 (a), and dependence of the FWHM × σemi and σemi × τm upon

.5. Upconversion spectroscopy

The recorded room temperature upconversion fluorescence
pectra of Er3+/Yb3+-dodoped GBPP2 glasses upon excita-
ion of a 500 mW 980 nm LD have been shown in Fig. 7.
he upconversion fluorescence at approximately 529, 545 and
57 nm, are assigned to the 2H11/2 → 4I15/2, 4S3/2 → 4H15/2,
nd 4F9/2 → 4H15/2 transitions of Er3+ ions, respectively. It is
mportant to note that very strong green- and red-upconversion
missions at 545 and 657 nm have been observed in the visi-
le spectrum. This result indicates that lasing could be expected
rom either the green or the red transitions with a suitable choice
f cavity mirrors. Moreover, the result is in agreement with
he predictions of the Judd–Ofelt theory since the branching
atios of the 2H11/2 → 4I15/2, and 4F9/2 → 4I15/2 transitions are
.672 and 0.905, respectively. It is noted that both the green-
pconversion intensity and the ratio between the intensities of
ed and green emissions increases very swiftly with the addition
f Yb3+, as shown in Fig. 7(a). The advent of highly Yb3+-doped
aterials allowed a noticeable improvement in the upconversion

fficiency in rare-earth doped glasses sensitized by ytterbium.
hen the GBPP2 glass is excited at 980 nm LD, an intense

reen-upconversion has been noticed by the naked eye, as shown
n the inset in Fig. 7(b). Obvious increase in the intensity of the
reen-upconversion emissions due to an increase in PbF2 con-
ent has also been clearly observed, as shown in Fig. 7(b). The
ignificant increases of the intensity of the green-upconversion
missions with increase in PbF2 content might be due to their
ower phonon energy of the PbF2 modified BGPP glasses as
forementioned in Fig. 2, which reduce nonradiative losses due
o mutliphonon relaxation process, and also the reduced OH−

roups content with the substitution of PbF2 for PbO.

The dependence of the visible fluorescence intensities upon
xcitation intensity has been examined and the results obtained
rom BGPP2 (x = 0, y = 1) are presented in log–log plot of
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promoted to the 4F9/2 state by one of the following processes.
(I) ESA: 4I13/2 (Er3+) + a photon → 2F9/2 (Er3+), (II) PAET
from Yb3+: 2F5/2 (Yb3+) + 4I13/2 (Er3+) → 2F7/2 (Yb3+) + 4F9/2
(Er3+), and (III) ET from the 4I11/2 state of adjacent Er3+:
ig. 7. Upconversion emission spectra of Er /Yb -codoped BGPP2 glasses un
GPP2 (x = 0, 4, 8, and 13, y = 2). The inset in (a) shows the dependence of the
nd the inset in (b) is an optical image showing the green-upconversion emissio

he inset figure of Fig. 7(a). It has been observed that the
reen emission at 529 and 545 nm signals could show approxi-
ately quadratic power law behaviors upon the pump intensity
ith the obtained slopes of 2.1 and 1.9, respectively, indicat-

ng two-photon processes [22,24]. Meanwhile, the dependence
f the 657 nm upconverted fluorescence on pump power has
lso been found to be quadratic, the slope value obtained is
.9, thereby indicating a two-photon process. Based on these
pectroscopic measurements the following upconversion excita-
ion mechanisms are proposed to be involved in the population
f the relevant excited-state emitting levels of the Er3+/Yb3+-
odoped glass, as shown in Fig. 8: (1) Er3+ ion is firstly
xcited initially from the ground state 4I15/2 to the excited
tate 4I11/2 through one of the following three processes under
80 nm excitation. (I) Ground-state absorption (GSA): 4I15/2
Er3+) + a photon → 4I11/2 (Er3+), (II) phonon-assisted energy
ransfer (PAET) from the Yb3+ 2F5/2 state: 2F5/2 (Yb3+) + 4I15/2
Er3+) → 2F7/2 (Yb3+) + 2I11/2 (Er3+), and (III) ET from the
I11/2 state of adjacent Er3+. Among the aforementioned three
rocesses, PAET from Yb3+ is the dominant one, due to the larger
bsorption cross-section of Yb3+ at around 980 nm. (2) The ions
t the populated 4I11/2 state are promoted to the 4F7/2 state by
ne of the following three processes. (I) Excited-state absorp-
ion (ESA): 4I11/2 (Er3+) + a photon → 4F7/2 (Er3+), (II) PAET
rom Yb3+: 2F5/2 (Yb3+) + 4I11/2 (Er3+) → 4F7/2 (Yb3+) + 4F7/2
Er3+), and (III) ET from the 4I11/2 state of adjacent Er3+:
I11/2 + 4I11/2 → 4F7/2 + 4I15/2. Er3+ ions at the populated 4F7/2
tate can relaxes nonradiative relaxation (NR) very fast to the

ntermediate state of 2H11/2 due to a multiphonon relaxation
rocess (MRP), the 2H11/2 → 4I15/2 transition shows the 529 nm
reen emission. Er3+ ion at the 4F7/2 state can also decay rapidly
own to the 4S3/2 state, and finally, the 4S3/2 → 4I15/2 transi-

F
T

80 nm LD excitation in (a) BGPP2 (x = 0, y = 1, 2, and 5), and (b) PbF2 modified
nverted luminescence intensity upon the laser excitation intensity (x = 0, y = 1),
BGPP2 (x = 0, y = 1).

ion reveals an intense green-upconversion at 545 nm. For the
ed-upconversion emission at 657 nm, Er3+ ion is first excited
rom the ground state 4I15/2 to the excited 4I11/2 through the
forementioned three processes: GSA, PAET and ET under
80 nm excitation. The Er3+ ions populated 4I11/2 state then
ecays NR to the long-living 4I13/2 state due to MRP, and are
ig. 8. Schematic energy level diagram of Er3+/Yb3+-doped BGPP2 glasses.
he possible upconversion emission mechanism is indicated.
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I11/2 + 4I13/2 → 4I15/2 + 4F9/2, and also (IV) a contribution from
igher-energy state 4S3/2 through a nonradiative relaxation, and
nally, the 4F9/2 → 4I15/2 transition gives 657 nm red emission.
t should be mentioned here that the red-emission in the PbF2
odified BGPP are also found to be as intense as that of the

reen emission at 545 nm, which might be due to the high
AET from Yb3+ to Er3+, and the high ET from the 4I13/2
tate. The ratio between the intensities of red and green emis-
ions increases very swiftly from 0.58 to 1.32 with an increase
n the PbF2 content up to 13 mol.%. The populations of the
F9/2 state compared to that of 4S3/2 state in the PbF2 modi-
ed BGPP being caused due to the addition of fluorine, which

ncreases the mass of the ligands resulting the reduction of
honon vibration energies and thus a reduction in the MRP
ate.

Based on their 1.5-�m radiative emission and upconversion
erformance from infrared to green as has been discussed and
xplained here, we conclude these BGPP and PbF2 modified
GPP doped with Er3+ and codoped with Er3+/Yb3+ could be

uggested as more promising and quite useful optical materials
owards the development of optical amplifier and upconversion
aser glass materials, respectively.

. Conclusion

In summary, we report on the experimental investigation of
hermal stability and spectroscopic properties of Er3+- and/or
r3+/Yb3+-doped BGPP and PbF2 modified BGPP glasses.
roadband 1.5-�m emission with the measured peak wave-

ength of 1532 nm and FWHM of ∼65 nm has been obtained
n Er3+-doped BGPP glass upon excitation with a conventional
80 nm LD. Intense room temperature green-upconversion has
lso been observed in Er3+/Yb3+-codoped BGPP glasses and
he involved mechanism has been explained. The addition of
bF2 leads to the reduction of the UV cutoff band and also
he reduction of phonon energy in the host glasses. The broad-
and 1.5-�m emission of Er3+-doped samples and the strong
reen-upconversion of Er3+/Yb3+-codoped samples and their
igh thermal stability have demonstrated a strong and promis-

[

[
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ng potentiality towards the development of an oxide-based fiber
mplifier and green-upconversion glass-fiber laser, respectively.
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