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Abstract

A new class of Erbium doped glasses with compositions xNa2O–(60 � x) PbCl2–40P2O5 (x = 0, 10, 20 and 30) were fabricated and
characterized for optical properties. Absorption spectra were analyzed for important Judd–Ofelt parameters from the integrated inten-
sities of various Er3+ absorption bands. A systematic correlation between the Judd–Ofelt parameter X2 and the covalent nature of the
glass matrix was observed, due to the increased role of bridging oxygens in the glass network. Photoluminescence (PL) and its decay
behavior studies were carried out for the transition 4I13/2 ?

4I15/2. The PL broadness and life times were typically in the range of 40–
60 nm and 2.13–2.50 ms, respectively. These glasses show high transparency, high refractive index, shorter life times and, most impor-
tantly, these glasses were capable of being doped with larger concentrations of Er3+ (up to 4 wt%). Optical performance of these doped
phosphate glasses suggesting the suitability of these glasses for optical fibre/waveguide amplifiers.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Incoherent broadband optical sources, particularly in
telecommunication window, are widely used in variety of
applications which includes fiber-optic gyroscopes and
optoelectronic light source for wavelength division multi-
plexing systems. Though rare-earth doped, individual or
co-doped, glass fibers/waveguides are of great promise,
the focus has been concentrated mostly on silicate glasses
although their amplified spontaneous emission (ASE) band-
widths are limited to few tens of nanometers (�40 nm).
Quite recently, rare-earth co-doped fluoride and tellurite
glasses have shown ASE with considerably extended band-
widths [1–5].
0925-3467/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
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In general, application and utilities of glassy materials
are enormous and are governed by the factors like compo-
sition, refractive index and dopants/impurities present in
the glasses. Moreover, the rare-earth emission in glassy
matrix is strongly dependent on crystal field effects, local
environment of the rare-earth ion, phonon energies, refrac-
tive index and precise details about glass defects (Urbach
tails) extended into the band gap. Silicate glasses, mostly
being inexpensive, are preferred as host matrix but they
have disadvantages such as low refractive index and less
rare-earth solubility. Among the other glass hosts, phos-
phate glasses have been found to be most suitable host
for larger rare-earth doping. Significant effects have been
made in the recent past in the direction of waveguide and
fiber phosphate glass optical amplifier devices [6–8]. How-
ever, current available information on phosphate matrix
are still incomplete due to unusual structural characteristics
such as high co-ordinations of the elements present and the
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large number of chemical elements that are being used in
the compositions of these glasses. Our recent extensive
studies on phosphate glasses reveal the potentiality of these
glasses as broadband sources because of their wide region
of transparency, moisture and thermal durability and the
ability to accept higher percentage of the rare-earths as
dopants [9–12].

The present paper deals with the absorption and emis-
sion properties of Erbium doped Alkali chlorophosphate
glass systems. Absorption spectral intensities of Er3+ tran-
sitions in various glass compositions are analyzed by Judd–
Ofelt theory. The results are examined with respect to
composition and the Er3+ ion concentration effects, and a
comparison has been made with respect to other reported
glass systems.

2. Experimental

The glass compositions of xNa2O–(60 � x) PbCl2–
40P2O5 (x = 0, 10, 20 and 30) (NPPx) were prepared in
batches of 10 g. Stoichiometric amounts of (NH4)2HPO4,
PbCl2 and NaNO3 (Analytical grade) (Aldrich Chemical
Co., USA) and were taken in a mortar and were mixed
and ground thoroughly using spectroscopic grade iso-prop-
onal. Then the mixture was taken into a silica/porcelain
crucible and is placed into a furnace. The temperature
was raised slowly to 300 �C and was maintained for about
an hour and then slowly increased up to 600 �C, to ensure a
complete decomposition of (NH4)2HPO4 into P2O5. Subse-
quently the temperature of the mixture was raised to
900 �C to get a clear melt. The homogeneity of the product
was ensured by repeated stirring of the melt. The bubble
free and homogeneous melt was poured on a preheated
(around 250 �C) brass mould and allowed to cool slowly.
Good transparent bulk glasses of dimensions 1 cm �
2 cm � 0.2 cm were obtained by this process, and all the
glasses were annealed at 200 �C for 24 h. The glass samples
were polished to the commercial quality using a water free
lubricant.

Various glass compositions with 1 wt% of Er3+ dopant
using ErCl3 were prepared for all glass compositions, men-
tioned above. Glasses with varying Er3+ concentration
(0.5–4 wt%) for one of the glass composition, NPP20 were
also fabricated, to examine the effect of concentration.
However, for more than 4 wt% Er3+ doping, the glass
transparency was lost. Similarly when Na2O content was
increased beyond 40, the glass became opaque and mois-
ture sensitive. All the glasses under the study are well-
exposed to moisture for long duration and found to be
moisture insensitive and weathering durability.

The absorption spectra were recorded on a Perkin–
Elmer UV–VIS spectrophotometer. A 488 nm wavelength
of Ar-ion laser was used as excitation source to record
emission characteristics. The excitation power density was
0.5 W/cm2. To measure emission and its decay curves, a
cooled InGaAs detector, monochromator, mechanical
chopper (12 Hz), lock-in amplifier, current amplifier and
digital storage oscilloscope were employed. Refractive
index measurements for undoped glasses were carried out
by Brewster angle setup consisting of He–Ne laser and a
detector.

3. Theory

The molar refractivity (Rm) was calculated by [13]

Rm ¼
g2 � 1

g2 þ 2

M
q

� �
¼ 4pamNA

3
ð1Þ

where g is the refractive index, M is the molecular weight, q
is the density, NA is Avogadro’s number and am is the
polarizability of the molecule. Molar volume (Vm) and
dielectric constant (e) were obtained using the relations
Vm = M/q and e = g2, respectively.

The optical band gap (Eopt) and Urbach Energies were
calculated from absorption spectra of undoped glasses,
using the relations discussed elsewhere [9]. The experimen-
tal oscillator strengths of various absorption spectral tran-
sitions of Er3+ doped glasses were obtained from [14,15]

fexp ¼
2303mc2

NApe2

Z
eð�mÞd�m ð2Þ

where m and e are the electron mass (in g) and charge (in
e.s.u.), respectively, c is the velocity of light and eð�mÞ, the
extinction coefficient, given by eð�mÞ ¼ ð1=C‘Þ logðI0=IÞ
where C is concentration of Er3+ (in moles/litre), ‘ is the
optical path length (in cm) and logðI0=IÞ is the absorptivity.

The oscillator strengths for the transitions were also
obtained from Judd–Ofelt theory, as

fcal ¼ r
X

T khf NwJ jU kjf Nw0J 0i2 ð3Þ

where r is the mean energy of the transition in cm�1 and
Tk are the adjustable intensity parameters (The matrix ele-
ments are composed of Uk). Since matrix elements of Uk

are insensitive to ion environment, free-ion matrix elements
were taken from literature [15,16]. The experimental oscil-
lator strengths were fitted by least square analysis to obtain
the intensity parameters Tk. These parameters subsequently
were used to calculate Judd–Ofelt parameters Xk (k = 2, 4
and 6) using the expression

Xkðcm2Þ ¼ 3h
8p2mc

9gð2J þ 1ÞT k

ðg2 þ 2Þ2
ð4Þ

where h is Plank’s constant, g is refractive index of the med-
ium and (2 J + 1) is the degeneracy of the ground level of
the particular ion of interest.

4. Results and discussion

The physical and optical parameters such as refractive
index (g), density (q), molar refractive index (Rm), molar
volume (Vm), optical band gap (Eopt) and Urbach energies
(DE) for the glasses with various Na2O content (at the
expense of PbCl2), determined from the experimental data,
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are shown in Table 1. The refractive index values show the
general trend of decreasing values with the decrease of lead
content, except for the glass composition, x = 10. In gen-
eral, all glasses are optically transparent above 320 nm
wavelength and optical band gap (Eg) values are estimated
from the undoped glass absorption spectra. These Eg val-
ues are ranging between 3.50 and 3.70 eV, which are much
lower than those values reported for other lead based phos-
phate glasses [12]. Earlier observations suggest that the
introduction of Pb2+ ions (as oxide) to the phosphate net-
work creates two non-bridging oxygens (NBOs), while the
Na+ creates single NBOs [17,18]. Similarly, it is also
observed that increase of Na2O content considerably shifts
the absorption edge to the shorter wavelengths, predomi-
nantly due to the creation of less number of NBOs. Con-
trary to those observations, present lead bearing glasses
(of mixed oxide–halide system) show much less optical
band gap values and a decreasing trend with the increase
in Na2O content. This could possibly be due to the influ-
ence of double bonded oxygens (DBOs) associated to phos-
phate network, rather than NBOs [12]. On the other hand,
the widths of localized states within the optical band gap
Table 1
Physical and optical properties of xNa2O–(60 � x) PbCl2–40P2O5 glasses

Physical/optical property NPP0 NPP10 NPP20 NPP30

Eopt (eV) 3.55 3.57 3.50 3.70
Urbach energy, DE (eV) 0.14 0.22 0.18 0.17
Refractive index, g 1.73 1.57 1.64 1.59
Density, q (g/cm3) 5.67 5.17 4.68 3.90
Molecular weight, M (g/mol) 223.64 202.02 180.41 158.8
Molar volume, Vm (cm3/mol) 39.44 39.08 38.55 40.72
Molar refraction, Rm (cm3/mol) 15.76 12.78 13.87 13.65
Polarizability, a (A3) 6.25 5.07 5.50 5.42

Judd–Ofelt parameters and PL life times of 1 wt% Er3+ doped glasses

X2 � 10�20 (cm2) 3.36 4.11 3.66 3.79
X4 � 10�20 (cm2) 0.51 0.47 0.34 0.13
X6 � 10�20 (cm2) 1.51 1.16 1.86 1.21
PL life times, s (ms) 2.3 2.1 2.4 2.5

x = 0, 10, 20 and 30 (denoted as NPP0, NPP10 NPP20 and NPP30,
respectively).

Table 2
Experimental and theoretical oscillator strengths of the spectral transitions of

Transition to Energy (cm�1) NPP0 NPP10

From 4I15/2 fobs � 10�6 fcal � 10�6 fobs � 10�6

4I13/2 6447 1.55 1.65 1.48
4I11/2 10065 0.65 0.76 0.52
4I9/2 12446 0.26 0.14 0.25
4F9/2 15298 1.52 1.62 1.25
4S3/2 18229 0.62 0.66 0.62
2H11/2 19065 5.77 5.70 5.63
4F7/2 20339 2.50 2.26 2.57
4F5/2 22009 0.88 0.80 0.50
4F3/2 22388 0.48 0.46 0.14
2G9/2 (4F,2H)9/2 24371 0.75 0.93 0.49
4G11/2 26182 10.00 10.04 10.7
RMS (�10�6) 0.12 0.27

x = 0, 10, 20 and 30.
(Urbach energies (DE) were also estimated from the
absorption spectra of undoped glasses. In the present work
these values range between 0.14 and 0.22 eV, which are
much closer to those values reported for other phosphate
glasses [9–12]. Such lower values suggest minimum defects,
leading to long-range order in the present glass systems.

Spectral intensities of different energy transitions for
1 wt% Er3+ doped chlorophosphate glasses are analyzed
using Eqs. (2–4). The observed and calculated oscillator
strengths for various transitions to the ground state 4I15/2

of Er3+ ions in this glassy matrix are given in Table 2.
Lower RMS values suggest a good agreement between
experimental and calculated oscillator strengths. It is also
observed that the Er3+ transitions lower than 350 nm are
not observed in these glass systems, due to the cut-off
region of absorption (Fig. 1). In general, the oscillator
strengths and positions are sensitive to the environment
of the rare-earth sites which are occupied in the glass net-
work [14]. These oscillator strengths are subsequently used
to evaluate important intensity parameters (Xk (k = 2, 4
and 6)), known as Judd–Ofelt parameters, using Eqs. (2)
and (3). In general, the X2 values for the Ln3+ ions in
glasses are intermediate between crystalline oxides and che-
lating ligands [19,20]. Earlier observations suggest that
both covalency and site selectivity of rare-earths with
non-centrosymmetric potential contributes significantly to
X2 [21]. The other values X4 and X6 are dependent on bulk
properties such as viscosity and dielectric constant of the
media.

On the other hand, hypersensitive nature of rare-earth
ion transitions is a characteristic feature, which is strongly
dependent on covalency and site asymmetry. Fig. 2A shows
the plot between the oscillator strengths of Er3+ intense
transitions of both hypersensitive as well as non-hypersen-
sitive, versus the sum of Judd–Ofelt parameters

P
Xk

(k = 2, 4 and 6). As seen from Fig. 2A, the hypersensitive
transitions, 4I15/2 ?

2H11/2, and 4I15/2 ?
4G11/2 show

relatively higher oscillator strengths compared to non-
hypersensitive transitions 4I15/2 ?

4F9/2 and 4I15/2 ?
4S3/2,

and they are intermediate between ionic and highly
1 wt% Er3+ in NPPx glasses

NPP20 NPP30

fcal � 10�6 fobs � 10�6 fcal � 10�6 fobs � 10�6 fcal � 10�6

1.49 1.45 1.80 1.40 1.11
0.71 0.57 0.85 0.54 0.57
0.12 0.18 0.09 0.20 0.42
1.44 1.33 1.61 0.88 0.93
0.62 0.66 0.76 0.40 0.47
5.97 5.53 5.62 4.95 5.30
2.08 3.31 2.49 1.56 1.54
0.75 0.62 0.92 0.43 0.57
0.43 0.29 0.53 0.28 0.33
0.86 0.77 1.04 0.48 0.65

10.6 10.00 9.94 9.60 9.41
0.33 0.17
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Fig. 1. Absorption spectra of 1 wt% Er3+ doped NPP10 glass, along with energy transitions from 4I15/2.
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covalent glasses [9,21]. In our present study, the observed
X2 values are close to that of the covalent glasses (like phos-
phates and tellurites) and on the higher side to the values
reported for ionic glasses (fluorides and oxyfluorides) [9].

Electronic polarization of materials is widely regarded
as one of the most influencing parameter and many physi-
cal, linear and nonlinear optical properties of materials are
strongly dependent on it. Duffy, Dimitrov and Sakka
correlated many independent linear optical entities to the
oxide ion polarizability of single component oxides
[13,22]. This polarizability approach, predominantly gives
the insight into the strong relation between covalent/ionic
nature of materials and other optical parameters, such as
optical band gap. Recently we have related optical band
gaps of various binary, ternary and quaternary oxide
glasses to the polarizability (of cation) in terms of
1 � Rm/Vm, known as covalency parameter or metalliza-
tion parameter [9,21]. Generally, the covalency parameter
ranges from 0.3 to 0.45 for highly polarisable cation con-
taining oxides (such as Pb2+ and Nb5+), while for the alka-
line and alkaline-earth (such as Na+, Li+) oxides it falls in
between 0.5 and 0.70. Although it is quite complex to cor-
relate optical parameters of the present glassy systems with
polarizability of oxide ions, due to the presence of halides,
it is interesting to see the influence of cation (Na+ and/or
Pb2+_variation) polarizability on other independent
parameters. Here, we attempted to correlate the influence
of glass matrix properties on the optical properties of the
dopant, that is Er3+ ion. Since X2 values are known to
show dependence on covalent nature of host, we made a
plot between X2 values and metallization parameter
(1 � Rm/Vm) in Fig. 2B. Other phosphate glasses [23–28]
are also included in the plot for comparison. Interestingly,
the X2 values for present chlorophosphates are monotoni-
cally increasing with the metallization parameter and lie
between 0.6 and 0.7, with comparatively high values of
X2. Though with respect to metallization parameters they
show more of alkali oxide nature, significantly higher X2

indicates strong covalent nature, could possibly be due to
the increased role of phosphate linkage, having more
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double bonded oxygens (DBOs) coordinated to the rare-
earth ions [12].

The near-infrared PL studies of Er3+ ions for the transi-
tion 4I13/2 ?

4I15/2 are recorded by exciting with 488 nm line
of Ar+ laser, that is into the absorption level of 4F7/2. The
PL band typically exhibits asymmetric shape at �1540 nm
having overall features covering 1400–1650 nm region, with
FWHM of 40–45 nm. Low intense emission at 980 nm
(FWHM 6 30 nm) (not shown here) of 4I11/2 ?

4I15/2 tran-
sition, with the relative intensity of �10�3 with respect to
1540 nm transition, has also been observed. To observe
any concentration influence on PL behavior, the PL mea-
surements for the glass NPP20 doped with varied Er3+

ion concentrations (from 0.5 to 4 wt%) were also performed
(Fig. 3). Though no peak shift has been observed, the
broadness of the emission spectra did show considerably
increasing trend (FWHM 43–62 nm) with the increase of
Er3+ ion concentration. These values are close to the values
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Fig. 4. (A) Photoluminescence decay of 1 wt% Er3+ doping in various compo
decay of various Er3+ concentrations (from 0.5 to 4 wt%) in NPP20 glass.
reported for other phosphate glasses [7,26]. The emission
broadness with the increase of Er3+ concentration could
be due to occupation of active ions in various sites of micro-
scopic environment, results into more inhomogeneous
broadening. However, observed broadness can also arise
from self-absorption and radiation trapping processes
[33]. To support such arguments, more experiments such
as temperature and length-dependent emission are needed.

The PL decay behavior of 4I13/2 ?
4I15/2 transition for

various glass compositions (with 1 wt% Er3+) are shown
in Fig. 4A. All the normalized experimental data, with
respect to pump energy, are fitted with the function
yðtÞ ¼ A expð�t=sÞb; where the adjustable parameter b is
found to be very close to 1 (ranging between 0.97 and
0.99) and s is the emission life time. All the decay curves
in the present case convincingly follow a single exponential
stretch and the PL life times obtained from the fittings are
given in the Table 1. Since the decay function is purely an
exponential, the life times (s) are same as 1/e decay times.
These values show a moderate increase with the increase
of Na2O content, except for NPP10, and are generally
lower compared to the values reported for other alkaline-
free phosphate glasses [29,30].

To design an optical media for short optical amplifiers,
it is essential to study the concentration quenching phe-
nomena of rare-earth ion emission [29–31]. Concentration
dependent emission quenching is mostly due to the non-
radiative transfer of energy to closely neighboring non-
excited rare-earth ions, up-conversion and non-radiative
relaxation [31,32]. To demonstrate the effect of Er3+ ion
concentration on PL decay, we have attempted experi-
ments on one of the glasses, NPP20 (Fig 4B). Er3+ ion con-
centrations 0.5, 1, 2, 3 and 4 wt%, were selected as doping
in NPP20 and the estimated lifetime values from the PL
decay are 3.8, 2.4, 3.2, 2.1 and 1.9 ms (±0.2 ms), respec-
tively. Compared to the other alkaline-free phosphate
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glasses, present glassy systems show intermediate values
and are close to the lead containing germinate glasses
[29,30]. Though the trends of concentration effect on life
times are close to those reported for other phosphate glass
[30], present experiential values are very limited for a quan-
titative conclusion on quenching effects. We have also
exposed these alkali chlorophosphate glasses to molten
salts of silver and potassium salts at 300–350 �C tempera-
tures to verify the ion-exchange waveguide fabrication
compatibility. Experiments are under progress and the pre-
liminary results are suggesting the suitability of these
glasses for such applications.

5. Conclusions

In conclusion, we have fabricated a new class of Erbium
doped glasses with compositions xNa2O–(60 � x) PbCl2–
40P2O5 (x = 0, 10, 20 and 30). In general, all the glasses
under study exhibit water resistant and weathering durabil-
ity. The absorption spectra are analyzed for Judd–Ofelt
parameters from the integrated intensities of various
absorption bands. We have correlated hypersensitive nature
of Er3+ absorption transitions and metallization parameter
of glass with Judd–Ofelt parameters to understand the
effect of the glass network covalent nature. The photolumi-
nescence and its decay behavior studies are made for all the
doped glasses. The Photoluminescence broadness and life
times of 4I13/2 ?

4I15/2 transition were typically in the range
of 40–60 nm and 2.13–2.5 ms, respectively and show depen-
dence on the glass composition and rare-earth ion concen-
tration. By and large, these glass systems are capable of
taking larger concentration of Erbium and showing their
durability for optical applications. These results therefore,
suggest that the present alkali phosphate glass systems
could be suitable hosts for the optical amplifiers with an
intake of more rare-earth ion concentrations than other
phosphate glass systems.
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