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a b s t r a c t

Erbium-doped Na3Al2P3O12 (NAP) glasses with compositions 92NAP–(8−x)Al2O3–(x)Er2O3 (where
x = 2–8) were prepared and characterized for absorption, visible and NIR emission and decay time prop-
erties. Judd–Ofelt analysis has been carried out to predict radiative properties of luminescent levels of
ccepted 3 January 2011
vailable online 6 January 2011

eywords:
r-doped glass
ptical spectroscopy

Er3+ ions. Comparatively larger photoluminescence lifetimes (7.86 ms) and larger quantum efficiencies
(74%) for the laser transition, 4I13/2 → 4I15/2 (at 1.54 �m) are observed. The moisture insensitivity, large
Er3+ ion doping capability and relatively high-gain and broad emission at 1.5 �m are the most notable
features of these glasses to realize efficient short-length optical amplifiers.

© 2011 Elsevier B.V. All rights reserved.
roadband
ain cross-section

. Introduction

Rapid technological growth in the fields of telecommunication
nd data transfer has kept in phase with the development of optical
mplification based on the rare earth (RE) doped fiber amplifiers.
articularly, Er3+ and/or Tm3+ ion doped fibers make it possible
o amplify optical signals in the range of C-band, 1530–1565 nm
r S-band, 1460–1530 nm. Though single or co-doped RE based
lass fibers/waveguides are of great promise, the focus has been
oncentrated mostly on silicate glasses although their amplified
pontaneous emission (ASE) bandwidths are limited to few tens of
anometers (∼40 nm). Rare earth co-doped fluoride and tellurite
lasses have shown ASE with considerably extended bandwidth,
here the emission broadness arises due to inter-ion energy trans-

er. By and large, the suitability of rare earth doping and the proper
hoice of glass matrix are still unclear [1–5].

Recently, phosphate glasses have received a great deal of atten-
ion due to their potential application in optical data transmission,
etection, sensing and laser technology, waveguide and fiber opti-

al amplifier devices [6–8]. In general, the RE emission in glassy
atrix is strongly dependent on crystal field effects, local envi-

onment where the ion is situated, phonon energies, refractive
ndex and precise details about defect energy levels (Urbach tails)

∗ Corresponding author. Tel.: +91 011 2659 1326; fax: +91 011 2658 1114.
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G. Vijaya Prakash).
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extended into the band gap. Compared to silica glasses, phosphate
glasses offer distinct optical properties such as large infrared trans-
mission window, good chemical durability, high gain density, wide
bandwidth emission spectrum and low up-conversion character-
istics. The high gain density in phosphate glass is due to high
solubility of active ions introduced into a relatively small volume
[9–13]. Introducing Al2O3 into phosphate glass network increases
the cross-links between PO4 tetrahedral in the glass which results
in an increase in the aqueous durability and glass transition tem-
perature, and a decrease in thermal expansion coefficient [14]. The
addition of Na2O further improves the RE solubility leading to the
possibility of using a high concentration of dopants [15]. Also the
presence of Na2O in the glass provides the suitability for the fab-
rication of optical wave guide devices by ion exchange method
[16].

The present paper deals with the absorption and emission prop-
erties of erbium doped sodium super ionic conductor (NASICON)
type [9,11,12,17] Sodium–aluminium–phosphate (NAP) glass sys-
tems. Absorption spectral intensities of varied Er3+ concentration
in NAP glasses are analyzed by using Judd–Ofelt theory. A detailed
study of visible and near infrared photoluminescence properties
has been carried out. The results are examined with respect to the
concentration effects, and are compared with the other reported

glass systems.

2. Experimental procedure

Er3+-doped Na3Al2P3O12 (NAP) glasses in the form of
92NAP–(8−x)Al2O3–(x)Er2O3 (where x = 2–8) were prepared by the conven-

dx.doi.org/10.1016/j.jallcom.2011.01.016
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Physical and optical properties of Er3+ doped NAP glasses.

Property NAP NAP:Er3+

2 wt% 3 wt% 4 wt% 5 wt% 6 wt% 7 wt% 8 wt%

Eopt (eV) 2.97 3.32 3.31 3.30 3.31 3.34 3.35 3.39
Urbach, �E (eV) 0.24 0.33 0.34 0.36 0.37 0.31 0.24 0.18
Refractive index (n) 1.52 1.53 1.55 1.55 1.58 1.59 1.61 1.62
Density, � (g/cm3) 2.56 2.53 2.54 2.56 2.59 2.604 2.609 2.66
Molecular weight, M (g/mol) 407.85 334.26 335.32 335.51 336.15 336.45 336.98 337.37
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concentrations.
From the absorption spectra, experimental oscillator strengths

(fexp) of the transitions originating from 4I15/2 were obtained and
are used in the Judd–Ofelt analysis [24,25]. The three Judd–Ofelt
Molar volume, Vm (cm /mol) 159.31 132.11 132.02
Molar refraction, Rm (cm3/mol) 48.35 40.61 42.00
Reflection loss (%) 4.24 4.35 4.64
Polarisability, ˛ (A3) 19.17 16.10 16.66

ional melting procedure [10]. Stoichiometric amounts of (NH4)2HPO4, Al2O3 and
aNO3 (analytical grade) were mixed with required wt% of Er2O3 (Aldrich Chemical
o., USA) and were taken in an agate mortar and grounded thoroughly using
pectroscopic grade proponal. Then the mixer was taken into a silica crucible and
laced in an electric furnace. The temperature was raised slowly to 300 ◦C and was
aintained for about an hour and then increased up to 600 ◦C to ensure a complete

ecomposition of (NH4)2HPO4 into P2O5. Subsequently the temperature of the
ixture was raised to 1250 ◦C to get a clear melt. The homogeneity of the product
as ensured by repeated stirring of the melt. The bubble free and homogeneous
elt was poured on a preheated brass mould and were annealed at 350 ◦C for 24 h

nd then allowed to cool slowly to room temperature. The glass samples were
olished for the optical measurements.

The absorption spectra of Er3+-doped NAP glasses were recorded using a
erkinElmer UV–vis–NIR spectrophotometer with a spectral resolution of 0.01 nm.
32 nm of DPSS laser and 975 nm of a diode laser were used as excitation sources
or both luminescence emission and decay time measurements in visible and near
nfrared region, respectively, and recorded with a monochromator (Acton SP2300),
ttached to PMT and InGaAs detectors with a spectral resolution of 0.1 nm. Decay
urves were obtained, with resolution of 0.001 ms, using a digital storage oscil-
oscope (Tektronix TDS1001B) coupled to PMT of the monochromator. Refractive
ndex measurements for glasses were carried out by Brewster angle setup consisting
f He–Ne laser (632 nm) and a Si-detector.

. Results and discussion

The intra 4f transitions of Er3+ ions from 4I13/2 → 4I15/2 transition
orresponding to an emission at 1530 nm, is very important in the
elds of laser material and optical communications. As the output
ower of the lasers and gain of the short-length optical amplifiers
trongly depends on the concentration of Er3+ ion in a given host
aterial, in the present work optical and physical properties of high

r3+ ion doped NAP glasses are extensively explored.

.1. Physical and structural properties

The physical and optical parameters such as refractive index
�), density (�), molar refractive index (Rm), molar volume (Vm),
ptical band gap (EOpt) and Urbach energies (�E) of un-doped and
r3+-doped NAP glasses (for various Er2O3 concentrations) were
etermined from various experiments and are reported in Table 1.
hese glasses, in general, are moisture insensitive, compatible for
on-exchange waveguide fabrication and capable of accepting large
oncentration of RE ions (up to 8 wt% or ∼8 × 1020 ions/cm3) with-
ut losing the transparency. Estimated optical band gap values,
rom the absorption spectra, of the NAP glasses are in the ranges
.97–3.39 eV. The widths of localized states within the optical band
ap, known as Urbach energies (�E), were also estimated from
he absorption spectra and the range of the values are found to
e 0.18–0.37 eV, which are as close to those values reported for
ther phosphate glasses [18,19]. Such lower values suggest min-
mum defects, leading to long-range order in the present glass

ystems. Refractive index values of Er3+ ion doped NAP glasses show
ncreasing trend with the increase of Er3+ ion content. Generally
n oxide glasses, the ionic refractivity of non-bridging oxygens is
arger than the ionic refractivity of bridging oxygens [20]. Accord-
ng to the crystalline data for another alkali ion based crystalline
131.05 129.79 129.40 129.11 126.83
42.00 43.31 43.61 44.76 44.61

4.70 5.08 5.17 5.46 5.61
16.66 17.17 17.29 17.75 17.69

NASICON, K3Al2P3O12 [17], comparable to the present NAP glass,
the structure could be visualized as anionic framework built from
corner-shared AlO4 and PO4 tetrahedral coordination, where phos-
phate tetrahedra pointing their unshared oxygen atoms towards
the channels occupied by alkali ions. Therefore, this type of struc-
ture could possibly increase number of non-bridging oxygen, when
Al3+ was compensated with the Er3+, which could be one of the
possible reasons for increase in refractive index values [21].

Fig. 1 shows the FTIR spectra of NAP glass along with peak
assignments [12,13,22,23]. As seen from the figure, broad and
strong band around 1076 cm−1 is indicative of the PO4 symmetric
stretching vibrations (Q1) band in the present system [13]. Other
peaks could be assigned to the deformation mode of PO− group at
529 cm−1, the P–O–P group symmetric stretching vibration band
at 729 cm−1 [22,23]. The bands at 1645 and 3429 cm−1 are traced
to the free H2O molecules and OH− stretching vibration modes,
respectively [12].

3.2. Absorption spectra and Judd–Ofelt analysis

The absorption spectra of various wt% of Er2O3 doped NAP
glasses, consists of absorption bands corresponding to the absorp-
tions from the ground state 4I15/2 of Er3+ ions (Fig. 2). In general, the
spectral lines show inhomogeneous broadening as the degeneracy
of levels is not completely removed, which is a consequence of the
absence of long-range order in the glass host producing changes in
the micro symmetry around the Er3+ ions. The linear variation of
integrated absorption as a function of Er3+ ion concentration in NAP
glass (inset of Fig. 2), indicates the presence of homogeneously dis-
tributed similar local structure around the Er3+ ions, even at higher
Fig. 1. FTIR spectra of NAP glass.
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ig. 2. Absorption spectra of Er3+-doped NAP glasses for various Er3+ ion concentrati

arameters (˝�, � = 2, 4 and 6), were calculated by fitting the exper-
mental oscillator strengths to the calculated oscillator strengths
s described in our earlier report [10] and are collected in Table 2
long with other reported Er3+-doped phosphate [10,26] tellurite
27] and fluoride [28] glasses. In the present glass, the ˝2 param-
ter is in decreasing trend with increasing Er3+ concentration up
o 5 wt% and later shows increasing trend (Table 2). In general, the
bserved ˝2 values are close to that of the covalent glasses like
hosphates and tellurites and slight higher than that of the ionic
lasses like fluorides [10,26–28]. Generally, it is believed that both
ovalence and site selectivity of RE ion with non-centro symmetric
otential contribute significantly to ˝2, while other parameters ˝4
nd ˝6 are mostly dependent on bulk properties [26,29,30]. Also,

2 is strongly dependent on the hypersensitive transitions. Hyper-
ensitivity is related to the covalency through nephelauxetic effect
nd affects the polarizability of the ligands around the rare earth
ons. Higher ligand polarizability results in a larger overlap between
are earth ions and ligands orbital, i.e., higher degree of covalency
etween rare earth ions and the ligands. Thus, the increment of
he rare earth ions concentration (with reduction of Al3+ content)

ecreases the ˝2 and the degree of covalency. However, in the
resent case, lower than 5 wt% Er3+ doping is predominantly due to
he environment effects around Al3+ ions, and above is dominated
y the covalancy parameter [31].

able 2
udd–Ofelt parameters of Er3+ doped glasses.

Glass Er3+ ion concentration, NEr (×1020 cm−3) ˝

Er:NAP (2 wt%) 1.82 3
Er:NAP (3 wt%) 2.74 3
Er:NAP (4 wt%) 3.68 3
Er:NAP (5 wt%) 4.67 2
Er:NAP (6 wt%) 5.62 2
Er:NAP (7 wt%) 6.57 3
Er:NAP (8 wt%) 7.69 3
Phosphate [10] 1.40 3
Phosphate [26] 2 mol%a 4
Phosphate [33] 1.60 6
Phosphate [35] 1 mol%a 8
Tellurite [27] 0.72 3
Fluoride [28] 1 mol%a 2

a Concentration in ions/cm3 is not available.
set shows variation of integrated absorption with respect to Er3+ ion concentration.

3.3. Visible and NIR photoluminescence properties

Visible and near-infrared photoluminescence (PL) spectra of
Er3+-doped NAP glasses are recorded using 532 nm and 975 nm
lasers, respectively (Fig. 3). The visible PL of these glasses exhibit
bright green PL (545 nm) corresponding to 4S3/2 → 4I15/2 transi-
tion with other weak peaks at around 650 nm and 850 nm due
to 4F9/2 → 4I15/2 and 4I9/2 → 4I15/2 transitions. The near-infrared PL
spectra recorded using 975 nm excitation shows strong peak at
1534 nm due to 4I13/2 → 4I15/2 transition, with no traces of visible
upconversion PL even at 1 W pump powers. While the intensity
of 4S3/2 (545 nm) emission is increasing linearly with increase in
Er3+ ion concentration, the intensity of 4I13/2 (1530 nm) increases
with increase in Er3+ ion concentration up to 7 wt% and drastically
decreased for 8 wt% glass (Fig. 4).

The transient PL behavior of both 4S3/2 and 4I13/2 transitions
for various Er3+ ion concentrations are measured and are shown in
Fig. 5. It is interesting to note that the PL decay of 4S3/2 level is found
to be single exponential for all the studied concentrations of Er3+

ions. Moreover the measured lifetime of 4S3/2 level is of 0.49 ms

and mostly insensitive to the increasing concentration of Er3+ ion.
Whereas, the PL decay for 4I13/2 transition is found to be a single
exponential up to 4 wt% and turned into a bi-exponential function
for higher Er3+ concentrations (Fig. 5). From these decay curves,

2 (×10−20 cm2) ˝4 (×10−20 cm2) ˝6 (×10−20 cm2)

.26 0.57 0.55

.25 0.54 0.55

.01 0.51 0.56

.97 0.49 0.54

.99 0.84 0.59

.24 0.80 0.71

.53 0.76 0.56

.79 0.13 1.21

.05 0.97 0.94

.28 1.03 1.39

.05 1.46 2.28

.40 1.00 0.20

.91 1.78 1.00
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Fig. 3. Visible and near infrared PL excited with 532 nm and 980 nm laser respe

he effective decay times (�eff), which is considered as experimen-
al lifetime (�exp) have been determined by using the following
xpression [32] �exp = �eff =

∫
tI(t)dt/

∫
I(t)dt. The obtained lifetime

�exp) values are also presented in Table 3.
For comparison, the 4I13/2 PL life times up to 7 wt%, are com-

arable to other phosphate glasses doped with much less Er3+
oncentration [10,26] but considerably more than lead based
hosphate (2.75 ms), niobium based phosphate (5.4 ms) and multi-
omponent phosphate [32–35] and tellurite (4.1 ms) [27] glasses.
n general, the lifetime of 4I13/2 level of Er3+ ion is strongly governed
y radiative and non-radiative processes. These experimental life

ig. 4. (A) Variation of normalized integrated PL intensities from 4S3/2 and 4I13/2 to
round state 4I15/2 transitions with respect to various Er3+ ion concentrations in NAP
lass and (B) a plot of life time (left) and quantum efficiencies (right) of 4I13/2 → 4I15/2

ransition for various Er3+ concentrations in NAP glass.
. Inset shows schematic partial energy level diagram of Er3+ ion doped in glass.

times are significantly lower than the radiative lifetime (�rad)
obtained from Judd–Ofelt analysis, but do not follow the trend
(Table 3). This observation along with the non-exponential nature
of the decay at higher concentration reveals the fact that the relax-
ation from 4I13/2 level involves a combination of radiative and
non-radiative de-excitation channels. Our experimental results fur-
ther indicate that the process of concentration-quenching is low
even up to 7 wt% in the present NAP glasses.

Quantum efficiency (�) of the 4I13/2 level can be estimated by the
relation, � = (�exp/�rad) × 100 and are collected in Table 3. The varia-
tion of � along with life times with Er3+ ion concentration is shown
in Fig. 4. These � are slightly lower than those obtained for other
commercial phosphate glass (Kigre. Inc., � = 80%) [33]. The decrease
in lifetimes and � with increasing Er3+ ion concentration (Fig. 4B)
are mostly due to the increase of energy transfer between neigh-
borhood Er3+ ions and energy transfer from Er3+ ions to quenching
centers like OH− groups [26,36]. Specially, the free OH− groups in

the glass are regarded as effective quenchers of the IR radiation in
Er3+-doped phosphate glasses [37]. The energy difference between
4I13/2 and 4I15/2 levels Er3+ ions (∼6500 cm−1) and the OH− vibra-
tional frequency is about 3429 cm−1 in the NAP glass (FTIR spectra,

Table 3
Experimental and theoretical lifetimes (�, ms) and quantum efficiencies (�, %) of
4I13/2 → 4I15/2 transition of various Er3+ doped glasses.

Glass 4I13/2 → 4I15/2 lifetimes (ms) Quantum
efficiency, � (%)

�exp �cal

Er:NAP (2 wt%) 7.86 10.57 74
Er:NAP (3 wt%) 6.80 10.55 64
Er:NAP (4 wt%) 6.59 10.52 62
Er:NAP (5 wt%) 5.20 10.71 48
Er:NAP (6 wt%) 3.68 10.04 36
Er:NAP (7 wt%) 3.97 9.16 43
Er:NAP (8 wt%) 0.97 10.28 09
Phosphate [10] 2.50 – –
Phosphate [26] 3.16 13.80 23
Phosphate [33] 2.40 5.40 45
Phosponiobate [34] 8.00 9.96 80
Metaphosphate [35] 1.05 4.82 22
Tellurite [27] 4.10 7.90 52
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Table 4
Effective line width, ��eff (nm), emission cross-section, �(�p) (cm2), gain bandwidth, �G (cm3) and gain per unit length, G (cm2 s) of 4I13/2 → 4I15/2 transition of various Er3+

doped glasses.

Glass ��eff (nm) �(�p) (×10−21 cm2) �G (×10−28 cm3) G (×10−24 cm2 s)

Er:NAP (2 wt%) 52 5.58 292 43.85
Er:NAP (3 wt%) 53 5.50 293 37.40
Er:NAP (4 wt%) 54 5.33 290 35.12
Er:NAP (5 wt%) 55 5.00 275 26.00
Er:NAP (6 wt%) 57 5.07 291 18.65
Er:NAP (7 wt%) 57 5.48 311 21.75
Er:NAP (8 wt%) 56 4.87 274 04.72
Phosphate [32] 37 6.40 237 05.69
Silicate [32] 40 5.50 220 30.14
Phosphate [32] 55 8.00 440 63.20
Metaphosphate [35] 61 7.90 482 08.92
Germanate [40] 53 5.68 301 39.76

F
e
i

p
m
a
s
�
s
e
g
w
A
T
f
l
b
i
E
a

F
s
2

Tellurite [32] 60 6.60
Bismuth borate [40] 75 7.03

ig. 1). Hence only two phonons are required for non-radiative de-
xcitation of the infrared radiation from 4I13/2 of Er3+ ions as shown
n the inset of Fig. 3.

To provide a comprehensive evaluation of the emission
roperties of the Er3+ ion doped NAP glasses, we have esti-
ated important parameters those are relevant for optical

mplifiers for 4I13/2 → 4I15/2 transition [38]. The stimulated emis-
ion cross-section, is obtained using the relation [39], �(�p) =
4
p�rad/8�cn2��eff, where n is the refractive index, �p is the emis-
ion peak wavelength, �rad is the radiative life time, ��eff is the
mission effective bandwidth defined as ��eff = 1/Ip

∫
I(�)d�. The

ain bandwidth (�G) is defined as product of ��eff and �(�p),
here as the gain per unit length (G) is given by �exp × �(�p) [32].
ll these optical amplifier parameters are estimated and given in
able 4. The gain bandwidths for all Er3+-doped NAP glasses are
ound to be higher than silicate [32,40], phosphate [32,40], but
ower than bismuth borate, metaphosphate [40,35] and compara-
le to germinate [32] glasses. Similarly, the gain per unit length

s higher than those of the reported glasses (Table 4) and hence
3+
r -doped NAP glasses are of potential use in short-length optical

mplifiers such as waveguides.

ig. 5. PL decay curves of 4I13/2 → 4I15/2 transition in Er3+-doped NAP glasses. Inset
hows the representative luminescence decay curve of 4S3/2 → 4I15/2 transition of
wt% Er3+ ion doped in NAP glass.

[

[

[

[
[

396 26.40
527 06.39

4. Conclusions

In conclusion, optical and physical properties of a highly erbium
doped sodium–aluminium–phosphate glass were presented. Opti-
cal properties, viz., optical bandgap, Urbach energies and refractive
index studies show a strong correlation to the structural re-
arrangement of Er3+ ion in phosphate network. The absorption
spectra are analyzed using Judd–Ofelt theory to predict the radia-
tive properties of luminescent levels of Er3+ ions. The experimental
lifetime (7.86 ms), quantum efficiency (74%) and other estimated
stimulated emission parameters of laser transition, 4I13/2 → 4I15/2
at 1.53 �m is found to be higher than other reported phosphate
glasses. The nearly broad and flat nature of 1.5 �m emission and
the other most favorable optical properties suggest the possibil-
ity of using these materials for broadband optical amplification.
Especially the moisture insensitivity, large Er3+ ion doping capabil-
ity and ion-exchange compatible nature, are the most advantage
features for short-length optical waveguide amplifiers, and such
experiments are under progress.
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