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Abstract

Phosphate glasses containing up to 45mol% of niobium were obtained. X-ray diffraction, infrared, Raman, and optical absorp-
tion spectroscopy were used to analyze those materials. The refractive index varies from 1.70 to 1.85 as the amount of Nb increases.
Niobium phosphate glasses with optical transparence in the (400-2500nm) range were produced. The cut off varied from 342nm to
378nm as a function of the Nb concentration. The cut off is due to the charge transfer 0> — Nb>". Glasses containing 10mol% of
Nb,Os are the most promising materials to be used as rare-earth ions hosts because they are chemically resistant, and show optical
transparency in the spectral range of visible to infrared. Doping the glasses with 1-5mol% of Er, Ho, Pr, and YD ions does not
change the glass structure, as measured by X-ray diffraction, infrared, and Raman spectroscopy. The fluorescence lifetimes were
determined for Nd, Yb, and Er, and the absorption cross-section were determined for all ions. The energy transfer in co-doped
Yb-Er system was measured, and the lifetime of excited states and the luminescence efficiency were determined to be 91% for

the Er *Iy,), level, in the Yb—Er co-doped glasses.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Oxide glasses are potential hosts for lasers [1]. These
lasers can be part of the high-energy (10°-10°J) and
high-peak-power (10'>-10"°W) systems developed for
the nuclear fusion reaction tests [2].

The advantage of glasses, in this case, is that large ac-
tive lasers with good optical quality can be produced.
Furthermore, after the development of Nd glass lasers
[3], and Nd crystal lasers (Nd:YAG) [4], a search for
new solid active lasers using other ions, such as
Ho(3+) and Er(3+), that could emit in 2000 and 2700-
2900nm, respectively, began. These ions were investi-
gated in crystal systems, fluoride glasses, and oxide
glasses [5]. The energy transfer between rare-earth ions
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was investigated mainly when they were sensitized by
Yb(3+) ions that absorb at 960 nm, which is the wave-
length emission of a recently developed high power
diode laser [6]. The development of crystal and fluoride
glass lasers with Er emitting at 2700 nm is under investi-
gation [7]. The presence of water molecules or absorp-
tions caused by impurities such as OH™, CHO™ in the
region of 4000-3000cm ', is responsible for quenching
or reduction of the luminescence, preventing their use
as active laser host [8].

Oxide glasses doped with Yb(3+) ions can emit at
~1000nm. They are potentially good for power lasers
because they have suitable cross sections for absorption
and emission (approximately 2 x 107>°cm?) and a spec-
tral width of 30nm [6]. In crystals and glasses, the
Yb(3+) emission band width is larger than in the case
of Nd(3+), because Yb(3+) shows an electronic coupling
with the host network [6]. An investigation of the lumi-
nescence properties of Yb(3+) in phosphate glasses may
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show a potential use of these glasses to generate ultra
short pulses.

Phosphate glasses have been investigated as rare-
earth ion host matrices in laser systems [9], fibers and
optical lenses [10,11]. Phosphate glasses can be produced
by melting inorganic precursors at relatively low temper-
atures (900-1200°C) and be easily worked [12].

The chemical resistance and transparence of niobium
phosphate glasses were investigated to obtain glasses
with optical transparency [13]. These glasses are also sta-
ble. These characteristics are attributed to O-Nb-O
bonds [13]. Other studies using Fourier transformed
infrared spectroscopy (FTIR) showed that Nb”" re-
places P°*, which is in a tetrahedral coordination in
the P-O-P chain. The bridging oxygen is now bonded
to Nb>*, forming O-P-O-Nb-O- type chains. It was
also shown that P-O type bonds are mostly located in
terminal sites of the chain while Nb-O bonds are in
the middle sites of the chains [14].

The Raman bands were assigned to O-Nb-O, O-P-
O, and mixed O-P-O-Nb-O- chains (named here as
PND) [15]. As the amount of Nb,Os increases, a larger
number of Nb-O-Nb and PNb bonds were identified
by the Raman spectroscopy [15].

In the present work optical properties and structural
properties of niobium phosphate glasses doped with (Pr,
Nd, Er, Ho or Yb) ions were investigated. The lumines-
cence lifetime and the absorption cross-section of these
ions were also measured.

2. Experimental procedure

Glasses were prepared by mixing different amounts of
(NH4),HPO,4, Nb,Os, KOH, and BaCOj;. The molar
ratio between phosphorous pentoxide, barium oxide
and potassium oxide was kept constant:

[P,Os] = [BaO] = [K,0O] = 1/3; only the amount of
Nb,Os5 varied.

Table 1 shows the nominal composition of the start-
ing materials produced in this work. The following sam-
ple code is adopted: Nb-x, where x is the amount of
Nb>Os5 in mol%.

The batch was melted inside a crucible-type electrical
furnace (Lindenberg Blue M). The melting temperature
ranged from 1250 to 1350°C, depending on the compo-
sition. The fluid was maintained in the melting temper-
ature for 90 min for homogenization, fining and bubble
removal. The liquid was cast into a heated aluminum
mold to obtain samples varying in size from 10 x 10 x
10mm? to 10 x 10 x 50mm?. Cooling gradients, mechan-
ical stresses, and cracks are avoided by using a heated
mold. Finally, the material was removed from the mold
and annealed in the temperature range of 480-550°C for
2h in air, as previously determined for internal stresses
release [16].

Table 1

Nominal composition of materials (mol%)

Sample code P,Os + BaO + K,O Nb,Os5
Nb-0 100 0
Nb-5 95 5
Nb-10 90 10
Nb-14 86 14
Nb-19 81 19
Nb-26 74 26
Nb-32 68 32
Nb-37 63 37
Nb-40 60 40
Nb-45 55 45
Nb-50 50 50
Nb-60 40 60

A sample of Nb-10 was selected to host 1-5mol% of
Nd or Yb, and 1mol% of Er, Pr or Ho. This glass was
chosen based on its chemical durability (determined by
leaching tests in water at 90°C), wavelength cut off
(determined by optical absorption spectroscopy), and
stability (determined by differential thermal analysis)
[16].

Slabs -4 mm in thickness were cut from glass bars by
using a diamond disk saw. These slabs were ground, pol-
ished, washed, and finally dried.

Glass powders with average particle sizes of 5pm
were prepared to be used for the X-rays diffraction
and Raman spectroscopy.

On bar samples of each composition, the linear
refractive index was determined by Snell’s law. The inci-
dent and refracted angles of a continuous laser with
wavelength of 589 nm was measured using a goniometer.
The linear refractive index standard deviation was 0.005.

Optical absorption spectroscopy was performed by
using a spectrophotometer (Varian model Cary 17D/
OLIS) in the range of 200-2500 nm.

The luminescence life time of the *F;, level of the
Nd** for the *F3, — 1,1, transition, of the *I;3/, level
of the Er** for the *I;3, — *I,s)» transition, and of the
%Fs), level of the Yb*' for the *Fs;, — 2F) transition
were determined.

The luminescence life time of the *15, of the Er** for
the *I;3, — “1;5» transition, and the life time due to
non-radiactive transference of the *Fs;, level of Yb**
to the *I;;» level of Er®", and the non-radiative life time
assisted by phonons of the 1,155 level of Er*™ were deter-
mined for glasses co-doped with Er** and Yb**.

3. Results
3.1. Linear refractive index

Fig. 1 shows the linear refractive index (ng) of phos-
phate glasses as a function of Nb,Os.
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3.4. Optical absorption
P P Nd, and (b) 1 mol% of Ho, Er or Yb.

Fig. 4 shows the optical absorption coefficient as a
function of wavelength (1) for undoped glasses with dif-

ferent amounts of Nb,Os. Even though Fig. 4 shows
only part of the measured spectra, no absorption bands <,
in the 400-2500nm were observed in any of these E
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Fig. 5 shows the optical absorption spectra for nio-
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Fig. 5. Optical absorption coefficient of niobium phosphate glass
samples doped with 1, 3, and 5mol% of Nd.

Figs. 6-11 show the adsorption cross-section for
Nd**, Er**, Ho**, Yb*" and Pr** ions in niobium phos-
phate glass samples, respectively.

4. Discussion

From the X-ray diffraction analyses, there is no evi-
dence that crystalline phases are present in samples
doped up to Smol% with Nd,Os. For the Nb-10 glasses
doped with 1mol% of several rare-earth elements, no
evidence of crystallization was detected.

The refractive index depends on the electron density
or polarizability of ions. Since a majority of the ions
in any glass are usually anions [17], the contribution to
the refractive index from the oxygen is very important
[18]. In the case of undoped glasses, the oxygen is
responsible for most of the light refraction [17]. Non-
bridging oxygens are strongly polarizable and contribute
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Fig. 6. Absorption cross-section (o,p,s) for a niobium phosphate glass
sample doped with 1mol% of Nd as a function of wavelength (4).
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Fig. 7. Absorption cross-section (o,,s) for a niobium phosphate glass
sample doped with 1mol% of Er as a function of wavelength (4).
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Fig. 8. Absorption cross-section (o,,s) for a niobium phosphate glass
sample doped with 1mol% of Ho as a function of wavelength (1).

to a larger refractive index. The addition of glass modi-
fiers in phosphate glasses breaks the P-O-P linkages and
generates non-bridging oxygens and electrical dipoles
that can contribute to an increase of the refractive index
[19]. Therefore, different types and amounts of modifiers
change the refractive index of glasses. In the present
work, the refractive index increases as the amount of
Nb,Os5 increases (Fig. 1). The refractive index also de-
pends on the molar refractive index, density, and glass
composition [19]. For phosphate glasses containing
M,O5 oxides (M = Ta, V or Nb), the linear refractive in-
dex increases as a function of the molar fraction of these
compounds. This effect is related to the charge of M ions
and their coulombian interaction with the coordinated
oxygen ions [20]. Even though the determination of
the causes related to the refractive index changes in
the glass as the amount of niobium oxide increases is



F.F. Sene et al. | Journal of Non-Crystalline Solids 348 (2004) 63-71 67

Nb10-Yb1

‘F

7/2

T T T T T T T T T T
900 950 1000 1050 1100 1150
A(nm)

Fig. 9. Absorption cross-section (o,p,s) for a niobium phosphate glass
sample doped with 1mol% of Yb as a function of wavelength (1).
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Fig. 10. Absorption cross-section (o) for a niobium phosphate glass
sample doped with 1 mol% of Pr as a function of wavelength (4).

20
Nb10-Pr
°F,
3
S 10 “H;
©
‘G,
0 W/T\'*‘ T T T T T T T T T
1000 1200 1400 1600 1800 2000 2200

A (nm)

Fig. 11. Absorption cross-section (o,p,s) for a niobium phosphate glass
sample doped with 1mol% of Pr as a function of wavelength (1).

quite complex, the Nb-O linkage leads to an increase of
the molecular refractive index, and that depends on the
number of Nb-O bonds.

A relatively wide absorption band is observed in the
range of 3250-2200cm ' (Fig. 2) caused by the OH™
[21]. This absorption is reduced as the amount of
Nb,Os increases. Therefore, phosphate glasses become
less susceptible to the environmental humidity as the
amount of niobium is increased.

An absorption band centered at 2370cm ™' (Fig. 2) is
assigned to CO, (a product from the decomposition of
BaCO; used as raw material in the glass preparation)
trapped in the glass structure [22].

An infrared absorption band is resolved between
3450 and 3000cm~'. This band can be assigned to the
presence of water, since this absorption is characteristic
of antisymmetric stretching vibrations of free OH
groups or free H,O molecules [23]. The intensity of this
band decreases as the amount of Nb,Oj5 increases.

The absorption band centered at 2570cm™"' is as-
signed to the P-O-H linkages [23], indicating that
OH" is also bonded to P.

Usually the determination of the OH™ concentration
requires [21] the knowledge of its molar extinction coef-
ficient (¢). However, in the present work, an alternative
method was used, and that is not required.

From the spectra shown in Fig. 2 the absorption coef-
ficients () at 3250cm ™! was calculated by using the fol-
lowing equation:

o (em™) = 2.3026 log(1/T)/d, (1)

where 7 is the transmittance and d is the thickness.
Since water molecules absorb at 3350cm ™' [23], the
amount of water molecules was estimated by comparing
the determined coefficient with the absorption coefficient
previously determined for a water layer [24]. Fig. 12
shows the absorption coefficient of a phosphate glass
containing 10mol% of Nb,Os as a function of the wave-
number. Fig. 13 shows the absorption coefficient of a
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Fig. 12. Optical absorption coefficient of the Nb-10 glass sample.
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Fig. 13. Optical absorption coefficient for a water layer.

water layer as a function of wavenumber [24]. The
absorption coefficient as a function of wavenumber
was calculated for glass samples containing 0-30% mol
of Nb205.

Table 2 shows the estimated amount of structural
water in the glass as a function of Nb,O5 concentration.
The detection of structural water is related to absorption
due to the stretching of bonded OH ™. The wavenumbers
corresponding to the absorption depend on the mass of
the neighbor ions and coordination number of the ions
in the glass structure. For OH™ groups the absorption
occurs between 3250cm ! and 3600cm ' [25].

The addition of rare-earth elements in small concen-
trations do not modify the Raman spectra, and conse-
quently the structure of the host glass, as seen in the
Raman spectra of Nb-10 glasses doped with several
amounts of Nd (Fig. 3(a)), and with 1mol% of Ho, Er
and Yb (Fig. 3(b)). The same bands previously reported
for undoped glasses are observed.

In the present work the molar ratio of barium was
kept constant and only the niobium concentration was
varied. The absorption coefficient increases as the
amount of niobium increases, since the molecular refrac-
tive index and density increases. The cut off changes are
related to the electronic transitions due to the charge
transfer O~ — Nb>* [15]. As the amount of Nb is in-
creased, the cut off wavelength will increase. Table 3

Table 2
Structural OH amount in niobium phosphate glasses as a function of
Nb,Os concentration (x is the absorption coefficient at 3350cm ™)

Nb,Os (mol%) o (cm™Y) 0,,H,, (107> mol%)
0 2.066 250
5 1.074 130
10 0.349 40
14 0.165 20
26 0.0661 8
30 0.0413 5

Table 3
Cut off wavelength (x =2.6) as a function of Nb,Os in phosphate
glasses

Nb205 (mo]%)

4 cut off (nm)

5 342
10 346
14 348
19 352
32 355
37 364
40 378

shows the cut off wavelength as a function of Nb,Os
concentration.

It is also noticed that there is an increase of the
absorption coefficient as the amount of Nb,Os is in-
creased specially in the visible region of the spectra. This
effect is not properly a characteristic of this material but
is caused by the light deviation out of the detector range
because the incident light beam direction is not normal
to the sample surface, and as the linear refractive index
of the material increases, this effect becomes more
perceptive.

Possible transitions from the *Io/, to the ground state
are indicated in Fig. 5. It can be seen that the absorption
in the wavelengths corresponding to the possible transi-
tions increases as the amount of Nd is increased.

Since the absorption cross-section is a parameter that
depends on the crystal field of host material, a compar-
ison among different glass systems can give some infor-
mation concerning the best material to be used as a laser
host. Table 4 shows the absorption cross-section for se-
lected glasses, rare-earth ions, and energy levels. In the
case of Ho, a crystalline system was referred. Some of
the transitions are superposed because the absorption
bands are broader in glasses when compared to crystal-
line systems.

4.1. Luminescence lifetime

The luminescence efficiency, #num, was calculated
from the following equation:

Mum = I-/Tra (2)

where 7 is the experimental lifetime and t, is the calcu-
lated radiative lifetime.

The radiative lifetime was previously calculated con-
sidering an isolated ion [26].

The luminescence lifetime is normally related to t,
and the non-radiative decay constant, 7., as shown
below:

l/t=1/t 4+ 1/t (3)

Figs. 14 and 15 show the luminescence decay curves for
*Fs» — *1,1,» for niobium phosphate glasses doped with
1 and 3mol% of Nd. Glasses doped with 5mol% of Nd
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Table 4

Comparison among absorption cross-section of some rare-earth ions in different glasses

Glasses Oabs (lO’20 cm?)
Nd (584nm) Er (1532nm) Ho (1942nm) Pr (1530nm) Yb (976 nm)

P205—Zn02—A1203 [1 5] 3.35
P,0s K,0-Li,O-ALO; [26] 1.92
YLF* [22] 1.20 0.60 1.55 0.70
GeO,-PbO-P,05[27] 24.00
Phosphate glass [28] 0.20
ZBLAN [29] 0.80
Ga,05-Bi,05-PbO [5,30] 2.20
B,0;-PbO-PbF, [5,30] 2.50
Niobium phosphate glass Nb-10° 2.74 £ 0.05 1.23 £0.05 0.75 £ 0.05 13.57 £ 0.05 0.59 £0.05

@ Crystal YLF.

® This paper.
show similar results. All curves were fitted with expo-
nential functions to allow the determination of the lumi-
nescence lifetime.

Fig. 16 shows the luminescence decay curve for the
13 — *1y5pp transition in niobium phosphate glasses
doped with 1mol% Er. The luminescence efficiency is
57%.

Fig. 17 shows the luminescence decay curve for the
>F5/, — °F5p transition of Yb®* in niobium phosphate
glasses doped with 1 mol%. Niobium phosphate glasses
doped with 5mol % of Yb show similar decay curves.

Fig. 18 shows the luminescence decay curve for the
135 — *,55» transition of Er in the niobium phosphate
glass. The excitation was done at 930nm, assuring the
absorption by Yb®*. The calculated lifetimes are
71 = 10pus and 7, = 6.7ms.

Table 5 shows the calculated lifetime for the *Fs
level from the luminescence decay curve as a function
of the Nd concentration and the luminescence efficiency.

Nb10-Nd1
5
s
[]
k]
3
£ |
£
<
s 1=200s
=
(/2]
T T T — —
3 4 5

Time (ms)

Fig. 14. Luminescence decay curve for the 4F3/2 -1, 12 transition of
the Nd [1 mol%] in niobium phosphate glass. The line is the best fit of a
exponential decay function. The luminescence lifetime (t) was deter-
mined by the best fitting.

7 Nb10-Nd3

Signal Amplitude (a.u)

0 2 4 6 8 10
Time (ms)

Fig. 15. Luminescence decay curve for the *Fs, — *I;;» transition of

the Nd [3mol%] in niobium phosphate glass sample. The line is the

best fit of a exponential decay function. The luminescence lifetime ()
was determined by the best fitting.

Nb10-Er1 T=3.77ms

Signal Amplitude (a.u)

0.00 0.01 0.02 0.03
Time (s)

Fig. 16. Luminescence decay curve for the I, 35— 4115/2 transition of
the Er [1 mol% ] in niobium phosphate glass sample. The line is the best
fit of a exponential decay function. The luminescence lifetime (t) was
determined by the best fitting.
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Fig. 17. Lumininescence decay curve for the 2Fs;5 — 2Fp transition
for the Nb-10 glass sample doped with 1mol% of Yb. The line is the
best fit of a exponential decay function. The luminescence lifetime (t)
was determined by the best fitting.
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Fig. 18. Luminescence decay curve for the *I;3, — *I;5, transition of
Er [1 mol%)] in Er-Yb co-doped niobium phosphate glass samples. The
line is the best fit of a exponential decay function. The luminescence
lifetimes (7; and 1,) were determined by the best fitting.

Even though glasses doped with 5mol% of Nd can be
easily produced without crystallization, the lifetime of
“F55 level and the luminescence efficiency decrease as
the amount of Nd increases due to cross-relaxation
process that occurs through the migration of the excita-

Table 5
Luminescence lifetime and efficiency as a function of Nd concentration
in niobium phosphate glasses for the *Fs, level

Nd concentration (mol%) T (us) Num

1 200 £ 3 0.38 £0.01

3 170 £ 2 0.32+0.01

5 50+2 0.090 £ 0.005

Table 6
Luminescence lifetime for the 2F5, level in 1% mol Yb doped niobium
phosphate glasses

Yb concentration (mol%) 7(ms) Num
1 1.82 +£0.02 0.80 + 002
5 1.79 £ 0.02 0.77 £0.02

tion between donors when the energy level is identical or
through quenching, when the levels are different with
same energy. This effect depends strongly on the split-
ting distance between Nd** ions, and therefore, the dop-
ing concentration. This effect is also noticed for glasses
doped with Er (Fig. 16) [27].

Table 6 shows the calculated luminescence lifetime
for the *F-) level from the luminescence decay curve
and luminescence efficiency as a function of Yb concen-
tration. It is possible to obtain niobium phosphate
glasses doped with 5mol% of Yb without evidence of
crystallization. By increasing the amount of Yb no sub-
stantial changes in the lifetime of that level is observed
because no cross-relaxation process or other non-radia-
tive deactivation mechanism happens [28].

The luminescence lifetime for the 1.5nm transition
was determined for the Nb-10 glass doped with
1 mol% of Er and 1mol% of Yb.

From the energy diagram of these ions (Fig. 19), it is
noticed that Yb absorbs a photon with 4 =930nm and
an electron is excited to the °Fs), level with a lifetime
71 (10 us); latter on, this energy is transferred by non-
radiactive processes to the Er 1,1, level at an average
time 7,. The value of 7, was determined to be 6.7ms.
The luminescence efficiency determined for this energy
level is 0.91. The de-excitation is through two steps: first,
a phonon assisted decay to the 1,32 level, and after that,
a photon emission with 2 = 1540nm with luminescence
life time 5.

E (cm™)
A 4
—— Lo,
5 /\ .
F5/2 I11/2
1000
— Lisn
500
Y — 4
F7/2 — " I15/2
Yh3+ Er3+

Fig. 19. Energy diagram for Yb and Er. (— radiative transition, ~»
non-radiactive transition).
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5. Conclusions

Niobium phosphate glasses with optical transparence
in the (400-2500nm) range were produced. The cut off
varied from 342 to 378 nm as a function of the Nb con-
centration. The cut off is due to the charge transfer
0> — Nb’".

As the amount of Nb,Os increases, the intensity of a
broad absorption band in the range of 3250-2200cm "
decreases. This band is assigned to the OH™ groups.

The existence of energy transfer in the co-doped Yb-
Er in niobium phosphate glass was demonstrated; the
lifetime of excited states is 6.7ms and the luminescence
efficiency is 0.91.

A comparison of the absorption cross-section among
different glass systems showed that some cross sections
determined for niobium phosphate glass samples doped
with rare-earth ions, are larger than the ones for other
glass types.
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