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Abstract

Optical properties and local structure of rare-earth ions in glasses for broadband optical fiber amplifiers are reviewed. In a series of Er-
doped glasses with broad Jubh emission, heavy-metal oxide glasses are attracting great interest. Anomalous compositional dependences of
optical properties of Er-doped antimony silicate glasses are shown. Structural implication of small compositional dependence observed for
the Judd-Ofelt2s parameter and local phonon energy are discussed.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Due to rapid increase of information traffic and the need
for flexible networks, there exists urgent demand for optical
amplifiers with a wide and flat gain spectrum in the telecom-
munication window, to be used in the wavelength-division-
multiplexing (WDM) network system. After the invention
of the Er-doped fiber amplifier (EDFA), various types of

in the practical system due to their high power conversion
efficiency.

Most of the EDFA utilized at present is made of silica-
based glass fiber, where dopedHons show narrow emis-
sion band at 1.5hm resulting in narrow gain spectra. Follow-
ing the report of wide spectf&], Mori et al. reported excel-
lent performance of a tellurite-based EDFH, which shows
80 nm wide gain around 1.53-1.AIn. In order to increase

amplifier devices have been developed in order to broadenthe channels and to improve the performance of WDM net-

the telecommunication bandwidth in the WDM network
[1]. Tm3*-doped and P¥-doped fluoride fiber amplifiers

work, it is important to investigate a material with wider gain
spectra. We have reported that the@4-based borosilicate

have been developed for the S-band and O-band applica-glass showed broad emission spectra of the fLraSransi-

tions, respectively. Long-term reliability of fluoride fibers
is still an issue for practical usg]. The Raman ampli-
fier composed of conventional silica fiber is also becom-
ing practical use in WDM system that requires small gain

tion and large2g of Er¥*ion[5]. In 2001, a group of Corning
reported the multi-component silicate (MCS) glass contain-
ing SkhO3, which shows wider gain than the glas§&ls The
important factor dominating the cross-section and its band-

(~10dB) in broad wavelength range. The gain range and width is the Judd—Ofel2s parameter of E¥* ions[7] as well

bandwidth can be controlled by the wavelength and con-

figuration of pumps. However, the pump power required is

as the refractive index. We also reported a strong correlation
between the2g and the ionicity of Er-ligand bond in var-

very high compared with the rare-earth-doped fiber ampli- ious glasses and its orig{8,9]. Therefore, it is interesting
fiers. Still the rare-earth-doped amplifiers can be promising to investigate glass systems giving ionic ligand fields, which
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would attain a large2e.

We report the optical properties of the oxide glass compo-
sitions based on SBs in which EP* ions show very broad
emission and the local structure of rare-earth ion in this glass.
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2. Experimental 2.0 —_— e
O 633nm o)

Glasses in the composition o0fSkO3-3Al,03— I J1550nm 1
(97— x)SIO; (x=27, 37, 47, 57 and 67) doped with 19
0.5mol% EpO3 and those doped with 0.5mol% Kb
were prepared by melting mixed powders in an alumina
crucible at 1100-1450C. The obtained glasses were cut
into 15mmx 10 mmx 3mm shape before polishing into
optical surface.

Emission spectra were measured by using a 970 nm laser
diode (LD) and an InGaAs photodiode (160 kHz). The life- 17
time of the 1.53.m emission was measured by pumping with
light pulses of the LD and the time evolution of the signal of
the detector was collected with a 100 MHz digital oscillo- gel— v v
scope. Decay curves were analyzed by a least-square fitting 20 i 50 60 70
to get the lifetime. Sb,0; content (mol%)

The nu.mber of I§+ ions in l.mit VOlume'pN' was Cal- Fig. 1. Compositional dependence of refractive indexSi,O3—(97— x)
culated ywth the molecular weight and denery. Density of SiOp—3A1,05-0 5E50; glasses.
the obtained glass was measured by the Archimedes method
using kerosene as an immersion liquid. The refractive index,

n(1), was measured by a prism coupling method at wave- was 1.66—1.90, which increased with increasing@xcon-

length of 633 nm, 1304 nm and 1550 nm. Absorption spectra tent.

were measured in 400—1700 nm with Shimadzu UV-3101PC  Fig. 2 shows emission spectra of tHB1zo— 41152

spectrophotometer. With an integrated area of the absorptionof Er¥* ions in thexSh,03—3Al,03—(97— x)SiO, glasses,
band, spontaneous emission probabilityof the 1.5.m was in the 75Te@-20ZnO-5Na0O-0.5EpO3 and in the

18

OO

Refractive index

e}

calculated by5], 95Si0—-5GeQ-0.5EpO3 as a reference. The spectrum of
e the silica shows the narrowest bandwidth of about 30 nm and
AU > ) = (27 + 1)8nen / M k(3) 0 (1) that of the tellurite was 60 nm width. Itis seen that theG$
@J + 1)X4 L14um PN based glasses show spectra comparable or broader than that
of the tellurite.
wherec is the light velocity A the mean wavelength of emis- Fig. 3 shows the compositional dependence of

sion,J andJ’ the total momentum for the upper and lower fluorescence lifetime,z; of the %13, level in the
levels, k(1) the absorption coefficient andis the refractive xSkp03-3Al03—(97— x)SiO,—0.5EpO3  glasses. In
index at wavelength of 1530 nm. the range of Sf0s3 contentx=37-67, the fluorescence
The Judd-Ofelt parameters of¥irions were calculated  lifetimes of the“l13/ level were almost unchanged, and
by the method described elsewhé8 with cross-sections
of five intense bands*E7/2, 2Hi1/2+%Say2, *Fas2, 411172 and
4113/5) in 470-1700 nm. B
The excitation spectra of théDo— ’F, emission at | e ) 1
613nm of Ed*-doped glasses was measured in the range i
of 440-470 nm with a Shimadzu R500 Fluorescence Spec-
trophotometer. The phonon sideband associated with the pure
electronicD, < Fg transition 465 nm was multiplied by 50
times to investigate the phonon mode coupled to rare-earth
ions[10], which contributes to multi-phonon relaxation.

3. Results and discussion

Emission intensity (arb.unit

3.1. Properties of glass and spectroscopy of rare-earth
ions

1400 1500 1600

Fig. 1 shows that the compositional dependence of Wavelangth -t

refractive index, n(r), of the glasses at 633nm and
1550 nm increased with decreasing wavelength. Tokthe Fig. 2. Fluorescence spectra @h,Os—(97— x)SiO—3Al,05—0.5E603
xShp03-3Al,03—(97— x)SiO; glasses (in mol%) at 1.56m glasses.
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about 2.5ms, whereas in the & contentx=27, the

lifetime was dramatically decreased. Fig. 5. Compositional dependence of spontaneous emission rateof Er
The excitation spectrum associated Wit EFD, < ’Fy #1312 level in glasses.
transition for thexShpO3—3Al,03—(97— x)SiO>—0.5EpO3
glasses are shown iRig. 4. The intense band due to the to largen of the host glasses, which are composed of large
pure electronic transition (PET) Bl 5D, <« Fg transition amount of SB*ion, a p-block element of 5®lectrons having
is located around 464 nm, while the phonon sideband (PSB)large polarizability{11].
coupledto the rare-earth ions is observed in the higher energy  With the measured lifetime ag, from Eq.(1), radiative
range[8]. The position and shape of the phonon sideband quantum efficiencyy, was calculated by
were almost unchanged with 8B3 content. A
A YA @

=3 — _
3.2. Local structure of rare-earth Ions in SbyO3-based DA+ WR

grass and plotted irFig. 6. Reflecting the compositional variations

Fig. 5 shows the calculated spontaneous emission prob- of A7, then increased with increasing gD contenty. The
ability, A, of the 4113, %I in the xShpOs—3Al,Oz— n values are relatively small compared with those of EDFAs
(97_)’6)5302_0 SEQgézglassl;Z Thet also inc?easezd \?vith ever reported, but still much larger than that of Pr-doped fiber

. ; : : : amplifiers (4%), which perform large gain at 1.6 [12].
increasing, being nearly 200", The larged is mainly due These low values obtained may be due to lower estimation

of real local refractive index, i.e., deviation from measured

r 50 average index. This can be related with no compositional
. Wag’seéength (”ng 2 4;0 dependence of the local phonon energy obtained from phonon
T : T y . — sideband spectra.
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Fig. 4. Excitation spectra of Eti-doped glasses. Phonon sideband can be Fig.6. Compositional dependence of quantum efficiency $fEt, 3, level
seen in the higher energy side%, < ’Fy transition. in glasses.
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Fig. 7. Composiotional dependence of Judd—Ofaltparameters of Bt

ions. Fig. 8. Compositional dependence of phonon energy from PSB spectra.

Fig. 7shows the Judd—-Ofelt parameters obtained by using ions even in low Si@composition. The present results are in
the five electric-dipole transition bands. It is seen that#ge contrast to the above facts and thus suggest that tHedfrs
values were almost unchanged witho8k content. These  are surrounded selectively by &bg-rich phase and are not
results suggest that the¥rions are surrounded selectively  affected by Si—O vibration with about 1000 chenergy.
by SkyOs-rich phase. Generally, thé of the #113>-*1152
band is related with the line strengttspf electric-dipole
(ED) and magnetic-dipole (MD) components 48],

3.3. Origin of “non-silicate” environment

647402 n(n? + 2)2 0 s D Fig. 9shows the TEM image and a structpral model of the
Ajp = @)+ e { 9 xS5p +n x S;y } glass, where the nano-scale phase separation can be observed
[17]. The dark region can be @Ds-rich phase and the other
(3) can be Si@-rich phase. Since the solubility of rare-earth ions

wheree is the elementary charge ahés the Planck constant,  in @ pure silica or silica-rich glass is very Iqi8], Er** ions.

The MD transition is independent of the ligand field and con- €&n be condensed in the &ky-rich phase, as indicated in
tributes to a sharp central peak of spectra around [ir53 the spectroscopic results mentioned above. The concentra-
Because theMP is characteristic only to the transition deter-  tion dependence of lifetime of Bf: *113/2 shows more rapid
mined by the quantum numbe4], one of the important ~ decrease in a $B; poor composition, indicating that &
factors affecting the compositional variations of the emission 10ns are more condensed. The tendency is moderate in glasses
properties is the ED transition. TISEP of the?l132-*115/2is with SbOs-rich compositions.

obtained with the Judd—Ofelt parameters and reduced matrix

elements by15,16], > :
¥ ] Possible nanometer-scale phase separation

SEP[*113/2; *l15/2] = 0.0192;, + 0.11824 + 146226  (4) <High Sb,0; Glass> <Low Sb;0; Glass>
L ]
According to Eq.(4), the 25 plays the most dominant role * . o Er:0; ®, «
on the cross-section of the Jusn band among thre;’s. S i e % o
Thus, in order to increase the bandwidth of spectra, which o * ° o’ o
is varied with local structure, the increase of 2g would © \ . * o

be effective, because the ED contributes not only to increase
the band intensity of the 1;5m band but also to broaden the
bandwidth16]. The large2¢ value and refractive index may
contribute to broad bandwidth in these glasses.

Fig. 8shows the compositional dependence of the phonon
energyhw, obtained from the wavelength of the phonon side-
band and that of the pure electronic transition. The phonon
energy was found to be about 400chin all the composi-

tions up to 70_m0|% Si@gontem- usua"y: in most silicate  Fig. 9. TEM image of the glass and structural model of nano-scale phase
glasses, the Si—O stretching mode is coupled to the rare-eartheparation.

Sb,0,-rich phase Si0,-rich phase

Er** ions are surrounded
selectively by Sb,O5-rich phase

:.: Q
% | In low Sb>0s glasses, Er* ions are cor
P

dense

675b203-308i02 38030 5Er205 glass
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