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ABSTRACT

Development of novel glass hosts for the fiber-optic amplifiers was
introduced with a special attention on the O-band amplifiers operating at 1.31um.
Upon the addition of alkali halide (especially CsBr) into Ge-Ga-S glasses, the
intensity of the 1.31 um emission from Dy** (°F112-°He2>®His12) increased sharply at
the expense of the 1.75 um emission intensity (*H112>%His12). The lifetimes of the
1.31 um emission level also increased up to 1580 us. The nearest neighbors of Eu®*
ions, or rare-earth ions in this glass, are composed of halogen ions that are part of
well-structured complex such as tetrahedral [GaS;,Br] subunit and/or Ga,Brs.
Similar enhancement in the emission properties was also observed in Tm** and
Ho*"-doped glasses with the addition of an appropriate amount of CsBr into sulfide

glasses.

1. Introduction

Commercial success of fiber-optic telecommunication using erbium-doped
fiber-optic amplifiers (EDFA) at the 1.55um-wavelength band has realized the
worldwide optical communication network [1]. However, explosion in the amount of
information drove the transmission capability of the current 1.55um window to the
limit even with state-of-art dense wavelength division multiplexing (DWDM)
techniques. As a result, commercial services using wavelengths other than 1.55um
band (C-band:1530-1565nm) have to be established. There are several bands
identified within the wavelength region where silica glass fibers show attenuation
losses low enough to be used. They are O-band (1290-1330nm), S-band (1460-
1530nm), L-band (1565-1625nm) and U-band (1625-1675nm). All these bands offer
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opportunities as optical communication window if one can identify efficient and
economical ways of signal amplification.

2. Glasses for the New Communication Bands

One of the most important steps for the development of new amplifiers is
the identification of proper rare-earth ions that can emit the fluorescence at the
wavelength of interest. In fact, many rare-earth ions have already been known for
each proposed communication band. For example, Pr** and Dy** ions can provide
emissions for O-band [2,3] while Tm*" ions are the most promising active ions for
the S-band amplification [4]. In addition, Pr** and Ho®" also provide potentials for the
U-band amplifiers [5,6]. However, one of the most serious difficulties associated with
all these rare-earth ions is existence of the strong multiphonon relaxation (MPR)
from the upper emission level. Therefore, one needs to use host glasses with low
phonon vibration energy to decrease the coupling of the lattice vibration with the f-f
transition in activator ions. In this respect, glasses other than conventional SiO,- or
B,0s-based ones need to be used as host materials of rare-earth ions. Specific
examples associated with Pr** and Dy** are provided as follows.

Pr¥* can provide 1.31xm emission from the Pr**:'G4>>Hs transition [2], but
this transition suffers from large multiphonon relaxation (MPR) that degrades the
efficiency of the 1.31 um fluorescence. This is due to the small energy separation
(AE) of ~3300cm™ between the emission level and the one located immediately
below. Dy** also emits fluorescence from the ®Fi1/-°Hg>%H1s transition that is
useful for this communication window [3]. A stimulated emission cross-section of
this transition (4.35x102° cm?) in sulfide glass matrix is approximately 4-times larger
than the value of a similar transition in Pr’* [2]. Again, the value of AE is only
1850cm™ and as a result, the measured lifetime of the emission level is only about
38 ps with a quantum efficiency of 17% [3]. This is approximately one tenth of the
lifetime of the G4 level in Pr¥*.

Several candidate materials have been considered as hosts for these rare-
earth ions. First group of materials are mainly rather uncommon oxide glasses such
as tellurites and heavy metal oxides with their highest phonon vibration frequency of
~700cm™ and 500cm™, respectively [7]. These numbers are well below than that of
conventional silicate or borate glasses which are in excess of 1100cm™". The other

group of glasses is non-oxide glasses including heavy metal fluoride and
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chalcogenide glasses. They can provide far reduced phonon-coupling strength
compared to oxide glasses explained previously. The highest phonon vibration
frequencies are ~475cm™ and 350cm™ in fluorides and sulfides, respectively. This
paper will briefly introduce the development of new host glasses for amplifiers at the
new communication bands with a special emphasis on the O-band amplifier

materials doped with Dy** ions.

3. Novel Glasses for the 1.3 um Amplification
3. 1. Glass compositions

To secure the high rare-earth solubility and good glass-forming ability,
glasses were selected along the stoichiometric line of GeS, and Ga,S; [8]. Three
compositions, Geg29Gag05S066, G€0.25Ga0.10S065 and Geg18Gap.18Soe4, iN atomic
fraction were used as starting glasses and will be referred to as GGS1, GGS2 and
GGS3, respectively. We added several alkali halides of KBr, Kl, CsBr, or Csl to
reduce the multiphonon relaxation in glasses. Final compositions of the glasses
were (1-x)GGS1[or GGS2, GGS3]-xMX[M=K, Cs and X=Br, |], where x were 0.05,
0.10, 0.16 and 0.20 in mole fraction. Dy** concentrations in glasses were in the
range of 0.01~0.1 in atomic %. Starting

(a)- - -0.9[Ge, Ga,, S, 1-0.1CsBf
10+ (b) ——0.9[Ge, ,,Ga, S, ]-0-1KI powders were batched into the silica
b (€)---- Gey G, 1Soss .
" ampoule and were melted in the
SR \
E_ SoI. rocking furnace as described in the
> [}
% I revious report [9,10].
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£ i i 3. 2. 1.3um Emission Properties
1 \ !
8 ro 7 When alkali halide was not added, the
o 44 : ;
E CoY o i 1.31 um emission intensity from the
w I ! \
. ; b 8F1122°Hgo—®Hys2 transition remained
] "\ \ X
3 \ () '.",,-’ AT considerably smaller than the 1.75 um
{1 ra S s
0’ , & S emission (°Hy12—°H1s2) and it appears
1200 1400 1600 1800

Wavelength(nm)

Fig. 1. Emission spectra of the 1.31um
(®F 1172, °Hg>®H1s2) and 1.75um
(®H112>®Hs12) transitions in Dy**-
doped glasses.

similar to the spectra reported
previously [3]. However, the 1.31 um
emission intensity increased sharply

(Fig. 1) at the expense of the 1.75 um
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emission upon the addition of

10
b osaiee e o cuer (- o | KB or CsBr. At the same time,
Sl . ===-+(c) 0,95[Ge“gGaUUSSDw]-O.OSCSBr(Ga<CSBr) lifetime of the 6F11/2'6H9/2 IeVeI
g ;"EGF“,TGHQ,Z——SH,M in the GGS-CsBr glass
z of :‘.“/ © ) (0.1 at% Dy* doping)
5 il @ increased to 1320 ps, about 35
(‘; 41 .: 1: w7~ Hise times increase from the value
2 P in GGS glass (Table 1). In the
& L ‘ . glass with 0.01 at. % Dy*
b : I'a‘ *H, 5= *H,y, concentration, lifetime was
0 .'J\L. A ey 1580 ups with the quantum
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Wavelength(um) efficiency () of the transition

approaching ~100 %.
Fig. 2. Compositional dependence of emission PP 9 i

spectra from Ge-Ga-S-CsBr glasses
doped with 0.1 at.% Dy**.

These emission

properties, however, are
strongly dependent on the CsBr (or KBr) concentration in glasses. For example,
emission spectra from GGS1 glasses containing 3% and 4% CsBr showed only a
weak 1.31um emission (Fig. 2). However, a widely different fluorescence spectrum
appeared as CsBr concentration reached 5%. Lifetimes also showed an abrupt
the

improvement of the emission intensity and lifetime became possible only when the

increase when the CsBr reached a certain concentration. In general,

number of CsBr molecules was equal to or larger than that of Ga atoms.

Table 1. Calculated(zz) and measured(z,) lifetimes and quantum efficiencies (7=z,/7r) of
1.31um fluorescence from 0.1 at.% Dy*-doped chalcogenide and chalcohalide

glasses.
0.9[Gey25Gay 10So.6s]-  0.9[Geo25Gap 1050651~ 0.9[Gep25Gan 15065/~ 0.9[Gep25Gap 105065/~ Gen25Gag 10
0.1KBr 0.1CsBr 0.1KI 0.1Csl So.6s[5]
® 840 964 326 317 227
Tn 735 1320 220 193 38
n 0.88 >1 0.68 0.61 0.17

3. 3. Multiphonon Relaxation

Multiphonon relaxation process becomes a dominant process governing the
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the lifetime of the excited-state

energy levels when there is
negligible ion-ion interaction
among rare-earths. MPR rates
of GGS2 and 0.9GGS2-
0.1CsBr glasses were
calculated for the several
energy levels in Nd** and Dy*,
using Wmp=(1/tm)-(1/tr). Here,
Wy is the MPR rates, tn, and

Multiphonon Relaxation Rate( sec ! )

010§ 65

10' b * 0.91Ge,,Ga, S|,-0.1CsBr glass K

TR are measured and

s Dy’ I
10° , + ! , calculated lifetimes of the
0 1000 2000 3000 4000

Enhargy Gap (iom:) specific energy level,

) . . respectively. The two solid lines
Fig.3. Dependence of multiphonon relaxation

rates on energy gap for (a) Phosphate, in Fig. 3 were obtained from the
(b) Silicate, (c) Germanate,(d) Tellurite
and (e) Fluoride glasses[10]. Two solid

lines are the result of the fitting for  calculated Wmp with the energy
Ge-Ga-S and Ge-Ga-S-CsBr glasses.

least-squares  fitting of the

gap (4E) using the
Wmp=Woexp(-a4E) relation-ship [11,12]. In the latter equation, Wy is the MPR rate
extrapolated to zero energy gap and « is a constant depending only on host
materials. Upon the addition of the MPR rate decreased by approximately four
orders of magnitude especially for the Dy>*: ®F112Hgy» level where 1.3 um emission
starts from. This difference in the MPR rates between Ge-Ga-S and CsBr-containing
glasses can explain, at least partially, the changes in the intensity and lifetime of the

1.31um emission.

3. 4. Local Environment of Rare-Earth lons
3.4.1. Temperature dependence of multiphonon relaxation

From the significant improvement on the emission properties, one can
anticipate that addition of alkali halide resulted in a large change in the local phonon
mode around rare-earth ions. Multiphonon relaxation of the excited-state of Dy**
was measured at different temperature and was fitted using the following equation
as shown in Fig. 4 [9].

W,,(T) =W (O] [(n, + D™ (1)
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Here, n; is Bose-Einstein occupation number. P; is the number of phonons needed to
bridge the gap between the excited-states and the one located immediately below.
For GGS glass, the measured values fit most precisely by assuming that 375cm”
vibration frequency, the asymmetric stretching vibration mode (vs3) of GeSs
tetrahedra, dominates the multiphonon relaxation. On the other hand, it was not

possible to obtain a good fit CsBr-containing glass as shown with a dotted line in

—~ 3+ 6, 6 1, 3+.6, - -1
£ 45 (a) Dy":F,,“H, (4E=1870cm’") __1400+ (b) Dy™:'F (4 E=1480cm’)
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Fig. 4. Temperature dependence of multiphonon relaxation rates in Dy** from the (a)
8F112-*Hgpz level in GGS and (b) ®Fs, level in GGSCsBr glasses.

Fig. 4(b). Instead, a reasonable fitting was made possible by assuming a 6-phonon
process involving the 245cm™ vibration (solid line). This vibration is due to Ga-Br
bonds formed in the glass upon the addition of CsBr [10]. These results suggested
that the phonon mode responsible for the MPR process in Ge-Ga-S-CsBr glasses is

Ga (or Ge)-Br bonds and it is different from the one found in Ge-Ga-S glasses.

3.4.2. Phonon side band (PSB) spectroscopy

PSB modes represent the Stokes or anti-Stokes fluorescence induced by
the phonon modes that are effectively coupled to the fluorescing energy level of rare
earth ion [13]. It has been impossible to apply PSB spectroscopy to chalcogenide
glasses since fluorescence from Eu®* has not been observed. However, Eu®*
formation was confirmed recently from Ga-Ga-S-KBr glass[14] and investigation of
the local structure around rare-earth ions [15,16] using PSB spectroscopy became
possible.
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The PSB spectrum of Eu**-doped 0.85(Geo 18Ga0.18S064) + 0.15 CsCl glass

(all in atomic or mole fraction) was recorded by measuring the fluorescence of
*Do—'F, (~ 615 nm) at 10 K while continuously changing the energy of pumping
light in the vicinity of the Eu®*": °Dy level. Five distinct phonon modes in Fig. 5 fit with
the vibration mode of Ga,Cls dimer and

500 — . : - . CsGaS1sCl. In addition, most of the
vibration modes from EuCl; compound

400+
. [17] also matched the measured
E 300} phonon side bands. Therefore, it
S appears that Eu*ions have CI" ions as
7] Zw.
E their nearest neighbors and these CI
~226
u 100+ ions either form 6=-8 coordinated EuCls
+ 259 or bond to the tetrahedral [GaS;,CI]
£ E) 160 200 300 400 subunit and/or GaxCls. In any case,
Energy shift (cm)

Eu® is surrounded by CI" ions and
Fig. 5. A phonon side band spectrum of 0.1
mol% Eu-doped 0.85 (Gep:sGaoss these new Eu-Cl bonds played the
Soes) + 0.15 CsCl glass recorded by
monitoring fluorescence change of
*Do—'F, transiton (~ 615 nm) at enhancement of the 1.3um emission
10K. PET represents the pure X 35
electronic transition properties of Dy™".

most  important role on the

4. Glasses for Additional Communication Bands

Potentials of these chalcohalide glasses toward the S-band amplification
were also investigated by doping Tm** and Tb*" [18]. Similar to previous reports on
Dy** [9,10], the effect of CsBr on the emission properties of Tm® was evident
(Fig. 6). Emission centered at 1.48 um and 1.8 um are due to the *H; — °F, and
3F4 > *Hs transitions in Tm**, respectively. Intensity of the 1.48 um emission was
condsiderably stronger than that of the 1.8 xm emission in glass containing CsBr
while the reverse is true for sulfide glass with no CsBr [19]. Lifetimes of the *H,
level increased from 0.15 ms to 1.2 ms with CsBr addition and it is approximately 8
times longer than the value obtained from the normal sulfide glass. Quantum
efficiency of the transition also increased to approximately 90%. Fig. 7 shows the
decrease in lifetimes of the Tm>*: *H, and °F, levels by increasing Tb*>" content
while Tm®" concentration was fixed at 0.10 mol%. Lifetimes of the °Hs level
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-+ - - (a) without CsBr
—— (b) with CsBr

Emission intensity (a.u.)
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Wavelength (nm)

Fig. 6. Emission spectra of (a)
0.85(Ge0.25A80.10S065)-0.15GaS3, and (b)
0.70(Geo_25ASO_1oso,55)~0. 1 5GaS3/2-0. 15
CsBr glasses doped with 0.2 mol% Tm?**.
Spectra were normalized to their
maximum intensity at ~1.8 um.

= 3Hy

Lifetime (ms)
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-
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. L L
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Fig. 7. Changes in lifetimes of the *H, and
3F43|evels in Tm*" ions with the addition of
Tb*".

5. Summary

decreased only slightly from 1.2 to
0.8 ms, while those of the °F,4 level
experienced a significant decrease
from 8.1 to 3.0 ms. These results are
due to the energy transfer of
Tm***F4— Tb**:"Fo.12 and population
inversion became possible when Tb%*
concentration reached 0.11 mol %.
Spectroscopic  properties  of
1.6pm emission from Ho®" doped into
sulfide glass were also evaluated for
their potential use as U-band fiber-
optic amplifiers [6]. Emission from the
®1s—°%l; transition showed a peak
wavelength of 1670nm, a full width at
half maximum (FWHM) intensity of
~65nm and a cross section of
~4.2x10%" cm? The lifetime of the
(ls) the
optimum condition was ~1.3ms. Ho®*

fluorescing level under

concentration in glass should be

limited to 0.08mol% to prevent the

cross relaxation and cooperative

upconversion that decrease the %5

level lifetime. Co-doping of Tb*" also

decreased terminal °l; level lifetimes

via the energy transfer of Ho®": %I, — Tb%": "Fo 1.

Development of novel glass hosts for the fiber-optic amplifiers was

introduced with a special attention on the O-band amplifiers operating at 1.31um.

Intensity, lifetime, and other radiative properties of the 1.31um emission from Dy*"

experienced a hugh improvement upon the addition of alkali halides to Ge-Ga-S

glasses. The lifetime of the 1.31um emission level (Dy*":°F11,,-°Hg2) increased as

Glastech. Ber. Glass. Sci. Technol. 77 C (2004)

111



Norbert Kreidl Memorial Conference

much as 35 times with 10 mole % addition of CsBr. Quantum efficiency also

approached 100%. In Ge-Ga-S-CsCl glasses, local environment of Eu®* ions is

mainly made of CI' ions and these CI" ions form EuCls, tetrahedral [GaS;,Cl]

subunit and/or Ga,Clg. Glasses in the Ge-(As)-Ga-S-CsBr system also hold potential

as host materials for both S-band and U-band amplifiers.

References

1k

Mears, R. J.; Reekie, L.; Jauncey, |I. M.; Payne, D. N. : Low-noise erbium-
doped fibre amplifier operating at 1.54 um. Electron. Lett. 23 (1987) p. 1026-
1028.

Ohishi, Y.; Kanamori, T.; Kitakawa, T.; Takahashi, S.; Snitzer, E.; Sigel, G. H.
Jr. : Pr**-doped fluoride fiber amplifier operating at 1.31 um. Opt. Lett. 16
(1991) p. 1747-1749.

Wei. K.; Machewirth, D. P.; Wenzel, J.; Snitzer, E.; Sigel, G. H. Jr. :
Spectroscopy of Dy*" in Ge-Ga-S glass and its suitability for 1.3-um fiber-
optical amplifier applications. Opt. Lett. 19 (1994) p. 904-906.

Allain, J. Y.; Moonerie, M.; Poignant, H. : Tunable CW lasing around 0.82,
1.48, 1.88 and 2.35 um in thulium-doped fluorozirconate fibre. Electron. Lett.
25 (1989) p. 1660-1662.

Choi, Y. G.; Kim, K. H.; Park, B. J.; Heo, J. : 1.6um Emission from the Pr**:(°Fs,
3F4)—°H, transition in Pr**- and Pr**/Er**-doped selenide glasses. Appl. Phys.
Lett. 78 (2001) p. 1249-1251.

Lee, T. H.; Heo, J.; Choi, Y. G.; Park, B. J.; Kim, K. H. : Optimized combination
of Ho®* and sulfide glass for U-band fiber-optic amplifiers. Chem. Phys. Lett.
384 (2004) p. 16-19.

for example, Kharlamov, A. A.; Almeida, R. M.; Heo, J. : Vibrational spectra
and structure of heavy metal oxide glasses. J. Non-Cryst. Solids 202 (1996) p.
233-240.

Wei, K.; Machewirth, D. P.; Wenzel, J.; Snitzer, E.; Sigel, G. H. Jr. : Pr**-doped
Ge-Ga-S glasses for 1.3 um optical fiber amplifiers. J. Non-Cryst. Solids 182
(1995) p. 257-261.

112

Glastech. Ber. Glass. Sci. Technol. 77 C (2004)



Norbert Kreidl Memorial Conference

10.

e

12.

13.

14,

15.

16.

17.

18.

19.

Shin, Y. B.; Heo, J.; Kim, H. S. : Modification of the local phonon modes and
electron-phonon coupling strengths in Dy**-doped sulfide glasses for efficient
1.3um amplification. Chem. Phys. Lett. 317 (2000) p. 637-641.

Shin, Y. B.; Heo, J.; Kim, H. S. : Enhancement of the 1.31um emission
properties of Dy**-Doped Ge-Ga-S glasses with the addition of alkali halides.
J. Mat. Res. 16 (2001) p. 1318-1324.

Heo, J.; Shin, Y. B. : Absorption and mid-infrared emission spectroscopy of
Dy*" in Ge-As-(or Ga)-S glasses. J. Non-Cryst. Solids 196 (1996) p. 162-167.
Miyakawa, T.; Dexter, D. L. : Phonon sideband, multiphonon relaxation of
excited States, and phonon-assisted energy transfer between ions in solids.
Phys. Rev. B 1 (1970) p. 2961-2969.

Auzel, F. : Multiphonon-assisted anti-stokes and stokes fluorescence of triply
ionized rare-earth ions. Phys. Rev. B 13 (1976) p. 2809-2817.

Chung, W. J.; Heo, J. : Fluorescence and persistent spectral hole burning of
Eu® in Ge-Ga-S-KBr glasses at liquid nitrogen temperature. J. Lumin. 99
(2002) p. 73-77.

Todoroki, S.; Hirao, K.; Soga, N. : Origin of inhomogeneous linewidth of Eu®*
fluorescence in several oxide glasses. J. Appl. Phys. 72 (1992) p. 5853-5860.
Chung, W. J.; Heo, J. : Spectroscopic properties and local Structure of Eu®* in
Ge-Ga-S-CsBr (or CsCl) glasses. J. Am. Ceram. Soc. 86 (2003) p. 286-290.
Sinha, S. P. : Structure and Bonding, Vol. 25, Berlin (et al.): Springer-Verlag,
1975.

Lee, D. J., Heo, J.; Park, S. H. : Energy transfer and 1.48um emission
properties in chalcohalide glasses doped with Tm** and Tb®". J. Non-Cryst.
Solids 331 (2003) p. 184-189.

Shin, Y. B., Kim, J. H., Kim, Y. S.; Heo, J. : Effect of Tb®" co-doping on the
electron population densities of Tm* in Ge-As-Ga-S glasses. J. Appl. Phys. 88
(2000) p. 2515-2518.

Glastech. Ber. Glass. Sci. Technol. 77 C (2004) 113





